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Abstract

TBC1D4 (also known as AS160) is a Rab·GTPase-activating protein (RabGAP) which functions 

in insulin signaling. TBC1D4 is critical for translocation of glucose transporter 4 (GLUT4), from 

an inactive, intracellular, vesicle-bound site to the plasma membrane, where it promotes glucose 

entry into cells. The TBC1D4 protein is structurally subdivided into two N-terminal 

phosphotyrosine-binding (PTB) domains, a C-terminal catalytic RabGAP domain, and a 

disordered segment in between containing potential Akt phosphorylation sites. Structural 

predictions further suggest that a region C-terminal to the RabGAP domain adopts a coiled-coil 

motif. We show that C-terminal region (CTR) region is largely α-helical and mediates TBC1D4 

RabGAP dimerization. RabGAP catalytic activity and thermal stability appear to be independent 

of CTR-mediated dimerization.
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1. Introduction

Insulin signaling is critical to total body nutrient homeostasis. Increases in circulating 

glucose levels that follow meals induce insulin release from pancreatic β-cells. Circulating 

insulin acts at insulin receptors present on insulin responsive tissues, including liver, fat and 

muscle, which respond by increasing the uptake of glucose. Insulin-stimulated glucose 

uptake is the prototypical action of insulin, although insulin also has many other actions in 

cells. Years of intense investigation have mapped out the intracellular signaling pathways 

leading to enhanced glucose transport as well as many other insulin actions. The upstream 

events always involve insulin binding to insulin receptors, which activates its intrinsic 

tyrosine kinase activity leading to phosphorylation of both the receptor itself and its primary 

substrates, the insulin receptor substrate (IRS-1, IRS-2, etc.) proteins. By contrast, the 

downstream cellular functions of insulin diverge from the scaffolding effects of the IRS 

proteins. Insulin-stimulated glucose uptake requires vesicular trafficking. The glucose 

transporter 4 (GLUT4) proteins reside in GLUT4 vesicles, a specialized organelle that 

responds to insulin. In its absence most of the GLUT4 is inactive as it resides inside the cell 

in the GLUT4 vesicles. Upon insulin stimulation, the vesicles translocate to the cell surface 

where they mediate glucose entry [1].

Vesicle trafficking generally involves budding, un-coating, docking and fusion steps that are 

regulated by the Rab·GTPases (Rabs), which can be shuttled between GTP-bound (active) or 

GDP-bound (inactive) states. The Rab·GTPase-activating proteins (RabGAPs) enhance the 

intrinsically low rates of GTP-to-GDP hydrolysis to inactivate the Rabs [2,3].

TBC1D4, which has also been called AS160, and TBC1D1 are the RabGAPs with roles in 

GLUT4 vesicle translocation in adipocytes and the skeletal myocytes, respectively [4–6]. 

TBC1D4 and TBC1D1 are homologous multi-domain proteins of ~1300 residues. Each 

contains two phosphotyrosine binding (PTB) domains predicted from the protein sequence 

(Fig. 1). While the physiological and biochemical roles of the first PTB domain are 

unknown, the second PTB domain binds insulin-regulated aminopeptidase (IRAP), a single-

membrane spanning protein marker for GLUT4 vesicles [7,8]. The second PTB domain also 

appears to bind phospholipids, which targets it to cellular membranes [9]. The second PTB 

domain may therefore serve not only in localizing TBC1D4 to GLUT4 vesicles but also as a 

phosphorylation dependent regulatory switch during the docking of GLUT4 vesicles at the 

plasma membrane [9]. Many of the serine and threonine residues phosphorylated by Akt are 

located C-terminal to the PTB domain. The catalytic RabGAP domain is at the C-terminus 

of the protein (Fig. 1). In the basal state, TBC1D4 catalyzes the hydrolysis of Rab-bound 

GTP, generating Rab·GDP, which is inactive and leaves GLUT4 vesicles inside the cell. 

Under insulin stimulation, activated Akt phosphorylates TBC1D4, which down-regulates its 

RabGAP activity leaving Rab·GTP intact. This promotes GLUT4 vesicle translocation to the 

plasma membrane and enhances the glucose uptake.

TBC1D4 also contains a C-terminal region of ~100 amino acids at the protein end (Fig. 1) 

whose function has not been ascribed. Secondary structural predictions [10] indicate that the 

C-terminal region (CTR) of TBC1D4 adopts a coiled-coil configuration. In this study, we 

use recombinant TBC1D4 proteins to show that TBC1D4 dimerizes via the CTR. Moreover, 
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we show that the in vitro catalytic activity of the RabGAP domain is independent of CTR-

mediated dimerization, and that CTR has no effect in thermal stability of the protein.

2. Results

2.1. Oligomer formation of TBC1D4 via the C-terminal region (CTR)

The C-terminal region (CTR, residues 1192-1299) of TBC1D4, which is C-terminal to its 

catalytic RabGAP domain (RabGAP, 865-1191), is predicted to adopt a coiled-coil structure 

(http://www.ch.embnet.org/software/COILS_form.html) [10]. We initially used size-

exclusion chromatography to assess the oligomeric states of three TBC1D4 recombinant 

proteins, RabGAP and CTR alone, and the collinear RabGAP-CTR segment encompassing 

both regions (Fig. 1). The proteins were expressed in E. coli and purified prior to analysis. 

The RabGAP itself eluted as a monomer (Fig. 2A), consistent with previous findings using 

analytical ultra-centrifugation and X-ray crystallographic analyses [11,12]. By contrast, 

RabGAP-CTR eluted as a mixture of mainly two molecular mass forms (Fig. 2A, RabGAP-

CTR1 and RabGAP-CTR2). Absorbance intensity and SDS-PAGE analyses suggest a third 

potential aggregation state (RabGAP-CTR3) whose amount is much less than the other two 

species (Fig. 2A and inset). No further studies were performed on this minor RabGAP-

CTR3.

CTR alone elutes primarily as a single peak with an elution volume comparable to that of 

RabGAP. Thus, at physiological pH and ionic strength, and at the protein concentrations 

studied, the ~15 kDa CTR protein adopts an apparent hydrodynamic radius similar to that of 

the ~41 kDa RabGAP protein, suggesting CTR is non-globular (Fig. 2B).

2.2. Irreversible oligomerization between TBC1D4 RabGAP-CTR1 and RabGAP-CTR2

We next explored the oligomeric reversibility of RabGAP-CTR1 and RabGAP-CTR2. When 

collected separately and re-analyzed using size-exclusion chromatograph, the two forms 

retained their original elution characteristics suggesting that interchange between oligomeric 

forms occurs slowly (Fig. 2C). The decreased resolution of RabGAP-CTR1 and RabGAP-

CTR2 on the sizing column compared to Fig. 2A is due to larger sample volumes for protein 

loading.

2.3. Dynamic light scattering of TBC1D4 RabGAP and CTR

The comparable elution volumes for CTR (~15 kDa monomeric molecular mass) and 

RabGAP (~41 kDa monomeric molecular mass) during size-exclusion chromatography 

suggested comparable hydrodynamic radii for these proteins. Dynamic light scattering 

(DLS) was used for further assessment. Using this independent method for estimating 

hydrodynamic radius, the molecular sizes of RabGAP and CTR were again found to be 

highly similar to one another, whereas RabGAP-CTR1 and RabGAP-CTR2 were 

significantly larger than RabGAP and CTR (Table 1).

2.4. The α-helicity of TBC1D4 CTR

Secondary structure prediction algorithms predicted the CTR of TBC1D4 is largely α-

helical. Circular dichroism (CD) analysis of CTR confirms this prediction (Fig. 2D). The 
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experimental ellipticity values determined at different wavelengths (200–240 nm) were used 

for secondary structure estimations. The results indicate that >60% of His6-CTR is α-

helical, with the remainder adopting random coil (helix estimations: K2D, 78%; K2D2, 84–

87%; SELCON3, 62%). Because ~16% of the His6-CTR protein corresponds to its His6-tag, 

which is a random coil, we estimate that CTR itself is 76–100% α-helical (Fig. 2D). The N-

terminal His6-tag of the recombinant CTR protein was left intact to assist in protein 

concentration (see Methods).

2.5. TBC1D4 dimerization via CTR

The oligomeric states of TBC1D4-derived RabGAP, CTR, and RabGAP-CTR proteins with 

His6-tags were further investigated using equilibrium sedimentation. For RabGAP-CTR, 

only RabGAP-CTR1 which eluted with a larger molecular mass than RabGAP-CTR2 on the 

size-exclusion column was studied. Equilibrium distributions and model fitting of RabGAP 

indicated that RabGAP behaves as a homogeneous monomer in solution as previously 

shown (Fig. 3A) [12]. The weighted root-mean-square (RMS) error for the dimeric fit (5.85 

× 10−2) with systematic deviations is shown in a residual distribution plot (Fig. 3A inset). 

When the data were fit to a monomeric model, RMS improved (8.66 × 10−3) with 

substantially better residual distributions, further illustrating that RabGAP is likely 

monomeric in solution. Also, the result showed that the presence of His6-tag on RabGAP 

does not mediate dimerization.

Equilibrium sedimentation distribution data for CTR and RabGAP-CTR1 indicate that in 

solution these proteins form homogeneous dimers (Fig. 3B & 3C). The sedimentation data 

for CTR fit to a dimer model, with a better RMS value (9.61 × 10−3) and improved residual 

distributions, compared to monomer (3.97 × 10−2) or trimer (2.50 × 10−2) models (Fig. 3B). 

Similarly, the equilibrium data for RabGAP-CTR1 fit a dimer model with a better RMS 

(9.62 × 10−3) and improved random residual distributions, than monomer (4.87 × 10−2) and 

trimer (2.56 × 10−2) models (Fig. 3C). These data indicate that the CTR region of TBC1D4 

mediates dimerization of the RabGAP-CTR protein. Because the dimeric size of RabGAP-

CTR1 further implies that the smaller sized RabGAP-CTR2 is in a state of a monomer, no 

further AUC study on RabGAP-CTR2 was performed. Also, AUC investigations at different 

protein concentrations and centrifugal speeds do not support rapidly reversible monomer-

dimer transitions for CTR or RabGAP-CTR1.

2.6. Catalytic activities of TBC1D4 RabGAP with and without CTR

Rates of GTP hydrolysis were assessed for the TBC1D4 RabGAP-CTR proteins using 

Rab14·GTP as the substrate, as previously described for the RabGAP domain by itself [11]. 

Values for kobs were similar for dimeric RabGAP-CTR1 and monomeric RabGAP and 

RabGAP-CTR2 proteins (Fig. 4A), suggesting that CTR-mediated dimerization does not 

influence in vitro RabGAP catalytic activity.

2.7. Thermal stabilities of TBC1D4 RabGAP with and without CTR

The thermal stabilities of the TBC1D4 RabGAP, RabGAP-CTR1, RabGAP-CTR2, and CTR 

were measured by carrying out temperature induced unfolding experiments using CD (Fig. 

4B). The denaturation results with similar melting temperature for RabGAP by itself and 
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RabGAP with CTR indicate that CTR does not thermally stabilize the RabGAP domain. 

Interestingly, CTR alone show a higher Tm compared to the RabGAP domain containing 

proteins.

3. Discussion

TBC1D4 and TBC1D1 are closely related RabGAPs which regulate GLUT4 vesicle 

trafficking in adipocytes and skeletal myocytes, respectively. These proteins contain regions 

C-terminal to their catalytic RabGAP domains predicted to adopt coiled-coil configurations. 

These ~100 amino acid “CTRs” of TBC1D4 and TBC1D1 (residues 1195–1272 and 1076–

1152, respectively) share 41% sequence identity and 68% sequence similarity. Circular 

dichroism spectral properties of recombinant TBC1D4 CTR protein suggest it has high α-

helix content. Size-exclusion chromatography of expressed TBC1D4 proteins containing 

both RabGAP and CTR regions indicate that CTR mediates oligomerization. The large 

hydrodynamic radius of CTR, given its molecular mass, suggests it adopts an extended or 

elongated configuration consistent with an α-helix. Analytical ultracentrifugation 

experiments further demonstrate that CTR mediates dimer formation.

It is interesting that recombinant RabGAP-CTR is a monomer/dimer mixture and that 

interconversions between them were unapparent on an hour to several day timescale. 

Nevertheless, there was no evidence for covalent bond formation between monomers in 

either RabGAP-CTR1 or CTR dimers. Given the various RabGAP and RabGAP-CTR 

proteins studied have comparable catalytic activities, we concluded that dimerization is 

neither necessary for nor influences catalytic efficiency. Also, CTR has no effect in thermal 

stability of the RabGAP domain. We have not identified alternative functions for CTR other 

than dimerization. Rab14 was chosen to be the substrate for these studies because it is a 

potential in vivo substrate and has previously been used as an in vitro substrate of TBC1D4 

[11,13]. While Rab10 has been suggested to be a cellular substrate [14,15], it is not 

expressed in sufficient quantities for the assay.

The cellular functions of dimerization were doubtless not reflected by our in vitro enzymatic 

assays using protein fragments. The recombinant proteins containing the RabGAP domain 

alone (327 residues) or in tandem with CTR (435 residues) are much shorter than 1299-

residue, full-length TBC1D4. TBC1D4 is also predicted to contain two PTB domains, whose 

functions may either require or be altered by protein dimerization. While beyond the scope 

of this study, the functions and consequences of dimerization may need to be studied in cells 

by assessing the effects of active and dominant-inhibitory forms of TBC1D4 in GLUT4 

translocation assays.

There is precedence in the literature for the dimerization of RapGAP and RasGAP proteins. 

For example, CAPRI, a protein that contains both RapGAP and RasGAP activities, has been 

also shown to form homodimers via a C-terminal helical motif [16]. Interestingly, both 

dimeric and monomeric CAPRI proteins co-exist in cells, and Ca2+-dependent dimerization 

reportedly acts as a switch to enhance the RapGAP activity over the RasGAP activity. 

Another structural study revealed that Rap1GAP, a distant relative of the RabGAP protein 

family, also has a dimerization domain which is not required for in vitro catalytic activity 
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[17,18]. And the crystal structure of the DHR-2 domain of DOCK2, a guanine nucleotide 

exchange factor (GEF), also suggests that dimerization occurs [19]. Although deletion of the 

dimerization region did not affect in vitro RacGEF activity, it influenced the Rac-mediated 

cell-migration [20]. These additional findings support potential roles for dimerization in the 

activities and cellular functions of GAP and GEF proteins, consistent with potential cellular 

roles for dimerization in TBC1D4.

4. Material and methods

4.1. Protein expression and purification

Fragments of cDNA encoding human TBC1D4 (RabGAP-CTR, 865-1299; RabGAP, 

865-1191; CTR, 1192-1299; DNA from Takahiro Nagase, Kazusa DNA Research Institute) 

and mouse Rab14 (1–175; DNA from Gus Leinhard, Dartmouth University) were PCR-

cloned into pET28a (Novagen) vector. The plasmids were transformed into BL21 (DE3) 

(Stratagene) strain and were grown in LB medium under kanamycin selection (25 μg/mL). 

Recombinant protein expressions were induced with 0.5 mM isopropyl β-D-

thiogalactopyranoside (IPTG) at OD600 = ~0.8, and the cells were further grown at 25 °C for 

16 hours. The proteins were expressed with His6-tags and were purified on Ni2+- 

nitrilotriacetic beads with imidazole elution. The His6-tags were either removed or left intact 

depending on different studies as described below. When removed, the proteins were treated 

with thrombin (Roche) as previously reported [10].

Rab14 was additionally purified on Superdex® 200 HR26/60 sizing column (GE 

Healthcare) pre-equilibrated in GF buffer (50 mM Tris pH 7.5 and 150 mM NaCl) using the 

ÄKTA FPLC system (GE Healthcare). Rab14 was concentrated by Amicon (Millipore) 

concentrator, and further loaded with GTP using methods previously published [11]. Briefly, 

~1–10 mg of purified Rab14 was incubated with 10-fold molar excess of GTP at 4 °C for 2–

3 hours in GF buffer with 5 mM EDTA and 5 mM dithiothreitol (DTT). Unbound free GTP 

was removed using a desalting column (BioRad) pre-equilibrated in GF buffer. Rab14 were 

aliquoted and stored at −80 °C for subsequent RabGAP assays. The Rab14 concentration 

was quantified by absorption (λ = 280 nm) by employing the calculated molar extinction 

coefficient (24,200 M−1cm−1) [21].

4.2. Detection of protein oligomerization using size-exclusion chromatography

His6-cleaved recombinant TBC1D4 RabGAP-CTR, RabGAP and CTR were eluted from a 

Superdex® 200 HR 26/60 sizing column pre-equilibrated with GF buffer and 5 mM DTT. 

The elution profile was monitored using absorbance (λ = 260 nm) using the ÄKTA FPLC 

system. Elution fractions at the peaks were analyzed by SDS-PAGE for further protein 

identification. Irreversible monomer-to-dimer interchange between the two species of 

TBC1D4 RabGAP-CTR was assessed by collecting and concentrating elution fractions 

corresponding to each species, and eluting them on the same column.

4.3. Dynamic light scattering for estimation of hydrodynamic radii

Hydrodynamic radii of four proteins (RabGAP, RabGAP-CTR1, RabGAP-CTR2 and CTR) 

were estimated by using dynamic light scattering (DLS). The purified His6-cleaved 
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recombinant proteins in GF buffer were analyzed using DynaPro Titan (Wyatt Technology 

Corporation) instrument.

4.4. Circular dichroism for secondary structure estimation and thermal stability 
comparison

The contents of secondary structural elements in CTR were determined by scanning 

ellipticity over wavelength using JASCO spectropolarimeter (Model J-810). Since 

determination of the protein concentration is critical for the secondary structure estimation, 

CTR with a small molecular mass had to be concentrated for quantification. Hence, the 

His6-tag of the CTR protein was left intact. The concentration of His6-CTR was quantified 

by employing the calculated molar extinction coefficient at λ = 280 nm (2,560 M−1cm−1). 

CTR protein with the final concentration of 6 μg/mL was analyzed using a 0.1 cm path-

length cuvette to obtain the spectrum. Various secondary structure estimation programs such 

as K2D [22] K2D2 [23] and SELCON [24] were applied on the CD data for approximation 

of the helical content.

The thermal stabilities of the TBC1D4 proteins were measured (λ = 222 nm) by carrying 

out temperature induced unfolding experiments with ~0.5 mg/mL of TBC1D4 RabGAP, 

RabGAP-CTR1, RabGAP-CTR2, and CTR proteins in GF buffer. Molar ellipticity values 

were calculated and fitted to a sigmoidal curve for determination of the melting temperature.

4.5. Equilibrium sedimentation studies using analytical ultracentrifugation (AUC)

Recombinant TBC1D4 RabGAP, CTR and RabGAP-CTR1 with His6-tags were used for the 

sedimentation equilibrium experiments. Since the thrombin treatment to remove His6-tag 

may induce non-specific cleavages of the proteins during the course of near 3-day, 20 °C 

equilibration necessary for the AUC experiments, the His6-tags in the proteins were all left 

intact. The proteins were purified similarly on the ÄKTA FPLC system in GF buffer with 5 

mM DTT, and were concentrated by centrifugation. During concentration the proteins were 

washed several times with GF buffer containing 1.5 mM Tris(2-carboxyethyl)phosphine 

(TCEP) to minimize the formation of non-specific cysteine-mediated disulfide bonds. Non-

specific cysteine-mediated disulfide bonds and proteolytic degradation of the proteins were 

monitored over 3 days at 4 °C on a non-reducing SDS-PAGE, where there appeared to be 

none. The final protein concentrations for the analytical ultracentrifugation experiments 

were adjusted to an optimal absorbance signal of 0.1–0.25 units.

Equilibrium sedimentation studies were performed using a Beckman ProteomeLab XL-A 

analytical ultracentrifuge with proteins in GF buffer with 1.5 mM TCEP at 20 °C as 

previously explained [12]. Briefly, equilibrium sedimentation of RabGAP (6.69 mM from 

calculated extinction coefficient of 37,360 cm−1M−1), CTR (for this fragment high 

concentrations of 33.6–83.9 mM were used due to low extinction coefficient of 2,980 

cm−1M−1), and RabGAP-CTR1 (1.24 mM from calculated extinction coefficient of 40,340 

cm−1M−1) were measured at 230 nm and 280 nm using a two-sector cell (loading volume of 

180 μL) at two speeds (13,000 and 18,000 rpms). All measured data fit well to given models 

and representative results measured at 13,000 rpm (RabGAP-CTR1) and 18,000 rpm 

(RabGAP and CTR) are presented. Since the solubility of RabGAP-CTR1 was rather low 
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when compared to other proteins, data collected at 230 nm are presented. The time required 

for attainment of equilibrium was established by running the rotor until the scans were 

invariant for 4 hours. This time was achieved at most by 70 hours at the given rotor speed. 

Partial specific volumes of the proteins and the buffer were calculated using Sednterp [25]. 

Calculated monomeric molecular masses (RabGAP, 40,503 Da; CTR, 14,748 Da; RabGAP-

CTR1, 52,963 Da) were used for the model fittings.

Mathematical data analyses were performed using a non-linear least-squares fitting for a 

homogeneous model on equations below [26]. The selection of the model was made by 

examining the number of weighted sum or the combination of square values and weighted 

root mean square error values. Data analysis and mathematical modeling were performed 

using MLAB [27].

(Cr, total concentration at the radial position r; Cb, concentration of protein at the cell 

bottom; Mp, molecular mass of protein; v, partial specific volume of protein; ρ, solution 

density; ω, rotor angular velocity; ε, baseline error)

4.6. GTPase assay

Although the presence of His6-tag does not alter the TBC1D4 RabGAP activity, the His6-

cleaved RabGAP-CTR1 and RabGAP-CTR2 were used for the GTPase assay as in the 

previous study [11]. The two states of the protein were purified from the expressed 

RabGAP-CTR using Superdex® 200 sizing column, separately concentrated, and the 

concentrations quantified by employing the calculated molar extinction coefficient (37,600 

M−1 cm−1). The Rab14·GTP hydrolysis kinetics were measured using EnzChek phosphate 

assay kit (Invitrogen) [11]. Briefly, solutions containing 50 mM Tris pH 7.5, 11 mM MgCl2, 

0.2 mM 2-amino-6-mercapto-7-methylpurine riboside (MESG), 1 U/mL purine nucleoside 

phosphorylase (PNP), and 30 μM GTP-loaded Rab14 were mixed with TBC1D4 RabGAP-

CTR in a 96-well microplate (Corning). Absorbance changes at 360 nm were monitored 

using a microplate reader. The time-course data were fitted to a pseudo 1st order Michaelis-

Menten model to obtain kobs. kobs measured at two different TBC1D4 concentrations (2.0 

μM and 19 μM) were compared with the previously reported data of TBC1D4 RabGAP 

activity [11].
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AS160 Akt substrate of 160 kDa
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GLUT glucose transporter

PTB phosphotyrosine-binding

RabGAP Rab GTPase-activating protein

TBC Tre-2, Bub2 and Cdc16
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Fig. 1. Domains of TBC1D4 protein and the boundaries of recombinant proteins used in this 
study
TBC1D4 (also known as AS160) is a multi-domain protein with two N-terminal PTB 

domains and a catalytic RabGAP domain. Serine (S) and threonine (T) residues undergoing 

Akt-mediated phosphorylation are indicted at the approximate regions by arrows. A region 

predicted to form a coiled-coil is located at the C-terminal region (CTR). Three different 

TBC1D4 recombinant proteins were expressed in E. coli to analyze the oligomeric behavior 

of TBC1D4. TBC1D4 RabGAP (TBC1D4 865-1191, monomeric molecular mass ~41 kDa) 

includes only the catalytic RabGAP domain, TBC1D4 RabGAP-CTR (TBC1D4 865-1299, 

monomeric molecular mass ~53 kDa) includes the catalytic RabGAP and CTR, and 

TBC1D4 CTR (TBC1D4 1192-1299, monomeric molecular mass ~15 kDa) includes only 

the CTR.
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Fig. 2. TBC1D4 oligomerization is mediated by the α-helical CTR
TBC1D4 RabGAP, RabGAP-CTR and CTR were eluted on a size-exclusion column, and 

their elution fractions were analyzed by SDS-PAGE (inset). (A) RabGAP eluted as a single 

component while RabGAP-CTR eluted as a mixture of mainly two components (RabGAP-

CTR1 and RabGAP-CTR2). A minor elution peak (RabGAP-CTR3) was negligible as 

indicated by SDS-PAGE analysis (inset). (B) Despite having the smallest molecular mass, 

CTR eluted as a single component at a volume comparable to RabGAP. (C) Elution fractions 

of the two TBC1D4 RabGAP-CTR (RabGAP-CTR1 & RabGAP-CTR2) peaks were 

separately concentrated and re-eluted. Segregation of RabGAP-CTR1 and RabGAP-CTR2 

peaks (dotted line) indicates that the two oligomeric RabGAP-CTR components did not 

interchange. (D) Circular dichroism analysis suggests that the TBC1D4 CTR is largely α-
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helical. The experimental ellipticity-wavelength values were analyzed by K2D secondary 

structure estimation program, which suggests CTR with 78% α-helical content.
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Fig. 3. Dimerization of TBC1D4 is mediated by CTR
The oligomeric states of TBC1D4 RabGAP (A), CTR (B), and RabGAP-CTR1 (C) were 

analyzed by sedimentation equilibrium. (A) Sedimentation equilibrium distributions of 

RabGAP (TBC1D4 865-1191) measured at 18,000 rpm and 280 nm (□) are fitted for both 

an ideal monomer (solid line, 1×) and a dimer (dotted line, 2×). The random residual 

distributions shown for a monomer (□, 1×) in comparison to a dimer (○, 2×) indicate that 

RabGAP exists as homogeneous monomers in solution (inset). (B) Sedimentation 

equilibrium distributions of CTR (TBC1D4 1192-1299) measured at 18,000 rpm and 280 

nm (□) are fitted for an ideal dimer (solid line, 2×), monomer, and a trimer (dotted line, 1×, 
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3×). Random residual distributions shown for a dimer (●, 2×) in comparison to either a 

monomer (△, 1×), or a trimer (▽, 3×) indicate that CTR exists as homogeneous dimers in 

solution (inset). (C) Sedimentation equilibrium distributions of RabGAP-CTR1 (TBC1D4 

865-1299) measured at 13,000 rpm and 230 nm (○) are fitted for an ideal dimer (solid line, 

2×), monomer, and a trimer (dotted line, 1×, 3×). Random residual distributions shown for a 

dimer (●, 2×) in comparison to either a monomer (△, 1×), or a trimer (▽, 3×) indicate that 

RabGAP-CTR1 exists as homogeneous dimers in solution (inset).
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Fig. 4. In vitro RabGAP activities and thermal denaturation curves of TBC1D4 RabGAP domain 
with and without CTR
(A) RabGAP activities were measured for both the dimeric and monomeric TBC1D4 

RabGAP-CTR components (□: RabGAP-CTR1; ◇: RabGAP-CTR2) using Rab14·GTP as 

the substrate. Values of kobs measured at two different concentrations are comparable to the 

previously reported kobs of only the RabGAP domain (◆, kobs data are taken directly from 

ref.11). (B) Thermal denaturation studies performed using CD indicate that CTR does not 

thermally stabilize the RabGAP domain. Fitted melting temperatures (Tm) for each protein 
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are shown. CTR by itself without RabGAP domain has higher Tm than the RabGAP domain 

containing proteins (inset).
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Table 1

Hydrodynamic radii estimated by dynamic light scattering (DLS).

TBC1D4 Hydrodynamic radius (Å)

RabGAP (865-1191) 43

CTR (1192-1299) 40

RabGAP-CTR1 (865-1299) 85

RabGAP-CTR2 (865-1299) 67
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