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Proteins containing an Rho GTPase-activating protein (RhoGAP) domain work as
molecular switches involved in the regulation of diverse cellular functions. The abil-
ity of these GTPases to regulate a wide number of cellular processes comes from
their interactions with multiple effectors and inhibitors, including the RhoGAP
family, which stimulates their intrinsic GTPase activity. Here, a phylogenetic
approach was applied to study the evolutionary relationship among 59 RhoGAP
domain-containing proteins. The sequences were aligned by their RhoGAP do-
mains and the phylogenetic hypotheses were generated using Maximum Parsimony
and Bayesian analyses. The character tracing of two traits, GTPase activity and
presence of other domains, indicated a significant phylogenetic signal for both of

them.
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Introduction

The Rho GTPase-activating proteins (RhoGAPs) are
defined by the presence of a 150-amino-acid homolog
region that is designated as the RhoGAP domain.
This domain is necessary and sufficient for GAP
activity and shares at least 20% sequence identity
among its family members (1, 2). Proteins contain-
ing an RhoGAP domain act as molecular switches in-
volved in the regulation of diverse cellular functions,
including actin cytoskeleton rearrangements, regula-
tion of gene transcriptions, cell cycle regulation, con-
trol of apoptosis, and membrane trafficking (2-5).
Rho GTPases cycle between active and inactive GTP-
bound states. The control of these states is regu-
lated by three main classes of proteins: guanine nu-
cleotide exchange factors, guanine nucleotide disso-
ciation inhibitors, and GAPs. To date, at least 21
Rho GTPases have been defined, among which only
three (RhoA, Cdc42, and Racl) are well character-
ized. Therefore, most studies have been focusing on
these three proteins.

The ability of Rho GTPases to regulate a wide
number of cellular processes comes from their inter-
actions with multiple effectors or inhibitors. One class
of these inhibitors is the RhoGAP family, which stim-
ulates GTPase activity by enhancing the intrinsic rate
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of GTP hydrolysis.

In the early analyses of the human genome se-
quence, 77 different genes containing the RhoGAP
domain were found. Further studies have demon-
strated that many of these genes are simple gene se-
quence variations or single nucleotide polymorphisms
(6,7). The structural data available for RhoGAP
domain-containing proteins showing their complex-
ity with Rho GTPases (Cdc42 and RhoA) demon-
strated the 3D workflow for RhoGAP-mediated GTP-
hydrolysis, and highlighted the importance of a well-
conserved arginine residue present in the active site
that acts as a conformation stabilizer needed for hy-
drolysis (8-10).

Recently, a novel member of the RhoGAP fam-
ily, ARHGAP21 (Rho GTPase-activating protein 21,
alias ARHGAP10), was cloned and characterized in
our laboratory (11). In addition to the RhoGAP
domain, ARHGAP21 presents a PH domain and a
P-loop-containing PDZ domain. This gene is widely
expressed at-high levels in muscle and brain, and is
up-regulated during myeloid and erythroid matura-
tion, suggesting a potential role for this RhoGAP in
regulating cell differentiation (11).

The aim of this study is to infer the evolution
of the RhoGAP superfamily using a phylogenetic ap-
proach, to determine the roles of other domains and
their main GTPase activities in this evolutionary his-
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tory, and to provide a tool that could render some
insights regarding subfamily protein functions using
RhoGAP-containing proteins as a model.

Results

The full dataset contains 267 amino acids, of which
161 are parsimony-informative. Parsimony searches
of the equally weighed dataset resulted in 12 equally
parsimonious trees with 3,213 steps (CI=0.449;
RI=0.525). The strict consensus tree was mostly not
resolved at internal nodes (data not shown), but al-
most all terminal branches showed strong bootstrap
support (Figure 1).

A Bayesian tree recovered mostly the same termi-
nal relationships by Maximum Parsimony (MP) anal-
yses with strong values of Posterior Probability (PP).
However, internal branches have from low to moder-
ate PP values (Figure 1).

The two characters investigated (domains and
GTPase activity) showed a significant phylogenetic
signal (P=0.003), which suggests that the distribu-
tion of these traits among the proteins can be ex-
plained by their phylogenetic relationships (Figure 2).
The optimization of the other domains over our phy-
logenetic hypothesis suggests that the ancestral state
of these proteins involves solely the presence of the
RhoGAP domain and the activity toward Racl.

The character tracing of these traits suggests an
overall pattern on which proteins sharing equal do-
mains also share equal GTPase activity. The clade
joining KIAA0672 + 3BP1 + RICH1 + Nadrin was
recovered both by MP and Bayesian analyses with
strong support. All proteins in this clade share the
presence of the BAR (Bin-Amphiphysin-Rvs) domain
and GTPase activity toward Racl, solely or in addi-
tion to other GTPases. The same rule can be applied
to the clade joining STARTdom + GT650 + DLC1
+ AHRGAP7. All of them share the presence of
the START (steroidogenic acute regulatory protein-
related lipid transfer) domain and all, but START-
dom, have GTPase activity over RhoA. GTPase ac-
tivity is unknown for STARTdom. The clade joining
GMIP + HA1 + PARG is composed by proteins con-
taining the Cl domain in addition to their GTPase
activity toward RhoA.

The clade joining AHRGAP11A + AHRGAP20 +
AHRGAP1 + AHRGAPS has in common the absence
of other domains that are not RhoGAP. The GTPase
activity of this group is known only for AHRGAPI1,
which is active toward Cdc42. Considering other ter-
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minal clades, we can presume that other AHRGAPs
within this group can show the same GTPase activity
toward Cdc42.

On the other hand, the clade joining P115 + sr-
GAP3 + srtGAP1 + srGAP2 shares the presence of
the FCH (FER/CIP4-homology) domain, however,
P115 has GTPase activity over Racl, while the other
three proteins have activity toward Cdc42.

Discussion

Phylogenetic reconstruction and bioinformatics anal-
yses that integrate evolutionary considerations are be-
coming increasingly important tools for applied fields.
Numerous gene sequences were generated in the ge-
nomics age with little or no accompanying experimen-
tal determination of functional information or evolu-
tionary relationships. Previous works from Peck et al
(12) and Moon and Zheng (2) also present a phyloge-
netic approach on the RhoGAP family; however, the
authors did not indicate the methodology applied nei-
ther did they present any support analyses for their
cladograms.

In this work, bioinformatics and phylogenomics
tools were used to present a phylogenetic relation-
ship of 59 members of the RhoGAP superfamily. All
amino acid alignments and subsequent phylogenetic
tree constructions were based on the RhoGAP do-
main sequence. We demonstrated that these RhoGAP
domain-containing proteins, with the conservative ar-
genine residue, form a monophyletic group, that is,
all of them share a common protein ancestor in their
evolutionary history.

The tracing for GAP activity toward the most
studied RhoGTPases (RhoA, Racl, and Cdc42) (Fig-
ure 2) indicates that this trait presents a strong phy-
logenetic signal (P=0.003), contrasting with previous
findings of Peck et al (12).

The analysis of the resulting phylogenetic tree has
suggested that the ancestral state for GTPase activ-
ity is the affinity to Racl. It is still difficult to de-
termine the gap activity by only analyzing the pro-
tein sequence; the GAP assay (19, 14) is the most
reliable way to determine activity. The phylogenetic
approach may give a clue, once it is capable of clus-
tering together different proteins that share common
substrates as can be seen on the clades of KIAA0672
+ 3BP1 + RICH1 + Nadrin and stGAP3 + srGAP1
+ srGAP2. Speculations regarding protein specific
functions (only using the GTPase activity character)
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Fig. 1 The Bayesian tree based on amino acid sequences of the RhoGAP domain from RhoGAP domain-containing
proteins. Values above the branches indicate the Posterior Probability (PP) and the bold numbers indicate the bootstrap

values from 500 replications (where it exceeds 50%).
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Fig. 2 Domain presence (left side) and GTPase activity (right side) in the RhoGAP domain-containing proteins traced
along the proposed phylogeny.
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may be avoided for now, because the affinity for the
same GTPase does not imply in the same function,
since each GTPase may present contrasting functions
in different pathways (15).

Furthermore, structural and molecular biology
studies are needed to elucidate the exact amino acid
composition involved in determining specificity and
how the differences in this composition can affect the
3D protein structure and its interaction with Rho
GTPases.

In addition to the RhoGAP domain, the mem-
bers of this superfamily usually contain other func-
tional motifs. Therefore, RhoGAPs might catalyze
or participate in enzymatic reactions other than the
enhancement of the intrinsic GTP hydrolysis of Rho
GTPases, and sometimes apparently aiding the Rho
protein to signaling (2).

Somehow the presence of additional domains
was linked to the RhoGAP domain structure be-
cause, even focusing the alignment exclusively on the
RhoGAP domain sequence, the phylogeny joined in
clades of different proteins sharing the same addi-
tional domains with strong bootstrap and PP, that
is, the ARHGAPs were divided into two groups. One
is composed of a clade including the ARHGAPs 9,
12, 21, and 23, presenting an RhoGAP domain and
a PH domain accompanied or not by additional do-
mains (Figure 2). The other is composed of the ter-
minals ARHGAPs 1, 8, 11A, and 20, presenting only
the RhoGAP domain, except the ARHGAP20 that
present an RA domain.

Interactions among genomics, evolution, and
bioinformatics go further than sequence alignment
and relationship elucidation among species. Evo-
lutionary analysis may help researchers design new
strategies to understand protein or gene interactions
and their functionalities and might provide an insight
for new experiments. In conclusion, a phylogenetic
study of the RhoGAP domain-containing proteins has
demonstrated that there is a strong evolutionary re-
lationship among the RhoGAP superfamily members,
especially when they share common motifs or GAP
activity.

Materials and Methods
Materials

All protein sequences used here were obtained from
the GenBank database (http://ncbi.nlm.nih.gov/
Genbank/) at the National Center for Biotechnol-
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ogy Information (NCBI), as well as from the Swiss-
Prot/TrEMBL database (http://expasy.org/sprot/)
at the Swiss Institute for Bioinformatics and at the
European Bioinformatics Institute (Table 1).

The sequences were aligned by their RhoGAP do-
mains with additional 100 N-terminal residues, pri-
marily using ClustalW version 1.83 (16) under de-
fault settings, followed by adjustment by eye us-
ing the BioEdit version 6.0.7 (Ibis Therapeutics,
Carlsbad, USA). All alignment files, the protein
sequences in the FASTA format, and other re-
lated colored materials are available for download at
http://www.hemocentro.unicamp.br/submission/.

Phylogenetic analyses

The Bayesian analysis was carried out by using Mr-
Bayes,version 3.1.2 (17, 18) with the mixed model of
amino acid substitution provided in the package. Six
simultaneous chains were conducted for 1.0x10° gen-
erations, sampling trees every 100 cycles. The first
1,000 trees were discarded as “burn in”. For all anal-
yses, chrborf was used as an outgroup to root the tree,
based on the absence of the conservative argentine
residue.

The MP analyses were performed with PAUP*
4.0b10 (19) on the entire dataset using a heuristic
search with 500 random taxon addition replicates,
TBR branch-swapping, gaps scored as missing data,
and all characters equally weighted. A strict con-
sensus tree was computed whenever multiple equally
parsimonious trees were obtained. The robustness of
each branch was determined using the nonparametric
bootstrap test (20) with 500 replicates and 10 random
taxon additions.

Character optimization

MacClade 4.08 (21) was used to perform character
optimization analyses. We investigated the evolution
of two characters that were superimposed onto the
Bayesian tree proposed for the RhoGAP-containing
proteins: the presence of different domains in addi-
tion to RhoGAP, and the GTPase enhancing activity
toward the most studied Rho GTPases (Racl, RhoA,
and Cdc42). For domain identification, a search of
the PFAM database version 19.0 (22) was performed
using the HMMPFAM tool from the HMMER suite
version 2.3.2 (238) with the E-value cutoff for the per-
sequence set to 1.0E-10. This character had 20 un-
ordered character states plus a 21%* character state
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Table 1 Selected Rho GTPase-Activating Proteins

No. Protein GenBank SwissProt No. Protein GenBank SwissProt
1 3BP-1 Q9Y3L3 31 HA-1 (KIAA0233) BAA13212.1
2 ABR NP_068781.2 32 H-Graf CAAT1414.2
3 @-Chimaerin CAA35769.1 33 INPP5B AAAT9207.1
4 ARAP1 NP_056057.1 34 KIAA0672 BAA31647
5 ARAP2 BAA25506.1 35 KIAA1204 BAA86518.1
6 ARAP3 CAC83946.1 36 KIAA1314 BAA92552.1
7 ARHGAPI1 NP_004299 37 KIAA1688 BAB21779.1
8 ARHGAP6 NP_038286.1 38 MgcRacGAP NP_037409.2
9 ARHGAP7 Q63744 39 Myosin IXA NP_008832.1
10 ARHGAPS CAB90248.1 40 Myosin IXB NP_004136.2
11 ARHGAP9 BAB56159.1 41 Nadrin NP_060524.4
12 ARHGAPI11A NP_055598.1 42 N-Chimaerin homolog AAB81198.1
13 ARHGAPI2 NP_060757.4 43 OCRL-1 NP_001578.2
14 ARHGAP18 MacGAP NP _277050 44 Oligophrenin-1 NP_002538.1
15 ARHGAP19 NP_116289.4 45 pl90-A AAF80386.1
16 ARHGAP20 AAS45466.1 46 pl190-B NP_001164.2
17 ARHGAP21 AF480466.1 47 P85-alpha ' P27986
18 ARHGAP23 BAA96025.1 48 P85-beta NP_005018.1
19 ARHGAP24 NP_112595.1 49 PARGI1 NP_004806.2
20 ARHGAP25b NP_055697.1 50 PSGAP AAK18175.1
21 B-Chimaerin AAA16836.1 51 RALBP1 NP_006779.1
22 BCR NP.004318.2 52 RHGA4 (pl15) CAAB5394.1
23 CAC17688.2 CAC17688.2 53 RICH-1 CAC37948.1
24 CHR50RF NP.057687.1 54 RLIP76 AABO00103.1
25 DLC-1 NP_006085.2 55 srGAP1 BAA92542.1
26 GAPDro AAF44627.1 56 srGAP2 BAA32301.1
27 GMIP NP_057657.1 57 stGAP3 CAC22407.1
28 GRAF NP_055886.1 58 START domain NP_055540.2
29 GRAF-2 BAB61771 containing 8 (KIAA(0189) CAC22407.1
30 GT650 (DLC2) NP_443083.1 59 HA-1 (KIAA0233) BAA13212.1

corresponding to the absence of additional domains
other than RhoGAP. The GTPase character had eight
character states representing the affinity toward one
or two Rho GTPases; these data was mined by search-
ing PubMed (http://www.ncbi.nlm.nih.gov/entrez)
at NCBL

To test whether there was a phylogenetic signal
in the characters traced, we used the methodology
proposed by Wahlberg (24) that was modified from
the PTP test described by Faith and Cranston (25).
The test compared the number of steps of the tree
constructed with the actual data, with the number of
steps in the trees obtained for each random reshuffling
of the separated character states. We performed 300
random reshufflings of character states among the
fixed terminal proteins by using Mesquite version 1.06

Geno. Prot. Bioinfo.

(http://www.mesquiteproject.org). The probability
(P) that the observed pattern does not differ from
random is given as (n + 1)/300, where n is the num-
ber of replications no bigger than that of the actual
steps. A significant phylogenetic signal was observed
when P is less than 0.05 (25).
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