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A B S T R A C T   

GPCR-G protein signaling from endosomes plays a crucial role in various physiological and pathological pro
cesses. However, the mechanism by which endosomal G protein signaling is terminated remains largely un
known. In this study, we aimed to investigate the regulatory mechanisms involved in terminating the signaling of 
Gα subunits from endosomes. Through structural analysis and cell-based assays, we have discovered that SNX25, 
a protein that targets endosomes via its PXA or PXC domain, interacts with regulator of G protein signaling (RGS) 
proteins (including RGS2, RGS4, RGS8, and RGS17) in a redox-regulated manner. The interaction between 
SNX25 and these RGS proteins enhances their GTPase-accelerating activity towards Gαi/q and their ability to bind 
GDP-bound (inactive form) Gαi/q. As a result, SNX25 recruits these RGS proteins to endosomes, leading to the 
termination of endosomal Gαi/q signaling. Furthermore, we have found that the SNX25/RGS complex also exerts 
a negative regulatory effect on Gαi/q signaling from the plasma membrane. This is achieved by recruiting Gαi/q to 
endosomes and preventing its activation on the plasma membrane. Our findings shed light on the previously 
unknown role of redox-modulated SNX25 in inhibiting Gαi/q signaling, thereby uncovering a novel mechanism 
for terminating Gαi/q signaling from endosomes. Importantly, this study expands our understanding of the 
regulation of GPCR-Gαi/q signaling beyond the plasma membrane.   

1. Introduction 

G protein-coupled receptors (GPCRs) are a class of signal trans
duction receptors that initiate various intracellular signaling reactions 
by promoting the switch of Gα subunits from their inactive GDP-bound 
form to the active GTP-bound form upon binding to different stimuli [1]. 
Upon activation, GPCRs on the cell surface undergo internalization and 
subsequently enter the endosomal pathway for degradation or recycling 
back to the plasma membrane [2,3]. Traditionally, it was believed that 

GPCRs become functionally activated only on the plasma membrane and 
are desensitized after internalization. However, accumulating evidence 
has demonstrated that certain internalized GPCRs retain their activity 
on endosomes, and their signaling from these compartments is necessary 
for gene transcription and oocyte meiosis [2,4,5]. Moreover, GPCR 
signaling from endosomes has been implicated in various physiological 
and pathophysiological processes, including skeletal homeostasis [6], 
hypercalcemia [7], diabetes [8], and irritable bowel syndrome [9]. 
While the molecular mechanisms underlying the desensitization of 
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endosomal GPCRs, such as the parathyroid hormone receptor (PTHR), 
have been investigated and involve intraluminal acidification and 
recycling trafficking [2,10,11], the mechanisms for terminating G pro
tein signaling from endosomes remain largely unexplored. 

The termination of G protein signaling involves the conversion of 
GTP-bound Gα subunits to GDP-bound Gα subunits through GTP hy
drolysis, a process facilitated by the GTPase activity of Gα subunits [12]. 
Although the intrinsic GTPase activity of Gα subunits is relatively weak, 
this GTP hydrolysis can be significantly enhanced by binding to regu
lator of G protein signaling (RGS) proteins. RGS proteins from the R4, 
R7, and RZ subfamilies, which possess the canonical RGS domain, have 
been extensively studied as GTPase-activating proteins (GAPs) that 
promote the termination of G protein signaling on the plasma membrane 
[13]. 

Sorting nexins (SNXs) comprise a diverse group of proteins that are 
primarily involved in targeting the endosomal system through their 
Phox homology (PX) domain [14]. A subgroup of SNXs, known as 
SNX-RH (including SNX13, SNX14, and SNX25), has an N-terminal PXA 
domain, an RGS homology (RH) domain preceding the PX domain, and a 
C-terminal PXC domain [14,15]. This domain architecture suggests that 
SNX13, SNX14, and SNX25 may function as GTPase-activating proteins 
(GAPs) to enhance the termination of G protein signaling on endosomes. 
Among these SNX-RH proteins, SNX13 [16] and SNX14 [17] have been 
previously reported to play a role in regulating Gαs-coupled GPCR 
signaling. 

However, more recent investigations from our group have reported 
the crystal structures of the RH domain of SNX13 and SNX25, revealing 
that the non-canonical RH domains within the SNX-RH subgroup lack 
the ability to directly bind Gα subunits due to the absence of conserved 
residues [18]. Meanwhile, the significance of redox signaling in gov
erning a wide range of fundamental biological processes, including gene 
expression and cell survival, has been extensively documented [19,20]. 
In this study, we employed mass spectrometry, structural analysis, and 
biochemical studies to identify several canonical RGS proteins, such as 
RGS2, RGS4, RGS8, and RGS17, that can interact with the PX domain of 
SNX25 under redox regulation. Through the recruitment of these ca
nonical RGS proteins to endosomes, SNX25 facilitates the termination of 
endosomal Gαi/q signaling. Furthermore, the SNX25/RGS protein com
plex can modulate Gαi/q signaling originating from the plasma mem
brane by sequestering inactive Gαi/q subunits to endosomes. 
Collectively, our findings provide novel insights into the regulatory 
mechanism by which SNX25 governs Gαi/q-coupled GPCR signaling 
from both endosomes and the plasma membrane. 

2. Results 

2.1. SNX25 interaction with RGS4 via the PX domain 

In addition to the RGS homology (RH) domain, the PX domain of 
SNX25 has a unique feature - it lacks conserved residues necessary for 
PI3P binding [21]. To explore potential interaction partners for the RH 
domain and PX domain of SNX25, we conducted Flag immunoprecipi
tation followed by mass spectrometry (IP-MS) using HEK293T cells 
overexpressing a Flag-tagged RH-PX domain of mouse SNX25 (mSNX25) 
(Fig. 1A). Notably, our IP-MS assay revealed the presence of RGS4, a 
well-studied canonical RGS protein known to interact with Gα subunits 
in the Gαi/o and Gαq/11 subfamilies (Fig. S1A). Moreover, reciprocal 
IP-MS experiments demonstrated that endogenous SNX25 can be 
precipitated by Flag-tagged RGS4, further supporting a potential inter
action between the RH-PX domain of SNX25 and RGS4 (Fig. S1A). 

To validate the interaction between the RH-PX domain of mSNX25 
and RGS4, we performed a Co-immunoprecipitation (Co-IP) experiment. 
As expected, HA-tagged RGS4 co-purified with Flag-tagged RH-PX 
domain of mSNX25, confirming their interaction (Fig. 1B). Next, we 
aimed to identify the specific regions within the RH-PX domain that are 
essential for the binding of mSNX25 to RGS4. As shown in Fig. 1B, the 

mSNX25RH− PXΔlinker variant, which lacks the linker region, maintained 
its ability to bind RGS4, while the mSNX25RH-linker variant did not. This 
suggests that the PX domain of SNX25 is crucial for its interaction with 
RGS4. Furthermore, we investigated whether the SNX25-PX domain 
alone is sufficient for binding to RGS4. Due to the low expression levels 
of the mSNX25PX domain in HEK293T cells, we generated a N-terminal 
extended PX domain construct called long-mSNX25PX (Fig. 1A). 
Notably, long-mSNX25PX retained the capacity to bind RGS4 (Fig. 1B). 

To further investigate the interaction between SNX25 and RGS4 
within cells, we conducted fluorescence co-localization analysis. RGS4 is 
a plasma membrane targeting protein mediated by its N-terminal region 
[22]. As demonstrated in Fig. 1C and Fig. S1B, mSNX25PX-GFP was 
recruited to the plasma membrane by dsRed-RGS4, but not by the dsRed 
tag alone. This observation suggests that the PX domain of mSNX25 is 
involved in the recruitment of mSNX25PX to the plasma membrane via 
interaction with RGS4. We then examined whether the PX domain is 
essential for the full-length mSNX25 (mSNX25 FL) to associate with 
RGS4 in cells. In contrast to the mSNX25 PX domain alone, mSNX25 FL 
co-localized well with RGS4 in vesicle-like structures within cells 
(Fig. 1D). Conversely, RGS4 failed to be recruited significantly to the 
vesicle-like structures by mSNX25 lacking the PX domain (Fig. 1D). 
These findings collectively suggest that the PX domain is both necessary 
and sufficient for the association between SNX25 and RGS4. 

2.2. Crystal structure of the PX domain of mSNX25 

To gain insights into the molecular mechanism underlying the 
interaction between SNX25 and RGS4, we conducted structural studies 
on the PX domain of mSNX25 (mSNX25PX). We successfully determined 
the crystal structure of mSNX25-PX domain at a resolution of 2.4 Å in 
space group P6122, with five molecules in the asymmetry unit. The 
crystal structure of mSNX25PX revealed a conventional PX domain fold, 
consisting of three β strands followed by three α helices. However, unlike 
the canonical highly positive charged phosphoinositide (PI) binding 
pocket, the postulated PI binding pocket in mSNX25PX is distinct, which 
is filled with hydrophobic residues M527, L553, and L578, as well as 
negatively charged residues E522 and E525 (Fig. 2A). This structural 
observation is consistent with previous findings [21] that the PX domain 
of SNX25 lacks the canonical capacity to bind phosphoinositides. 

In addition, we observed the presence of a homodimer of mSNX25PX 

in the crystal structure. Remarkably, the dimeric interface is stabilized 
by an inter-chain disulfide bond formed by residue C566, which is 
located on the tail of α1 from two mSNX25PX molecules (Fig. 2B). 
Sequence alignment analysis revealed that this cysteine residue is highly 
conserved from humans to frogs. Interestingly, a previous study from 
our group reported the existence of a thiol-modulated homodimer of the 
zebrafish SNX25 PX domain [23]. That dimerization was also mediated 
by the conserved cysteine residue, as confirmed by gel filtration and 
mass spectrometry data. These findings suggest that the conserved 
cysteine residue on the tail of α1 within the PX domain can undergo 
oxidation, potentially playing a functional role in the evolutionary 
adaptation of SNX25. 

2.3. SNX25 association with canonical RGS proteins may be regulated by 
redox reaction 

To investigate the importance of the conserved C566 residue in the 
interaction between SNX25 and RGS4, we performed Co-IP experiments 
using mutated mSNX25. The results of the Co-IP experiment showed that 
the ability of mSNX25RH− PX binding to RGS4 was nearly abolished when 
C566 was mutated to alanine (C566A) (Fig. 3A). Moreover, the 
mSNX25PX C566A mutant displayed a diffuse distribution throughout 
the entire cell, and failed to be recruited to the plasma membrane by 
RGS4 (Fig. 3B and Fig. S1B). Additionally, the mSNX25C566A mutant 
was unable to recruit RGS4 to vesicles (Fig. 3C). These findings indicate 
that C566 is crucial for the interaction between mSNX25 and RGS4. 
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Fig. 1. PX domain of SNX25 interaction with RGS4. (A) Domain architecture of mSNX25. PX, phox-homology; PXA, PX-associated domain A; RH: RGS homology 
domain; PXC, PX-associated domain C. (B) Co-immunoprecipitation indicates that PX domain is essential for mSNX25 association with RGS4. Flag-tagged fragment of 
mSNX25 was co-transfected with HA-RGS4 into HEK293T cells. Co-IP was performed with anti-Flag magnetic beads, after 48 h of transfection. (C) mSNX25-PX 
domain co-localization with RGS4 on the plasma membrane. GFP and dsRed linear profiles were made by RGB Profiler (ImageJ), which span the entire cell. (D) 
Subcellular distribution of mSNX25 and RGS4 in HeLa cells. Quantification of colocalization cells for mSNX25 (WT or ΔPX) and RGS4 were taken from lower- 
magnification wide-field images. Data represents the average from n = 5 experiments, error bars represent SEM, 5 visual fields and 100+ cells per condition. 
★★★P < 0.001 by unpaired student’s t-test. Scale bars, 10 μm. 
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To investigate whether RGS4 interacts with the monomeric form or 
the thiol-modulated dimer form of mSNX25PX, we purified the mono
meric mSNX25PX with a C-terminal 6 × His tag that was expressed in 
bacteria. To obtain the thiol-modulated dimer of mSNX25PX, the 
monomer was treated with H2O2 and then purified using gel filtration. 
The purified mSNX25PX monomer and the dimer formed by H2O2 
oxidation were subjected to a co-immunoprecipitation assay with Flag- 
RGS4 from HEK293T cell extracts. As depicted in Fig. 3D, only the 
mSNX25PX monomer was immunoprecipitated with Flag-RGS4. Inter
estingly, the mSNX25PX dimer produced by H2O2 oxidation could be 
transformed into monomer (mD) after treatment with DTT, indicating 
that the dimer is dependent on the disulfide bond. Importantly, the 
mSNX25PX monomer (mD) retained its binding capacity to RGS4 
(Fig. 3D). These results suggest that RGS4 interacts specifically with the 
monomeric form of mSNX25PX but not the thiol-modulated dimer of 
mSNX25PX. 

Based on above results, we hypothesized that C566 on mSNX25PX 

could form a disulfide bond with a cysteine residue on RGS4. To 
investigate this, we conducted co-IP experiments in the presence or 

absence of DTT. As expected, the interaction between mSNX25RH− PX 

and RGS4 was completely disrupted by the addition of 5 mM DTT 
(Fig. 3E). Further analysis revealed that both the flexible N-terminal 
domain and the C-terminal RGS domain of RGS4 contain multiple 
cysteine residues (Figs. S2A–B). To determine which cysteine residue on 
RGS4 is essential for its interaction with SNX25, we generated trunca
tion mutants of RGS4. The results demonstrated that the N-terminal 
domain of RGS4 is indispensable for binding to mSNX25RH− PX, as 
deletion of this domain abolished the interaction (Fig. 3E). Additionally, 
when all four cysteine residues on the N-terminal domain were mutated 
to alanine (NC-A), the RGS4 mutant failed to interact with mSNX25 
(Fig. 3F). Interestingly, mutating any single cysteine residue on the N- 
terminal domain did not significantly affect RGS4 binding to mSNX25, 
suggesting that these cysteine residues may act collectively in mediating 
the interaction. To test which of the four cysteine residues on the N- 
terminal domain involve in RGS4 interaction with mSNX25, and to 
exclude the possibility that these cysteine residues contribute to this 
interaction by forming intramolecular disulfide bridge, we constructed 
four mutants of RGS4 that retain only one of the four cysteine residues 

Fig. 2. Overall structure of mSNX25PX. (A) Structure of mSNX25PX was shown as cyan cartoon and surface potential. (B) Thiol modulated homo-dimer of mSNX25PX. 
Two molecules were colored as magenta and light blue cartoon, respectively. (C) Sequence alignment of SNX25PX from different species. The conserved C566 was 
highlight in yellow. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 3. SNX25 interacts with RGS4 mediated by disulfide bond. (A) Co-immunoprecipitation indicates the importance of C566 for mSNX25RH− PX association with 
RGS4. Flag tagged mSNX25RH− PX (wild type or C566A mutant) and HA tagged RGS4 were co-transfected into HEK293T cells. Co-IP was performed with anti-Flag 
beads, after 48 h of transfection. (B) Subcellular distribution of dsRed tagged RGS4 and GFP tagged mSNX25-PX domain (wild type or C566A mutant) in HeLa cells. 
GFP and dsRed linear profiles were made by RGB Profiler (ImageJ), which span the entire cell. (C) Subcellular distribution of dsRed tagged RGS4 and GFP tagged full 
length of mSNX25 (wild type or C566A mutant) in HeLa cells. Quantification of colocalization cells for mSNX25 and RGS4 were taken from lower-magnification 
wide-field images. Data represents the average from n = 5 experiments, error bars represent SEM, 5 visual fields and 100+ cells per condition. ★★★P < 0.001 by 
unpaired student’s t-test. (D) Co-immunoprecipitation analysis RGS4 interaction with monomer or dimer form of mSNX25PX. mSNX25PX and RGS4-Flag were 
expressed in bacteria and HEK293T, respectively. Purified mSNX25PX was mixed with lysate of HEK293T expressing RGS4 prior to co-immunoprecipitation with anti- 
Flag beads. m: untreated monomer of mSNX25PX; D: SNX25PX dimer produced by oxidizing the monomer with H2O2; mD: mSNX25PX monomer that produced by 
reducing H2O2 induced dimer form mSNX25PX. For the input of mSNX25PX, the SDS-PAGE was performed without reducing agent. For other samples, the SDS-PAGE 
was performed with 0.7 M β-mercaptoethanol. (E) Co-immunoprecipitation indicates the importance of N-terminal domain for RGS4 association with mSNX25RH− PX. 
(F) Co-immunoprecipitation indicates the importance of cysteine residues on N-terminal domain for RGS4 association with mSNX25RH− PX. NC-A: cysteine residues on 
N-terminal domain of RGS4 were mutated to Ala. (G) MS identification disulfide bond between RGS4 and mSNX25. For (B–C), Scale bars, 10 μm. 
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on the N terminal domain, with all the other 10 cysteine residues on 
RGS4 mutated. Here, we named the four mutants as RGS4m10-C2 

(retaining C2), RGS4m10-C12 (retaining C12), RGS4m10-C33 (retaining 
C33) and RGS4m10-C48 (retaining C48), respectively. Co-IP assay showed 
that RGS4m10-C2, RGS4m10-C12 and RGS4m10-C33, but not RGS4m10-C48, 
could effectively interact with mSNX25 (Fig. S3). As a negative control, 
RGS4m11 (all cysteine residues were mutated) lost the ability binding to 
mSNX25 (Fig. S3). 

To further confirm the formation of a disulfide bond between the 
cysteine residue on the N-terminal domain of RGS4 and C566 of 
mSNX25, we performed mass spectrometry analysis on the purified 
RGS4/mSNX25RH− PX complex obtained through co- 
immunoprecipitation from HEK293T cell lysate. The mass spectrom
etry results revealed the presence of an inter-chain disulfide bond be
tween C566 of mSNX25 and C12 of RGS4 (Fig. 3G), while the disulfide 
bond cannot be observed for the other three cysteine residues on the N 
terminal domain of RGS4. This may imply that C12 is the primary res
idue for RGS4 forming disulfide bond with C566 of mSNX25. This result 
is consistent with our Co-IP experiment that RGS4m10-C12 is more potent 
than other three mutants (RGS4m10-C2, RGS4m10-C133 and RGS4m10-C48) 
in binding to mSNX25. Taken together, these findings provide strong 
evidence that SNX25 interacts with RGS4 via an intermolecular disulfide 
bond. 

In addition to RGS4, we also investigated the interaction of SNX25 
with other members of the R4 and RZ subfamilies, including RGS2, 
RGS8, and RGS17 (Figs. S2A–B). Similar to RGS4, we found that RGS2, 
RGS8, and RGS17 could be co-immunoprecipitated with mSNX25RH− PX 

(Fig. S4) and co-localized with mSNX25 in cells (Figs. S5A and B). 
Further analysis revealed that these interactions were dependent on 
both C566 in mSNX25 (Figs. S5A–F) and a cysteine residue in the N- 
terminal domain of the respective RGS proteins (Fig. S4). Mass spec
trometry analysis successfully detected the presence of an inter-chain 
disulfide bond between C566 of mSNX25 and either C19 or C27 of 
RGS8 (Fig. S6). Collectively, these results demonstrate that the inter
action between SNX25 and RGS proteins is primarily stabilized by a 
disulfide bond between C566 in mSNX25 and a cysteine residue in the N- 
terminal domain of RGS proteins. This suggests that the association of 
SNX25 with RGS proteins may be regulated by redox processes. 

2.4. SNX25 recruits both active and inactive form Gαi/q subunits to 
endosomes by cooperation with RGS proteins 

Our recent research has revealed that the RGS homology domain (RH 
domain) of SNX25 is unable to directly interact with Gα subunits [18]. 
However, since canonical RGS proteins can interact with active form Gα 
subunits, we hypothesized that SNX25 might associate with Gα subunits 
indirectly through its interaction with canonical RGS proteins. Indeed, 
our experiments demonstrated that in the presence of RGS4, the 
over-expressed Gαi could be immunoprecipitated by mSNX25RH− PX 

(Fig. 4A). Interestingly, even in the absence of aluminum magnesium 
fluoride (AMF), which is used to stabilize the active form of Gα subunits, 
Gαi was still able to associate with the mSNX25RH− PX/RGS4 complex 
(Fig. 4A). Importantly, this interaction was dependent on C566 in the PX 
domain of mSNX25 (Fig. S7A). Then, we ask whether this interaction 
can be detected for endogenous proteins. To test this, 
co-immunoprecipitation assays were applied with neuroblast cell line 
IMR-32. As expected, endogenous RGS4 and Gαi could be 
co-immunoprecipitated by endogenous SNX25, in the presence or 
absence of AMF (Figs. S7B–C). Also, this interaction is impaired by the 
addition of 5 mM DTT. These Co-IP experiments suggest that the 
mSNX25/RGS4 complex can interact with Gαi subunits in both their 
active and inactive forms. 

Furthermore, our analysis of cellular distribution revealed that 
mSNX25, in cooperation with RGS4, could recruit Gαi to vesicular 
structures (Fig. 4B and Fig. S7D). To further confirm that the 
mSNX25RH− PX/RGS4 complex can bind to both active and inactive 

forms of Gαi subunits in cells, we conducted subcellular distribution 
analysis using constitutively active (Q204L) [24] and inactive (G42R) 
[25] mutant forms of Gαi subunits. Our results demonstrated robust 
co-localization of both the Gαi Q204L mutant and the G42R mutant with 
mSNX25 and RGS4 on vesicular structures (Fig. 4C and Fig. S7E). 

Additionally, when mSNX25 cooperated with RGS8 or RGS17, there 
was a significant enhancement in its binding capacity to Gαi (Figure S7A, 
S8A-B). In addition to its interaction with Gαi subunit, it has been re
ported that both RGS4 and RGS8 can also interact with the Gαq subunit. 
Consistent with this, our experiments showed that Gαq, but not Gαs, 
could be recruited by the mSNX25/RGS4 complex in cells (Fig. 4B and 
Fig. S7D). Furthermore, the co-immunoprecipitation experiment 
demonstrated that Gαq bound to the mSNX25RH− PX/RGS8 complex 
independently of aluminum magnesium fluoride (AMF) (Fig. 4D). Co- 
localization analysis also revealed that both the constitutively active 
(Q209L) [24] and inactive (G48R) [25] mutant forms of the Gαq subunit 
co-localized with mSNX25 and RGS8 on vesicular structures (Fig. 4E and 
Fig. S8C). 

The recruitment of RGS proteins and Gα subunits to vesicular 
structures led us to speculate that SNX25 might localize to endosomes. 
To confirm this, we examined the co-localization of mSNX25 with the 
well-known endosome marker FYVE. Our results demonstrated signifi
cant co-localization of mSNX25 with FYVE, providing evidence for the 
endosomal distribution of mSNX25 (Fig. 4F and Fig. S9A). Furthermore, 
mSNX25 co-localized with RGS2, RGS4, RGS8, or RGS17 on endosomes 
(Fig. 4G and Fig. S9B). The structural analysis of mSNX25 identified an 
unconventional phosphoinositide (PI) binding pocket in its PX domain, 
which cannot associate with the endosome-characteristic phosphoino
sitide PI3P. Therefore, we investigated which domain of mSNX25 is 
responsible for mediating its association with endosomes. Co- 
localization assays revealed that the RH-PX domain of mSNX25 lost 
the ability to co-localize with FYVE (Figs. S9A and C). In contrast, the 
PXA domain and PXC domain showed notable co-localization with 
FYVE, suggesting that mSNX25’s targeting to endosomes is mediated by 
its PXA domain or PXC domain (Fig. 4F and Fig. S9A). Taken together, 
our results demonstrate that both the active and inactive forms of Gαi 
and Gαq subunits can be recruited to endosomes by SNX25 in coopera
tion with canonical RGS proteins. 

2.5. SNX25 promotes the GAP activity of targeted canonical RGS proteins 

The interaction between SNX25 and canonical RGS proteins raises 
the question of whether the GTPase activating protein (GAP) activity of 
canonical RGS proteins is retained in the presence of SNX25. Initially, 
we attempted to obtain the complex of mSNX25RH− PX and RGS protein 
(RGS4, RGS8, or RGS17) by simply mixing purified mSNX25RH− PX and 
RGS protein. However, we failed to obtain this complex (data not 
shown). Nonetheless, we were able to successfully purify the complex of 
mSNX25RH− PX with canonical RGS proteins (RGS4, RGS8, or RGS17) 
using anti-Flag affinity chromatography in HEK293F cells co-expressing 
Flag-tagged mSNX25RH− PX and HA-tagged RGS proteins. To assess the 
impact of the mSNX25RH− PX/RGS protein complex on GTP hydrolysis 
activity, we performed GTPase assays. Our results demonstrated that the 
presence of the mSNX25RH− PX/RGS4, mSNX25RH− PX/RGS8, or 
mSNX25RH− PX/RGS17 complex significantly accelerated the GTP hy
drolysis activity of the Gαi subunit (Fig. 5A). Similarly, the GTP hydro
lysis activity of the Gαq subunit was enhanced in the presence of the 
mSNX25RH− PX/RGS2, mSNX25RH− PX/RGS4, mSNX25RH− PX/RGS8, or 
mSNX25RH− PX/RGS17 complex (Fig. 5B). 

Previous studies have reported that residues N128 and D163 in RGS4 
are essential for its GAP activity [26], and Y84 is critical for RGS4 
binding to the Gαi or Gαq subunit [18]. To confirm the importance of 
these residues, we mutated N128/D163 to Ala and Y84 to Gly in RGS4. 
Our results showed that the GAP activity was abolished in both the 
mSNX25RH− PX/mutated RGS4 complex and the mutated RGS4 (Fig. 5C 
and Fig. S10A). These findings suggest that the GAP activity of the 
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Fig. 4. SNX25 recruits Gαi or Gαq subunit to endosomes through interaction with canonical RGS proteins. (A) Co-immunoprecipitation indicates that mSNX25RH− PX 

interactions with active or inactive form Gαi in the presence of RGS4. AMF, aluminum magnesium fluoride. (B) Subcellular localization of mSNX25 together with 
RGS4, and Gα subunit (Gαi, Gαq or Gαs) in HeLa cells. The Gαi subunit was tagged with CFP at the C-terminus. The Gαq and Gαs subunits were tagged with Flag at the 
C-terminus. (C) Subcellular localization of mSNX25 together with RGS4, and constitutively active (Q204L) or inactive (G42R) Gαi subunit in HeLa cells. (D) Co- 
immunoprecipitation indicates that mSNX25RH− PX interacts with active or inactive form Gαq in the presence of RGS8. AMF, aluminum magnesium fluoride. (E) 
Subcellular localization of mSNX25 together with RGS8, and wild type, constitutively active (Q209L) or inactive (G48R) Gαq subunit in HeLa cells. (F) Subcellular 
localization of mSNX25, PXA domain or PXC domain together with early endosome marker FYVE in HeLa cells. (G) Subcellular localization of mSNX25 together with 
canonical RGS protein (RGS2, RGS4, RGS8 or RGS17), and early endosome marker FYVE in HeLa cells. Scale bars, 10 μm. 
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SNX25/RGS complex is dependent on the RGS protein itself. 
To further investigate the contribution of mSNX25RH− PX to the GAP 

activity of the complex formed with canonical RGS proteins, we pre- 
treated the complex with 5 mM DTT to disrupt its assembly before 
subjecting it to the GTPase assay. As shown in Fig. 5A and B, the GAP 
activity of these complexes towards the Gαi or Gαq subunit was signifi
cantly decreased after DTT pretreatment. However, for RGS4, RGS8, and 
RGS17 that were expressed in HEK293F cells, their GAP activity was not 
significantly affected by DTT pretreatment (Fig. 5D–E). Unfortunately, 
we were unable to obtain enough RGS2 protein from HEK293F cells for 
the GAP activity assay, due to its low expression level. To overcome this 
limitation, we purified bacterial-expressed RGS proteins (RGS2, RGS4, 
RGS8, and RGS17). Consistently, DTT pretreatment did not significantly 
reduce the GAP activity of these purified RGS proteins (Figs. S10B–C). 

Furthermore, the GAP activity of RGS4 cannot be impaired by mutating 
C12 or all the four cysteine residues on N-terminal domain 
(Figs. S10D–E). These results indicate that the GAP activity of these RGS 
proteins is promoted by the formation of a complex with SNX25. 

2.6. SNX25 regulates Gαi -coupled GPCR signaling from endosomes and 
the plasma membrane 

To confirm the role of SNX25 as a regulator of Gαi-coupled GPCR 
signaling, we performed a real-time assay of intracellular cAMP accu
mulation in HEK293T cells expressing the Gαi-coupled D2 dopamine 
receptor (DRD2), a well-characterized GPCR that mediates the inhibi
tion of adenylyl cyclases (ACs) in response to quinpirole stimulation 
[27]. By knocking down the endogenous SNX25, we observed a 

Fig. 5. SNX25 accelerates GAP activity of RGS2, RGS4, RGS8 and RGS17. (A) Effect of mSNX25RH− PX/RGS4 (RGS8 or RGS17) on GTPase activity of Gαi subunit, with 
or without 5 mM DTT pretreatment. (B) Effect of mSNX25RH− PX/RGS2 (RGS4, RGS8 or RGS17) on GTPase activity of Gαq subunit, with or without 5 mM DTT 
pretreatment. (C) Determination the GAP activity of mSNX25RH− PX/RGS4 mutant. (D–E) Determination the GAP activity of RGS4, RGS8 and RGS17 toward Gαi (D) or 
Gαq (E) subunit. Data represents mean from n = 3 experiments, Error bars represent SEM, ns represents no significance (P > 0.05). ★ P < 0.05, ★★ P < 0.01, ★★★ P <
0.001 by unpaired student’s t-test. 
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prominent inhibition of cAMP accumulation in cells treated with ACs 
activator forskolin and the DRD2 agonist quinpirole (Fig. 6A, Fig. S11A, 
and Figs. S12A–B). Importantly, the accumulation of cAMP could be 
rescued by the introduction of exogenous mSNX25 but not by the 
mSNX25C566A mutant. These results indicate that SNX25 regulates 
Gαi-coupled DRD2 signaling. 

To further test the hypothesis that SNX25 regulates GPCR signaling 
through cooperation with canonical RGS proteins, we analyzed the 
accumulation of cAMP in HEK293T cells expressing DRD2 along with 
exogenous mSNX25 and/or RGS proteins (RGS4, RGS8, or RGS17). Due 
to the low expression level of full-length Flag-tagged mSNX25, we used 
an mSNX25 fragment with the PXC domain deletion (mSNX25ΔPXC) that 
retains endosomal targeting ability in this assay (Fig. S9C). Upon 
treatment with ACs activator forskolin and the DRD2 agonist quinpirole, 
the cAMP level rapidly accumulated in control cells or cells expressing 
RGS proteins (Fig. 6B–D). As expected, overexpression of mSNX25ΔPXC 

resulted in a significantly increased cellular cAMP accumulation in cells 
with or without overexpressed RGS proteins. In contrast, the up- 
regulated cAMP accumulation activity of mSNX25ΔPXC was almost 
abolished by mutating C566 to alanine (Fig. 6B–D, Figs. S11B–D, and 
Figs. S12C–E). Since C566 is essential for SNX25 binding to RGS proteins 
(RGS4, RGS8, or RGS17), these findings suggest that the regulation of 
Gαi-coupled DRD2 signaling by SNX25 is dependent on its interaction 
with these canonical RGS proteins. 

In our study, we have demonstrated that SNX25 can recruit canonical 
RGS proteins (RGS4, RGS8, or RGS17) to endosomes (Fig. 4G and 
Fig. S9B). It is reasonable to examine whether SNX25 regulates GPCR 
signaling from endosomes. To assess this, we analyzed the expression of 
two well-characterized endosomal cAMP-dependent genes, phospho
enolpyruvate carboxykinase 1 (PCK1) and dapper antagonist of β-cat
enin, homolog 2 (DACT2) [28], in HEK293T cells treated with the 
β2-adrenoceptor (β2-AR) agonist isoproterenol (Iso) to induce cAMP 
production. We observed that knockdown of endogenous SNX25 
significantly decreased the isoproterenol-induced expression of PCK1 
and DACT2 in HEK293T cells treated with isoproterenol and quinpirole 
(Fig. 6E). Consistently, the isoproterenol-induced expression of PCK1 
and DACT2 could be rescued by overexpressing wild-type mSNX25 but 
not by expressing the mSNX25C566A mutant (Fig. 6E). These findings 
indicate that SNX25 promotes the transcription of PCK1 and DACT2. 
Previous reports have demonstrated that the isoproterenol-induced 
expression of PCK1 and DACT2 can be substantially inhibited by 
blocking endocytosis using the dynamin inhibitor Dyngo-4a [28], which 
was confirmed by our qRT-PCR data (Fig. S13). Additionally, our results 
also showed that SNX25 failed to enhance the expression of PCK1 and 
DACT2 in HEK293T cells treated with Dyngo-4a (Fig. 6E). To investigate 
whether SNX25 inhibits DRD2 signaling by regulating its endocytosis, 
we performed immunofluorescence experiments, which revealed that 
the cellular distribution of DRD2 was not significantly affected by 
SNX25 knockdown (Fig. S14). These findings indicate that SNX25 reg
ulates cAMP production from endosomes by terminating endosomal Gαi 
signaling. 

To further investigate whether SNX25 rigorously regulates DRD2 
signaling from endosomes, we analyzed forskolin-induced cAMP accu
mulation in the presence of Dyngo-4a treatment. Pretreatment with 
Dyngo-4a for 30 min resulted in a significant inhibition of DRD2 inter
nalization (Fig. S15A). Interestingly, when cells were treated with 
Dyngo-4a, the forskolin-induced cAMP accumulation was prominently 
reduced by knockdown of endogenous SNX25 (Fig. 6F and Fig. S11E). 
However, this reduction could be rescued by introducing exogenous 
wild-type mSNX25 but not by the mSNX25 C566A mutant (Fig. 6F and 
Fig. S11E). Additionally, blocking endocytosis using Dyngo-4a, for
skolin-induced cAMP accumulation was also significantly promoted in 
cells expressing mSNX25ΔPXC but not in cells expressing the 
mSNX25ΔPXC C566A mutant, regardless of the presence or absence of 
overexpressed RGS proteins (Fig. 6G–I and Figs. S11F–H). These data 
suggest that SNX25 plays a role in down-regulating Gαi-coupled DRD2 

signaling from the plasma membrane. 
We have previously demonstrated that both the active and inactive 

forms of Gαi can be recruited to endosomes by mSNX25 in cooperation 
with canonical RGS proteins. Importantly, strong co-localization of Gαi 
with RGS4 and SNX25 can be observed in the cytoplasm even after 
treatment with Dyngo-4a (Fig. S15B). Based on these findings, we pro
pose that in cooperation with canonical RGS proteins, SNX25 not only 
attenuates signaling of Gαi-coupled DRD2 from endosomes, but also 
regulates its signaling on the plasma membrane by recruiting inactive 
Gαi to endosomes to prevent its activation on the plasma membrane. 

2.7. SNX25 regulates Gαq-coupled GPCR signaling from endosomes and 
the plasma membrane 

In addition to regulating Gαi-coupled GPCR signaling, SNX25 may 
also has a role in regulating Gαq-coupled GPCR signaling from both 
endosomes and the plasma membrane. To support this, we used the 
Bright-Glo™ Luciferase Assay System to assess the signals mediated by 
overexpressed substance P (SP) neurokinin 1 receptor (NK1R) in 
HEK293 cells. NK1R is a well-studied Gαq-coupled GPCR that is active on 
both endosomes and the plasma membrane [29]. As shown in Fig. 7A, 
the luciferase response mediated by NK1R was enhanced by knockdown 
of endogenous SNX25. Furthermore, in HEK293 cells with knockdown 
of endogenous SNX25, the NK1R-mediated luciferase level could be 
reduced by expressing exogenous wild-type mSNX25, but not by 
expressing the mSNX25 C566A mutant (Fig. 7A and Fig. S16A). More
over, SNX25ΔPXC down-regulates the NK1R-mediated luciferase 
response in SP concentration-dependent manner, both in the presence or 
absence of overexpressed RGS2 or RGS8 (Fig. 7B–D and Fig. S16B). 
Importantly, this effect of SNX25ΔPXC also depends on the C566. These 
results indicate that SNX25 plays a role in down-regulating Gαq-coupled 
GPCR signaling through cooperation with canonical RGS proteins. 

We also investigated the effect of the dynamin inhibitor Dyngo-4a on 
NK1R internalization and the co-localization of SNX25 with RGS4 and 
the Gαq subunit. Treatment with Dyngo-4a significantly inhibited NK1R 
internalization (Fig. S17), but did not alter the co-localization of SNX25 
with the Gαq subunit and canonical RGS protein (exampled by RGS4) 
(Fig. S15B). Interestingly, even in the presence of Dyngo-4a, the NK1R- 
mediated luciferase level could still be down-regulated by SNX25 in 
C566 dependent manner (Fig. 7A). These results indicate that, through 
its interaction with canonical RGS proteins, SNX25 plays a role in 
regulating Gαq-coupled GPCR signaling from the plasma membrane. 

It had been reported that nuclear extracellular signal-regulated ki
nase (ERK) was specifically activated by endosomal NK1R [29]. To 
investigate whether SNX25 regulates Gαq-coupled GPCR signaling from 
endosomes, we conducted experiments using HEK293T cells expressing 
the NK1R and a fluorescence resonance energy transfer (FRET) 
biosensor called NucEKAR, which monitors nuclear ERK activity 
(Fig. S18). In control cells, stimulation with SP (1 nM) resulted in a 
sustained activation of nuclear ERK, which was abolished by the dyna
min inhibitor Dyngo-4a (Fig. 7E). Interestingly, knockdown of endoge
nous SNX25 significantly enhanced the SP-induced activation of nuclear 
ERK (Fig. 7E). Consistently, overexpression of wild-type mSNX25, but 
not the mSNX25 C566A mutant, reduced the activity of nuclear ERK in 
SNX25-knockdown cells (Fig. 7E). Furthermore, immunofluorescence 
experiments revealed that the cellular distribution of NK1R was not 
significantly altered by knockdown of SNX25, which indicated that 
SNX25 inhibiting NK1R signaling was not via regulating its endocytosis 
(Fig. S19). These findings demonstrate that SNX25 is capable of regu
lating Gαq-coupled GPCR signaling from endosomes by acting on the Gαq 
subunit, in addition to its role in regulating signaling from the plasma 
membrane. 

2.8. Discussion 

Increasing evidence have unveiled the significance of G protein 
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signaling from endosomes [4,5]. However, there is still a gap in un
derstanding how to terminate G protein signaling in the endosome. In 
this study, we have identified SNX25 as a key player in accelerating the 
attenuation of Gαi and Gαq signaling on endosomes through its inter
action with canonical RGS proteins, such as RGS2, RGS4, RGS8, and 
RGS17, via its PX domain. Additionally, SNX25 forms a complex with 
these canonical RGS proteins to inhibit GPCR-Gαi/q signaling on the 
plasma membrane. Interestingly, our results further uncover that the 
termination of G protein signaling through the cooperation of SNX25 
and canonical RGS proteins is controlled by redox reactions, implying 
the importance of redox regulation in the precisely controlled physio
logical processes mediated by GPCRs. 

It has been proposed that SNX proteins, including SNX13, SNX14, 
and SNX25, with an additional RGS homology domain, possess the po
tential for G protein signaling termination along with membrane traf
ficking. While the RGS homology domains of SNX13 and SNX14 have 
been suggested to act as negative modulators of Gαs signaling by inter
acting with the activated Gαs subunit [16,17], these findings have not 
been consistently reproduced by other laboratories [13]. Furthermore, 
our recently published results also demonstrated that the RGS homology 
domain of SNX25 does not bind to G proteins [18]. Here, we reveal that 
SNX25, through its PX domain rather than the RGS homology domain, 
can modulate Gαi and Gαq signaling in conjunction with canonical RGS 
proteins. 

The PX domain is a well-known phosphoinositide-binding domain. 
Studies published previously [21] and presented here clearly demon
strate that the PX domain of SNX25 is non-canonical and cannot bind to 
phosphoinositides in the conventional manner, due to the absence of 
conserved residues in the traditional phosphoinositide-binding pocket. 
In addition to its established role in phosphoinositide recognition, an 
increasing body of evidence suggest that some PX domains also function 
as protein-protein interaction modules in membrane trafficking and 
signaling events [14]. Interestingly, PX domains have been found to 
interact with diverse binding partners. For example, the PX domain of 
PLD2 recognizes the SH3 domain of phospholipase C-γ1 through the 
proline-enriched loop between α1 and α2 [30], and the PX domain of 
SNX5 binds to IncE via a groove formed by an extended helix insertion 
and an adjacent β-sheet [31,32]. In this study, we demonstrate that, 
contrary to previously reported mechanisms, the PX domain of SNX25 
interacts with canonical RGS proteins through the formation of an 
intermolecular disulfide bond, and this interaction can be disrupted by a 
reducing agent. Thus, our findings provide a novel mechanism for the 
redox-regulated interaction of the PX domain with protein partners. 

Redox dysregulation is implicated in the development of various 
diseases, including inflammation, cardiovascular disease, and cancer 
[33,34]. Reactive oxygen species (ROS), as active messengers, can 
activate several signaling pathways, such as PI3K/AKT/mTOR, MAPKs, 
and JAK/STAT, which promote cell proliferation [34,35]. Excessive 
production of ROS can lead to the over-activation of these signaling 
pathways, contributing to the initiation and progression of leukemia 

[35]. G protein-coupled receptors (GPCRs), the largest and most drug
gable membrane receptor superfamily, have also been implicated in 
redox signaling. Emerging evidence suggest that redox homeostasis 
plays a crucial role in GPCR signaling. For instance, in astroglioma cells, 
the cellular redox state modulates Ca2+ homeostasis mediated by 
Gαq-linked GPCRs [36]. In this study, we provide another example of 
redox modulation of GPCR signaling. Our results demonstrate that the 
redox state is critical for SNX25 in regulating Gαi/q-linked GPCR 
signaling from endosomes and the plasma membrane. Investigating how 
redox controls signaling pathways, particularly GPCR signaling, not only 
helps us understand the mechanisms of cellular signaling regulation 
under normal and pathological conditions, but also provides opportu
nities to develop potent strategies against diseases. 

It has been well-established that canonical RGS proteins only asso
ciate with the active form (GTP-bound) of the Gα subunit. Interestingly, 
our results demonstrate that, through the formation of a redox-regulated 
complex with SNX25, canonical RGS proteins, including RGS2, RGS4, 
RGS8, and RGS17, not only acquire accelerated GTPase-activating pro
tein (GAP) activity but also gain the capacity to bind to the inactive form 
(GDP-bound) of the Gα subunit. Based on these findings, we propose a 
mechanism by which SNX25 regulates GPCR-Gαi/q signaling (Fig. 8). 
Under reducing conditions, SNX25 fails to form a complex with ca
nonical RGS proteins, resulting in the loss of its regulatory activity on 
GPCR-Gαi/q signaling. Conversely, under oxidizing conditions, SNX25 
forms a complex with canonical RGS proteins. Since SNX25 is localized 
on early endosomes, the SNX25/canonical RGS complex facilitates the 
transition of active Gαi/q to the inactive form on the endosome, thereby 
terminating GPCR-Gαi/q signaling from endosomes. Additionally, the 
SNX25/canonical RGS complex can also recruit inactive Gαi/q to endo
somes, preventing GPCR-mediated activation of Gαi/q on the plasma 
membrane. Consequently, the SNX25/canonical RGS complex nega
tively regulates GPCR-Gαi/q signaling from both endosomes and the 
plasma membrane. 

There is a growing body of evidence indicating the relevance of 
GPCR signaling from endosomes in various physiological and patho
physiological processes. For example, the activation of the parathyroid 
hormone receptor (PTHR) endosomal signaling pathway is crucial for 
skeletal homeostasis [6]. Inhibition of calcium-sensing receptor (CaSR) 
signaling from endosomes can lead to hypercalcemia [7]. Additionally, 
endosomal signaling of the glucagon-like peptide-1 receptor (GLP-1R) 
[8] has been implicated in diabetes, while endosomal signaling of 
protease-activated receptor 2 (PAR2) [9] has been associated with irri
table bowel syndrome. These findings highlight the importance of 
maintaining homeostasis in GPCR signaling from endosomes for normal 
physiological functions. Our findings provide valuable insights into the 
termination of G protein signaling by SNX25 through its complex for
mation with canonical RGS proteins. This discovery holds promise in the 
development of potent drugs that target the endosomal GPCR-G 
signaling pathway. 

Fig. 6. SNX25 regulates GPCR-Gαi signaling. (A) Effect of endogenous SNX25 on real-time cAMP level in HEK293T cell expressing D2 dopamine receptor (DRD2), in 
response to quinpirole and forskolin (FSK) treatment. Luminescence was normalized with maximum value in the reference well treated with forskolin (FSK) and 
DMSO. shSNX25 represents shRNA targeting SNX25, shluc was set as negative control. mSNX25 (WT or C566A mutant) was transfected into the cells expressing 
shSNX25. (B) Effect of mSNX25ΔPXC/RGS4 on real-time cAMP level in HEK293T cell expressing DRD2, in response to quinpirole and forskolin (FSK) treatment. 
Luminescence was normalized with maximum value in the reference well treated with forskolin (FSK) and DMSO. (C) Effect of mSNX25ΔPXC/RGS8 on real-time cAMP 
level in HEK293T cell expressing DRD2, in response to quinpirole and forskolin (FSK) treatment. (D) Effect of mSNX25ΔPXC/RGS17 on real-time cAMP level in 
HEK293T cell expressing DRD2, in response to quinpirole and forskolin (FSK) treatment. (E) RT-qPCR analysis the effect of SNX25 on the expression of PCK1 and 
DACT2 in response to 10 nM isoproterenol and 10 nM quinpirole, in HEK293T cells with DMSO or Dyngo-4a treatment. The endogenous SNX25 was knockdown by 
shRNA (shSNX25), shluc was set as negative control. mSNX25 (WT or C566A mutant) was overexpressed in SNX25-knockdown cells. Drug represents isoproterenol 
and quinpirole treatment. ND, no drug. Iso, isoproterenol. ★P < 0.05, ★★P < 0.01 and ★★★P < 0.001 by unpaired student’s t-test. (F) Effect of endogenous SNX25 on 
real-time cAMP level in response to quinpirole and forskolin (FSK) treatment, in DRD2 over-expressed HEK293T cells pretreated with 30 μM Dyngo-4a. (G) Effect of 
mSNX25ΔPXC/RGS4 on real-time cAMP level in response to quinpirole and forskolin (FSK) treatment, in DRD2 over-expressed HEK293T cells pretreated with 30 μM 
Dyngo-4a. (H) Effect of mSNX25ΔPXC/RGS8 on real-time cAMP level in response to quinpirole and forskolin (FSK) treatment, in DRD2 over-expressed HEK293T cells 
pretreated with 30 μM Dyngo-4a. (I) Effect of mSNX25ΔPXC/RGS17 on real-time cAMP level in response to quinpirole and forskolin (FSK) treatment, in DRD2 over- 
expressed HEK293T cells pretreated with 30 μM Dyngo-4a. 
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Fig. 7. SNX25 regulates GPCR-Gαq signaling. (A) Effect of endogenous SNX25 on signaling of over-expressed substance P (SP) activated neurokinin 1 receptor 
(NK1R) in response to 10 nM SP, in cells pretreated with DMSO or 30 μM Dyngo-4a. (B) Effect of mSNX25ΔPXC on NK1R signaling in HEK293T cells, in response to 
bath application of SP with concentration of 0.2 nM, 1 nM or 10 nM. (C–D) Effect of mSNX25ΔPXC on NK1R signaling in HEK293T cells over-expressing RGS2 (C) or 
RGS8 (D), in response to bath application of SP with concentration of 0.2 nM, 1 nM or 10 nM. Luminescence was normalized with value in the reference well treated 
with 1 μM ionomycin (Ino). (E) FRET sensors analysis the effect of SNX25 on the nuclear ERK activity in response to 1 nM SP, in HEK293T cells treatment with DMSO 
or dyngo-4a. The endogenous SNX25 was knockdown by shRNA (shSNX25), shluc was set as negative control. mSNX25 (WT or C566A mutant) was overexpressed in 
SNX25-knockdown cells. Data represents mean from n = 3 experiments, Error bars represent SEM, ns represents no significance (P > 0.05). ★P < 0.05, ★★P < 0.01 
and ★★★P < 0.001, by unpaired student’s t-test. 
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3. Methods 

3.1. Molecular cloning 

The molecular cloning procedures were performed using standard 
techniques. The accession numbers of the mouse SNX25 (mSNX25), 
RGS2, RGS4, RGS8, and RGS17 used in this study were NP_997096.2, 
NP_002914.1, NP_005604.1, NP_203131.1, and NP_036551.3, 
respectively. 

For bacterial expression of mSNX25-PX, the cDNA encoding the PX 
domain of mSNX25 (residues 506–624) was cloned into the pET21a 
vector with a C-terminal 6 × His tag. To investigate the interaction 
between mSNX25 and RGS proteins (RGS2, RGS4, RGS8, and RGS17) 
using Co-IP, various domains of mSNX25 were cloned into the 
pcDNA3.1 vector with a Flag tag at the N-terminus. The cDNAs encoding 
RGS2, RGS4, RGS8, and RGS17 were cloned into the pcDNA3.1 vector 
with a HA tag at the C-terminus. To assess the importance of the N- 
terminal domain for the interaction between RGS proteins and mSNX25, 
the cDNAs encoding RGS2ΔN (residues 72–211), RGS4ΔN (residues 
51–205), RGS8ΔN (residues 45–180), and RGS17ΔN (residues 73–210), 
as well as the full-length versions of RGS2, RGS4, RGS8, and RGS17, 
were cloned into the pcDNA3.1 vector with a Flag tag at the N-terminus, 
respectively. The cDNA encoding the RH-PX domain of mSNX25 (resi
dues 280–624) was subcloned into the pcDNA3.1 vector with a HA tag at 
the C-terminus. To examine the interaction between the mSNX25/RGS 
protein complex and Gαi/q subunits, the cDNAs encoding Gαi/q subunits 
were cloned into the pcDNA3.1 vector with a HA tag at the C-terminus. 

For the luciferase reporter assay involving mSNX25, the cDNA 

encoding mSNX25ΔPXC (residues 1–624) was cloned into the pcDNA3.1 
vector with a Flag tag at the N-terminus. For fluorescence colocalization 
experiments, the PX (residues 506–624) or RH-PX (residues 280–624) 
domain of mSNX25 was cloned into the pcDNA3.1 vector with a GFP tag 
at the C-terminus. Additionally, the PXA (residues 1–279), PXC (residues 
625–840), and full-length mSNX25 were cloned into the pcDNA3.1 
vector with a GFP tag at the N-terminus. The two FYVE domains derived 
from the tandem FYVE domain of HGS (residues 147–223) linked by the 
linker QGQGS were cloned into the pcDNA3.1 vector with a dsRed tag at 
the N-terminus. The RGS proteins, including RGS2, RGS4, RGS8, and 
RGS17, were cloned into the pCDNA3.1 vector with a dsRed or mCherry 
tag at the C-terminus. The cDNAs encoding Gα subunits, including Gαi, 
Gαq, and Gαs, were cloned into the pcDNA3.1 vector with a Flag or CFP 
tag at the C-terminus. Site-directed mutants were generated following 
the site-directed mutagenesis protocol. 

3.2. Co-immunoprecipitation (Co-IP) 

To determine the interaction of over-expressed proteins, HEK293T 
cells were cultured in 10 cm dishes until reaching 70%–80 % confluency 
prior to gene transfection. For transfection, 10 μg of plasmid DNA was 
mixed with 50 μL of PEI (Polyethylenimine, Polysciences). After 48 h of 
transfection, cells were collected and washed with PBS. The collected 
cells were lysed in 500 μL of lysis buffer (50 mM Tris pH 8.0, 150 mM 
KCl, 1 mM EDTA, 5 % glycerol, 1 % NP40) supplemented with a protease 
inhibitor cocktail (Roche) and PMSF, and incubated at 4 ◦C for 30 min. 
The cell lysates were then clarified by centrifugation at 4 ◦C, 12,000 rpm 
for 20 min. The concentration of the supernatant was determined using a 

Fig. 8. Proposed mechanisms on redox controlling SNX25 regulation Gαi/q-coupled GPCR signaling. (1) SNX25 forms redox regulated complex with canonical RGS 
proteins on endosomes, such as RGS2, RGS4, RGS8 and RGS17, via intermolecular disulfide bond. (2) SNX25/RGS protein complex binds to activated Gαi/q on 
endosomes, and accelerates its GTPase activity, thus terminating Gαi/q signaling from endosomes. (3) SNX25/RGS protein complex can recruit GDP-bound Gαi/q to 
endosomes, preventing Gαi/q activation by GPCR on the plasma membrane. 
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BCA kit. Next, 20 μL of Flag resin, which had been washed with IP buffer 
(50 mM Tris pH 8.0, 150 mM KCl, 5 % glycerol) three times, was added 
to a mixture containing 1 mg of total protein from the supernatant and 
600 μL of IP buffer. The mixture was incubated overnight at 4 ◦C. The 
resin was then washed three times with IP washing buffer (50 mM Tris 
pH 8.0, 150 mM KCl, 5 % glycerol, 0.1 % NP40) and subsequently eluted 
with 120 μL of 3x Flag peptide for 2 h. The eluent was analyzed by 
western blotting to detect the interacting proteins. 

To determine the interaction of endogenous proteins in IMR-32 cells, 
about 6 × 107 cells were lysed in 3 mL lysis buffer supplemented with a 
protease inhibitor cocktail (Roche) and PMSF. The cell lysates were then 
clarified by centrifugation at 4 ◦C, 12,000 rpm for 20 min. Then, 2 μg 
anti-SNX25 antibody (Rabbit, Proteintech) or the negative control IgG 
antibody (Rabbit, CST 2729S) was added to mixture containing 1 mL 
supernatant and 2 mL IP buffer. After incubation overnight at 4 ◦C, 15 μL 
Protein A and 15 μL Protein G resin (Invitrogen), which had been 
washed with IP buffer three times, was added to mixture for 3 h. The 
resin was then washed three times with IP washing buffer. Then, the 
resin was mixed with loading buffer. After heated for 10 min at 100 ◦C, 
the sample was analyzed by western blotting to detect the interacting 
proteins. 

3.3. Western blotting 

The protein samples were separated by SDS-PAGE (sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis) and transferred onto PVDF 
membranes. The membrane was then blocked with 5 % skim milk dis
solved in TBST buffer (20 mM Tris-HCl pH 8.0, 150 mM NaCl, 0.05 % (v/ 
v) Tween 20) for 1 h at room temperature to prevent non-specific 
binding. Next, the membrane was incubated with the primary anti
body, either anti-Flag antibody (1:1000, mouse, Beyotime Biotech
nology), anti-HA antibody (1:2000, rabbit, abcam ab9110), anti-RGS4 
antibody (1:1000, mouse, Proteintech) or anti-Gαi antibody (1:1000, 
mouse, Proteintech) diluted in TBST buffer containing 5 % skim milk, 
overnight at 4 ◦C. Afterwards, the membrane was washed with TBST 
buffer three times to remove any unbound antibody. The membrane was 
then incubated with the appropriate secondary antibody conjugated 
with horseradish peroxidase (HRP), either anti-mouse secondary anti
body (1:1000, Cell Signaling) or anti-rabbit secondary antibody (1:5000, 
Abkine A25222), for 2 h at room temperature. Following another round 
of washing with TBST buffer three times, the membrane was developed 
using a chemiluminescence developer (Life Science) to visualize the 
protein bands. The chemiluminescent signal could be captured on an X- 
ray film or detected using a chemiluminescence imaging system. 

3.4. Mass spectrometry-based protein identification 

To perform mass spectrometry-based protein identification, the 
protein solution obtained from the co-IP was first diluted to 300 μL using 
UA solution (8 M urea in 0.1 M Tris-HCl, pH 8.5). The solution was then 
reduced by adding 50 mM DTT and incubating at 37 ◦C for 1 h. The 
reduced solution was discarded by centrifugation at 12,000 g for 15 min. 
Next, the protein was dissolved in UA solution containing iodoaceta
mide (IAA) in the dark for 30 min at room temperature. The protein 
solution was then loaded onto a filter tube and rinsed with 200 μL of UA 
solution twice, followed by rinsing with 200 μL of TEAB (50 mM trie
thylammonium bicarbonate) five times. The filter tube was centrifuged 
at 12,000 g for 12 min at room temperature to collect the protein. 

For protein digestion, 100 μL of TEAB containing 2 μg of Trypsin 
Gold (Promega, USA) was added to the protein on the filter tube, and the 
digestion was performed at 37 ◦C for 18 h. The resulting peptides were 
collected by centrifugation at 12,000 g for 15 min and then lyophilized. 
The peptides were desalted using a MonoTip C18 column (GL Sciences) 
and eluted peptides were freeze-dried and stored at − 20 ◦C until LC-MS 
analysis. 

The LC-MS/MS detection system used was the Orbitrap Q Exactive 

HF-X mass spectrometer (Thermo Fisher, USA). A 1.0 μg mixture of 
peptides was dissolved in buffer A (0.1 % formic acid) and loaded onto a 
2-cm trap column (75-μm inner diameter, Acclaim PepMap 100 C18, 3 
μm, Thermo Scientific) using buffer A. The peptides were then separated 
on a 75-μm-inner-diameter column with a length of 25 cm (Acclaim 
PepMap 100C18, 2 μm; Thermo Scientific) over a 60-min gradient. The 
mass spectrometer was operated in positive-ion mode at an ion transfer 
tube temperature of 320 ◦C and a positive-ion spray voltage of 3.7 kV. 
The full mass spectrometry survey scan resolution was set to 60,000 with 
an automated gain control (AGC) target of 3 × 106. The scan range was 
set from 350 to 1800 m/z with a maximum injection time of 50 ms. 
Fragmentation of peptides was performed using higher-energy collision 
dissociation (HCD) at a normalized collision energy of 28 %. The AGC 
target for MS2 was set to 1 × 105 with a maximum injection time of 30 
ms, and a dynamic exclusion time of 60 s was applied. 

The resulting tandem mass spectra were then searched against the 
Homo sapiens (Human) UniProt database (9606) using Proteome 
Discoverer software (version 2.3, Thermo Scientific) and the Basic_Se
quest™ HT search engine. Trypsin was selected as the proteolytic 
enzyme, allowing for two missed cleavage sites. Cysteine carbamido
methylation was set as the fixed modification, while oxidation of 
methionine (M) and acetylation of the protein N-terminus were set as 
variable modifications. The search mass tolerance was set to 10 ppm. 
The false discovery rates (FDR) for peptide-spectrum matches (PSMs) 
and proteins were both set to less than 1 %. 

3.5. Protein expression and purification 

For bacterial expression, the PX domain of mSNX25, RGS proteins 
(including RGS2, RGS4, RGS8 and RGS17) and Gαi subunit were 
expressed in Escherichia coli Rosetta 2. Cells were grown in LB medium at 
37 ◦C for about 3 h until OD600 up to 0.6–0.8. Expression was induced 
with 0.5 mM IPTG, and further cultured at 16 ◦C for 20 h. Bacteria was 
collected by centrifugation at 5000 rpm for 10 min and resuspended in 
lysis buffer (20 mM Tris pH 8.0, 300 mM NaCl, 5 % glycerol, 7 mM 
β-mercaptoethanol (β-ME)). The cell was lysed by high pressure ho
mogenizer and then centrifuged, 12,000 rpm for 30 min at 4 ◦C. The 
supernatant was then loaded onto Ni affinity column (Qiagen, Hilden, 
Germany), the target protein was eluted with buffer containing 20 mM 
Tris-HCl pH 8.0, 300 mM NaCl, 300 mM imidazole, 7 mM β-ME. The 
eluted protein was further purified by gel filtration (Hiload 16/60 
Superdex 75 column), equilibrated against buffer containing 20 mM Tris 
pH 7.5, 100 mM NaCl, 5 mM dithiothreitol (DTT). 

To obtain the dimer form SNX25-PX, 100 μM purified mSNX25-PX 
monomer was oxidized by 500 μM H2O2 for 30 min at 16 ◦C. Then, 
the oxidized mSNX25-PX dimer was separated by gel filtration (Super
dex™ 75 Increase). To transform the oxidized dimer to monomer, the 
oxidized dimer of SNX25-PX was treated by 5 mM DTT for 30 min at 
16 ◦C, was and then purified by gel filtration (Superdex™ 75 Increase). 

To obtain the complex of mSNX25RH− PX with RGS protein, including 
RGS2, RGS4, RGS8 or RGS17, Flag-tagged mSNX25RH− PX and HA- 
tagged RGS proteins were co-expressed in 293F cells, respectively. 
When the cell density reaches to 4 × 106, the plasmids of mSNX25RH− PX- 
Flag and RGS2-HA (RGS4-HA, RGS8-HA or RGS17-HA) were co- 
transfected with ratio of 1:1. After 72 h of transfection, cells were 
collected by centrifugation at 2000g for 5 min and resuspended in lysis 
buffer (20 mM Tris pH 7.5, 150 mM NaCl) with protease inhibitor 
cocktail (Roche) and PMSF. The cell was lysed by high pressure ho
mogenizer and then centrifuged at 12,000 rpm for 60 min at 4 ◦C. The 
Flag resins (GenScript) were incubated with supernatant for 2 h and 
washed with lysis buffer for 10 column volumes. The targeted proteins 
were eluted by elution buffer (20 mM Tris pH 7.5, 150 mM NaCl, 125 
μg/mL 3 × Flag peptides). The proteins of RGS4, RGS8, RGS17 and Gαq 
subunit were expressed in 293F cells and purified by Flag resins with the 
same manner as the complex of mSNX25RH− PX with RGS protein. 
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3.6. Crystallization, data collection and structure determination 

For crystallization, the PX domain of mSNX25 eluted from gel 
filtration was further concentrated to 9.8 mg/mL by ultrafiltration 
(Millipore Amicon). Crystallization was performed using sitting drop 
vapor diffusion method by mixing protein with reservoir solution at 
volume ratio 1:1. Crystal of SNX25 PX domain was grown at 293 K with 
reservoir solution containing 1.8 M Magnesium sulfate hydrate, 0.1 M 
Sodium acetate trihydrate pH 4.8. 

To improve crystal quality, crystal dehydration was performed by 
soaking crystal in mother liquid with addition of 30 % PEG400 for 48 h. 
All crystals were cryoprotected in mother liquid with addition of 30 % 
glycerol before collecting diffraction data at 100K. Diffraction data was 
collected at Beam Line 19U1 (BL19U1) [37] of National center for 
Protein Science (Shanghai) and the Shanghai Synchrotron Radiation 
Facility. Diffraction data was processed with Mosflm [38], and scaled 
with Aimless [39]. Crystal structure was solved by molecular replace
ment using Molrep [40] with starting model of PX domain of zebrafish 
SNX25 (PDB code 5XDZ). Buccaneer [41] and coot were used to com
plete model building. Refinement of the structure was conducted with 
Refmac 5 [42]. Data collection and refinement statistics are shown in 
Supplementary Table 1. 

3.7. Subcellular localization assay 

Hela cells were grown on coverslips placed in 12-well plate. Plasmid 
(1 μg) was transfected into cells, when the cell density reached 50 %. 
After 40 h of transfection, the cells were washed with PBS three times, 
then fixed with 4 % PFA for 20 min at room temperature, subsequently 
penetrated and blocked with 0.2 % Triton X-100 and 3 % BSA for 1 h, at 
room temperature. To visualize Flag or HA-tagged protein, the cells 
were incubated with anti-Flag antibody (1:100, Rabbit, Beyotime 
Biotechnology) or anti-HA antibody (1:500, Rabbit, abcam ab9110) at 
4 ◦C overnight, after washed with PBS for three times. The cells were 
further incubated with anti-Rabbit antibody conjugated with Alexa 
Fluor™ 647 (1:400, Invitrogen, A21244) for 1 h at room temperature. 
Then, cells were incubated with DAPI (1:2000, Sigma-Aldrich, D9542) 
for 1 min. Finally, the coverslips were mounted on the slides by antifade 
mounting medium (VECTASHIELD) prior to observation through 
confocal microscope (Leica SP8 X STED). To observe DAPI, CFP, GFP, 
dsRed (or mCherry) and Alexa Fluor™ 647, the excitation wavelength 
was set to 405 nm, 451 nm, 488 nm, 561 nm and 647 nm, respectively. 
Meantime, to avoid excitation light interference, the collecting wave
length was 10 nm away from excitation wavelength. To assess the 
reproducibility of the colocalization, the lower-magnification widefield 
images were collected. Co-localized cells were counted, and statistical 
significance was analyzed according to unpaired student’s t-test. 

3.8. Disulfide bond identification by mass spectrometry-based proteomics 

The purified proteins derived from Co-IP were alkylated by 15 mM 
iodoacetamide at room temperature in the dark for 45 min to block the 
free sulfhydryl group. Then, the alkylated proteins were digested by 
trypsin at 37 ◦C overnight. The tryptic peptides were acidified to pH < 2 
by trifluoroacetic acid and loaded into homemade C18 StageTips 
(Supelco, 66883-U) for desalting. Desalted peptides were separated and 
analyzed with an Easy-nLC 1200 (Thermo Fisher Scientific) connected 
online to Fusion Lumos mass spectrometer equipped with FAIMS pro 
(ThermoFisher Scientific). 

Tryptic peptides were separated at a flow rate of 600 nL/min with a 
linear gradient of 2 %–5 % mobile phase B (0.1 % formic acid and 20 % 
acetonitrile in water, v/v) within 2 min, followed by a linear increase 
from 5 % to 36 % mobile phase B within 98 min and 36 %–45 % mobile B 
within 12 min, then an 8 min plateau before re-equilibration. Survey 
full-scan MS spectra (from m/z 300 to 1500) were acquired in the 
Orbitrap with resolution r = 120,000. The automated gain control (AGC) 

was set as 2 × 105 charges and the maximum injection time was set as 
50 ms. The ions were selected for fragmentation in higher-energy 
collisional dissociation (HCD) with 30 % collision energy. Fragment 
ion spectra were acquired in the Orbitrap mass analyzer with an AGC of 
1 × 104 and a maximum injection time of 22 ms was set for MS2 
detection. The isolation window was set as m/z 1.6, and the number of 
selected precursor ions with a charge state 3+ to 5+ was determined by 
the “Top Speed” acquisition algorithm with a dynamic exclusion of 80 s 
and 10 p.p.m. 

The raw files were further analyzed by pLink 2 algorithm version 
2.3.9 [43] searching against targeted proteins, including mSNX25, 
RGS2, RGS4, RGS8 and RGS17. The flow type was set as Disulfide Bond 
(HCD-SS) and the linker was set as disulfide. Nethylmaleimide (C) and 
Carbamidomethyl (C) were set as the variable modifications. The results 
were visualized by pLabel version 2.4 [44]. 

3.9. GTPase activity assay 

GTPase activity of Gαi/q was measured using the ATPase/GTPase 
Activity Assay Kit (MAK-113, Sigma-Aldrich) according to the manu
facturer’s instruction. The protein of Gαi/q was diluted to 10 μM with 
assay Buffer (20 mM Tris pH 7.5, 150 mM NaCl, 500 μM GTP, 5 mM 
MgCl2). To check the GAP activity of RGS proteins in complex with 
SNX25, the complexes of mSNX25RH− PX-Flag and RGS2-HA (RGS4-HA, 
RGS8-HA or RGS17-HA) were diluted to 0.5 mg/mL with assay buffer, 
and mixed with 10 μM Gαi/q, respectively. For the GAP activity of RGS 
proteins towards Gαi/q subunits, RGS proteins (including RGS2, RGS4, 
RGS8 and RGS17) were diluted to 0.25 mg/mL with assay buffer, and 
mixed with 10 μM Gαi/q, respectively. 20 μL of the reaction mixture was 
incubated for 1 h at 20 ◦C in 384 well transparent plates (Corning). For 
the GAP activity of RGS proteins towards Gαi/q subunits, RGS proteins 
(including RGS2, RGS4, RGS8 and RGS17) were diluted to 0.25 mg/mL 
with assay buffer, and mixed with 10 μM Gαi/q, respectively. Then, 80 μL 
of malachite green reagent was added into each reaction well and 
incubated for 30 min. After that, the absorbance at 620 nm was 
measured. Reaction without MgCl2 was set up for background. Statisti
cal significance was analyzed according to unpaired student’s t-test. 

3.10. Construction shRNA for knockdown SNX25 

To knockdown endogenous SNX25, shRNA targeting the CDS region 
of hSNX25 (5՛ GAAGC AACTAAGGTATCAAATCTCGAGATTTGA
TACCTTAGTTGCTTC 3՛) was constructed to pLKO.1 vector. shluc (5՛ 
CCTAAGGTTAAGTCGCCCTCGCTCGAGCGAGGGCGACTTAACCTTAGG 
3՛) targeting luciferase was set as negative control. Constitutive 
expression of shRNA was performed by lentiviral infection of the pLKO.1 
vector with puromycin (2.5 μg/ml) selection. Knock down efficiency 
was validated by western blot (anti-SNX25, 1:1000, Rabbit, Proteintech) 
and RT-qPCR. The primers used in qPCR were: forward 5′ CTGCACCA
CAGACTGAGTCAC 3′ and reverse 5′ TGCAACACAAAAGGTCTTGGC 3′. 

3.11. Lentivirus generation and transfection 

Lentivirus was obtained from PEI transfection of HEK293T cells by 
co-transfecting the packing vectors of psPAX2 and pMD2.G along with 
gene delivery vector (pLKO.1). Viral supernatants were collected by 
0.45 μM membrane filtration after 48 h of transfection. For infection, the 
lentivirus solution was added into cells in the presence of polybrene (8 
μg/ml). After 48 h of infection, medium containing the lentivirus was 
discarded and infected cells was selected by puromycin (2.5 μg/ml). 

3.12. Cellular cAMP signaling assays 

HEK293T cells were transfected using 10 μL lipofectamine 2000 
(Invitrogen) with 4 μg of total plasmids including pGloSensor™-22F 
cAMP biosensor plasmid (Promega), dopamine D2 receptor, 
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mSNX25ΔPXC (wild type or C566A mutant) with N-terminal Flag tag and 
RGS4-HA (RGS8-HA or RGS17-HA) in six-well plate. For shRNA 
knockdown endogenous SNX25 assays, the plasmid of full length 
mSNX25 (WT or C566A) was transfected into the cells of shRNA 
knockdown endogenous SNX25 along with pGloSensor™-22F cAMP 
biosensor plasmid and dopamine D2 receptor. Total DNA amount was 
equilibrated with empty pCDNA3.1 vector. After 24 h of transfection, 
cells were re-plated to flat-bottom, white 96-well plates at a density of 
60,000 cells/well. After 48 h of transfection, culture medium was dis
carded and washed once with CO2-independent DMEM medium sup
plemented with 10 % fetal bovine serum. Then, cells were incubated 
with 100 μL equilibration medium (assay medium with 4 % GloSensor™ 
substrate) for 2 h. After 2 h, 20 μL quinpiroles (diluted into 10 μM for
skolin containing assay medium) was added to each well in final con
centration of 5 μM. To check the cAMP signaling under the condition of 
endocytosis inhibition, the cells was incubated with 30 μM Dyngo-4a for 
30 min before treatment with quinpirole. The plate was subsequently 
read in microplate reader (BioTek, Cytation 5). Reference wells were 
treated with 10 μM forskolin and DMSO. Statistical significance was 
analyzed according to unpaired student’s t-test. All the experimental 
luminescence value was normalized with maximal response in the 
reference well. 

3.13. Gene expression analysis 

HEK293T cells were grown in 12-well plate at about 70 % con
fluency. The 0.3 μg plasmid of mSNX25 (WT or C566A mutant) was 
transfected into the HEK293T cells with shSNX25, meantime, the cor
responding empty vector was transfected into shluc or shSNX25 cells. 
After 48 h of transfection, the cells were displaced with fresh medium. 
30 μM Dyngo-4a or DMSO was added and incubated for 30 min, fol
lowed by the addition of 10 nM isoproterenol and 10 nM quinpirole) for 
2 h. Total RNA was extracted with Trizol and chloroform, and quantified 
by nanodrop. 2.5 μg total RNA was used to generate cDNA. Log2 ratios 
(‘Iso + quinpirole’/‘No drug’) were calculated. Statistical significance 
was analyzed according to unpaired student’s t-test. 

3.14. Reverse transcription quantitative real-time PCR (RT-PCR) 

Total RNA was extracted with Trizol and chloroform, and precipi
tated by isopropanol. Then, total RNA was further washed by 75 % 
alcohol and 100 % alcohol, respectively. Reverse transcription was 
carried out with M-MLV reverse transcriptase (Promega) and a mix of 
oligo (dT) following standard protocols. The generated cDNA was used 
as input for quantitative PCR with Tag Pro Universal SYBR qPCR Master 
Mix (Vazyme). Statistical significance was analyzed according to un
paired student’s t-test. All gene expression levels were normalized with 
the levels of the housekeeping gene β-actin. 

The qPCR primers for β-actin, PCK1, DACT2 and mSNX25 were 
followed:  

Gene Forward Reverse 

β-actin CCTTCCTTCCTGGGCATGG GATCTTCATTGTGCTGGGTGC 
PCK1 AAAACGGCCTGAACCTCTCG ACACAGCTCAGCGTTATTCTC 
DACT2 AGCCGCTGCTTCTACTGGA GAGGGTGGACTCAGAACAGGA 
mSNX25 GGCTTTGCTCACTCACTTCTG GTACGTAAGCTGAGAGACTGG  

3.15. Bright-Glo™ luciferase assay 

HEK293T cells were cultured to 70 %–80 % density to conduct gene 
transfection in six-well plate. 4 μg of plasmids including pGL4.30 Ca2+

sensor plasmid (contains an NFAT response element and luc2P reporter 
gene), NK1R (Neurokinin 1 receptor), mSNX25 (wild type or C566A 
mutant) with N-terminal Flag tag and RGS2-HA (or RGS8-HA) were 
transfected into cells using 10 μL of lipofectamine 2000 (Invitrogen). 

After 24 h of transfection, cells were re-plated to, 96-well white flat- 
bottom plates at a density of 60,000 cells/well. After 42 h of trans
fection, cells were treated with 0.2 nM, 1 nM and 10 nM substance P 
(NK1R agonists), respectively. For the control group, cells were treated 
with 1 μM ionomycin. To check the luciferase signaling under the con
dition of endocytosis inhibition, the cells was incubated with 30 μM 
Dyngo-4a for 30 min before treatment with substance P. After 6 h of 
treatment, cells were rinsed with PBS and subsequently lysed by 30 μL 
Glo lysis buffer (Promega) for 5 min. Then, Bright-Glo™ assay reagent 
was added to each well. After incubation for 5 min, bright luminescence 
was measured using a luminometer (Promega) following the manufac
tures instructions. 

3.16. FRET measurements for endosomal NK1R signaling 

HEK293T cells were cultured to 70 %–80 % confluency to conduct 
gene transfection in six-well plate. Total 2 μg of plasmids including 0.5 
μg mSNX25 (wide type or C566A mutants), 0.75 μg NK1R and 0.75 μg 
FRET sensors (NucEKAR derived from Addgene, plasmid 18,682) were 
transfected into the SNX25 knockdown cells. The equal amount vector 
corresponding with mSNX25 was transfected into the control or SNX25 
knockdown cells. After 24 h of transfection, cells were re-plated to 96- 
well black flat-bottom plates at a density of 60,000 cells/well. After 
48 h of transfection, FRET for GFP/RFP emission ratio analysis was 
assessed using PerkinEImer Envision. The cells were sequentially excited 
using a FITC filter (480/10) with emission measured using RFP (595/30) 
and FITC (535/20) filters every 1 min. Baseline emission ratio was 
captured for 5 min, followed by activation with an EC50 concentration of 
substance P (SP, 1 nM) for 20 min. To reveal the NK1R signaling under 
the condition of endocytosis inhibition, the cells were treated with 30 
μM dyngo-4a for 30 min before treatment with substance P. Data was 
analyzed and expressed as emission ratios relative to baseline (F/Fo). 
Statistical significance was analyzed according to unpaired student’s t- 
test. 

Data availability 

Atomic coordinates and structure factors amplitudes for crystal 
structure of mouse SNX25 PX domain have been deposited into Protein 
Data Bank with accession code (8HQL). 
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