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Abstract

Pseudoenzymes generally lack detectable catalytic activity despite adopting the overall protein
fold of their catalytically competent counterparts, indeed ‘pseudo’ family members seem to be
incorporated in all enzyme classes. The small GTPase enzymes are important signaling proteins,
and recent studies have identified a number of new family members with non-canonical residues
within the catalytic cleft, termed pseudoGTPases. To illustrate recent discoveries in the field we
use the p190RhoGAP proteins as an example. p190RhoGAP proteins (ARHGAP5 and
ARHGAP35) are the most abundant GAPs for the Rho family of small GTPases. These are key
regulators of Rho signaling in processes such as cell migration, adhesion and cytokinesis.
Structural biology has complemented and guided biochemical analyses for these proteins and has
allowed discovery of two cryptic pseudoGTPase domains, and the re-classification of a third,
previously identified, GTPase-fold domain as a pseudoGTPase. The three domains within
p190RhoGAP proteins illustrate the diversity of this rapidly expanding pseudoGTPase group.

Keywords
pseudoGTPase; pseudoenzyme; pseudokinase; small GTPase; p190RhoGAP; Rho signaling

Introduction

Pseudoenzymes are defined as members of an enzyme class which contain mutations in the
highly conserved canonical catalytic residues found in enzyme counterparts [1, 2]. The loss
of conserved residues can render these proteins catalytically deficient, or conversely can be
associated with a redesign of the catalytic cleft to utilize non-canonical residues for
enzymatic processes [3]. The pseudoenzymes continue to emerge as functionally important
members of their respective enzymatic families, and have roles as regulators and modifiers
of a large number of signaling pathways [4]. Pseudoenzymes have been described in the
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protein kinase, phosphatase, protease, GTPase and other families [3, 5], and are thought to
encompass approximately 10% of each enzyme fold [2, 6]. For the small GTPase family a
number of pseudoGTPases have been identified over the last four or five years [7-9].
Consequently there is a growing group of annotated pseudoGTPases within the fold. We
recently identified multiple pseudoGTPase domains in the p190RhoGAP proteins, which are
important regulators of RhoA signaling [9, 10]. In this mini-review we discuss the discovery
and characterization of these multiple pseudoGTPase domains and summarize the current
state of the pseudoGTPase group using the p190RhoGAP proteins as examples.

The small GTPase domain

Proteins belonging to the Ras superfamily of small GTPases act as bimodal molecular
switches that translate extracellular stimuli to intracellular responses in myriad cellular
pathways [11]. They are guanine nucleotide-binding proteins whose signaling mode is
determined by their nucleotide-bound state: when bound to GTP, small GTPases assume an
ON/active conformation and bind downstream effector proteins, conversely, when bound to
GDP, small GTPases assume the OFF/inactive conformation. These enzymes require
additional regulatory proteins to achieve biologically functional GTP/GDP cycling [12]; the
otherwise slow exchange of bound GDP for GTP is facilitated by guanine nucleotide
exchange factors (GEF), and their slow intrinsic enzymatic activity requires a GTPase
activating protein (GAP) to promote hydrolysis. Some GTPases are further negatively
regulated by guanine nucleotide disassociation inhibitors (GDI) which bind and extract the
GTPase from the plasma membrane [12]. A range of inputs therefore control the
downstream signaling of canonical small GTPases (Figure 1A).

Small GTPases are typically single-domain proteins (e.g. H-Ras) but can also exist within
large multidomain proteins (e.g. the GGAPs [13]). This domain is usually between 20 and
25 kDa in molecular weight, and adopts a well conserved three-dimensional Rossmann-type
fold, a common structural motif occurring in nucleotide-binding proteins that consists of
alternating beta strands and alpha helical segments which form a sandwich [14]. A set of
nearly invariant sequence motifs are present, and these are termed the “G motifs”: G1 (P-
loop), G2 (Switch 1), G3 (Switch 1), G4 and G5 [15-17] (Figure 2A). Together, the G
motifs are responsible for binding nucleotide and catalyzing GTP hydrolysis to GDP (Figure
2B). Specifically, G1 (phosphate-binding P-loop, GxxxxGKS/T) accommodates the
phosphates of GTP/GDP. G2 (Switch I) contains an invariant Thr residue that contacts the
GTP y-phosphate and Mg2*. Similarly G3 (Switch 11, DxxGQ/H/T), contains aspartic acid
and glycine residues which coordinate the y-phosphate and MgZ*. The G3 GIn residue is a
key enzymatic residue that is highly conserved: mutation of this residue (Q61) in Ras leads
to loss of GTPase activity [18] and freezes Ras in the GTP-bound ON/active state leading to
cellular transformation. Together, G2 and G3 undergo large conformational changes during
nucleotide cycling and are sometimes termed the *“y-phosphate sensors” [19]. When the
small GTPase is bound to GTP, the G2 (Switch I) motif is also the major binding site for
downstream effector proteins. G4 (N/TKxD) and G5 (SAR/K) contact the guanine base
directly and dictate nucleotide binding specificity (i.e. prevent non-guanine base nucleotides
from binding) [15]. Conservation of the G motifs in active GTPases has been well
catalogued and the critical GTP-binding and catalytic residues are established [17] (Figure
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2). The pseudoGTPases, by definition, are the subset of GTPases that sequentially diverge at
one or more of these conserved G motifs while maintaining a canonical Ras-like fold [4].

Identification of pseudoGTPases

The pseudokinases are the archetypal pseudoenzymes. Identification of the full kinome in
2002 by Manning and colleagues clearly highlighted that the family contains both
conventional active kinases and a subset that lack one or more of the consensus sequences
known to mediate phosphoryl transfer [20]. The disruption of conserved sequence
presumably indicated that most of these were catalytically inactive, and by 2006 the term
‘pseudokinase’ was used to define these ~10% of the kinome [21], however, biochemical
and structural analyses have shown that some pseudokinases retain catalytic competency
[22-28]. The extensive studies of pseudokinases illustrate that pseudoenzymes, enzymes
mutated in the conserved catalytic residues, are not required to be catalytically inactive;
indeed these proteins are rich in their variety of enzymatic activities ranging from those that
are unable to bind nucleotide [29-33] to those that are essentially normal kinases [22, 30].

In contrast to the bioinformatics-driven identification of the entire pseudokinase group, the
pseudoGTPases have emerged in a more piecemeal manner and over a longer time.
Although the Rnd (Rnd1, Rnd2 and Rnd3) [34, 35] and RGK (Rad, Rem1, Rem2, Gem/Kir)
groups were easily identified as small GTPases despite mutations in their G motifs [36-40],
the pseudoGTPase group also includes “cryptic’ GTPase domains which have very low
sequence identity compared to active GTPases and harbor completely divergent G motif
sequences. These cryptic GTPase domains can be elusive in sequence-based bioinformatics
searches, but upon crystal structure determination have been revealed to adopt the canonical
GTPase-like fold. Cryptic GTPase domains have been found in CENP-M, fungal dynein
LIC, and the p190RhoGAP proteins [7-9], and their collective identification raised the
possibility that a larger number of cryptic pseudoGTPases have yet to be identified.
Consequently, similar to the pseudokinases, the pseudoGTPases contain catalytically
inactive (e.g. the Rnd group) and catalytically active (e.g. the RGK group) members, but
contrasting the pseudokinases also contain divergent family members that are structurally
similar but sequentially completely degraded in their catalytic motifs (Figure 2). The use of
structural biology has been key for discovery of the cryptic domains, and below we discuss
the identification and analysis of the multiple pseudoGTPase domains within the
p190RhoGAP proteins.

The p190RhoGAP proteins

The p190RhoGAP orthologs, p190RhoGAP-A and -B, are the most abundant GAPs for the
Rho family of small GTPases [41], and are important regulators of Rho signaling processes
including cell migration, adhesion and cytokinesis [42—44]. These are large (approximately
1500 amino acid) multidomain proteins whose domain structure is conserved between the
two proteins and comprises a GTPase fold at the N-termini (termed the N-GTPase) followed
by four FF domains, and a GAP domain that is located at the C-termini [45-47] (Figure 3).
The region between the FF and GAP domains was originally termed the ‘middle domain’,
and was expected to be structureless [48], however, recent studies have discovered
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previously unidentified pseudoenzyme components within the domain structure of
p190RhoGAP proteins (see below).

The N-GTPase domain of p190RhoGAP proteins

The N-GTPase domain of p190RhoGAP proteins was first identified in both p190RhoGAP-
A and -B by sequence similarity with the Ras-like small GTPases [45, 46]. These early
sequence-based discoveries also showed unusual regions within the N-GTPase domain,
particularly the presence of long inserts [45, 46]. Biochemical studies of the N-GTPase
domain yielded varying results with respect to GTP binding and/or GTPase activities [49—
51], and the biochemical function of this domain remained unclear until a recent study
determined the co-crystal structure of N-GTPase with GTP and conducted detailed
biochemical and mutagenesis analyses [10]. This work has shown that the N-GTPase
domain of p190RhoGAP proteins is, in fact, a pseudoGTPase domain that binds nucleotide
but lacks catalytic activity.

The crystal structure of p190RhoGAP-A N-GTPase reveals numerous differences between
N-GTPase and canonical small GTPases that likely contribute to a lack of hydrolytic activity
in N-GTPase. Most notably, insert sequences which have not been observed in other small
GTPases disrupt the G1, G2 (Switch 1) and G3 (Switch I1) motifs (Figure 2). Furthermore,
the invariant Thr residue in G2 (Switch ) and the catalytic GIn residue from G3 (Switch I1)
are not conserved. These structurally defined sequence differences indicate extensive
modifications around the nucleotide binding cleft. This is further supported by analysis of
the coordination of the GTP phosphates, where y-phosphate binding and coordination of
Mg?2* involve additional unique contacts from N-GTPase that are not observed in typical
GTPases [10]. In contrast, high conservation of the G4 and G5 maotifs are consistent with
maintained GTP binding specificity, and this is observed in the crystal structure.
Biochemical analyses show that GTP bound to N-GTPase does not undergo hydrolysis to
GDP, that GTP does not exchange readily, and that mutation of GTP-contacting residues
leads to destabilization of the protein. The summation of these biochemical and structural
studies together suggests that GTP binds tightly to the p190RhoGAP N-GTPase domain, but
that the role of GTP binding is not to act as a conformational regulator, but rather to function
as a stabilizer intrinsic to maintaining the fold of the domain.

Identification of two new pseudoGTPase domains within p190RhoGAP

The region between the FF and GAP domains of p190RhoGAP proteins (Figure 3) was
originally termed the ‘middle domain’, and was expected to be structureless [48]. This
region of approximately 700 residues had not, however, been fully analyzed since the late
1990s. We conducted sequence analysis and discovered an extensive region of strongly
predicted secondary structure encompassing approximately 400 residues [9]. Secondary
structure-based fold homology detection suggested that this region contained two GTPase-
like domains which we termed pG1 and pG2, but also indicated low sequence identity of
less than 20% compared to any small GTPase domain. We therefore determined the X-ray
crystal structure of the first of these domains. The crystal structure conclusively showed that
the pG1 domain is a GTPase-like fold with very strong structural similarity to Ras-like small
GTPases. Despite this similarity, the crystal structure also showed that there are extensive
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differences in the nucleotide binding pocket that preclude nucleotide binding; each of the
five G motifs are divergent from canonical small GTPases (Figure 2). Specifically, the
sequence of G1 (phosphate-binding P-loop), G3 (Switch I1), G4 and G5 motifs are
completely degraded, and the G2 motif (Switch 1) is deleted. These sequence changes
contribute to an altered nucleotide binding pocket in which the phosphate binding cavity is
sterically occluded and the binding site for the guanine base is changed. We biochemically
confirmed the inability to bind nucleotide. The second of the predicted GTPase-like domains
has so far proven intractable for structural studies, however, homology prediction and
sequence alignment suggest that similar to pG1, all five G motifs are divergent from
canonical small GTPases. These studies therefore strongly suggest that p190RhoGAP
proteins contain two cryptic GTPase domains that are degraded in their nucleotide binding
site, but maintain the small GTPase fold.

PseudoGTPase domains in p190RhoGAP are evolutionarily conserved

The p190RhoGAP proteins are found throughout evolution including ancestral eukaryotic
species like sponge (A. gueensilandica). \ertebrates contain two p190RhoGAP proteins
(p190RhoGAP-A and -B with a roughly 50% sequence identity), while invertebrates contain
a single p190RhoGAP protein. Sequence analysis among these p190RhoGAP proteins
reveals that the N-GTPase, pG1, and pG2 pseudoGTPase domains are evolutionarily
conserved; specifically, strong conservation of the G motif sequences throughout evolution
supports that these domains arose as pseudoGTPase domains, rather than ones that lost
activity over time. This raises the interesting possibility that the small GTPase fold emerged
during evolution to fill both catalytic and noncatalytic/scaffolding, and supports that
noncatalytic pseudoGTPase domains contribute necessary functions separate from catalytic
ones.

p190RhoGAP proteins contain multiple pseudoGTPase domains of different classes

Pseudokinases can be classified into subgroups based on ATP binding and phosphorylation
activity [30]. In a similar manner we propose that the pseudoGTPases can also be classified
according to GTP binding and hydrolysis activity. These include those that class (i) have no
nucleotide binding activity (and therefore no catalytic activity), class (ii) bind nucleotide but
with no activity (under standard assay conditions), and class (iii) bind nucleotide and are
catalytically active [9] (Figure 1B). Remarkably, our work indicates that p190RhoGAP
proteins contain pseudoGTPase domains that belong to both class (i) and class (ii).

The newly identified p190RhoGAP pG1 (and likely pG2) domains (Figure 3) are class (i)
pseudoGTPases. These lack nucleotide binding, and comparison of p190RhoGAP pG1 and
pG2 with previously identified class (i) pseudoGTPase domains (CENP-M and dynein LIC
[7, 8]) confirms the common feature of a lack of conserved G motif residues. The structures
of each of these pseudoGTPase domains reveal that the nucleotide binding site is occluded
and thus provides a common structural theme for this class of pseudoGTPase. Likewise, the
p190RhoGAP N-GTPase domain (Figure 3) has now been shown to be a nucleotide binding
catalytically inactive pseudoGTPase [10]. This falls into the class (ii) category, and places
this domain alongside the Rnd family of small GTPases (Rnd1, Rnd2 and Rnd3/RhoE)
which bind GTP constitutive but lack hydrolysis activity [34, 35]. To date, no class (ii)
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pseudoGTPase that binds GDP constitutively has been identified. Similar to p190RhoGAP
N-GTPase, the Rnd family maintain selectivity for GTP by conservation of G4 and G5
motifs, but are mutated in the G1, G2 and G3 motifs to varying extents. The p190RhoGAP
proteins do not contain class (iii) pseudoGTPase domains, defined by the RGK family (Rad,
Rem1, Rem2, Gem/Kir) which are degraded in their G1, G2 and G3 motifs but maintain
catalytic activity, although reportedly with slow kinetics in some cases [40, 52, 53].

Concluding remarks

The identification of three new pseudoGTPase domains within the p190RhoGAP proteins
allows a better understanding of this type of pseudoenzyme. Notably, discovery of the
cryptic pseudoGTPase domains pG1 and pG2 in p190RhoGAP raises the likelihood that
other pseudoGTPase domains have yet to be identified, and highlights that robust
bioinformatics combining sequence and structural homology analyses may be necessary to
identify the full pseudoGTPase complement.

Taken together, the varying catalytic activities of pseudoGTPases along with their G motif
conservation suggests general classification rules. Cryptic pseudoGTPases, those with both
very low sequence identity to active GTPases and lacking the consensus G motifs, may
comprise much of the class (i) pseudoGTPases. In contrast, the class (ii) pseudoGTPases are
perturbed in the G1, G2 and/or G3 motifs which disrupts catalysis, but contain conserved G4
and G5 motifs to allow binding of the guanine base. Class (iii) pseudoGTPases have the
highest conservation within the G motifs, and maintain catalytic activity by relying on novel
nucleotide coordinations which are best described by crystal structures. Future discoveries of
pseudoGTPase domains will help refine these activity guidelines to allow a more
comprehensive understanding of this type of pseudoenzyme.
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Abbreviations

GEF guanine nucleotide exchange factor

GAP GTPase activating protein

GDI guanine nucleotide disassociation inhibitor
GGAP GTP-binding and GTPase activating proteins
GTP guanosine triphosphate

GDP guanosine diphosphate

CENP-M Centromere protein M

LIC light intermediate chain
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Figure 1. Schematic of canonical GT Pase cycling and classes of pseudoGT Pase.
A) GTPase cycling is illustrated with OFF/inactive GTPase shown on left bound to GDP

(red) and ON/active GTPase shown in right bound to GTP (green). Guanine nucleotide
exchange factors (GEF) and GTPase activating proteins (GAP) are indicated. B) Classes of
pseudoGTPase. Class (i) has no nucleotide binding activity and therefore no catalytic
activity, class (ii) binds nucleotide but with no activity (*under standard catalytic
conditions), and class (iii) binds nucleotide and is catalytically active. Color scheme as in A.
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Figure 2. G motif conservation in canonical GTPases and p190RhoGAP.
A) Active small GTPases contain five conserved G motifs termed G1 through G5. Structure-

based sequences for the G motifs of H-Ras, p190RhoGAP-A N-terminal GTPase domain

(p190A-N) and p190RhoGAP-A pG1 pseudoGTPase domain (p190A-pG1) are shown.
Predicted sequences for the G motifs of p190RhoGAP-A pG2 pseudoGTPase (p190A-pG2)
domain are also shown. B) Ribbon diagram of H-Ras bound to a nonhydrolyzable GTP
analog (PDB ID: 5p21 [54]). G motifs are colored as in part A.

Biochem Soc Trans. Author manuscript; available in PMC 2019 December 17.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Stiegler and Boggon Page 12

p190RhoGAP

N-N-GTPase!|FF|FF|FF|FF Micdle Domaln GAP |—C
Crystal structure Secondary structure prediction
Biochemistry Homology prediction
Crystal structure of pG1
pseudoGTPase pseudoGTPases _ )
N{N-GTPase/[FF|FF|FFFF—|[ pG1 || pG2 [Mddebomanl Gap | ¢

Figure 3. Updated domain organization of p190RhoGAP proteins.
(Top) previous domain assignment of p190RhoGAP proteins. N-GTPase indicates N-

terminal GTPase domain, FF indicates FF domains 1 through to 4, and GAP indicates C-
terminal GAP domain. The middle domain is indicated, and the location of the newly
identified pseudoGTPase domains, pG1 and pG2 are shown.
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