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Abstract

Exocytosis is a vesicle fusion process driven by soluble N-ethylmaleimide-sensitive factor 

attachment protein receptors (SNAREs). A classic exocytic pathway is insulin-stimulated 

translocation of the glucose transporter type 4 (GLUT4) from intracellular vesicles to the plasma 

membrane in adipocytes and skeletal muscles. The GLUT4 exocytic pathway plays a central role 

in maintaining blood glucose homeostasis and is compromised in insulin resistance and type 2 

diabetes. A candidate regulator of GLUT4 exocytosis is tomosyn, a soluble protein expressed in 

adipocytes. Tomosyn directly binds to GLUT4 exocytic SNAREs in vitro but its role in GLUT4 

exocytosis was unknown. In this work, we used CRISPR-Cas9 genome editing to delete the two 

tomosyn-encoding genes in adipocytes. We observed that both basal and insulin-stimulated 

GLUT4 exocytosis was markedly elevated in the double knockout (DKO) cells. By contrast, 

adipocyte differentiation and insulin signaling remained intact in the DKO adipocytes. In a 

reconstituted liposome fusion assay, tomosyn inhibited all the SNARE complexes underlying 

GLUT4 exocytosis. The inhibitory activity of tomosyn was relieved by NSF and α-SNAP, which 

act in concert to remove tomosyn from GLUT4 exocytic SNAREs. Together, these studies revealed 

an inhibitory role for tomosyn in insulin-stimulated GLUT4 exocytosis in adipocytes. We suggest 

that tomosyn-arrested SNAREs represent a reservoir of fusion capacity that could be harnessed to 

treat patients with insulin resistance and type 2 diabetes.
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INTRODUCTION

Exocytosis is a vesicle fusion event delivering membrane proteins to the cell surface and 

soluble molecules to the extracellular space (1). A classic exocytic pathway is insulin-

stimulated exocytosis of the glucose transporter GLUT4, which plays a central role in 

maintaining blood glucose homeostasis (2-5). Under the basal condition, GLUT4 is largely 

sequestered in intracellular storage vesicles in adipocytes and skeletal muscles (6-10). 

Insulin stimulation activates a cascade of signaling events that ultimately triggers the fusion 

of GLUT4 storage vesicles (GSVs) with the plasma membrane, delivering GLUT4 to the 

cell surface to facilitate glucose uptake (2, 11-16). Impairment of insulin-stimulated GLUT4 

exocytosis is a hallmark of insulin resistance and type 2 diabetes (6, 11, 17, 18).

Exocytosis, like other intracellular vesicle fusion pathways, is driven by SNARE complexes 

assembled from the vesicle-anchored v-SNARE and target membrane-rooted t-SNAREs (1, 

19-21). SNARE complexes zipper progressively toward membranes, forcing the vesicle and 

target membrane into close proximity to fuse (19, 22-26). In GLUT4 exocytosis, the primary 

v-SNARE is VAMP2/synaptobrevin whereas VAMP3/cellubrevin and VAMP8/endobrevin 

play redundant or compensatory roles (27-32). The t-SNAREs of GLUT4 exocytosis are 

syntaxin-4 and SNAP-23 (18, 33-35).

Besides SNAREs, an exocytic pathway also requires SNARE-binding regulatory factors to 

achieve spatial and temporal precision of the vesicle fusion reaction (36, 37). A candidate 

regulator of GLUT4 exocytosis is tomosyn, a soluble 120-130 kDa protein that negatively 

regulates SNARE-dependent membrane fusion (38-46). Tomosyn possesses two distinct 

domains – a large N-terminal domain containing WD40 repeats and a small C-terminal 

domain harboring a v-SNARE-like motif (46-49). Both of the N- and C-terminal domains of 

tomosyn are involved in SNARE association (50, 51). Tomosyn is expressed in insulin-

responsive tissues including adipocytes (52, 53), and its overexpression in adipocytes 

reduces GLUT4 exocytosis (52). In vitro, tomosyn directly binds to GLUT4 exocytic t-

SNAREs and prevents the formation of SNARE complexes (50, 54). These data suggest that 

tomosyn has the potential to negatively regulate GLUT4 vesicle fusion. However, direct 

loss-of-function evidence for a role of tomosyn in the GLUT4 exocytic pathway was still 

lacking.

In this work, we used CRISPR-Cas9 genome editing to delete the two tomosyn-encoding 

genes (Tomosyn-1 and Tomosyn-2) in adipocytes. We observed that both basal and insulin-

stimulated GLUT4 exocytosis was markedly elevated in Tomosyn-1/2 double knockout 

(DKO) cells. Adipocyte differentiation and insulin signaling remained intact in the mutant 

cells. We then characterized the molecular mechanism of tomosyn in GLUT4 vesicle fusion 

using a reconstituted liposome fusion system. We observed that tomosyn bound to GLUT4 

exocytic t-SNAREs and arrested the fusion reaction. Tomosyn inhibited all the SNARE 

complexes involved in GLUT4 exocytosis. Tomosyn was removed from GLUT4 exocytic t-

SNAREs by NSF and α-SNAP, relieving its inhibitory function in the fusion reaction. 

Together, these studies uncovered an inhibitory role of tomosyn in GLUT4 exocytosis in 

adipocytes.
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RESULTS

DKO of Tomosyn-1 and Tomosyn-2 using CRISPR-Cas9 genome editing

The mouse genome possesses two tomosyn-encoding genes – Tomosyn-1 (Stxbp5) and 

Tomosyn-2 (Stxbp5l). The sequences of tomosyn-1 and tomosyn-2 proteins are highly 

similar and both of them are expressed in mouse adipocytes (53, 55). To investigate the 

functional role of tomosyn in insulin-stimulated GLUT4 exocytosis, we deleted both 

Tomosyn-1 and Tomosyn-2 genes in mouse preadipocytes using CRISPR-Cas9 genome 

editing (Fig. 1A). Wild-type (WT) and Tomosyn-1/2 DKO preadipocytes were then 

differentiated into mature adipocytes. We observed that tomosyn protein expression was 

abolished in Tomosyn-1/2 DKO preadipocytes and mature adipocytes (Figs. 1B and S1).

Intact differentiation and insulin signaling in Tomosyn-1/2 DKO adipocytes

The overall morphology of Tomosyn-1/2 DKO adipocytes was indistinguishable from that of 

WT adipocytes (Fig. 2A). A characteristic feature of mature adipocytes is the presence of 

large lipid droplets (Fig. 2A) (11, 56). Using microscopy and flow cytometry, we observed 

comparable lipid droplets in WT and Tomosyn-1/2 DKO adipocytes (Fig. 2A-B). The 

expression of peroxisome proliferator-activated receptor gamma (PPARγ), a central 

regulator of adipocyte differentiation (57), was also comparable in WT and Tomosyn-1/2 
DKO cells (Fig. 2C). These results indicate that tomosyn is dispensable for adipocyte 

differentiation.

Next, we examined whether insulin signaling is impacted in Tomosyn-1/2 DKO cells. 

Insulin stimulation triggered the phosphorylation and activation of Akt/PKB, a key kinase in 

the insulin signaling pathway controlling GLUT4 trafficking and other cellular responses 

(Fig. 2D) (53, 58, 59). We found that insulin-stimulated Akt phosphorylation was similar 

between WT and Tomosyn-1/2 DKO adipocytes (Fig. 2D). Thus, tomosyn does not regulate 

insulin signaling.

GLUT4 exocytosis is elevated in Tomosyn-1/2 DKO adipocytes

To determine the role of tomosyn in GLUT4 exocytosis, we used flow cytometry to measure 

the translocation of an HA-GLUT4-GFP reporter stably expressed in adipocytes (60, 61). 

This GLUT4 reporter accurately recapitulates insulin-regulated GLUT4 trafficking in live 

cells (60-62). Insulin stimulation strongly promoted the translocation of the GLUT4 reporter 

to the cell surface (Figs. 3A). We observed that insulin-stimulated GLUT4 translocation was 

markedly increased in Tomosyn-1/2 DKO adipocytes (Fig. 3A). Kinetic analysis revealed 

that the elevated translocation of the GLUT4 reporter was due to its accelerated exocytosis 

in the DKO cells (Fig. 3B). We also measured the responses of the adipocytes to various 

concentrations of insulin. Elevated GLUT4 translocation was observed in the DKO cells at 

all the insulin concentrations (Fig. 3C). The basal surface level of the GLUT4 reporter 

(without insulin stimulation) was also increased in the DKO adipocytes (Fig. 3A and C). We 

then used confocal microscopy to visualize GLUT4 reporters. We observed that surface 

levels of the GLUT4 reporter were substantially higher in Tomosyn-1/2 DKO adipocytes 

under both unstimulated and insulin-stimulated conditions (Fig. S2). These results are 
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consistent with the flow cytometry data and demonstrate that tomosyn negatively regulates 

both basal and insulin-stimulated GLUT4 exocytosis in adipocytes.

To rule out off-target effects, we expressed the human TOMOSYN-1 gene in the 

Tomosyn-1/2 DKO cells (Fig. 3D). The human TOMOSYN-1 gene, which was not targeted 

by the mouse Tomosyn-1/2 gRNAs, restored tomosyn expression (Fig. 3D). Using flow 

cytometry and confocal microcopy, we observed that the human TOMOSYN-1 gene fully 

rescued the phenotype of the DKO cells such that both basal and insulin-stimulated GLUT4 

translocation returned to WT levels (Figs. 3E and S2). Thus, the accelerated GLUT4 

exocytosis observed in the DKO adipocytes was caused by a loss of tomosyn expression. 

Since insulin signaling was intact in the DKO cells (Fig. 2D), the elevated GLUT4 

exocytosis was not due to abnormal insulin signaling, consistent with a direct role of 

tomosyn in SNARE-mediated vesicle fusion. Together, these genetic studies established an 

inhibitory role of tomosyn in insulin-stimulated GLUT4 exocytosis.

Tomosyn inhibits all SNARE complexes involved in GLUT4 exocytosis

Tomosyn binds to GLUT4 exocytic SNAREs (Fig. S3) (50, 52), but it remains incompletely 

understood how it regulates SNARE-mediated GLUT4 vesicle fusion. To address this 

question, we reconstituted tomosyn into a liposome fusion reaction mediated by GLUT4 

exocytic SNAREs – syntaxin-4, SNAP-23 and VAMP2 (Fig. 4A). A major advantage of this 

defined system is that regulatory factors can be individually added and perturbed. As such, 

their effects on membrane fusion kinetics can be precisely determined without the 

complication of other factors naturally present in the cell. Previous biochemical studies of 

tomosyn were mainly performed in solution using truncated fragments (48, 63). While these 

studies yielded important initial insights, it is critical to examine full-length (FL) tomosyn 

because both the N-terminal and C-terminal regions are involved in its function (50, 51, 64, 

65).

Using FL tomosyn proteins prepared in an insect cell expression system (50), we first 

determined how tomosyn regulates the SNARE complexes involved in GLUT4 exocytosis. 

Tomosyn bound to GLUT4 exocytic t-SNAREs (syntaxin-4 and SNAP-23) and prevented 

their pairing with the v-SNARE VAMP2, arresting the fusion reaction at an intermediate 

stage (Fig. 4) (50). By contrast, tomosyn had no effect on a liposome fusion reaction driven 

by yeast exocytic SNAREs – Sso1p, Sec9p and Snc2p (Fig. 4), suggesting that tomosyn 

inhibits membrane fusion through specific interactions with SNAREs. We also tested how 

tomosyn regulates the fusion of preincubated SNARE liposomes. Low-temperature 

preincubation allows v- and t-SNAREs to form partially assembled trans-SNARE complexes 

between membrane bilayers (66). Tomosyn strongly inhibited the fusion of the preincubated 

SNARE liposomes (Fig. S4), suggesting that it can also arrest membrane fusion when 

SNARE complexes are partially assembled. Using a liposome co-flotation assay, we 

observed that fully assembled SNARE complexes remained intact when tomosyn was added 

(Fig. S5). Thus, tomosyn is unable to dissociate VAMP2 from t-SNAREs when the SNARE 

complex is fully assembled.

The v-SNAREs VAMP3 and VAMP8 also participate in GLUT4 exocytosis (30), but it was 

unclear whether tomosyn inhibits VAMP3- or VAMP8-mediated fusion reactions. It is 

Wang et al. Page 4

Traffic. Author manuscript; available in PMC 2021 March 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



critical to examine these v-SNAREs because a v-SNARE may directly relieve the inhibitory 

activity of a SNARE regulator (67). Liposomes bearing VAMP3 or VAMP8 fused with t-

SNARE liposomes as efficiently as VAMP2 liposomes (Fig. 4B-C). We observed that these 

liposome fusion reactions were also strongly inhibited by tomosyn (Fig. 4B-C). Thus, the 

inhibitory activity of tomosyn cannot be overcome by any of the v-SNAREs involved in 

GLUT4 exocytosis. Together, these data demonstrate that tomosyn inhibits all the three 

SNARE complexes mediating GLUT4 vesicle fusion.

NSF and α-SNAP relieve the inhibitory activity of tomosyn in GLUT4 vesicle fusion

We then examined how the tomosyn-SNARE interaction is regulated by NSF and α-SNAP, a 

pair of SNARE-binding factors recycling SNARE complexes (68-70). Although NSF and α-

SNAP are known to dissociate v-SNAREs and v-SNARE-like motifs from t-SNAREs (48, 

63), it was unclear whether FL tomosyn could be dissociated from GLUT4 exocytic t-

SNAREs. We observed that, while tomosyn strongly inhibited SNARE-mediated liposome 

fusion, the fusion was restored when NSF and α-SNAP were added in the presence of ATP 

and Mg2+ (Fig. 5A-C). In the absence of tomosyn, NSF and α-SNAP had limited effects on 

SNARE-mediated liposome fusion (Fig. 5B-C). Thus, NSF and α-SNAP are able to relieve 

the inhibitory activity of FL tomosyn in GLUT4 vesicle fusion.

Tomosyn is dissociated from GLUT4 exocytic t-SNAREs by NSF and α-SNAP

To further characterize how NSF and α-SNAP modulate tomosyn function, we examined 

tomosyn-SNARE interactions in a liposome co-flotation assay. We observed that FL 

tomosyn bound stoichiometrically to GLUT4 exocytic t-SNAREs (syntaxin-4 and SNAP-23) 

anchored to liposomes (Fig. 6A). Tomosyn was fully dissociated from the t-SNAREs when 

NSF and α-SNAP were introduced in the presence of ATP and Mg2+ (Fig. 6A-B). Tomosyn 

dissociation was accompanied by stoichiometric binding of NSF and α-SNAP to GLUT4 

exocytic t-SNAREs (Fig. 6A). These data demonstrate that NSF and α-SNAP directly 

dissociate tomosyn from GLUT4 exocytic t-SNAREs, correlating with their ability to relieve 

the inhibitory activity of tomosyn in the fusion reaction (Fig. 5).

DISCUSSION

In this work, we provide direct genetic evidence for an inhibitory role of tomosyn in GLUT4 

exocytosis. Both basal and insulin-stimulated GLUT4 exocytosis is substantially elevated in 

the absence of tomosyn. Tomosyn inhibits GLUT4 exocytosis by binding to GLUT4 

exocytic t-SNAREs and preventing their pairing with the v-SNARE. Tomosyn inhibits all the 

three SNARE complexes underlying GLUT4 vesicle fusion and none of the v-SNAREs – 

VAMP2, VAMP3 and VAMP8 – can overcome the inhibitory activity of tomosyn. These v-

SNAREs drive comparable levels of membrane fusion and are equally sensitive to tomosyn 

inhibition. However, it is difficult to estimate the abilities of the v-SNAREs to support 

GLUT4 exocytosis in the cell because they may behave differently in interacting with other 

GLUT4 exocytic regulators. Our previous studies showed that tomosyn’s inhibitory activity 

is dominant over the stimulatory function of Munc18c/Munc18-3, a key positive regulator of 

GLUT4 exocytosis (50). More recently, we discovered that Munc18c uses a SNARE-like 

peptide to recognize the C-terminal domains of t-SNAREs (71), which overlap with the 
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tomosyn-binding site on t-SNAREs. These observations suggest that tomosyn physically 

blocks the association of Munc18c with t-SNAREs.

Tomosyn-arrested t-SNAREs are not dead-end assemblies. Tomosyn can be readily removed 

from GLUT4 exocytic SNAREs by NSF and α-SNAP using energy from ATP hydrolysis, 

suggesting that the inhibitory activity of tomosyn in GLUT4 exocytosis is reversible. The 

overall fusion capacity of GLUT4 exocytic SNAREs is determined by the dynamic balance 

between the fusion-arresting activity of tomosyn and the fusion-permitting function of NSF 

and α-SNAP. A key question raised by this work is whether the inhibitory activity of 

tomosyn is modulated by insulin signaling. Tomosyn is phosphorylated in adipocytes upon 

insulin stimulation, leading to the speculation that insulin may promote GLUT4 exocytosis 

by silencing its inhibitory activity (53, 54). However, the physiological roles of the 

phosphorylations remain to be determined. To address this question, genetic studies would 

be required to determine whether and how tomosyn function in GLUT4 exocytosis is 

influenced by phospho-null and phospho-mimetic mutations. These genetic experiments are 

crucial because many insulin-induced phosphorylation events are likely non-functional (72). 

Once the physiological role of a phosphorylation(s) is validated, phospho-null and phospho-

mimetic mutations could be introduced into recombinant tomosyn proteins to define their 

effects on protein-protein interactions and membrane fusion kinetics using biochemical 

assays described in this work.

Our data suggest that a significant portion of GLUT4 exocytic t-SNAREs are arrested by 

tomosyn in adipocytes and thus are unable to participate in GLUT4 vesicle fusion. Like its 

role in synaptic transmission (39, 73), tomosyn enables insulin-responsive tissues to fine-

tune GLUT4 exocytosis such that glucose uptake can be adjusted according to physiological 

demands. Thus, tomosyn-arrested t-SNAREs represent a reservoir of fusion capacity that 

could be harnessed to enhance GLUT4 translocation. An important future direction is to 

determine whether tomosyn also negatively regulates GLUT4 exocytosis in patients with 

insulin resistance and type 2 diabetes. If this is the case, it is conceivable that tomosyn-

silencing therapeutics will help unleash the full fusion capacity of GLUT4 exocytic 

SNAREs to improve blood glucose homeostasis in the patients.

MATERIALS AND METHODS

Cell culture and adipocyte differentiation

Mouse preadipocytes were cultured in Dulbecco's Modified Eagle Medium (DMEM) 

supplemented with 10% FB Essence (FBE, VWR, #10803-034) and penicillin/streptomycin. 

The preadipocyte was a spontaneously arising immortalized cell line from mouse inguinal 

adipose tissue (74, 75). The cells were grown to ~95% confluence before a differentiation 

cocktail was added at the following concentrations: 5 μg/mL insulin (Sigma, #I0516), 1 nM 

Triiodo-L-thyronine (T3, Sigma, #T2877), 125 μM indomethacin (Sigma, #I-7378), 5 μM 

dexamethasone (Sigma, #D1756), and 0.5 mM 3-isobutyl-1-methylxanthine (IBMX, Sigma, 

#I5879). After two days, the cells were switched to DMEM supplemented with 10% FBE, 5 

μg/mL insulin, and 1 nM T3. After another two days, fresh DMEM media containing 10% 

FBE and 1 nM T3 were added to the cells. Differentiated adipocytes were usually analyzed 

six days after addition of the differentiation cocktail.
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CRISPR-Cas9 Genome editing

The gRNA targeting Tomosyn-1/Stxbp5 was subcloned into the pLenti-CRISPR-V2 vector 

(Addgene, #52961). The gRNA targeting Tomosyn-2/Stxbp5l was subcloned into a modified 

version of the pLentiGuide-Puro vector (Addgene, #52963) in which the puromycin 

selection marker was replaced with a hygromycin selection marker (60). CRISPR plasmids 

were transfected into 293T cells along with pAdVAntage (Promega, #E1711), pCMV-VSVG 

(Addgene, #8454), and psPax2 (Addgene, #12260) as previously described (60). The 293T 

cell culture media containing lentiviral particles were harvested daily for four days and 

centrifuged at 25,000 RPM for 1.5 hours in a Beckman SW28 rotor. Viral pellets were 

resuspended in DMEM and used to infect preadipocytes. The cells were consecutively 

selected using 3.5 μg/mL puromycin (Sigma, #3101118) and 500 μg/mL hygromycin B 

(Thermo, #10687010).

The gRNA sequences were: TCCCGTTCAGAAGATCCTGG (Tomosyn-1) 

TGGATCAAAGGCCAATGCTG (Tomosyn-2).

Expression of the TOMOSYN-1 rescue gene

The human TOMOSYN-1 gene was amplified using PCR, introducing a NheI site at the 5’ 

end and a SalI site plus a 3xFLAG-encoding sequence at the 3’ end. The PCR product was 

subcloned into the SalI and NheI sites of the SHC003BSD-GFPD vector (Addgene, 

#133301). The resulted SHC003BSD-TOMOSYN1 construct was transfected into 293T 

cells to produce lentiviral particles, which were used to infect preadipocytes. Transduced 

preadipocytes were selected using 10 μg/mL blasticidin (Thermo Fisher Scientific, # 

BP2647). The human TOMOSYN-1 gene is not targeted by the Tomosyn-1/2 gRNAs used 

in this work. Primers used for amplification of the human TOMOSYN-1 gene were:

CGCGCTAGCCTAGCCACCATGAGGAAATTCAACATCAG (forward)

GCGGTCGACCTACTTGTCATCGTCATCCTTGTAATCGATGTCATGATCTTTATAATC

ACCGTCATGGTCTTTGTAGTCGAACTGGTACCACTTCTTAT (reverse)

Measurement of insulin-stimulated GLUT4 exocytosis

Insulin-stimulated GLUT4 exocytosis was measured using flow cytometry as previously 

described (60, 76, 77). Briefly, cells were washed three times with the KRH buffer (121 mM 

NaCl, 4.9 mM KCl, 1.2 mM MgSO4, 0.33 mM CaCl2, and 12 mM HEPES [pH 7.4]). After 

incubation in the KRH buffer for two hours, the cells were treated with insulin. 

Subsequently, the cells were rapidly chilled, and surface GLUT4 reporters were stained 

using anti-HA antibodies (BioLegend, #901501) and APC-conjugated secondary antibodies 

(eBioscience, #17-4014). The cells were dislodged using Accutase (Innovative Cell 

Technologies, #AT 104), and the GFP and APC fluorescence was measured on a CyAN 

ADP analyzer (Beckman Coulter). To calculate normalized surface levels of GLUT4 

reporters, the mean APC fluorescence (surface staining) was divided by mean GFP 

fluorescence (total reporters), and the obtained values were normalized to those of untreated 

WT samples. Data from populations of ~5,000 cells were analyzed using the FlowJo 

software (FlowJo, LLC, v10) based on experiments run in biological triplicate.
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To visualize GLUT4 translocation using confocal microscopy, preadipocytes expressing the 

HA-GLUT4-GFP reporter were grown and differentiated in glass-bottom plates. After 

starvation in the KRH buffer for two hours, adipocytes were either untreated or treated with 

100 nM insulin for 30 minutes. Subsequently, the cells were fixed with 4% 

paraformaldehyde (TED PELLA, INC. #18505) and incubated with 2% bovine serum 

albumin (Thermo, #064985). Surface GLUT4 reporters were stained with anti-HA 

antibodies and Alexa Fluor 568-conjugated secondary antibodies (Thermo, #A-11004). 

Nuclei were stained with Hoechst 33342 (Sigma, #D9642). Images were captured using a 

100× oil immersion objective on a Nikon A1 Laser Scanning confocal microscope.

Immunoprecipitation (IP)

Cells were lysed in an IP buffer (25 mM HEPES [pH 7.4], 138 mM NaCl, 10 mM Na3PO4, 

2.7 mM KCl, 0.5% CHAPS, 1 mM DTT, and a protease inhibitor cocktail). Tomosyn and 

associated proteins were precipitated from cell lysates using anti-FLAG antibodies (Sigma, 

#F1804) and protein A agarose beads. Immunoprecipitates and whole cells were dissolved in 

1× SDS protein sample buffer and resolved on 8% Bis-Tris SDS-PAGE. After transferring to 

PVDF membranes, proteins were detected using primary antibodies and horseradish 

peroxidase-conjugated secondary antibodies. The experiments were repeated three times 

with similar results obtained.

Immunoblotting

Cells grown in 24-well plates were lysed in an SDS protein sample buffer. Cell lysates were 

resolved on 8% Bis-Tris SDS-PAGE and probed using primary antibodies and horseradish 

peroxidase-conjugated secondary antibodies. Primary antibodies used in immunoblotting 

included mouse monoclonal anti-tomosyn-1/2 antibodies (BD Biosciences, #611296), rabbit 

polyclonal anti-syntaxin-4 antibodies (Sigma, #S9924), mouse monoclonal anti-PPARγ 
antibodies (Santa Cruz Biotechnology, #sc-7273), anti-α-tubulin (DSHB, clone, #12G10), 

rabbit polyclonal anti-phospho-Akt (Ser473) antibodies (Cell Signaling Technology, #9271), 

rabbit polyclonal anti-Akt antibodies (Cell Signaling Technology, #9272), and mouse 

monoclonal anti-FLAG antibodies.

Real-time quantitative reverse transcription PCR (qRT-PCR)

Total RNAs were isolated using the TRI reagent (Sigma, #93289) and the ezDNAse Enzyme 

(Thermo, #18091150). First strand synthesis was performed using a Superscript IV kit 

(Thermo, #18091050). Gene expression was determined by qRT-PCR on a Bio-Rad CFX384 

Real-time PCR Detection System using SsoAdvanced Universal SYBER Green Supermix 

(Bio-Rad, #172-5272) with gene-specific primer sets. The cycle threshold values of a 

candidate gene were normalized to those of Gapdh, a reference gene, and the Δcycle 

threshold values were calculated. The results were plotted as fold changes relative to the 

control sample.

The PCR primers for Tomosyn-1 were:

ACCATCGAACTTTACGGCTCA (forward)
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ACATCTTTGCGGAAGTGGGAG (reverse)

The PCR primers for Gapdh were:

AGGTCGGTGTGAACGGATTTG (forward)

TGTAGACCATGTAGTTGAGGTCA (reverse)

Lipid droplet staining and analysis

Preadipocytes and adipocytes grown in clear-bottom 96-well plates were fixed by incubating 

with 4% paraformaldehyde for 20 minutes. The cells were washed three times with PBS and 

visualized on an Olympus IX81 Microscope using a 20x objective. For flow cytometry 

analysis of lipid droplets, cells were stained with 5 μg/mL Nile red (Sigma, #N3013) in the 

presence of 10 μg/mL Hoechst 33342. Subsequently, the cells were detached using Accutase 

and the fluorescence of Nile red and Hoechst 33342 was quantified on a CyAN ADP 

analyzer. Data from populations of ~5,000 cells were analyzed using the FlowJo software 

based on experiments run in biological triplicate. Fluorescence of unstained WT 

preadipocytes was used as a blank control.

Protein expression and purification

Recombinant v- and t-SNARE proteins were expressed in E. coli and purified by affinity 

chromatography. GLUT4 exocytic t-SNAREs consisted of untagged syntaxin-4 and His6-

tagged SNAP-23 whereas yeast exocytic t-SNAREs consisted of His8-tagged Sso1p and 

untagged Sec9p (78, 79). The v-SNAREs VAMP2, VAMP3, VAMP8 and Snc2p were 

expressed as His6-SUMO-tagged proteins before the tags were proteolytically removed (80). 

All SNARE proteins were stored in buffer A containing 25 mM HEPES (pH 7.4), 400 mM 

KCl, 1% n-octyl-β-D-glucoside, 10% glycerol, and 0.5 mM Tris (2-carboxyethyl) phosphine 

(TCEP). GST-tagged cytoplasmic domain of VAMP2 (GST-VAMP2 CD) was purified by 

GST affinity chromatography, followed by dialysis against buffer B containing 25 mM 

HEPES (pH 7.4), 150 mM KCl, 10% glycerol, and 5 mM TCEP. His6-MBP-tagged human 

tomosyn-1 was expressed and purified from Sf9 cells as previously described (50). After 

purification, the His6-MBP moiety was proteolytically removed using the tobacco etch virus 

protease, followed by overnight dialysis against buffer B. His6-NSF-myc was prepared in a 

previous study (68). Recombinant α-SNAP protein was expressed and purified using a His6-

SUMO tagging system as previously described for Munc18-1 (78).

Reconstitution of proteoliposomes

All lipids were obtained from Avanti Polar Lipids Inc. To prepare t-SNARE liposomes, 1-

palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1-palmitoyl-2-oleoyl-sn-

glycero-3-phosphoethanolamine (POPE), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoserine 

(POPS) and cholesterol were mixed in a molar ratio of 60:20:10:10. To prepare v-SNARE 

liposomes, POPC, POPE, POPS, cholesterol, (N-(7-nitro-2,1,3-benzoxadiazole-4-yl)-1,2-

dipalmitoyl phosphatidylethanolamine (NBD-DPPE) and N-(Lissamine rhodamine B 

sulfonyl)-1,2-dipalmitoyl phosphatidylethanolamine (rhodamine-DPPE) were mixed at a 

molar ratio of 60:17:10:10:1.5:1.5. SNARE proteoliposomes were formed by detergent 
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dilution and isolated on a Nycodenz density gradient flotation (78). Complete detergent 

removal was achieved by overnight dialysis of the samples in Novagen dialysis tubes against 

the reconstitution buffer (25 mM HEPES [pH 7.4], 100 mM KCl, 10% glycerol, and 1 mM 

DTT). The protein: lipid ratio was 1:200 for v-SNARE liposomes, and 1:500 for t-SNARE 

liposomes.

Liposome lipid-mixing assay

A standard liposome fusion reaction contained 45 μL unlabeled t-SNARE liposomes and 5 

μL v-SNARE liposomes. Liposome fusion was measured using a fluorescence dequenching 

assay (78). Increase in NBD-fluorescence at 538 nm (excitation 460 nm) was measured 

every two minutes in a BioTek Synergy HT microplate reader. At the end of the reaction, 

10% CHAPSO was added to the samples to obtain values of maximum fluorescence. The 

rate of a liposome fusion reaction is presented as the fluorescence change during the 60-

minute reaction normalized to maximum fluorescence. Full accounting of statistical 

significance was included for each figure based on at least three independent experiments.

Liposome co-flotation assay

The interactions of soluble factors with liposomes were measured using a liposome co-

flotation assay (60, 71, 78, 81). Soluble proteins were incubated with liposomes at 4 °C with 

gentle agitation. After one hour, an equal volume of 80% Nycodenz (w/v) in reconstitution 

buffer was added and the mixture was transferred to 5 x 41 mm centrifuge tubes. The 

samples were overlaid with 200 μL each of 35% and 30% Nycodenz, followed by 20 μL 

reconstitution buffer on the top. The samples were centrifuged at 52,000 rpm for four hours 

in a Beckman SW55 rotor. Liposome samples were collected from the 0/30% Nycodenz 

interface (2 x 20 μL) and analyzed by SDS-PAGE.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Deletion of Tomosyn-1 and Tomosyn-2 using CRISPR-Cas9 genome editing.
A) Diagrams of CRISPR constructs used to generate Tomosyn-1/2 DKO cells. NLS: nuclear 

localization signal. B) Representative immunoblots showing the expression of the indicated 

proteins in WT or Tomosyn-1/2 DKO preadipocytes and adipocytes. The anti-tomosyn 

antibodies recognize both tomosyn-1 and tomosyn-2. A full anti-tomosyn blot is shown in 

Figure S1A. Tomosyn mRNA levels were not significantly altered in the DKO cells (Figure 

S1B), indicating that the loss of tomosyn protein expression was due to protein degradation.
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Figure 2. Normal adipocyte differentiation and insulin signaling in Tomosyn-1/2 DKO cells.
(A) Representative images of preadipocytes and adipocytes captured using a 20x objective 

on an Olympus IX81 Microscope. Scale bars: 100 μm. (B) Quantification of lipid droplet-

positive cells. Cells were stained with Nile red and the fluorescence of Nile red was 

measured using flow cytometry. Data are presented as mean ± SD. n = 3. P values were 

calculated using Student’s t-test. n.s., P>0.05. (C) Representative immunoblots showing the 

expression of the indicated proteins in preadipocytes (before differentiation) and adipocytes 

(after differentiation). Two independent samples were prepared for each cell line. (D) 
Representative immunoblots showing the indicated proteins in WT and Tomosyn-1/2 DKO 

adipocytes.
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Figure 3. GLUT4 exocytosis is elevated in Tomosyn-1/2 DKO adipocytes.
(A) Normalized surface levels of the GLUT4 reporter in WT and Tomosyn-1/2 DKO 

adipocytes. After treatment with 100 nM insulin for the indicated periods, surface levels of 

the GLUT4 reporter were measured using flow cytometry and normalized to untreated WT 

samples. Data are presented as mean ± SD. n = 3. (B) Initial exocytosis rates of the GLUT4 

reporter in WT and Tomosyn-1/2 DKO adipocytes. Initial exocytosis rates were calculated 

based on increases in surface levels of the GLUT4 reporter during the first 10 minutes of 

insulin treatment shown in A. Datasets are normalized to untreated WT samples. Data are 

presented as mean ± SD. n = 3. P values were calculated using Student’s t-test. *** P<0.001. 

(C) Dose responses of insulin-stimulated translocation of the GLUT4 reporter in WT and 

Tomosyn-1/2 DKO adipocytes. Cells were treated with the indicated concentrations of 

insulin for 30 minutes before surface levels of the GLUT4 reporter were measured by flow 

cytometry. Datasets are normalized to untreated WT samples. Data are presented as mean ± 

SD. n = 3. (D) Representative immunoblots showing the expression levels of the indicated 

proteins in preadipocytes. The rescue gene encodes a 3xFLAG-tagged tomosyn-1 protein. 

(E) Normalized surface levels of the GLUT4 reporter in WT and Tomosyn-1/2 DKO 

adipocytes. In rescue samples, the human TOMOSYN-1 gene was expressed in 

Tomosyn-1/2 DKO adipocytes. Datasets are normalized to untreated WT samples. Data are 

presented as mean ± SD. n = 3. P values were calculated using Two-way ANOVA. ** 

P<0.01. n.s., P>0.05.
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Figure 4. Tomosyn inhibits all SNARE complexes involved in GLUT4 vesicle fusion.
(A) Illustrations of the v- and t-SNARE pairs in liposome fusion reactions. Each fusion 

reaction contained 5 μM t-SNAREs, 1.5 μM v-SNARE, and 100 mg/mL Ficoll 70 as the 

crowding agent. (B) Liposome fusion reactions depicted in A were carried out in the absence 

or presence of 5 μM recombinant FL tomosyn-1. Lipid mixing of the liposomes was 

measured using a FRET-based assay. (C) Lipid-mixing rates of the liposome fusion reactions 

shown in B. Data are presented as mean ± SD. n = 3. P values were calculated using 

Student’s t-test. *** P<0.001. n.s., P>0.05.
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Figure 5. NSF and α-SNAP relieve the inhibitory activity of tomosyn in GLUT4 vesicle fusion.
(A) Diagram illustrating the reconstituted liposome fusion reactions. The t-SNARE 

liposomes containing syntaxin-4 and SNAP-23 were directed to fuse with VAMP2-bearing 

liposomes in the absence or presence of 5 μM tomosyn-1. Each fusion reaction contained 5 

μM t-SNAREs, 1.5 μM v-SNARE, and 100 mg/mL Ficoll 70 as the crowding agent. To test 

the activities of NSF and α-SNAP, the following components were added to a fusion 

reaction: 0.5 μM NSF, 1 μM α-SNAP, 2.5 mM ATP, and 5 mM MgCl2 or EDTA. (B) Lipid 

mixing of the fusion reactions was measured using a FRET-based assay. Control: liposome 

fusion reactions without NSF or α-SNAP. (C) Lipid-mixing rates of the liposome fusion 

reactions shown in B. Data are presented as mean ± SD. n = 3. P values were calculated 

using Student’s t-test. ** P<0.01. n.s., P>0.05.
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Figure 6. NSF and α-SNAP disassociate tomosyn from GLUT4 exocytic t-SNAREs.
(A) Liposomes containing GLUT4 exocytic t-SNAREs (syntaxin-4 and SNAP-23) were 

incubated with or without 5 μM tomosyn-1 for one hour at 4 °C to form the t-SNARE/

tomosyn-1 complex. Liposomes bearing the t-SNARE/tomosyn-1 complex were then 

incubated with or without 0.5 μM NSF, 1 μM α-SNAP, 2.5 mM ATP, and 5 mM MgCl2/

EDTA at 37 °C for another hour. After flotation on a Nycodenz gradient, proteins bound to 

the liposomes were resolved on SDS-PAGE and stained with coomassie blue. Asterisk: α-

SNAP co-migrated with syntaxin-4 on SDS-PAGE but its binding to t-SNARE liposomes 

was evident. (B) Coomassie blue-stained SDS-PAGE gel showing recombinant NSF and α-

SNAP proteins used in this study.
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