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Summary

The pseudoGTPases are a rapidly growing and important group of pseudoenzymes. p190RhoGAP 

proteins are critical regulators of Rho signaling and contain two previously identified 

pseudoGTPase domains. Here we report that p190RhoGAP proteins contain a third pseudoGTPase 

domain, termed N-GTPase. We find that GTP constitutively purifies with the N-GTPase domain, 

and a 2.8 Å crystal structure of p190RhoGAP-A co-purified with GTP reveals an unusual GTP-

Mg2+ binding pocket. Six inserts in N-GTPase indicate perturbed catalytic activity and inability to 

bind to canonical GAP, GEF and effector proteins. Biochemical analysis shows that N-GTPase 

does not detectably hydrolyze GTP, and exchanges nucleotide only under harsh Mg2+ chelation. 

Furthermore, mutational analysis shows that GTP and Mg2+ binding stabilizes the domain. 

Therefore, our results support that N-GTPase is a nucleotide binding, non-hydrolyzing, 

pseudoGTPase domain that may act as a protein-protein interaction domain. Thus, unique among 

known proteins, p190RhoGAPs contain three pseudoGTPase domains.
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Introduction

‘Pseudoenzymes’ comprise an estimated 10-15% of known members of most enzyme 

classes (Murphy et al., 2017a; Pils and Schultz, 2004). These proteins adopt the overall fold 

of their respective enzyme families but are sequentially divergent in conserved enzymatic 

residues. This often results in partial or complete deficiencies in catalytic activity (Eyers and 

Murphy, 2016). Nonetheless, pseudoenzymes can function in signal transduction pathways 

as adaptors or regulators of signaling, and the study of these proteins has lead to a better 

understanding of the roles of enzymatic folds beyond catalysis (Murphy et al., 2017b). The 

best studied pseudoenzymes are the pseudokinases (Boudeau et al., 2006), which were 

identified by genome-wide sequence analyses that revealed kinases lacking one or more of 

the conserved amino acid motifs responsible for catalytic activity (Manning et al., 2002). 

Similarly, a number of pseudoenzymes within the Ras superfamily of small GTPases have 

been discovered (Basilico et al., 2014; Foster et al., 1996; Schroeder et al., 2014; 

Soundararajan et al., 2007; Splingard et al., 2007; Stiegler and Boggon, 2017), and have 

been termed the pseudoGTPases.

Small GTPases are key regulators of cellular signaling pathways, and are classified into 5 

subgroups: Ras, Rho, Rab, Ran and Arf (Wennerberg et al., 2005). These proteins undergo 

‘GTP cycling’; they bind GTP, enzymatically hydrolyze the γY-phosphate of GTP to form 

GDP and inorganic phosphate, then release the bound GDP and phosphate to allow binding 

of a new GTP molecule (Vetter and Wittinghofer, 2001). Thus, GTPases act as molecular 

switches with ON (GTP-bound) and OFF (GDP-bound) states. GTP cycling is intrinsically 

slow, so facilitator proteins help accelerate specific steps of the process; hydrolysis by 

GTPase activating proteins (GAPs), and GDP dissociation by guanine nucleotide exchange 

factors (GEFs). This cycling process occurs in each of the five GTPase subgroups, and 

specific amino acid residues that are important for nucleotide binding and catalysis are 

conserved amongst the superfamily. These conserved residues are termed G motifs (G1 to 
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G5) (Bourne et al., 1991; Dever et al., 1987). By definition, pseudoGTPases lack, or are 

mutated, in one or more of the consensus G motifs (Murphy et al., 2017b).

RhoA is the founding member of the Rho subfamily of small GTPases, and plays important 

roles in actin reorganization, cell migration, shape, adhesion, cytokinesis, and many other 

cellular functions (Jaffe and Hall, 2005). Proper regulation of RhoA signaling is therefore 

critical for many cellular processes. Chief among RhoA regulators are the p190RhoGAP 

proteins, p190RhoGAP-A (ARHGAP35) and p190RhoGAP-B (ARHGAP5) (Burbelo et al., 

1995; LeClerc et al., 1991; Settleman et al., 1992). These GTPase activating proteins may 

account for up to 60% of RhoGAP activity in the cell (Vincent and Settleman, 1999) and are 

critical, for example, for proper regulation of cytoskeletal structure and contractility (Arthur 

and Burridge, 2001; Chang et al., 1995; Ridley et al., 1993), but, surprisingly, their 

molecular architecture is not well studied. Within these ~170 kDa multidomain proteins we 

recently discovered two pseudoGTPase domains in a region previously thought to be flexible 

(Stiegler and Boggon, 2017) (Fig. 1a). We also found that although RhoGAP activity is 

primarily driven by the C-terminal GAP domain (Burbelo et al., 1995; LeClerc et al., 1991; 

Settleman et al., 1992) the newly discovered pseudoGTPase domains also impact RhoGAP 

activity (Stiegler and Boggon, 2017). These insights into p190RhoGAP proteins led us to 

consider whether there are further surprises hidden within their molecular architecture. We 

noted that upon the discovery of p190RhoGAP proteins, an N-terminal GTPase fold domain 

had been identified (Settleman et al., 1992). However, prior investigations of this domain 

yielded varying results with respect to potential nucleotide binding and/or hydrolysis 

activities (Foster et al., 1994; Roof et al., 2000; Tatsis et al., 1998). Therefore, we surmised 

that a molecular level study of this domain might provide further insights into the 

p190RhoGAP proteins.

Here we investigate the structural and biochemical properties of the N-GTPase domain of 

p190RhoGAP-A. We determine the crystal structure and find that N-GTPase adopts an 

extended GTPase-like fold with six unique inserts that seem to preclude its ability to bind 

typical GAP, GEF or effector molecules. We find that N-GTPase is bound constitutively to 

GTP/Mg2+ and lacks intrinsic catalytic activity. We also use mutational analysis to show that 

GTP and Mg2+ binding stabilizes the domain. Therefore, our study supports both that 

p190RhoGAP N-GTPase is a nucleotide binding, non-hydrolyzing, pseudoGTPase domain 

that cannot bind canonical GAP, GEF or effector proteins, that may act as a protein-protein 

interaction module. Unique among known proteins, the p190RhoGAPs contain three 

pseudoGTPase domains.

Results

Expression and crystallization of p190RhoGAP N-GTPase domain

We expressed the isolated N-GTPase domain of p190RhoGAP-A recombinantly in E. coli 
and purified to homogeneity to conduct biochemical and structural studies (Fig. 1a and 

Supplemental Fig. 1a,b). We crystallized the purified protein without addition of nucleotide 

at any purification or crystallization step, and determined its 2.8 Å crystal structure. The 

structure contains two copies of the N-GTPase domain per asymmetric unit (Table 1). One 

copy (termed copy A) exhibits good electron density and allowed model building for 231 of 
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271 total residues. The second copy (B) is less well ordered, with poorer electron density 

and higher average B-factors, allowing only 187 residues to be built (Table 1 and 

Supplemental Fig. 1c), nonetheless, the two copies superpose well with root-mean-squared 

deviation (R.M.S.D.) of 0.6 Å between 187 equivalent Cα positions. In this study, we use 

the better resolved copy A for detailed structural analysis.

p190RhoGAP N-GTPase domain adopts an extended GTPase domain fold

The crystal structure of p190RhoGAP N-GTPase domain reveals a characteristic GTPase-

like core (Bourne et al., 1991), with a central beta sheet comprised of six strands (β1-β6; 5 

parallel and one antiparallel) surrounded by five helices (α1-α5) and a GTP/Mg2+ pair at the 

predicted binding site (Fig. 1b). Additionally, N-GTPase contains multiple unique insert 

sequences which contribute to an overall extended GTPase domain (Fig. 1b,c and 
Supplemental Fig. 2). A search using the Dali server (Holm and Rosenstrom, 2010) reveals 

the closest related structures are of small GTPases in the Ras subfamily (e.g., R.M.S.D. 2.1 

Å over 152 residues (PDB ID 1Q21, H-Ras (Tong et al., 1991)), Fig. 1c), which share 

approximately 25% sequence identity with N-GTPase (Fig. 2). Notably, most of the residues 

conserved between N-GTPase and H-Ras are located in the hydrophobic core.

The length of the N-GTPase inserts range between 3 to 31 amino acid residues. These inserts 

(termed insert-1 to -6) are unique when structurally superposed with other small GTPases 

(Fig. 1c, Fig. 2, and Supplemental Fig. 2, and in 3-dimensional space are contiguous with 

one another (with the exception of insert-2). The inserts bury a large area of the GTPase core 

domain (approximately 1700 Å2), which is over 20% of the total core GTPase surface. 

These inserts therefore significantly alter the surface shape of the GTPase domain (Fig. 

3a,b). Importantly, rather than long flexible loops that simply connect core GTPase 

elements, these insert regions interact intimately with both the GTPase core and with each 

other, and form multiple secondary structure features (Fig. 2 and Fig. 3). By Dali search, no 

structural homologs of this region could be identified (Holm and Rosenstrom, 2010). The 

sequences of the inserts are evolutionarily well conserved in p190RhoGAP-A, and are also 

present in p190RhoGAP-B and the p190RhoGAP proteins of more ancestral eukaryotic 

species (Fig. 2). Thus, the crystal structure shows that the unique N-GTPase inserts form an 

intrinsic part of the N-GTPase domain fold, and reveals that structurally, p190 N-GTPase is 

an extended GTPase domain.

The inserts in N-GTPase consist of insert-1: an extended G1 P-loop (between β1-α1); 

insert-2: a short extended loop at the end of α1; insert-3: preceding β2; insert-4: between 

β3-α2; insert-5: between α2-β4, the longest insert at 33 residues; and insert-6: between β4-

α3 (Figs. 2 and 3). In the structure, the inserts are arranged in the following order on the 

surface: insert-6/-1/-4/-3/-5/-2 (Fig. 3a). Specifically, insert-6 is tethered to the GTPase core 

and to insert-1 via the sidechain of Arg-172 (Fig. 3c). Notably, insert-1 makes direct contact 

with GTP (Fig. 3c), which we discuss further below. Insert-1 and insert-4 associate via 

several van der Waals interactions (not shown). A short 2-stranded parallel beta sheet 

connects insert-3 (β1 i) and insert-4 (β2i), while His-108 in insert-4 further links to insert-3 

(Leu-58) and to the GTPase core (His-72) through H-bonds (Fig. 3d). Insert-3 and insert-4 

also contribute numerous hydrophobic sidechains to the core of the fold including Leu-58, 
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Phe-63 and Phe-99 (Fig. 3d) as well as Val-67 and Val-68 (Fig. 3e). The longest insert, 

insert-5, extends as a beta-hairpin approximately 30 A along the GTPase domain surface 

(Fig. 3e). It is anchored by two short beta strands (β3i-β4i) and a network of hydrogen bonds 

involving residues 127-131 with Arg-66, Asn-69, and Asp-71 (Fig. 3e). At the other end of 

insert-5, Tyr-133 plugs into the hydrophobic core; its sidechain makes a hydrogen bond with 

His-54, while its backbone bonds with the sidechain of Arg-44 (Fig. 3f) to stabilize the local 

structure. Together, this network of interactions reflect that the insert sequences are an 

intrinsic part of the overall fold of the N-GTPase domain.

N-GTPase binds GTP constitutively and lacks hydrolysis activity

Our purification protocol for N-GTPase did not include addition of any nucleotide, however, 

in the crystal structure we observe clear electron density corresponding to both GTP and 

Mg2+ at the expected binding site (Fig. 4a,b,c). Therefore we assessed the phospho-species 

of nucleotide bound to the pool of purified N-GTPase protein by strong anion exchange 

chromatography (Ogita et al., 2015; Zavialov et al., 2001), and find that N-GTPase is bound 

predominantly to GTP (Fig. 4d). This is in clear contrast to wild-type Rac1 which, like other 

active GTPases, is bound predominantly to GDP due to its inherent hydrolysis activity (Fig. 

4d) (Smith and Rittinger, 2002). Instead, N-GTPase is similar to the pseudoGTPase Rnd3, 

which binds only GTP (Fig. 4d) since it lacks intrinsic hydrolysis activity (Foster et al., 

1996).

Our finding that N-GTPase purifies in its GTP-bound form strongly suggests that, like Rnd3, 

it lacks intrinsic hydrolysis activity. To test this experimentally, we incubated purified N-

GTPase in the presence of Mg2+ and measured the conversion of GTP to GDP by separating 

them on strong anion exchange chromatography. These results show that N-GTPase does not 

hydrolyze GTP to GDP, whereas Rac1 (preloaded with GTP) exhibits complete hydrolysis 

of GTP to GDP in identical conditions (Fig. 4e). Taken together, our structural and 

biochemical studies support the conclusion that N-GTPase binds GTP yet is catalytically 

inactive, which classifies it as a pseudoGTPase.

N-GTPase is resistant to GTP exchange in vitro

Since the p190RhoGAP N-GTPase domain is bound predominantly to GTP and exhibits no 

catalytic competency in vitro, we next studied its GTP exchange properties using a 

fluorescence-based MANT-GTP ((2'/3')-O-(N-Methyl-anthraniloyl)-guanosine 5'-

triphosphate) binding assay. As shown by others (Hall and Self, 1986) and confirmed here, 

typical small GTPases like H-Ras (G12V used here) readily exchange bound nucleotide with 

MANT-GTP in solution (Fig. 4f); however, exchange is slowed at physiological Mg2+ 

concentrations (1 mM (Romani, 2011)), which can be overcome by further addition of 

EDTA (2mM) (Fig. 4f). Overall, this exchange behavior is due to excess Mg2+ stabilizing 

the closed nucleotide-bound conformation; in vitro, EDTA chelates the tightly-bound Mg2+ 

and allows nucleotide exchange, while in vivo, a GEF is needed to stimulate exchange (Lin 

et al., 1997). In this way, Mg2+ acts as a gatekeeper to activation (Hall and Self, 1986; Zhang 

et al., 2000).
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Remarkably, for p190 N-GTPase we observe that GTP to MANT-GTP exchange occurs very 

slowly in both the basal condition and at 1 mM Mg2+/2 mM EDTA where typical GTPases 

readily exchange nucleotide (Fig. 4g). This behavior suggests that the GTP-bound 

conformation of N-GTPase is more favored compared to typical GTPases. This is further 

supported by our finding that EDTA concentrations of 20 mM in combination with 10 mM 

Mg2+ (tenfold higher than are needed for typical GTPases) are required to overcome the 

gatekeeper effect of bound Mg2+ and promote GTP exchange (Fig. 4g). These results 

support the idea that the N-GTPase complex with GTP/Mg2+ is very stable.

Structural basis for GTP binding and lack of catalytic activity

Examination of the GTP/Mg2+ binding site in our crystal structure of N-GTPase reveals 

numerous differences when compared to typical GTPases such as H-Ras. Typical small 

GTPases contain five conserved ‘G motifs’ whose consensus sequences confer GTP/Mg2+ 

binding and catalytic activity (Wennerberg et al., 2005). In N-GTPase, three of these G 

motifs are disrupted by the insert sequences: G1 by insert-1, G2 (Switch I) by insert-3 and 

G3 (Switch II) by insert-4 (Fig. 2 and Fig. 5a-b). In contrast, G4 and G5 are conserved in N-

GTPase; together, they form the binding pocket for the guanine base and are responsible for 

specificity of guanine over adenosine nucleotides (Bourne et al., 1991) (Fig. 2 and Fig. 5a-

b).

At the structural level, many of the differences we observe between N-GTPase and typical 

small GTPases can provide a rationale for both constitutive GTP binding and lack of 

hydrolysis activity. Most notably, the catalytic glutamine (Q61 in H-Ras) is missing in N-

GTPase. In H-Ras, mutation of H-Ras Q61 results in deficient GTP hydrolysis (Der et al., 

1986), and similarly, lack of a glutamine at the equivalent position in Rnd3 (Ser-66) is partly 

responsible for Rnd3’s lack of activity (Foster et al., 1996). We find that in the structure-

based sequence alignment of N-GTPase (Fig. 2) this glutamine residue is replaced by 

Ala-112 (which is disordered in our structure); however, in 3-dimensional space, the Q61 

position is occupied by the Ser-Gly-Thr from insert-1 (residues 22-24) and Glu-98 from 

Switch II (Fig. 5c). The replacement of a glutamine residue in 3-dimensional space by these 

two features therefore implies direct impact on catalytic activity.

We find two further major structural differences: in the coordination of the GTP gamma 

phosphate and in the coordination of Mg2+. For the gamma phosphate, residues Lys-28, 

Ser-56 and Thr-97 each make direct interactions that are not observed in canonical small 

GTPases (Fig 5d and 5e). For the Mg2+ binding site, two of the six potential coordination 

sites are highly divergent from canonical small GTPases. First, Glu-95 in N-GTPase directly 

coordinates the Mg2+ cation and replaces the highly conserved catalytic Asp-57 from H-Ras 

which instead stabilizes a water molecule that coordinates Mg2+ (Fig 5e). Second, in H-Ras, 

the sidechain of invariant Thr-35 in Switch I directly coordinates the Mg2+; in N-GTPase, no 

protein sidechain is in close enough proximity to directly coordinate the cation; instead, we 

predict that a water molecule, poorly ordered in our 2.8 Å crystal structure, provides Mg2+ 

coordination at this site.
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N-GTPase stability requires GTP binding

Notably, the GTP- and Mg2+-binding residues of N-GTPase are largely conserved (Fig 5d 

and 2). In order to probe their role in N-GTPase, we performed mutagenesis and expressed 

the mutant proteins recombinantly in E. coli, in hopes to biochemically probe GTP binding. 

We find that for several mutants, no soluble protein is obtained despite sufficient expression 

at the whole-cell level (Fig. 5f and Supplemental Fig. 3). Thus, these mutations render the 

recombinant N-GTPase protein insoluble, suggesting that GTP binding is necessary for the 

structural integrity of the domain. However, some mutations such as K201A, D203A, 

R231A, K28A or S56A, allowed for purification of recombinant protein (Fig. 5g). We 

therefore assessed the stability of these mutant proteins by differential scanning fluorimetry 

and compared their melting temperatures to wild-type N-GTPase (Fig. 5h,i). We find that 

mutations K201A and D203A, both in the conserved G4 motif that binds the guanine base of 

GTP (Fig. 5a, 5d), cause a modest but significant decrease in the melting temperature of N-

GTPase compared to wild-type (Fig. 5h,i) using a thermal denaturation assay ((Murphy et 

al., 2014) and we postulate that this indicates a weakening of the interaction with nucleotide. 

More dramatically destabilized are the N-GTPase mutants K28A in insert-1 (that disrupts 

the P-loop) and S56A in Switch I (Fig. 5d), which show much lower melting temperatures 

compared to wild-type (Fig. 5h,i). In contrast, R231A from the G5 motif, whose side chain 

does not directly interact with GTP, exhibits the same melting temperature as wild-type (Fig.

5 h,i). These results support that GTP binding to N-GTPase stabilizes the fold of the domain.

GAP, GEF, and effector binding sites are sterically blocked in N-GTPase

Our above analysis of p190RhoGAP N-GTPase finds that this domain intrinsically interacts 

with GTP, and has no catalytic activity, and exchanges extremely slowly. The structure also 

shows six unusual inserts that extend the small GTPase domain in regions proximal to the 

nucleotide binding site. We therefore wondered whether the structure of the N-GTPase 

domain would suggest that GAP, GEF or effector proteins could bind. To test this we 

superposed small GTPase structures in complex with their cognate GAPs, GEFs or effector 

proteins onto N-GTPase. In each case we observe extensive predicted steric clashes that are 

expected to block binding of these molecules to N-GTPase (Fig. 6).

Typical GAPs for small GTPases bind and insert an “Arginine finger” into the catalytic cleft 

that is required for GAP-mediated catalysis (Ahmadian et al., 1997; Scheffzek et al., 1997). 

In N-GTPase, Lys-28 from insert-1 blocks the putative Arg-finger site, and the remainder of 

the GAP binding site is blocked by the insert regions (Fig 6b). Therefore, it is unlikely that a 

standard GAP would promote hydrolysis activity in N-GTPase. Similarly, binding of GEF 

molecules to facilitate nucleotide exchange is predicted to be sterically blocked by the insert 

regions of N-GTPase (Fig 6c), and many effector molecules would be blocked by the N-

GTPase inserts (Fig 6d). Taken together, results from these structural analyses support that 

N-GTPase is unlikely to bind GAP, GEF, or effector molecules in standard ways. However, 

the existence of non-canonical interaction partners for p190RhoGAP cannot be ruled out.
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Discussion

The p190RhoGAP proteins are two of the most important regulators of Rho GTPase 

signaling. However, surprisingly, although these proteins were identified almost 30 years ago 

much remains to be learnt about their molecular level details. For example, recently we 

discovered that within the putative unfolded ‘middle domain’ of the p190RhoGAPs there are 

two nonnucleotide binding pseudoGTPase domains (Stiegler and Boggon, 2017) (pG1 and 

pG2, Fig. 1a). We therefore decided to probe the molecular level details of the N-terminal 

GTPase domain. In the present study, we show that this domain is a nucleotide binding, non-

hydrolyzing, pseudoGTPase domain. Furthermore, our study strongly suggests that this 

domain cannot bind canonical GAP, GEF or effector proteins in the usual manner. These 

results therefore firmly place the p190RhoGAP N-GTPase domain in the pseudoGTPase 

group.

Pseudoenzymes corresponding to active enzymes that catalyze nucleotide reactions, such as 

pseudokinases and pseudoGTPases, can be classified into three groups: those that cannot 

bind nucleotide, those that can bind but have no or very weak catalytic activity, and those 

with retained catalytic activity ((Murphy et al., 2014). These are classified as groups i, ii and 

iii, respectively (Table 2). Our study shows that p190RhoGAP N-GTPase is a pseudoGTPase 

that retains nucleotide binding activity (Table 2). Furthermore, based on our crystal structure 

we can now properly identify the G motifs based on structure alignment (Fig. 2), and we 

observe numerous changes to the G motifs. This study provides a comprehensive 

biophysical and biochemical analysis of the N-GTPase domain of p190RhoGAP proteins 

and clearly places the domain as an Rnd-like, group ii, pseudoGTPase (Table 2).

Our study adds another member to the growing list of pseudoGTPases identified by 

sequence and/or structural analysis. Interestingly, the list contains both single domain small 

pseudoGTPases (CENP-M, Rnd3 and Gem) (Basilico et al., 2014; Foster et al., 1996; 

Splingard et al., 2007), and now also includes pseudoGTPase domains in the multidomain 

p190RhoGAP proteins. This resembles the domain architectures of single domain (H-Ras, 

RhoA) or multidomain (GGAPs) (Xia et al., 2003) GTPases, and implies a variety of 

different roles in signal transduction pathways. As the search for these proteins continues, it 

is clear that pseudoGTPases can have very low sequence identity with typical GTPases, so 

sequence analysis alone is hard to use to identify new members. Furthermore, even better 

conserved pseudoGTPase domains such as N-GTPase can have structural features that are 

hard to identify in the absence of a structure. More robust secondary structure matching and 

structure prediction are clearly necessary to further reveal otherwise cryptic pseudoGTPase 

domains. As there are over 150 small GTPase superfamily proteins, we maintain that the list 

of pseudoGTPases will continue to grow.

Finally, the current results establish a curious and exciting result, that p190RhoGAP proteins 

contain three validated pseudoGTPase domains. This is extremely unusual domain 

composition. In the pseudokinase class, the JAKs are famous for containing both a 

catalytically active kinase domain and a pseudokinase domain; however, to our knowledge, 

no protein has been discovered that contains such a high number of pseudoenzyme domains. 

The reason for this architecture is unclear. We observe high conservation for all three 
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pseudoGTPase domains through evolution, as far back as flies and sponges (Stiegler and 

Boggon, 2017). One intriguing possibility is that the N-GTPase could bind in cis to the GAP 

domain at the C-terminus of p190RhoGAP to regulate its activity; however, our structural 

analysis predicts that this is very unlikely due to steric clashes (Fig. 6). Therefore, although 

there seem to be important evolutionarily conserved functional reasons for maintenance of 

these domains the functional roles are not yet identified. We postulate that N-GTPase acts as 

a protein-protein interaction scaffold or allosteric modulator. It is intriguing to further 

hypothesize that the unique surface on N-GTPase formed by the insert sequences provides 

the binding site for a potential protein partner. The presence, therefore, of three 

pseudoGTPase domains within the p190RhoGAP proteins provides an exciting precedent for 

the continued study of this exciting class of protein.

STAR METHODS

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Titus Boggon (titus.boggon@yale.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All recombinant proteins were expressed in Rosetta(DE3) cells (Millipore Sigma) grown in 

Miller’s Luria Broth base (Life Technologies) at 37°C shaking at 200 rpm in a Forma 

Orbital Shaker (ThermoFisher), with protein expression induced at OD600 = 0.6 with 0.2 

mM isopropyl β-d-thiogalactopyranoside (IPTG) overnight at 16 °C with shaking.

METHOD DETAILS

Expression Constructs—The complementary DNA (cDNA) encoding full-length Rattus 
norvegicus (rat) p190RhoGAP-A (ARHGAP35) protein (NCBI Reference Sequence: 

NP_001258061.1, UniProt: A0A0G2KB46) was used as a PCR-template to amplify the 

segment encoding residues 1-266 which was inserted into pGEX-6p1 vector (GE 

Healthcare) for expression as a GST-fusion protein in Escherichia coli. A shorter N-GTPase 

construct of residues 13-249 was inserted into a modified pET vector for expression as a 

His-tagged protein. Human Rac1 (UniProt ID: P63000) cDNA encoding residues 2–177 was 

inserted into the pET28a plasmid for expression in E. coli as a His-tagged protein (Davis et 

al., 2013). The cDNA encoding human Rnd3 GTPase domain (UniProt ID: P61587, residues 

19-200) was inserted into pGEX-6p1 (GE Healthcare). Human H-Ras (UniProt ID: P01112) 

residues 1-167 carrying the G12V mutation was inserted into MCS1 of pCDFDuet-1 

(Millipore Sigma) for expression as an N-terminally His6-tagged protein in E. coli. Site-

directed mutagenesis (QuikChange Lightning, Agilent Technologies) was performed to 

generate point mutants. Full coding sequences were verified by DNA sequencing. 

Oligonucleotide sequences are listed in Table S1.

Recombinant protein expression and purification—Rosetta(DE3) cells were 

harvested by centrifugation for 30 min at 2,000×g, lysed by addition of lysozyme followed 

by freeze/thaw cycles and sonication. Lysates were clarified by centrifugation at 5000×g for 

1 hr at 4°C and passed through a 0.44 μM syringe filter (Millipore) prior to affinity 
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purification. Cells expressing GST-p190-N-GTPase or GST-Rnd3 GTPase were lysed in 

glutathione-affinity lysis buffer (20 mM Tris pH 7.4, 150 mM NaCl, 5 mM dithiothreitol 

(DTT). Lysates were applied to Glutathione-Sepharose 4B beads (GE Healthcare) to capture 

GST-fusion proteins. The GST tag was removed by enzymatic cleavage with Prescission 

protease on-bead, and the proteins of interest further purified by size exclusion 

chromatography (Superdex 75, GE Healthcare) in 20 mM Tris pH 7.4 and 150 mM NaCl. 

Cells expressing His6-p190-N-GTPase (wild type and mutants), His6-Rac1, and His6-

HRas(G12V) were lysed in nickel binding buffer (50 mM HEPES pH 7.5, 500 mM NaCl, 5 

mM imidazole). Lysates were applied to nickel beads (Ni-NTA Agarose, Qiagen), and bound 

protein eluted by increasing concentrations of imidazole in nickel-binding buffer. Elution 

fractions containing protein of interest were applied to size exclusion chromatography 

(Superdex 75 prep grade, GE Healthcare) in 20 mM Tris pH 7.4 and 150 mM NaCl. All 

proteins were concentrated in a centrifugal filter (Amicon Ultra, Millipore Sigma). Protein 

concentrations were determined by Nanodrop (ThermoFisher) at absorbance at 280nm 

taking into account the extinction coefficient of the primary protein sequence plus bound 

guanine nucleotide (7765 cm−1M−1 at 280nm) assuming a 1:1 stoichiometry.

Expression and solubility test—To test expression and solubility of mutant 

p190RhoGAP-A N-GTPase proteins, expression in Rosetta(DE3) cells was induced with 0.2 

mM IPTG with cells at OD600 and overnight incubation at 16°C. An aliquot of cells was 

removed for analys is of the “total expression” of N-GTPase protein and compared to cells 

prior to IPTG induction. Remaining cells were harvested by centrifugation at 30 min at 

2,000×g and the supernatant discarded. The cell pellet was resuspended in 0.5 ml B-PER 

reagent (ThermoFisher) containing 1 mM PMSF and 10ug/mL DNase I (bovine pancreas, 

Sigma) and incubated for 30 min at 4°C. Lysates were clarified by centrifugation at 

16,900×g for 15 min at 4°C, and an aliquot of the supernata nt saved for the “soluble” 

fraction. The remaining soluble fraction was then incubated with Ni-NTA beads to capture 

His6-tagged protein. To prepare the “insoluble” fraction, the pellet was resuspended in 0.5 

ml 6 M Urea, heated at 95°C for 15 min, centrifuged at 16,900×g for 15 min to remove 

debris, and the supernatant saved. All proteins were resolved by 15% SDS PAGE and 

visualized by staining with Coomassie Brilliant Blue R 250 stain.

Crystallization and structure determination—Crystallization trials of tag-free 

p190RhoGAP-A N-GTPase protein (residues 1-266) at 10 mg/ml were performed by sparse 

matrix (NeXtal DWBlock JCSG+ and Classics Suites, Qiagen) and grid screening (NeXtal 

DWBlock PEGs and AmSO4 Suites, Qiagen) using a TTP Labtech Mosquito in sitting drop 

vapor diffusion plates at room temperature with a 1:1 (v/v) ratio of protein to reservoir 

solution with final drop volume of 0.5 μl. Single small crystals were obtained after several 

weeks in drops derived from condition D10 of the PEGs Suite which contains 25% (w/v) 

PEG 8000, 100 mM Tris HCl pH 8.5. Crystals were harvested and washed in reservoir 

solution supplemented with cryo-preservative (15% ethylene glycol), and flash-cooled in 

liquid nitrogen. Eight sets of diffraction data were collected from a single crystal at 

Northeastern Collaborative Access Team (NE-CAT) Beamline 24-ID-E at Argonne National 

Laboratory Advanced Photon Source, processed and integrated separately in XDS (Kabsch, 

2010), then scaled together in XDS with XSCALE to improve completeness and resolution 
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to 2.8 Å. Data were processed in space group P212121. Matthews probability calculator 

predicted two copies of N-GTPase in the asymmetric unit. A partial molecular replacement 

solution using the coordinates of H-Ras protein (PDB ID: 5P21 (Pai et al., 1990)) was 

obtained in Phenix Phaser (Adams et al., 2010; McCoy et al., 2007) for one copy with a 

translation function Z-score (TFZ) of 7.5, but placement of the second copy was difficult. 

Ultimately, a molecular replacement solution was found in Phenix Phaser using the 

unpublished p190-A N-GTPase coordinates from Structural Genomics Consortium (PDB 

ID: 3C5H) lacking nucleotide and divalent cation as a search model, with a translation 

function z-score (TFZ) of 27.6 for two copies. Search model bias was mitigated by 

autobuilding and simulated annealing. Manual model building was performed in coot 

(Emsley et al., 2010) and refinement in Phenix (Afonine et al., 2012). GTP and Mg2+ were 

modelled into unbiased positive Fobs - Fcalc electron density maps after the N-GTPase 

molecules were built and refined for multiple rounds. Upon modeling and refinement of 

GTP and Mg2+, all three phosphates of GTP remain in good electron density (Fig. 4b) and 

have near-equivalent temperature factors (phosphorous atoms α:69, β:64, γ:70), strongly 

suggesting that a triphosphate nucleotide, rather than a diphosphate, is bound to N-GTPase 

in the crystal structure. The final model contains two copies of N-GTPase with GTP/Mg2+ 

bound. All crystallography software was compiled by SBGrid (Morin et al., 2013). Structure 

superposition was performed by Dali server (Holm and Rosenstrom, 2010), interface and 

crystal packing analysis by Pisa (Krissinel and Henrick, 2007), GTP binding analysis by 

PDBSUM (Laskowski et al., 1997). All structure figures were generated in CCP4mg 

(McNicholas et al., 2011).

Strong anion exchange analysis of nucleotide—Purified p190RhoGAP N-GTPase 

and Rac1 proteins (at approximately 0.5 mM) were heat denatured at 95°C in the presence 

of 5 mM EDTA, and the precipitated protein removed from solution by centrifugation at 

16900 x g at 4°C for 15 min. The supernatant containing nucleotide was then diluted tenfold 

in Buffer A (20 mM Tris pH 7.5) for a final NaCl concentration to 15 mM. The sample was 

bound to a Mono Q Strong Anion Exchange Column (GE Healthcare) on an AKTA Purifier 

FPLC (GE Healthcare), and the nucleotide eluted with a gradient of Buffer B (20 mM Tris 

pH 7.5 with 1 M NaCl) from 0 to 100% over 20 column volumes. The elution profile of 

nucleotide was monitored at absorbance 254 nm and the area under the peak was calculated 

(Unicorn software version 5.31, GE Healthcare). The elution profiles of the nucleotides 

alone were first calibrated by loading GTP and GDP individually on the MonoQ and eluted 

under identical gradient conditions. GTP elutes at 34.5% B, whereas GDP elutes at 29.1% 

B; the two peaks are easily distinguishable. Lyophilized nucleotides at purity >95% were 

purchased by Sigma, Thermo, and dissolved in 20 mM Tris pH 7.4. Concentrations were 

verified by A260 using extinction coefficient of GTP at 254nm (13,700 m−1 cm−1). For GTP 

hydrolysis measurements, wild-type Rac1 (at 0.5 mM) was supplemented with tenfold molar 

excess of GTP and MgCl2 (5 mM each) and incubated at room temperature. The reaction 

was measured at time zero (immediately after GTP and Mg addition) and at 24 hrs. 

Similarly, N-GTPase at 0.5 mM (which purifies in its GTP bound form) was incubated at 

room temperature with 5 mM MgCl2, and samples taken at time zero and 24 hr. These 

methods were adapted from previous studies (Ogita et al., 2015; Zavialov et al., 2001).
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Thermal shift assays—Thermal shift assays were performed as described previously 

(Stiegler and Boggon, 2017) and ((Murphy et al., 2014). Protein at 5μM in 20 mM Tris pH 

7.4, 150 mM NaCl was mixed with SYPRO Orange (ThermoFisher; stock solution at 5000×) 

at a final concentration of 5× in the presence or absence of divalent cation or guanine 

nucleotide at varying concentrations, in a total reaction volume of 25 μl. A Bio-Rad CFX 

Connect Real-time PCR machine with FAM filters was used to collect data. The mixture was 

pre-equilibrated to 4°C for 5 min, followed by thermal ramping of 1°C per min from 4 to 

95°C, with fluores cence measurements taken after each 1 °C increment. Fluorescence signal 

was normalized and plotted as a function of temperature, and data were fit to a sigmoidal 

curve in Prism 7 (Graphpad) with R2 values of >0.99. The midway inflection point of the 

curve represents the melting temperature (Tm). Points after the fluorescence maximum were 

excluded from fitting. Changes in the melting temperature (ΔTm) compared to the buffer-

only control curve were calculated for each ligand pair and reported as the difference in Tm. 

The mean and SD of four experiments was determined.

Nucleotide exchange assays—MANT-GTP was purchased from Thermofisher. 

Binding of 0.5 μM MANT-GTPγS to 1–2 μM purified protein was measured at room 

temperature in buffer containing 20 mM Tris pH 7.5, 50 mM NaCl, plus or minus 1-10 mM 

MgCl2 or 2-20 mM EDTA as indicated, in 100 μl reaction volumes in a black-bottomed 

microplate. Fluorescence data were collected on a BioTek Synergy 2 multi-mode reader with 

excitation/emission filters of 360/40 and 450/50, respectively. A time course of binding was 

carried out with fluorescence measurements taken every 30 s for 30 min, with protein added 

to nucleotide after 3 baseline measurements (which were averaged as signal at time zero). In 

each experiment, the fluorescence signal was normalized to time zero. Purified H-Ras G12V 

was used as a positive control.

QUANTIFICATION AND STATISTICAL ANALYSIS

For quantitation of bound nucleotide by anion exchange chromatography in Figure 4e, the 

elution profile of nucleotide was monitored at absorbance 254 nm and the area under the 

peak was calculated by Unicorn software version 5.31 (GE Healthcare). A scatter dot plot is 

used to show each data point, with the bar graph indicating the mean of each column. Error 

bars indicate standard deviation. P-values are indicated as determined in Prism 7 by a 

pairwise t-test, two-tailed (n=5 for N-GTPase and n=3 for Rac1). For differential scanning 

fluorimetry determination of melting temperature in Figure 5h-i, the fluorescent signal of 

SYPRO orange dye was monitored over time and recorded in a Bio-Rad CFX Connect Real-

time PCR machine with FAM filters. Data were transferred to GraphPad Prism 7, where 

fluorescent data for each sample was first normalized and then plotted against time. Curve 

fitting was performed in Prism 7 using nonlinear regression analysis (using least squares fit) 

with a sigmoidal dose-response (variable slope) equation where the bottom and top values 

are constrained to 0 and 100, respectively. For each curve used, the goodness of fit is at least 

R = 0.99 as determined in Prism. The temperature at which the normalized fluorescence is 

50 corresponds to the melting temperature. The scatter dot plot in Figure 5i shows each data 

point, while the bar graph indicates the mean of each protein with error bars as standard 

deviation. n=4 for each protein. P-values for mutants versus wild-type are indicated above 
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the bar graph as determined by Ordinary one-way ANOVA (no pairing) analysis corrected 

for multiple comparisons by Tukey’s test with a single pooled variance in Prism 7.

DATA AND SOFTWARE AVAILABILITY

Coordinates and structure factors have been deposited in the Protein Data Bank under 

accession code, 6D4G. X-ray diffraction images are available online at SBGrid Data Bank: 

doi:10.15785/SBGRID/575.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

• p190RhoGAP N-GTPase domain is a pseudoGTPase

• The crystal structure of N-GTPase from p190RhoGAP-A is presented

• p190RhoGAP N-GTPase binds constitutively to GTP but lacks GTPase 

activity

• Six unique insert sequences provide a potential protein-protein interaction 

surface
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Stiegler et al. present the crystal structure of the p190RhoGAP N-terminal GTPase and 

provide biochemical evidence that it binds GTP constitutively yet lacks hydrolysis 

activity. Thus, this domain can be classified as a pseudoGTPase.
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Figure 1. Crystal structure of p190RhoGAP-A N-GTPase domain.
a) Domain assignment for p190RhoGAP protein. b) Ribbon diagram of the structure of 

p190RhoGAP N-GTPase domain (copy A). Secondary structure elements, GTP and Mg2+ 

are labeled, and the inserts unique to p190RhoGAP are colored in dark green. c) Ribbon 

diagram of the structural superposition of N-GTPase (green) with H-Ras (salmon) bound to 

nonhydrolyzable GTP analogue, GMP-PNP (PDB ID: 5P21) (Pai et al., 1990). 

Superposition performed by Dali (Holm and Rosenstrom, 2010).
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Figure 2. Sequence features and conservation.
Structure-based sequence alignment of N-GTPase with H-Ras, with secondary structure 

elements drawn and labeled above the sequences. The location of the consensus GTPase G-

motifs (underlined) and N-GTPase inserts (dark green) are indicated. The conservation 

p190RhoGAP-A (ARHGAP35) protein sequence from 77 species is shown; (*) identical, (:) 

strongly similar, (.) weakly similar, as determined by ClustalO (Sievers et al., 2011). Aligned 

sequences of p190RhoGAP-B (ARHGAP5) (72% identical) and the single p190RhoGAP 

gene from fly (54% identical) are also shown.
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Figure 3. The p190 N-GTPase domain contains unique inserts that extend the GTPase domain.
a) Overall structure of N-GTPase with inserts colored and labeled. b) Core GTPase domain 

structure is shown in surface representation, with insert ribbons colored as in part a. Regions 

of the core GTPase domain that are buried by the inserts are colored dark grey. Two views 

related by a 90 degree rotation about the y-axis are shown. c-f) Specific interactions of the 

insert residues with each other and with the GTPase core. Inserts are colored as in part a.
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Figure. 4. The N-GTPase catalytic cleft binds both GTP and Mg2+ but is enzymatically inactive.
a) Unbiased difference electron density map (Fobs – Fcalc) calculated before GTP and Mg2+ 

model building, with final refined GTP and Mg2+ positions shown. Map is contoured at +3 σ 
(green) and −3 σ (red). b) Final refined 2Fobs – Fcalc map contoured at 1 σ (blue) and 3 σ 
(cyan), and final Fo – Fc electron density map contoured at +3 σ (green) and −3 σ (red). c) 
Surface electrostatic potential of N-GTPase at the GTP/Mg2+ binding site. d) Strong anion 

exchange chromatography shows that N-GTPase is bound predominantly to GTP. Protein 

samples were denatured and precipitated, and the remaining nucleotide in solution was 

loaded onto a strong anion exchange column. Chromatography traces at absorbance of 254 

nm is shown for purified N-GTPase (green), Rnd3 (cyan), and Rac1 wild-type (purple). The 

elution profiles of GDP (burgundy) and GTP (blue) were calibrated using nucleotides alone 

(commercially purchased). The absorbance values are normalized and offset. e) N-GTPase 

lacks hydrolysis activity in vitro. Strong Anion exchange chromatography was used to 
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measure the relative level of GTP remaining after incubation of 0.5 mM protein at room 

temperature for 24 hr in the presence of 5 mM Mg2+. Rac1 was preloaded with GTP. A 

scatter dot plot shows each data point, with the bar graph indicating the mean of each 

column. P-values are indicated as determined in Prism (pairwise t-test). f and g) MANT-

GTP exchange assays. The fluorescence of MANT-GTP is measured upon addition of H-Ras 

G12V (f) or p190RhoGAP N-GTPase (g) and followed over time. Curves are corrected for 

fluorescence of MANT-GTP alone (in absence of protein). “Basal” condition (red) indicates 

exchange curves without additives. Other curves are colored according to legend.
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Figure 5. Analysis of GTP binding site in N-GTPase.
a) Ribbon diagram of N-GTPase structure (green) with consensus GTPase G motifs 

differently colored and labeled. P-loop: magenta, Switch I: pink Switch II: yellow, G4: teal, 

G5: purple. b) Ribbon diagram of H-Ras G12V (Grey) bound to GMP-PNP (PDB ID: 

5P21). G motifs are colored as in part a. c) Zoom-in showing the superposition of H-Ras 

with N-GTPase and the catalytic Q61 of H-Ras (grey) sterically clashing with N-GTPase 

residues S22, T24, and E98. d) Map of N-GTPase interaction with GTP and Mg2+ adapted 

from Ligplot (Wallace et al., 1995). e) Detailed view of GTP gamma phosphate and Mg2+ 

binding site in N-GTPase (left) and H-Ras (right). Region shown is indicated by a dashed 

box in parts a and b. f) Solubility and total expression of N-GTPase wild-type (WT) and 

mutant proteins. Clarified (top) or total (bottom) lysates are resolved by SDS-PAGE and 

proteins visualized by Coomassie Blue staining. g) Final purified N-GTPase wild-type and 
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mutant proteins, resolved by SDS-PAGE and stained with Coomassie Blue. h) Thermal 

denaturation curves from a representative experiment of N-GTPase proteins. Fluorescence 

signal has been normalized in each sample. i) Scatter dot plot of melting temperatures 

calculated as the mean of four measurements for each sample (error bars indicate standard 

deviation) determined by fitting the melting curve to a sigmoidal model. P-values from One-

way ANOVA comparisons of the melting temperatures to wild-type is indicated above each 

bar (****: p <0.0001. n.s.: no significant difference).
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Figure 6. Binding of typical GAP, GEF, and effector molecules is sterically blocked in N-GTPase
a) Ribbon and surface representation of N-GTPase structure (green). Orientation and 

coloring of N-GTPase is consistent in all panels. b) N-GTPase superposed onto RhoA (grey) 

bound to GAP domain of p190RhoGAP (light purple) (PDB ID: 5IRC (Amin et al., 2016)). 

Inset: zoom-in of Lys-28 in N-GTPase (green) clashing with Arg-finger from GAP domain 

(light purple). c) N-GTPase superposed onto RhoA (grey) bound to GEF (Dbl domain from 

Dbs, light purple, PDB ID: 1LB1 (Snyder et al., 2002)). d) N-GTPase superposed onto H-

Ras (light blue) bound to its effector Raf (pink, PDB ID:4G0N (Fetics et al., 2015)).
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Table 1.

Data collection and refinement statistics. Statistics for the highest-resolution shell are shown in parentheses.

Data Collection PDB ID: 6D4G

Wavelength (Å) 0.97918

Resolution range 50 - 2.8 (2.9 - 2.8)

Space group P 212121

Cell dimensions a, b, c (Å) 43.7, 69.2, 154.1

Cell dimension α, β, γ (°) 90, 90, 90

Unique reflections 12096 (1194)

Multiplicity 51.6 (54.5)

Completeness (%) 99.8 (100.00)

Mean I / σ(I) 20.4 (1.9)

Wilson B-factor (Å2) 92.7

Rpim (%) 2.5 (47.6)

CC½ 0.99 (0.71)

CC* 1.00 (0.91)

Refinement

Reflections used in refinement 12096 (1194)

Reflections used for R-free 605 (60)

Rwork (%) 25.0 (31.4)

Rfree (%) 29.0 (39.2)

CCwork 0.94 (0.75)

CCfree 0.85 (0.52)

Number of non-hydrogen atoms 3379

 macromolecules 3308

 ligands 66

 solvent 5

Protein residues 419

R.M.S.D. (bond lengths) (Å) 0.002

R.M.S.D. (bond angles) (°) 0.67

Ramachandran plot : favored, allowed, outliers (%) 98.0, 2.0, 0

Rotamer outliers (%) 0.5

MolProbity clashscore 5.7

Average B-factor (Å2) 129.3

 macromolecules 130.2

 Copy A 111.6

 Copy B 151.4

 ligands 88.5

 solvent 69.2
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Table 2.

Classification of pseudoGTPases.

Pseudoenzyme
classification

Pseudokinase examples PseudoGTPase examples

i No nucleotide binding VRK3 (Scheeff et al., 2009)
BIR2 (Blaum et al., 2014)
ROR2 (Artim et al., 2012)
PEAK1 (Ha and Boggon, 2018, Pragmin (Lecointre et 
al., 2018; Patel et al., 2017)

p190RhoGAP pG1 and pG2 (Stiegler and 
Boggon, 2017)
CENP-M (Basilico et al., 2014)
Fungal dynein LIC (Schroeder et al., 2014)

ii Nucleotide binding, but with 
no or very weak catalytic 
activity

ILK (Fukuda et al., 2009)
TYK2 JH2 (Min et al., 2015)
JAK1 JH2 (Toms et al., 2013)
STRADα (Zeqiraj et al., 2009)

Rnd family (Foster et al., 1996)
p190RhoGAP N-GTPase [This study]

iii Retained catalytic activity WNK1 (Min et al., 2004)
CASK (Mukherjee et al., 2008)
ErbB3 (Shi et al., 2010)
JAK2 JH2 (Bandaranayake et al., 2012)
KSR2 (Brennan et al., 2011)

RGK family (e.g. Gem) (Splingard et al., 
2007)
Centaurin gamma-1 (Soundararajan et al., 
2007)
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and Virus Strains

Eschericia coli (E.coli) Rosetta(DE3) 
competent cells

Millipore Sigma Cat#70954

 

Chemicals, Peptides, and Recombinant Proteins

GST-p190RhoGAP-A-N-GTPase1-266 protein This paper NCBI NP_001258061.1

His6-p190RhoGAP-A-N-GTPase13-249 protein This paper NCBI NP_001258061.1

His6-Rac12-177 protein (Davis et al., 2013) UniProt ID: P63000

GST-Rnd319-200 protein This paper UniProt P61587

His6-H-Ras1-167 G12V protein This paper UniProt ID: P01112

Glutathione-Sepharose 4B resin GE Healthcare Cat#17075601

Ni-NTA Agarose resin Qiagen Cat#30210

HiLoad 16/600 Superdex 75 prep grade 
column

GE Healthcare Cat#28989333

Mono Q 5/50 GL column GE Healthcare Cat#17516601

B-PER Bacterial Protein Extraction Reagent ThermoFisher Cat#78243

NeXtal DWBlock PEGs Suite Qiagen Cat#130904

NeXtal Stock PEG 8000 Qiagen Cat#133092

NeXtal Stock TRIS-HCl pH 8.5 Qiagen Cat#133126

GTP Sigma Cat#G8877

GDP Sigma Cat#G7127

SYPRO Orange ThermoFisher Cat#S6650

MANT-GTP ThermoFisher Cat#M12415

 

Critical Commercial Assays

QuikChange Lightning Site-Directed 
Mutagenesis Kit

Agilent Technologies Cat#210518

 

Deposited Data

N-GTPase atomic coordinates and structure 
factors

This paper PDB ID: 6D4G

X-ray diffraction images This paper doi:10.15785/SBGRID/575

Crystal structure of H-Ras (Tong et al., 1991) PDB ID: 1Q21

Crystal structure of H-Ras (Pai et al., 1990) PDB ID: 5P21

Crystal structure of p190RhoGAP-A GAP 
domain in complex with RhoA

(Amin et al., 2016) PDB ID: 5IRC

Crystal structure of Dbl and PH domains of 
Dbs in complex with RhoA

(Snyder et al., 2002) PDB ID: 1LB1

Crystal structure of H-Ras in complex with 
Raf

(Fetics et al., 2015) PDB ID: 4G0N
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REAGENT or RESOURCE SOURCE IDENTIFIER

Crystal structure of Ras homolog domain 
p190RhoGAP bound to GNP

Structural Genomics Consortium PDB ID: 3C5H

 

Oligonucleotides

Primers for cloning and mutagenesis, see 
Table S1

This paper N/A

 

Recombinant DNA

pGEX-6p1 GE Healthcare Cat#28954648

modified pET vector This paper N/A

pCDFDuet-1 Millipore Sigma Cat#71340-3

p190RhoGAP-A (rat) This paper NCBI NP_001258061.1

Rac1 (human) (Davis et al., 2013) UniProt ID: P63000

Rnd3 (human) This paper UniProt ID: P61587

H-Ras (human) This paper UniProt ID: P01112

 

Software and Algorithms

SBGrid (Morin et al., 2013) https://sbgrid.org/

XDS (Kabsch, 2010) http://xds.mpimf-heidelberg.mpg.de/

PHENIX (Adams et al., 2010; Afonine et 
al., 2012)

https://www.phenix-online.org/

coot (Emsley et al., 2010) https://www2.mrc-lmb.cam.ac.uk/personal/pemsley/coot/

CCP4mg (McNicholas et al., 2011) http://www.ccp4.ac.uk/MG/
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