
Noncanonical Myo9b-RhoGAP Accelerates RhoA GTP 
Hydrolysis by a Dual-Arginine-Finger Mechanism

Fengshuang Yi1,5,†, Ruirui Kong2,†, Jinqi Ren1,†, Li Zhu2, Jizhong Lou3, Jane Y. Wu2,4, and 
Wei Feng1

1National Laboratory of Biomacromolecules, CAS Center for Excellence in Biomacromolecules, 
Institute of Biophysics, Chinese Academy of Sciences, 15 Datun Road, Beijing 100101, China

2State Key Laboratory of Brain and Cognitive Science, Institute of Biophysics, Chinese Academy 
of Sciences, 15 Datun Road, Beijing 100101, China

3Key Laboratory of RNA Biology, Institute of Biophysics, Chinese Academy of Sciences, 15 Datun 
Road, Beijing 100101, China

4Department of Neurology, Center for Genetic Medicine, Lurie Cancer Center, Northwestern 
University Feinberg School of Medicine, 303 E Superior, Chicago, IL 60611 USA

5University of Chinese Academy of Sciences, Beijing 100049, China

Abstract

The GTP hydrolysis activities of Rho GTPases are stimulated by GTPase-activating proteins 

(GAPs), which contain a RhoGAP domain equipped with a characteristic arginine finger and an 

auxiliary asparagine for catalysis. However, the auxiliary asparagine is missing in the RhoGAP 

domain of Myo9b (Myo9b-RhoGAP), a unique motorized RhoGAP that specifically targets RhoA 

for controlling cell motility. Here, we determined the structure of Myo9b-RhoGAP in complex 

with GDP-bound RhoA and magnesium fluoride. Unexpectedly, Myo9b-RhoGAP contains two 

arginine fingers at its catalytic site. The first arginine finger resembles the one within the canonical 

RhoGAP domains and inserts into the nucleotide-binding pocket of RhoA, whereas the second 

arginine finger anchors the Switch I loop of RhoA and interacts with the nucleotide, stabilizing the 

transition state of GTP hydrolysis and compensating for the lack of the asparagine. Mutating either 

of the two arginine fingers impaired the catalytic activity of Myo9b-RhoGAP and affected the 

Myo9b-mediated cell migration. Our data indicate that Myo9b-RhoGAP accelerates RhoA GTP 

hydrolysis by a previously unknown dual-arginine-finger mechanism, which may be shared by 

other noncanonical RhoGAP domains lacking the auxiliary asparagine.
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Introduction

The Rho family of small GTPases, such as RhoA, Cdc42, and Rac1, is a master regulator of 

a range of cellular processes including cytoskeleton organization, cell adhesion and 

migration, cell polarity, and cell division [1–3]. As molecular switches, Rho GTPases can 

cycle between an active GTP-bound and an inactive GDP-bound form, which is regulated by 

guanine-nucleotide-exchange factors that facilitate GDP dissociation, GTPase-activating 

proteins (GAPs) that stimulate GTP hydrolysis, and guanine-nucleotide-dissociation 

inhibitors that sequester Rho GTPases [4,5]. The GAPs for Rho GTPases (RhoGAPs) often 

contain a characteristic RhoGAP domain that is capable of binding to Rho GTPases and 

promoting their GTP hydrolysis activities [5,6]. Elegant structural studies of the RhoGAP 

domains, in complex with their cognate Rho GTPases, have revealed that the canonical 

RhoGAP domain possesses a signature catalytic arginine residue (referred to as the arginine 

finger) that directly inserts into the nucleotide-binding pocket of Rho GTPases and interacts 

with the nucleotide to stabilize the transition state of GTP hydrolysis [5,7,8]. In the vicinity 

of the arginine finger, an essentially conserved asparagine residue in most, if not all, 

canonical RhoGAP domains interacts with and stabilizes the Switch I loop of Rho GTPases 

to assist the arginine finger in GTP hydrolysis [8,9] (Supplementary Fig. S1).

Myosin IXb (Myo9b), a member of class IX myosins in mammals, is a unique motorized 

Rho GAP that contains an N-terminal motor domain and a RhoGAP domain at the C-

terminal tail (Fig. 1a). Myo9b has been detected in immune cells and controls cell shape and 

motility [10]. Myo9b-deficient macrophages fail to spread and remain in a round shape [11]. 

Additionally, Myo9b-depleted dendritic cells and T-cells are also defective in chemotactic 

migration [12,13]. It has been proposed that Myo9b acts as a single-headed myosin motor 

that is capable of moving along actin filaments [14,15]. The motor domain of Myo9b 

contains a large insertion sequence that can bind to actin filaments and provides the second 

tethering site for processive movement [16,17]. In addition to binding to actin filaments, 

Myo9b functions as a Rho GAP to inactivate Rho GTPases and thereby terminate Rho 

signaling [18–20]. Because Rho signaling is important for regulating the organization of 

actin filaments [3], it has been proposed that Myo9b might form some feedback loops in 

which it regulates actin tracks where it walks along [10]. Moreover, the motor activity of 

Myo9b is also responsible for the targeting of this motor–RhoGAP chimera to the leading 

edge of migrating cells [21]. Given the essential role of Myo9b in immune cells, it is not 

surprising that the defects of this Rho GAP are associated with immune disorders such as 

celiac disease and inflammatory bowel disease [22,23]. Interestingly, Myo9b has also been 

identified as a key player in Slit-Robo-mediated lung tumor suppression, and increased 

Myo9b expression is correlated with lung cancer progression and poor prognosis [24].

Among the Rho family of small GTPases, RhoA is a specific target of the RhoGAP domain 

of Myo9b (Myo9b-RhoGAP) [18,24]. The selective inactivation of RhoA by Myo9b-
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RhoGAP is important for actin filament organization at the leading edge of cell protrusions 

and critical for migration [11]. We have determined the structure of Myo9b-RhoGAP and 

built a structural model of the Myo9b-RhoGAP/RhoA complex based on the homology 

modeling [24]. We have shown that Myo9b-RhoGAP contains a unique positively charged 

site within the target-binding groove for specific recognition of RhoA (rather than Cdc42 or 

Rac1) [24]. Mutations inside this positively charged region impaired the binding of Myo9b-

RhoGAP to RhoA and compromised the specific catalytic activity of Myo9b-RhoGAP 

toward RhoA [24]. However, the high-resolution atomic structure of the Myo9b-RhoGAP/

RhoA complex still remains to be determined. More interestingly, in stark contrast to those 

canonical RhoGAP domains, the highly conserved auxiliary asparagine is absent in Myo9b-

RhoGAP; instead, the corresponding position is occupied by an alanine residue 

(Supplementary Fig. S1). These unique features make Myo9b-RhoGAP different from other 

canonical RhoGAP domains and suggest that Myo9b-RhoGAP may employ a distinct 

catalytic mechanism for RhoA GTP hydrolysis.

In this study, based on the previous structural studies of Myo9b-RhoGAP alone, we further 

determined the structure of Myo9b-RhoGAP in complex with GDP-bound RhoA and 

magnesium fluoride that mimics the transition state of GTP hydrolysis. Unexpectedly, in 

addition to the conventional arginine finger that inserts into the nucleotide-binding pocket of 

RhoA, Myo9b-RhoGAP possesses another arginine finger at the catalytic site that anchors 

the Switch I loop of RhoA and interacts with the nucleotide, which may compensate for the 

lack of the auxiliary asparagine. Mutations of either of the two arginine fingers disrupted the 

catalytic activity of Myo9b-RhoGAP and impaired the Myo9b-mediated cell migration. 

Together, our data demonstrate that Myo9b-RhoGAP accelerates RhoA GTP hydrolysis 

using a dual-arginine-finger mechanism that has not been reported previously.

Results

The overall structure of the Myo9b-RhoGAP/RhoA complex

Myo9b-RhoGAP has been demonstrated to exhibit the specific catalytic activity toward 

RhoA [18,24], although the conserved auxiliary asparagine is missing (Supplementary Fig. 

S1). To examine the catalytic mechanism of Myo9b-RhoGAP for RhoA GTP hydrolysis, we 

prepared the Myo9b-RhoGAP/RhoA complex for crystallization and structural 

determination. Magnesium fluoride has been found to mimic the transition state of GTP 

hydrolysis and stabilize the complexes formed between GDP-bound Rho GTPases and their 

cognate RhoGAP domains [25]. In the presence of magnesium fluoride, Myo9b-RhoGAP 

co-eluted with GDP-bound RhoA in the analytical gel-filtration analysis (Fig. 1b), indicating 

the formation of a stable Myo9b-RhoGAP/RhoA complex in solution. With this co-eluted 

fraction, we obtained the diffraction-quality crystals of the Myo9b-RhoGAP/RhoA complex 

for structural determination. The structure of Myo9b-RhoGAP in complex with GDP-bound 

RhoA and magnesium fluoride was solved by the molecular replacement method and was 

refined to 2.4 Å (Supplementary Table S1).

In this complex structure, Myo9b-RhoGAP adopts a classical RhoGAP fold with nine α-

helices (αA0–αG) forming a cradle-shaped structure (Fig. 1c). Specifically, αA, αB, αE, 

and αF constitute the base of the cradle, while αA1 and αG (together with αC and αD) 
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construct the two protruding wings, respectively (Fig. 1c). The expanded concave groove in 

this cradle (that binds to RhoA as the target-binding groove) is contributed by αA1, αB, αF, 

and αG of Myo9b-RhoGAP (Fig. 1c–d). On the other hand, RhoA forms a canonical 

GTPase fold with a central β-sheet (B1–B6) that is surrounded by five α-helices (A1–A5) 

and three 310 helices (H1–H3; Fig. 1c). The nucleotide-binding pocket of RhoA consists of 

Switch I (the A1/B2-loop) and II (H1 and H2), P-loop, H3, and the B6/A5-loop, in which 

GDP and magnesium fluoride (  that acts as the transition state analog of phosphoryl 

transfer [25]) reside (Fig. 1c–d). In this nucleotide-binding pocket, an additional Mg2+ 

coordinates GDP and . Overall, Switch I and II of RhoA are both embraced by the 

target-binding groove of Myo9b-RhoGAP, and the A3 helix of RhoA also contacts the 

protruding αA1 helix of Myo9b-RhoGAP (Fig. 1c–d).

Because Myo9b-RhoGAP adopts a classical RhoGAP fold, the prediction is that this 

RhoGAP domain possesses a target-binding mode similar to that of the canonical RhoGAP 

domains. To test this hypothesis, we compared the structure of the Myo9b-RhoGAP/RhoA 

complex with that of the canonical RhoGAP domain p50-RhoGAP/RhoA complex under the 

same condition (i.e., in complex with GDP-bound RhoA and ) [25]. As expected, 

RhoA binds to a similar target-binding groove in both Myo9b-RhoGAP and p50-RhoGAP 

(Supplementary Fig. S2a). The structures of the two complexes can be superimposed with 

the RMSD of ~0.77 Å for the backbone atoms (Supplementary Fig. S2a), indicating that the 

target recognition conformation of Myo9b-RhoGAP indeed resembles that of the canonical 

RhoGAP domains. Moreover, upon the superimposition of RhoA, Myo9b-RhoGAP moves 

more closely to grasp RhoA, with a shift of ~ 1.6 Å closer toward RhoA as compared to 

p50-RhoGAP (Supplementary Fig. S2b). This suggests that Myo9b-RhoGAP may bind to 

RhoA more strongly than p50-RhoGAP at the transition state (see below for details).

Molecular dynamics (MD) simulations of the Myo9b-RhoGAP/RhoA complex

In the structure of the Myo9b-RhoGAP/RhoA complex, the αA0/αA and αF/αG loops of 

Myo9b-RhoGAP could not be clearly defined due to their poor electron density maps (as 

indicated by the dashed lines in Fig. 1c), suggesting that these two loops may be flexible. To 

avoid the potential artifacts induced by crystal packing and evaluate the conformational 

properties of the missing loops, we performed the MD simulations of the complex structure 

in solution. As expected, the overall structure of the Myo9b-RhoGAP/RhoA complex 

underwent little conformational changes during the simulations (Fig. 1e), supporting the 

model that Myo9b-RhoGAP forms a compact and stable complex with GDP-bound RhoA in 

the presence of . However, in comparison to the other regions of Myo9b-RhoGAP, the 

αA0/αA and αF/αG loops exhibit more dynamic conformations (Fig. 1e), suggesting that 

these two loops within Myo9b-RhoGAP are intrinsically flexible. The conformation of the 

αA1/αB loop of Myo9b-RhoGAP is more dynamic as well. Consistently, all the flexible and 

dynamic regions of Myo9b-RhoGAP found in the MD simulations exhibit a higher value of 

crystallographic B-factors for the complex structure (Fig. 1f). On the other hand, the A3′ 
helix of RhoA that seems to be isolated from the complex structure and the regions of RhoA 

outside the interaction core for the complex formation also appear to be dynamic (Fig. 1c 

and e).
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The interface between Myo9b-RhoGAP and RhoA in the complex structure

RhoA is intimately captured in the target-binding groove of Myo9b-RhoGAP (Fig. 1c). 

Based on the different regions of RhoA (i.e., Switch I and II and the A3 helix), the target-

binding groove of Myo9b-RhoGAP and the interaction interface between Myo9b-RhoGAP 

and RhoA (buried with a surface area of ~1142 Å2) can be further divided into three sites 

(Site 1 to 3; Fig. 2a). At Site 1 (the interaction site for the A3 helix), R1742 and R1744 from 

αA1 of Myo9b-RhoGAP form the electrostatic and hydrogen-bonding interactions with 

D90, E93, and E97 from the A3 helix of RhoA (Fig. 2b and Supplementary Fig. S3). 

Although the side chain of R1742 points away from the A3 helix in the structure, the MD 

simulations demonstrated that it could flip back to favor by contacting the side chains of 

D90 and E93 in the A3 helix (Supplementary Fig. S4). The side chain of N94 from the A3 

helix of RhoA forms a hydrogen bond with the main chain of A1740 from αA1 of Myo9b-

RhoGAP (Fig. 2b and Supplementary Fig. S3), which would further stabilize this interaction 

site. At Site 2 (the interaction site for Switch II), K1772, Q1773, and R1776 from αB of 

Myo9b-RhoGAP form the electrostatic and hydrogen-bonding interactions with E64 and 

D65 from Switch II of RhoA (Fig. 2c and Supplementary Fig. S3). Additionally, P1852 from 

αF together with V1870 and M1867 from αG of Myo9b-RhoGAP also make the 

hydrophobic contacts with Y66 and L69 from Switch II of RhoA. At Site 3 (the interaction 

site for Switch I), I1848 from αF and V1870, L1871, and M1867 from αG of Myo9b-

RhoGAP form the extensive hydrophobic interactions with V35, P36, V37, and F38 from 

Switch I of RhoA (Fig. 2d and Supplementary Fig. S3). Furthermore, Y34 from the Switch I 

region of RhoA is sandwiched between R1735 and R1840 from the αA/αA1-loop and αE/

αF-loop of Myo9b-RhoGAP, respectively (Fig. 2d). It is likely that all these extensive 

electrostatic, hydrogen-bonding, and hydrophobic interactions between the target-binding 

groove of Myo9b-RhoGAP and RhoA contribute to the formation of this stable complex.

Our previous studies demonstrated that among the three aforementioned interaction sites, the 

positively charged residues of Myo9b-RhoGAP within Site 1 are the key components that 

determine the binding specificity for RhoA, which contains the negatively charged residues 

in the corresponding interaction region [24] (Fig. 2b). Consistently, the residues inside 

Myo9b-RhoGAP for the packing at Site 2 and Site 3 are highly conserved among different 

RhoGAP domains, whereas the residues for the contacts at Site 1 are largely non-conserved 

(Supplementary Fig. S1). However, in the p50-RhoGAP/RhoA complex structure, one of the 

positively charged residues (R1742) in Myo9b-RhoGAP is replaced by a valine (V289) in 

p50-RhoGAP (Supplementary Fig. S2b), which would likely weaken the interaction Site 1 in 

this complex. Thus, the cluster of the specific electrostatic interactions at Site 1 would also 

likely induce the closer distance of packing between Myo9b-RhoGAP and RhoA than that 

between p50-RhoGAP and RhoA (Supplementary Fig. S2b).

Upon forming the Myo9b-RhoGAP/RhoA complex, although the overall structural folds of 

Myo9b-RhoGAP and RhoA are similar to that of their free forms, both of them exhibit some 

local conformational changes in the interaction interface (Supplementary Fig. S2c). The αF/

αG loop of Myo9b-RhoGAP in the complex structure undergoes an obvious shift toward 

Switch II of RhoA, and the C-terminal part of αG likely has an accompanying rotation 

(Supplementary Fig. S2c). On the other hand, the Switch I loop of RhoA in the complex 
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structure also possesses some conformational changes induced by the insertion of the side 

chain of Y34 between R1735 and R1840 of Myo9b-RhoGAP (Fig. 2d and Supplementary 

Fig. S2c).

To test the essential role of the residues in the target-binding groove of Myo9b-RhoGAP for 

recognizing RhoA, we made specific point mutations inside Myo9b-RhoGAP to disrupt the 

three interaction sites, that is, R1742E and R1744E at the Site 1, K1772A and R1776A at the 

Site 2, and I1848A and V1870A at the Site 3 (Fig. 2b–d). We first used the glutathione S-

transferase (GST) pull-down assay to evaluate the binding between Myo9b-RhoGAP and 

RhoA. In this assay, the purified GST-tagged Myo9b-RhoGAP (GST-RhoGAP) and various 

mutants were used to pull down the purified RhoA. As compared with the wild-type Myo9b-

RhoGAP, the individual point mutations at each of these three interaction sites disrupted the 

interaction between Myo9b-RhoGAP and RhoA (Fig. 2e). To further examine the binding 

affinities between these Myo9b-RhoGAP mutants and RhoA, we performed the isothermal 

titration calorimetry (ITC) assay. Consistently, all the point mutations in the three interaction 

sites decreased the binding affinity between Myo9b-RhoGAP and RhoA (Fig. 2f and 

Supplementary Fig. S5). Taken together, these data indicate that all the three interaction sites 

within the target-binding groove of Myo9b-RhoGAP are essential for binding to RhoA.

The two arginine fingers in Myo9b-RhoGAP for RhoA GTP hydrolysis

In comparison with the canonical RhoGAP domain p50-RhoGAP [8,25], the structure of 

Myo9b-RhoGAP in complex with GDP-bound RhoA and  is also analogous to the 

transition-state intermediate of RhoA GTP hydrolysis. To investigate how Myo9b-RhoGAP 

accelerates RhoA GTP hydrolysis, we dissected the catalytic site of the Myo9b-RhoGAP/

RhoA complex structure by examining the interaction network around the nucleotide. The 

electron densities of GDP and  were traced in the nucleotide-binding pocket of RhoA 

(Fig. 3a). Both GDP and  are anchored at the catalytic site by the extensive 

interactions with Myo9b-RhoGAP and RhoA (Fig. 3b and the interaction network shown in 

Supplementary Fig. S6). Remarkably, Myo9b-RhoGAP contains two arginine fingers 

(R1735 and R1840) that directly interact with GDP and/or  at the catalytic site (Fig. 

3b). Similar to the canonical arginine finger (R282) in p50-RhoGAP (Fig. 3c), the first 

arginine finger (R1735) of Myo9b-RhoGAP inserts into the nucleotide-binding pocket of 

RhoA (Fig. 3b). Specifically, the backbone of R1735 forms a hydrogen bond with the side 

chain of Q63 from RhoA and reorientates it to interact with a water molecule and , 

and the bulky side chain of R1735 aligns well with the aromatic ring of Y34 from Switch I 

of RhoA and forms the extensive electrostatic and hydrogen-bonding interactions with the 

phosphogroups of GDP and  (Fig. 3b). Thus, the first arginine finger of Myo9b-

RhoGAP resembles the canonical catalytic arginine finger within p50-RhoGAP (Fig. 3b–c).

Myo9b-RhoGAP contains the second arginine finger (R1840) that is absent in p50-RhoGAP 

(Fig. 3c–d). This arginine finger directly interacts with Switch I of RhoA and GDP. 

Specifically, the side chain of R1840 stacks along the aromatic ring of Y34 from Switch I of 

RhoA and forms a hydrogen bond with the sugar ring of GDP (Fig. 3b). Interestingly, the 

second arginine finger is sandwiched between E32 from Switch I of RhoA and E1731 from 

its own αA/αA1-loop, which would form the additional electrostatic and hydrogen-bonding 
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interactions to restrict the conformation of R1840 (Fig. 3b). Moreover, the side chain of 

R1840 tends to form a hydrogen bond with the backbone of E32 (Fig. 3b and Supplementary 

Fig. S4), further stabilizing the interaction between the second arginine finger and Switch I 

of RhoA. Consistently, the MD simulations demonstrated that the distances between the side 

chain of R1840 and these interacting residues are relatively stable (Supplementary Fig. S4). 

Thus, Myo9b-RhoGAP contains two parallel arginine fingers at the catalytic site for RhoA 

GTP hydrolysis (Fig. 3b–d), in stark contrast to a single arginine finger in the canonical 

RhoGAP domain p50-RhoGAP.

To examine the essential role of the two arginine fingers of Myo9b-RhoGAP for RhoA GTP 

hydrolysis, we generated point mutations in either arginine finger (i.e., R1735M, R1840K 

and R1840Q). We evaluated the in vitro catalytic activity of these Myo9b-RhoGAP mutants 

by the well-established GAP assay and measured the active RhoA levels in cells expressing 

Myo9b-RhoGAP using the biochemical pull-down experiment. In the in vitro GAP assay, 

the release of phospho-group accelerated by Myo9b-RhoGAP during RhoA GTP hydrolysis 

was measured by the phosphate assay kit. In the pull-down experiment, the purified GST-

tagged rhotekin-binding domain (RBD) that selectively interacts with GTP-bound RhoA was 

used to pull down the active RhoA in cells expressing Flag-tagged Myo9b-RhoGAP. As 

expected, the wild-type Myo9b-RhoGAP accelerated RhoA GTP hydrolysis with high 

catalytic efficiency, and only a small fraction of GTP-bound RhoA was detected in the pull-

down experiment (Fig. 3e–f). Consistent with the published data on Myo9b-RhoGAP [18], 

mutating the first arginine finger (R1735M) abolished the catalytic activity of Myo9b-

RhoGAP (Fig. 3e–f), indicating that this arginine finger is the key catalytic determinant. On 

the other hand, the mutation of the second arginine finger to a positively charged lysine 

(R1840K) decreased the catalytic efficiency by ~3-fold, whereas mutating it to a hydrophilic 

glutamine (R1840Q) reduced the catalytic activity by ~20-fold (Fig. 3e–f). These data show 

that the second arginine finger also plays an essential but more auxiliary role as compared to 

the first one (R1735). As supported by the structural analysis (Fig. 3b–d), both of the two 

arginine fingers of Myo9b-RhoGAP are essential for RhoA GTP hydrolysis, with R1735 as 

a catalytic finger and R1840 likely acting as a stabilizing finger (see below).

The second arginine finger compensates for the lack of the auxiliary asparagine in Myo9b-
RhoGAP

Myo9b-RhoGAP contains two arginine fingers at the catalytic site, whereas the canonical 

RhoGAP domain p50-RhoGAP has only one (Fig. 3b–c). However, in addition to the key 

catalytic arginine finger (R282), p50-RhoGAP contains a highly conserved asparagine 

(N391) in αF that forms the hydrogen-bonding interactions with the backbones of Y34 and 

K386 from Switch I of RhoA and its αE/αF loop, respectively (Fig. 3c and Supplementary 

Fig. S1), which would “zip” the two loops together and thus stabilize Switch I of RhoA at 

the transition state to aid the catalytic arginine finger. Mutating N391 to an alanine (N391A) 

dramatically decreased the catalytic activity of p50-RhoGAP toward its highly specific 

substrate Cdc42 [26,27] (Supplementary Fig. S7), indicating that this asparagine is essential 

for promoting GTP hydrolysis. Strikingly, the auxiliary asparagine found in p50-RhoGAP is 

absent in Myo9b-RhoGAP and is replaced by an alanine (A1845) at the corresponding 

position that shows no contact with Switch I of RhoA (Fig. 3b–d). Instead, the second 
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arginine finger (close to the asparagine position) of Myo9b-RhoGAP interacts with both 

Switch I of RhoA and the nucleotide (Fig. 3b), apparently compensating for the lack of the 

asparagine residue in Myo9b-RhoGAP in stabilizing Switch I of RhoA. Thus, the second 

arginine finger (R1840) of Myo9b-RhoGAP likely plays a stabilizing role and functions as 

an auxiliary finger at the catalytic site, similar to the role of the essential asparagine in p50-

RhoGAP.

Based on the structural comparison above, the auxiliary asparagine in p50-RhoGAP and the 

second arginine finger (R1840) in Myo9b-RhoGAP are both close to Switch I of RhoA and 

stabilize this loop (Fig. 3b–c). This would predict that the residues in these two positions in 

the RhoGAP domains could be altered to further enhance their catalytic activities. 

Consistent with this hypothesis, the conversion of the alanine back to asparagine in Myo9b-

RhoGAP (A1845N) indeed increased its catalytic activity by ~1.5-fold (Fig. 3e–f). On the 

other hand, the corresponding position in p50-RhoGAP for the second arginine finger is 

occupied by a lysine residue (K386; Fig. 3c). The mutation of this K386 residue to an 

arginine (K386R) also increased the catalytic activity of p50-RhoGAP (Supplementary Fig. 

S7), suggesting that the catalytic activities of other RhoGAP domains may be enhanced if 

the corresponding residues are mutated to an arginine as the second arginine finger in 

Myo9b-RhoGAP.

The two arginine fingers of Myo9b-RhoGAP are essential for Myo9b-mediated cell 
migration

The specific catalytic activity of Myo9b toward RhoA has been found to be important for the 

regulation of RhoA in migrating cells [11]. We have demonstrated that the catalytic activity 

of Myo9b is also essential for controlling lung cancer cell migration [24]. Since the two 

arginine fingers of Myo9b-RhoGAP are both essential for promoting RhoA GTP hydrolysis 

(Fig. 3e–f), we next tested whether they are important for Myo9b-mediated cell migration. 

We generated the point mutations of the two arginine fingers (R1735M, R1840K, and 

R1840Q) in the full-length Myo9b and evaluated the effects of these mutations on Myo9b-

mediated cell migration using the cell-based transwell migration assay (Fig. 4a–b). 

Additionally, we also generated the A1845N mutation (that increases the catalytic activity of 

Myo9b-RhoGAP) in the full-length Myo9b. In this assay, cells were sealed in a well with the 

filter membrane; the more efficiently cells migrated, the more cells could be observed (Fig. 

4b). We also probed the active RhoA levels in cells using the biochemical pull-down 

experiment coupled with Western blotting. Compared to the control, the knockdown of 

Myo9b by Myo9b-specific siRNA significantly impaired cell migration, and the active 

portion of RhoA was increased accordingly (Fig. 4a and c–d), indicating that Myo9b is 

indeed essential for cell migration. As expected, the transfection of the wild-type, full-length 

Myo9b largely rescued the cell migration defects induced by siRNA-mediated knockdown, 

whereas the transfection of the Myo9b mutants that carry the point mutations in either of the 

two arginine fingers did not (Fig. 4a and c), suggesting that the two arginine fingers within 

Myo9b-RhoGAP are both essential for Myo9b-mediated cell migration. Interestingly, the 

A1845N mutant could also rescue the cell migration defects even more efficiently than the 

wild-type protein (Fig. 4a and c), consistent with the higher catalytic activity of this mutant. 

Consistent with the data from the cell migration assay, the level of active RhoA was 
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markedly decreased by the transfection of the wild-type Myo9b and A1845N mutant but not 

by the transfection of the mutants with impairment of the two arginine fingers (Fig. 4d). 

Taken together, our biochemical and cellular data demonstrated that the two arginine fingers 

of Myo9b-RhoGAP are both essential for regulating the RhoA activity and the subsequent 

Myo9b-mediated cell migration.

Discussion

Rho GTPases are the key regulators in a variety of cytoskeleton-related cellular processes 

and are inactivated by Rho GAPs that carry a RhoGAP domain for accelerating GTP 

hydrolysis [1,4,5]. The canonical RhoGAP domains are characterized by a unique single 

arginine finger for catalysis. In this study, we found that Myo9b-RhoGAP unexpectedly 

contains two arginine fingers at its catalytic site for RhoA GTP hydrolysis. This previously 

unknown dual-arginine-finger mechanism would broaden the catalytic versatility of the 

RhoGAP domains and might also be shared by other noncanonical RhoGAP domains.

The dual-arginine-finger mechanism for accelerating GTP hydrolysis

The RhoGAP domains contain a catalytic arginine finger that inserts into the nucleotide-

binding pocket of Rho GTPases to facilitate the GTP hydrolysis process [4,5]. This key 

arginine finger interacts with the nucleotide and works together with the catalytic glutamine 

from Rho GTPases for the bond breakage (Fig. 3c). The Switch I loop of Rho GTPases 

wraps around both the arginine finger and the nucleotide to safeguard the catalytic center 

(Fig. 3c). During this catalytic process, the bond breakage has been indicated as the rate-

limiting step, and the Switch I loop of Rho GTPases exhibits dynamic conformations [28]. 

Thus, in addition to the key arginine finger, the stabilization of the Switch I loop of Rho 

GTPases would also be critical for the highly efficient catalytic activities of the RhoGAP 

domains. Consistent with this hypothesis, the canonical RhoGAP domains often contain a 

highly conserved asparagine (close to the arginine finger) that forms the additional 

hydrogen-bonding interactions with the Switch I loop of Rho GTPases to stabilize this loop, 

thereby assisting the catalytic arginine finger in GTP hydrolysis (Figs. 3c and 5). Mutation 

of this auxiliary asparagine markedly decreased the catalytic activities of the canonical 

RhoGAP domains (Supplementary Fig. S7).

In contrast, Myo9b-RhoGAP does not possess this conserved asparagine residue, likely 

acting as a noncanonical RhoGAP domain (Fig. 3). Our structural analysis of the Myo9b-

RhoGAP/RhoA complex has revealed that, in addition to the catalytic arginine finger 

(R1735), Myo9b-RhoGAP contains another arginine finger (R1840) at its catalytic site (Fig. 

3). This additional arginine finger directly interacts with and stabilizes the Switch I loop of 

RhoA (Figs. 3b and 5), compensating for the lack of the prototypical asparagine residue in 

Myo9b-RhoGAP and stabilizing the transition state of GTP hydrolysis. Moreover, this 

additional arginine finger also interacts with the nucleotide (Figs. 3b and 5), which may 

further stabilize the nucleotide for the high catalytic efficiency of Myo9b-RhoGAP. Thus, 

the second arginine finger (R1840) of Myo9b-RhoGAP might play a more prominent role 

than the auxiliary asparagine in the canonical RhoGAP domains for GTP hydrolysis. 

Consistently, mutating the second arginine finger in Myo9b-RhoGAP attenuated its catalytic 
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activity (Fig. 3e–f). Taken together, Myo9b-RhoGAP contains two arginine fingers at its 

catalytic site for RhoA GTP hydrolysis (Fig. 5), which is distinct from the catalytic 

mechanism utilized by the canonical RhoGAP domains.

It is interesting to note that, in addition to Myo9b-RhoGAP, a number of other RhoGAP 

domains also lack the auxiliary asparagine based on the structure-based sequence alignment 

(Supplementary Fig. S1), indicating that the absence of the auxiliary asparagine is not just a 

special case for Myo9b-RhoGAP. All of these RhoGAP domains lacking the asparagine may 

be grouped into the noncanonical RhoGAP domains, and some of them (such as the 

RhoGAP domains of ArhGAP12 and ArhGAP27) do contain an additional arginine residue 

at the position corresponding to the second arginine finger in Myo9b-RhoGAP and display 

the catalytic activity specific for Rho GTPases [29] (Supplementary Fig. S1). Thus, the dual-

arginine-finger mechanism of Myo9b-RhoGAP for stimulating RhoA GTP hydrolysis 

presented in this study may represent a more general structural paradigm for these 

noncanonical RhoGAP domains.

Potential rational designs for highly efficient RhoGAP domains for Rho GTPases

In addition to the similar catalytic arginine finger, p50-RhoGAP and Myo9b-RhoGAP 

employ an auxiliary asparagine (analogously as an asparagine finger) and a second arginine 

finger to stabilize the Switch I loop of Rho GTPases, respectively (Fig. 5). Because the 

asparagine finger and the second arginine finger are both in close proximity to the Switch I 

loop of Rho GTPases, the combination of these two essential sites could enhance the 

catalytic activities of the RhoGAP domains. Consistent with this hypothesis, the introduction 

of the missing asparagine back into Myo9b-RhoGAP increased its catalytic activity, and 

similar was the case for the introduction of a second arginine finger into p50-RhoGAP (Fig. 

3 and Supplementary Fig. S7). Based on the catalytic mechanisms of the canonical RhoGAP 

domains and noncanonical Myo9b-RhoGAP (Fig. 5), we predict that more efficient 

RhoGAP domains for Rho GTPases could be generated by rational design based on their 

structures. This might be useful in further designing the Rho-mediated modulators for 

various biological processes.

The potential second arginine finger hidden in other GAP domains

Similar to Rho GTPases, the inactivation of other families of small GTPases (such as Ras 

and Rab) is also regulated by their cognate GAP domains. Interestingly, most of these GAP 

domains possess a similar catalytic arginine finger for promoting GTP hydrolysis by small 

GTPases [4,5]. To investigate whether the “second arginine finger” found in Myo9b-

RhoGAP may be present in these GAP domains, we have further analyzed the structures of 

several other GAP domains in complex with their cognate small GTPases. The structure of 

the RasGAP domain/Ras complex revealed that a similar arginine (R894) from the RasGAP 

domain is close to the Switch I loop of Ras and aligns well with Y32 from this loop 

(Supplementary Fig. S8). Moreover, the structure of the RabGAP TBC (Tre-2, Bub2, and 

Cdc16) domain/Rab complex showed that, in addition to the catalytic arginine finger (R343), 

the TBC domain also contains another arginine residue (R490) at its catalytic site 

(Supplementary Fig. S8). This arginine residue forms the hydrogen-bonding interactions 

with the backbone of A64 from the Switch I loop of Rab and interacts with D382 from the 
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neighboring helix (Supplementary Fig. S8), which is reminiscent of the second arginine 

finger within Myo9b-RhoGAP (Fig. 3). Therefore, both the RasGAP and the RabGAP 

domains may also contain the “second arginine finger” that might be overlooked previously 

for stabilizing the Switch I loop of small GTPases. The biological and structural significance 

of the potential “second arginine finger” hidden in other GAP domains awaits future 

investigation.

Functional implications of the dual-arginine-finger mechanism for Myo9b-mediated cell 
migration

Rho-GTPase-mediated intricate organization of the cytoskeletons is critical for controlling 

cell migration [1,3]. Rho GTPases are spatially and temporally regulated within the 

restricted regions during the formation of cellular protrusions (such as neurites in neurons 

and invadopodia in cancer cells) and during migration of different cell types [30], which 

requires spatio-temporally precise and highly efficient activities of their regulators. Myo9b is 

localized at the leading edges of migrating cells, and its RhoGAP domain specifically targets 

RhoA for establishing the asymmetric RhoA activity for cell protrusion and migration [11]. 

As demonstrated in our previous work [24], the highly specific activity of Myo9b-RhoGAP 

toward RhoA may be determined by the specific interactions between Myo9b-RhoGAP and 

RhoA within Site 1 (Fig. 2). Moreover, the high efficiency of Myo9b-RhoGAP is likely to be 

accomplished by the dual-arginine-finger mechanism demonstrated in this study for RhoA 

GTP hydrolysis (Fig. 5). Mutating the two arginine fingers of Myo9b-RhoGAP decreased its 

catalytic efficiency and impaired Myo9b-mediated cell migration (Figs. 3 and 4), supporting 

that the dual-arginine-finger mechanism is essential for the highly efficient activity of 

Myo9b-RhoGAP for the control of cell migration. Finally, based on the comparison with the 

canonical RhoGAP domains (Fig. 5), the more efficient mutants of Myo9b-RhoGAP could 

be also generated to modulate the RhoA activity and to alter the role of Myo9b in 

modulating cell migration.

Materials and Methods

Protein expression and purification

The cDNA encoding the RhoGAP domain of human Myo9b (NCBI accession number: 

NM_004145.3; Myo9b-RhoGAP, residues 1691–1916) was cloned into a modified pET32a 

vector that contains an N-terminal Trx-His6 tag. Point mutations of Myo9b-RhoGAP were 

generated using the standard PCR-based mutagenesis method and confirmed by DNA 

sequencing. The recombinant Myo9b-RhoGAP protein and its mutants were expressed in 

Escherichia coli (BL21-CodonPlus) cells at 16 °C. The Trx-His6-tagged fusion proteins 

were purified by Ni2+-Sepharose 6 Fast Flow (GE Healthcare) affinity chromatography 

followed by size-exclusion chromatography (Superdex-200 26/60, GE Healthcare). After 

removing the Trx-tag, the resulting proteins were further purified by another round of size-

exclusion chromatography in buffer [50 mM Tris–HCl (pH 8.0), 100 mM NaCl, 1 mM DTT, 

and 1 mM EDTA]. The human p50-RhoGAP protein (residues 237–439) and its mutants 

were expressed and purified using the same procedure for Myo9b-RhoGAP. The human 

RhoA protein (residues 3–181) containing the point mutation (F25N) to improve protein 

stability was also expressed and purified as a Trx-His6-tagged fusion protein. After 
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removing the Trx-tag, the resulting protein was further purified by size-exclusion 

chromatography in buffer [50 mM Tris–HCl (pH 8.0), 100 mM NaCl, and 1 mM DTT]. The 

human Cdc42 protein (residues 1–179) was expressed and purified by using the same 

procedure as for RhoA.

Crystallization and data collection

To prepare the Myo9b-RhoGAP/RhoA complex for crystallization, we mixed the two 

purified proteins at a 1:1 M ratio together with NaF and MgCl2 to the final concentrations of 

20 mM and 5 mM, respectively. The protein complex sample was rotated gently at 4 °C for 1 

h and was further purified by size-exclusion chromatography (Superdex-200 10/300, GE 

Healthcare) in buffer containing 20 mM Tris–HCl (pH 8.0), 100 mM NaCl, 1 mM DTT, 20 

mM NaF, and 5 mM MgCl2. The Myo9b-RhoGAP/RhoA complex sample was then 

concentrated to 15 mg/ml for crystallization. The crystal of the Myo9b-RhoGAP/RhoA 

complex was obtained at 16 °C using the vapor diffusion method (sitting drop) in 0.2 M 

sodium malonate (pH 7.0) and 20% (wt/vol) polyethylene glycol 3350. Before being flash-

frozen in liquid nitrogen, the crystal was cryo-protected with the mother liquor 

supplemented with 10% ethylene glycol. Diffraction data were collected at the beamline 

BL17U of the Shanghai Synchrotron Radiation Facility with a wavelength of 0.979 Å at 100 

K and were processed and scaled using iMOSFLM [31] and SCALA module in the CCP4 

suite [32].

Structural determination

The structure of the Myo9b-RhoGAP/RhoA complex was solved by the molecular 

replacement method using the structure of the p50-RhoGAP/RhoA complex (PDB code: 

1OW3) as the search model with PHASER [33]. Additional missing residues were manually 

modeled into the structure according to the 2Fo-Fc and Fo-Fc electron density maps. The 

structural model was further fitted and rebuilt with COOT [34] and refined with Phenix [35]. 

The overall quality of the final structural model of the complex was assessed by 

PROCHECK [36]. The protein structure figures were prepared using the program PyMOL‡. 

The statistics for the data collection and structural refinement were summarized in 

Supplementary Table S1.

MD simulations

The structure of Myo9b-RhoGAP in complex with GDP-bound RhoA and  was used 

as the initial structural model for the MD simulations. The missing flexible loops in the 

structure were modeled with Modloop [37]. The complex structure was then soaked in an 83 

× 92 × 96 Å3 water box, and the Na+ and Cl− ions were added to neutralize the system and 

maintain the ionic concentration of 150 mM. The MD simulations were performed using the 

NAMD software package [38] and CHARMM22 all-atom force field with CMAP 

corrections [39]. Under periodic boundary condition, a 12-Å cutoff was used for van der 

Waals interactions, and Particle Mesh Ewald summation was used to calculate the 

electrostatic interactions. Three independent simulations were performed. In each 

‡http://www.pymol.org.
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simulation, the energy of the resulting system was first carefully minimized in multisteps to 

avoid any possible clashes. The energy-minimized system was then equilibrated for 10 ns 

with temperature controlled at 310 K by Langevin dynamics and pressure controlled at 1 atm 

by Langevin piston method. With the equilibrated structure, the 130-ns simulation was 

further performed at constant temperature and pressure with 2-fs time step by rigid bond and 

SETTLE algorithm for each system. The simulation trajectories were analyzed with VMD 

[40].

GAP assay

Rho GTPases (RhoA and Cdc42) were loaded with GTP by incubating 2–3 mg of protein 

with a 10-fold molar excess of GTP (Sigma) at 37 °C for 1 min in 50 mM Tris–HCl (pH 

8.0), 100 mM NaCl, 1 mM DTT, and 10 mM EDTA. Free nucleotide was removed with a D-

salt column (GE Healthcare) pre-equilibrated with 50 mM Tris–HCl (pH 8.0), 100 mM 

NaCl, and 0.1 mM EDTA. The GAP assay was performed using the EnzChek Phosphate 

Assay Kit (Invitrogen). GTP-loaded Rho GTPases were mixed with solutions containing the 

assay reagents and RhoGAPs and then dispensed into 96-well microplates (Corning). The 

absor-bance at 360 nm was monitored using a Varioskan Flash apparatus (Thermo). The 

kinetics determination was carried out following the previously described procedure [41] 

using GraphPad Prism. Briefly, the data were analyzed and fitted to the pseudo-first-order 

Michaelis–Menten model function:

where kobs = kintr + (kcat/Km)[RhoGAP]. The catalytic efficiency (kcat/Km) and intrinsic rate 

constant for GTP hydrolysis (kintr) were treated as global parameters.

Cell culture and antibodies

The human lung cancer cell line H1299 was obtained from ATCC and cultured in a 

humidified 5%-CO2-containing atmosphere incubator at 37 °C (Thermo Scientific). The cell 

line was maintained in Dulbecco’s modified Eagle medium (DMEM; Gibco) supplemented 

with 10% (vol/vol) fetal bovine serum (Gibco), 100 U/ml of penicillin, and 100 μg/ml of 

streptomycin (P/S; Gibco).

Antibodies were purchased from respective companies: anti-Flag antibody from Sigma 

Aldrich, anti-RhoA antibody from Santa Cruz Biotechnology, anti-Cdc42 antibody from BD 

Biosciences Pharmingen, and anti-Myo9b together with anti-Actin antibodies from 

ProteinTech Group, Inc.

Plasmid constructs and Myo9b siRNAs

The full-length human Myo9b (residues 1–2157) and the RhoGAP domain of Myo9b 

(residues 1691–1916) were generated by PCR amplification. The RhoGAP domain of 

p50rhoGAP (residues 237–439) was amplified with the template cDNA reverse-transcribed 

from the total RNA of H1299 cells. All the fragments were inserted into a 3xFlag-pCMV 7.1 

vector (Invitrogen) with the EcoR I (NEB) and Not I (NEB) sites. The plasmids containing 

mutations were constructed by overlap extension PCR. All the constructs were verified by 
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DNA sequencing. The siRNA against the 3′UTR of Myo9b (5′-

GUACGUGGUUUACGUAACUUU-3′) was purchased together with a control siRNA (5′-

UUCUCCGAACGUGUCACGUTT-3′) from Shanghai Gene Pharma Co., Ltd. Transient 

transfection with plasmid DNAs was carried out by using the Lipofectamine 2000™ 

(Invitrogen) according to the manufacturer’s instructions.

GST pull-down binding assay

GST-Myo9b-RhoGAP and its mutants were expressed in E. coli. The purified GST-fusion 

proteins (~2 μg) were incubated with the glutathione-Sepharose4B beads (GE Healthcare) 

for 2 h at 4 °C and then further incubated with the purified RhoA for another 2 h at 4 °C in 

the buffer [20 mM Tris–HCl (pH 8.0), 100 mM NaCl, 1 mM DTT, 20 mM NaF, and 5 mM 

MgCl2]. The beads were washed three times with the same buffer, and the protein samples 

were resolved by SDS-PAGE and detected by Coomassie blue staining.

Measurement of levels of active Rho GTPases by the GST pull-down assay

The active form of RhoA or Cdc42 was determined by specific binding to GST-fusion 

protein containing the RhoA-binding domain of rhotekin (GST-RBD) [1] or GST-fusion 

protein containing the Cdc42-binding domain of p21-activated kinase (GST-PBD) [2]. The 

GST-RBD and GST-PBD proteins were expressed in E. coli. Plasmids expressing Flag-

tagged Myo9b-RhoGAP or control vector were transfected into H1299 cells. The cells were 

lysed on ice in cell lysis buffer [50 mM Tris–HCl (pH 7.4), 150 mM NaCl, 2 mM MgCl2, 1 

mM DTT, 1% Nonidet P-40, 10% glycerol, and proteinase inhibitors (Roche)]. The cell 

lysates were incubated with either purified GST-RBD or GST-PBD coupled on the 

glutathione-Sepharose4B beads (GE Healthcare) for 2 h at 4 °C. The beads were washed 

three times with lysis buffer. The protein samples were resolved by SDS-PAGE and detected 

by Western blotting with each corresponding antibody.

ITC assay

The ITC assay was performed using a MicroCalorimeter ITC200 (Microcal LLC) at 25 °C. 

Prior to the experiment, the protein samples were dialyzed in the buffer containing 20 mM 

Tris–HCl (pH 8.0), 100 mM NaCl, 1 mM DTT, 20 mM NaF, and 5 mM MgCl2. Wild-type 

Myo9b-RhoGAP and its various mutants were each placed in the syringe of the instrument, 

and RhoA was in the sample cell. The Myo9b-RhoGAP protein sample (~0.7 mM) was 

sequentially injected into the stirred calorimeter cell initially containing RhoA (~0.05 mM) 

with the injection sequence of 19 × 2 μl at 2-min intervals. The heat of dilution obtained by 

the titration of Myo9b-RhoGAP into the buffer was subtracted. The integrated, corrected, 

and concentration-normalized peak areas of the raw data were finally fitted with a model of 

one binding site using ORIGIN 7.0 (Origin Lab).

Transwell cell migration assay

Cell migration was assayed using Costar cell culture chambers containing insert filters with 

8.0-μm pores in 24-well plates (Costar). H1299 cells were transiently transfected with 

Myo9b-siRNA or control siRNA for 48 h and were then transfected with the plasmids 

encoding siRNA-resistant, full-length Myo9b or its mutants for 24 h (with ~90% 
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transfection efficiency). The cells were suspended in serum-free DMEM at a density of 3 × 

104 cells and plated in transwell insert. DMEM supplemented with 10% fetal bovine serum 

was placed at the bottom chamber of the plates. Cells that attached on membranes were 

fixed in methanol and stained with 0.05% crystal violet 13 h after seeding. The cells 

migrating through the pores to the underside of the filters were photographed under a 

microscope in five different fields from triplicate wells, and the cell migration index was 

quantified by measuring the number of cells on the underside of the filter membrane. 

Comparisons were performed using a two-tailed Student’s t-test, and P < 0.05 was 

considered as statistically significant. All statistical calculations were carried out using 

GraphPad Prism.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations used

GAPs GTPase-activating proteins

RhoGAPs GAPs for Rho GTPases

Myo9b Myosin IXb

Myo9b-RhoGAP RhoGAP domain of Myo9b

MD molecular dynamics

GST glutathione S-transferase

ITC isothermal titration calorimetry

RBD rhotekin-binding domain

DMEM Dulbecco’s modified Eagle medium

GST-RBD GST-fusion protein containing the RhoA-binding domain 

of rhotekin
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GST-PBD GST-fusion protein containing the Cdc42-binding domain 

of p21-activated kinase
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Fig. 1. 
The overall structure of the Myo9b-RhoGAP/RhoA complex. (a) Domain organization of 

Myo9b and RhoA. Myo9b contains an N-terminal motor domain followed by four IQ motifs 

and a C1, and a RhoGAP domain at the C terminus. RhoA contains a Rho GTPase domain. 

(b) Analytical gel-filtration analysis of the formation of the Myo9b-RhoGAP/RhoA complex 

in the presence of . (c) A ribbon diagram of the structure of the Myo9b-RhoGAP/

RhoA complex. Myo9b-RhoGAP and RhoA are colored in blue and cyan, respectively. The 

secondary structures of Myo9b-RhoGAP and RhoA are labeled and both N and C termini 
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are also marked. The Switch I and II and P-loop of RhoA, colored in green, yellow, and 

pink, respectively, construct the nucleotide-binding pocket in which GDP, , and Mg2+ 

are located. (d) A combined surface and ribbon representation of the Myo9b-RhoGAP/RhoA 

complex structure. Myo9b-RhoGAP is in the surface representation (colored in blue), and 

RhoA is in the ribbon representation (colored in cyan). The figure shows that RhoA is 

cradled in the expanded concave target-binding groove of Myo9b-RhoGAP. (e) 

Superposition of the snapshots of a representative simulation of the Myo9b-RhoGAP/RhoA 

complex with simulation time indicated. The flexible loops of Myo9b-RhoGAP that exhibit 

dynamic conformations during the simulations are highlighted by dashed circles. (f) A 

diagrammatic representation of the complex structure with variable radii according to 

different B-factors. Consistent with data from the MD simulations, the flexible loops of 

Myo9b-RhoGAP have higher B-factors.
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Fig. 2. 
The interaction interface between Myo9b-RhoGAP and RhoA. (a) A combined surface-and-

ribbon representation showing the interaction interface between Myo9b-RhoGAP and RhoA. 

RhoA is presented in the ribbon representation (colored in cyan), and Myo9b-RhoGAP is 

shown in the surface representation. In this surface drawing, the positive and negative charge 

potentials are colored in blue and red, respectively. Notably, the target-binding groove of 

Myo9b-RhoGAP is predominantly positively charged. The three interaction sites are also 

highlighted by dashed boxes. (b–d) A combined ribbon-and-stick model illustrates the three 

interaction sites (Site 1 to 3) between Myo9b-RhoGAP and RhoA. In this drawing, Myo9b-

RhoGAP and RhoA are colored following the color patterns of Fig. 1c, and the side chains 

of the residues involved in the interaction are shown as sticks. Hydrogen bonds and salt 

bridges are indicated by dashed lines. Hydrophobic packing clusters are also highlighted by 

dashed circles. (e) GST pull-down analysis of the interactions between the Myo9b-RhoGAP 

mutants and RhoA. The GST protein alone was used as the negative control. As compared to 

the wild-type protein, all the mutations in Myo9b-RhoGAP severely impaired the binding 

between Myo9b-RhoGAP and RhoA. (f) A summary of the binding affinities between 

Myo9b-RhoGAP (or its mutants) and RhoA. Due to the poor behavior of the K1722A 

mutant in solution, the binding affinity of this mutant for RhoA could not be determined.
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Fig. 3. 
Myo9b-RhoGAP contains two arginine fingers for RhoA GTP hydrolysis. (a) A close-up 

view of GDP and  in the complex structure by a stick model representation. The 

electron density map (2Fo-Fc map) of GDP, , Mg2+, and a putative nucleophilic water 

molecule is shown and contoured at 1.5 σ level. (b) A combined ribbon-and-stick model 

illustrates the catalytic site in the structure of the Myo9b-RhoGAP/RhoA complex. In this 

drawing, Myo9b-RhoGAP and the Switch I and II and P-loop of RhoA are colored in blue, 

green, yellow, and pink, respectively, and the residues essential for catalysis are shown as 

sticks. Hydrogen bonds and salt bridges are indicated by dashed lines. (c) A combined 

ribbon-and-stick model illustrates the catalytic site in the structure of the p50-RhoGAP/

RhoA complex (PDB code: 1OW3). p50-RhoGAP is colored in violet. The color schemes of 

RhoA follow that shown in panel (b), and the residues essential for catalysis are shown as 

sticks. (d) Two selected key regions of the structure-based sequence alignment of the 

RhoGAP domains from different proteins. The identical and highly conserved residues are 

colored in red and green, respectively. The catalytic arginine finger, the auxiliary arginine 

finger, and the essential asparagine in the RhoGAP domains are highlighted with a red star, 

purple dot, and yellow dot, respectively, at the bottom. (e) Time courses of GTP hydrolysis 

for RhoA (20 μM) catalyzed by Myo9b-RhoGAP and its mutants (40 nM). The Michaelis–

Menten kinetic parameters (kcat/Km) are summarized as an inset. Data shown are mean 

values ± SD from two independent experiments. (f) Biochemical pull-down analysis of 

active GTP-bound RhoA with Myo9b-RhoGAP and its mutants. The active RhoA levels 

were measured by GST pull-down analysis with GST-RBD and analyzed by Western 

blotting using a specific anti-RhoA antibody. The levels of total RhoA, Flag-tagged Myo9b-

RhoGAP, and the actin (as an internal loading control) in the cell lysate were also shown. 

Consistently, mutations of the two arginine fingers impaired the catalytic activity of Myo9b-

RhoGAP, while the A1845N mutation increased that of Myo9b-RhoGAP.
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Fig. 4. 
The two arginine fingers are essential for Myo9b-mediated cell migration. (a) Transwell 

assay of Myo9b-mediated cell migration with Myo9b and its mutants. In this assay, the cells 

were stained with crystal violet and the images were taken of the underside of a transwell, as 

shown in panel (b). The scale bar represents 1 mm. As expected, knockdown of Myo9b 

severely impaired cell migration. The transfection of the wild-type Myo9b largely rescued 

the cell migration defect induced by knockdown, whereas the transfection of the Myo9b 

mutants with the mutations of the two arginine fingers did not. The A1845N mutant could 

rescue the cell migration defect more efficiently than the wild-type protein. (b) A schematic 

diagram illustrates the transwell cell migration assay. In culture media, cells could penetrate 

into and migrate through the filter membrane in this assay. (c) Quantification of the transwell 

cell migration data shown in panel (a). The relative cell number of each field was quantified 

for each construct. Data were presented as the mean value ± SD from three independent 

experiments (five different fields for each experiment), **P < 0.01, *P < 0.05. (d) 

Biochemical pull-down analysis of active GTP-bound RhoA with the knockdown of Myo9b 

and transfection of the Flag-tagged, full-length Myo9b or its mutants. All the data were 

presented as shown in Fig. 3f. The level of Myo9b in the cell lysate was analyzed by 

Western blotting using the specific anti-Myo9b antibody. Consistently, the level of active 

GTP-bound RhoA was increased by down-regulating Myo9b, and the level of active RhoA 
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was decreased by transfecting the wild-type Myo9b and A1845N mutant but not the Myo9b 

mutants with impairment of the two arginine fingers.
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Fig. 5. 
The proposed schematic models illustrating the catalytic mechanisms for Myo9b-RhoGAP 

and the canonical RhoGAP domain. Myo9b-RhoGAP contains two arginine fingers at the 

catalytic site (a), whereas the canonical RhoGAP domain has only one arginine finger 

together with an auxiliary asparagine (b). Similar to the catalytic arginine finger in canonical 

RhoGAP domain, the first arginine finger of Myo9b-RhoGAP inserts into the nucleotide-

binding pocket of RhoA and interacts with the nucleotide for catalysis. In contrast, the 

second arginine finger of Myo9b-RhoGAP interacts with and stabilizes both the Switch I 

loop of RhoA and the nucleotide, which may compensate for the lack of the auxiliary 

asparagine residue in Myo9b-RhoGAP. Notably, a tyrosine residue from the Switch I loop of 

RhoA is sandwiched between the two arginine fingers of Myo9b-RhoGAP, further 

stabilizing the transition state of GTP hydrolysis.
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