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Abstract: Currently, time-consuming serial in vitro experimentation involving immunocyto-

chemistry or radiolabeled materials is required to identify which of the numerous Rab-GTPases 

(Rab) and Rab-GTPase activating proteins (RabGAP) are capable of functional interactions. 

These interactions are essential for numerous cellular functions, and in silico methods of reduc-

ing in vitro trial and error would accelerate the pace of research in cell biology. We have utilized 

a combination of three-dimensional protein modeling and protein bioinformatics to identify 

domains present in Rab proteins that are predictive of their functional interaction with a specific 

RabGAP. The RabF2 and RabSF1 domains appear to play functional roles in mediating the 

interaction between Rabs and RabGAPs. Moreover, the RabSF1 domain can be used to make 

in silico predictions of functional Rab/RabGAP pairs. This method is expected to be a broadly 

applicable tool for predicting protein–protein interactions where existing crystal structures for 

homologs of the proteins of interest are available.

Keywords: GTP hydrolysis, Rab proteins, RabGAPs, protein–protein interactions, structural 

informatics, computational biology, Evi5, Evi5L

Introduction
Rab proteins represent the largest subset of small GTPase proteins in the Ras superfam-

ily and are critical components for the functioning of eukaryotic cells. The hydrolysis 

of guanosine triphosphate (GTP) by these proteins permits them to oversee processes 

as diverse as vesicular trafficking, organelle formation, cilium formation, and cytoki-

nesis.1–3 As seen in other eukaryotic systems, additional proteins modulate control of 

Rab activity. Rab proteins are active only when bound to GTP and can be deactivated 

by the action of Rab-GTPase activating proteins (RabGAPs). RabGAP proteins trigger 

Rab proteins to hydrolyze the bound GTP, leaving the protein inert until the guanosine 

diphosphate (GDP) can be swapped for GTP by the action of a second protein interac-

tion partner, a guanine nucleotide exchange factor (GEF). Finally, GDP dissociation 

inhibitors (GDIs) bind to GDP-bound Rabs to prevent their reactivation.3

One of the current challenges of investigating the Rab-family of GTPases is the 

difficulty in determining the capacity for a functional interaction between a given Rab 

and RabGAP. These studies have historically involved a substantial amount of time and 

laboratory work, as there are >40 recognized Rabs and >40 RabGAPs.2 Considering 

that some RabGAPs are capable of interacting with more than one Rab (and vice versa), 

there are >1,600 possible interactions to be evaluated. Although studies have successfully 
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utilized a serial testing methodology to identify functional 

Rab–RabGAP interactions,4 advancement in the field of cell 

biology would be accelerated if a mechanism existed to limit 

the experiment to only those Rabs with an elevated possibility 

of physical interaction.

Previously, Periera-Leal and Seabra5 identified a series of 

conserved protein domains common to Rab proteins, which 

they classified as the Rab family motif and Rab-family sub-

motifs. However, the high degree of amino acid conservation 

typical to these domains among Rabs has made ascribing a 

functional role to them challenging. This task has been fur-

ther complicated by the capacity for overlapping interactions 

between certain Rabs and RabGAPs. In the 16 years since 

the identification of these domains, advances in structural 

informatics and computational biology have made it possible 

to rapidly predict the three-dimensional (3D) structure of 

proteins with homology to other proteins with solved crystal 

structures. One highly useful method is found on the Phyre2 

webserver,6 which is able to produce a 3D model of the protein 

of interest, and is connected to the PhyreInvestigator platform. 

PhyreInvestigator acts as a structural informatics portal capable 

of integrating information from the Protein Data Bank (PDB)7 

the Conserved Domain Database (CDD),8 and a suite of struc-

tural informatics programs to provide a robust description of 

the most probable function, spatial location, and functional 

domains found within the predicted protein structure.9–12

To facilitate the future functional characterization of 

Rab–RabGAP interaction pairs, we sought to undertake a 

bioinformatics-based approach that would use these advances 

in protein structural informatics to identify homologous or 

nearly homologous regions of Rab proteins that are known to 

interact with the same RabGAP. By identifying these regions, 

we may increase the likelihood of predicting in advance what 

Rab–RabGAP pairings may functionally interact, both in 

vitro and in vivo. Here, we describe the initial implementation 

of these complementary bioinformatics methods by identify-

ing domains present in the Rab11 and Rab23 proteins that 

are likely to mediate interactions with their known partner 

RabGAPs, Evi5, and Evi5L, respectively.13,14

Materials and methods
3D structure prediction and analysis
Amino acid sequences for Rab proteins were downloaded 

from the GenBank accession numbers listed in Table 1. These 

sequences were submitted to the Phyre2 webserver (www.sbg.

bio.ic.ac.uk/phyre2/html/page.cgi) for a homology-dependent 

prediction of the 3D structure for each protein.6 Only 3D mod-

els with 100% confidence in 3D prediction were considered 

for submission to the associated PhyreInvestigator platform 

for additional analyses.6 Prediction of protein–protein inter-

action sites present in each model was accomplished by the 

PI-Site9 and ProtinDb programs (http://protindb. cs.iastate.

edu). Similarly, prediction of structural sensitivity to mutation 

and binding-pocket detection were made by the SUSPect12 and 

fpocket211 programs, respectively. All programs were utilized 

as implemented by PhyreInvestigator using default settings.

Domain homology analysis
Predicted functional domains were identified using InterPro 

(v48.0; https://www.ebi.ac.uk/interpro/).10 Multiple sequence 

alignments were prepared using the ClustalW program as 

implemented in the MacVector software package (v13.0.2, 

MacVector, Inc., Cary, NC, USA) using the BLOSUM matrix 

with default parameters. Domains of interest identified by 

the various programs described above were compared as 

described in the Results section. The phylogenetic analysis 

of Rab proteins and their protein domains was accomplished 

through the implementation of the unweighted pair group 

method with arithmetic mean algorithm in the MacVector 

software package, using the following settings: Best Tree 

with random tiebreaking and distance calculated using an 

uncorrected “p” with gaps distributed proportionally.

Visualization of 3D structures
Visualization of predicted 3D protein structures was accom-

plished using the MacPyMol program (v1.8.2.3; Schrödinger, 

LLC, NY, USA) or the JSmol program as used in PhyreIn-

vestigator. Crystal structures of Rab11A (PDB_ID: 1YZK) 

and Rab23 (PDB_ID: 1Z22) were downloaded from the PDB 

for visualization and structural alignment using MacPyMol. 

Details regarding the crystallization of Rab11A and Rab23 

can be found in the study by Eathiraj et al.15

Results
Prediction of Rab 3D structures and 
comparison to existing crystal structures
The recent release of the Phyre2 protein modeling and 

associated PhyreInvestigator structural bioinformatics plat-

Table 1 Accession numbers for protein sequences used in this 
study

Protein Accession number

Rab4A AAM21082.1

Rab7 AAD02565.1
Rab11A P62491.3
Rab23 AAM21099.1
Rab35 CAG46484.1

www.dovepress.com
www.dovepress.com
www.dovepress.com
www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi
www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi
http://protindb. cs.iastate.edu
http://protindb. cs.iastate.edu
https://www.ebi.ac.uk/interpro/
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form has made analysis of protein tertiary structure more 

efficient and straightforward.6 The Phyre2 program employs 

a homology-based approach that identifies the closest homo-

logs with solved crystal structures to the protein of interest.6 

These crystal structures are then used for one-to-one protein 

threading modeling to create a series of 3D structure predic-

tions of varying confidence levels. To develop an in silico 

method of identifying structural features that could be used 

to predict successful Rab-RabGAP interaction partners, we 

selected two Rab proteins, Rab11 and Rab23, whose crystal 

structures had previously been solved and are known to 

interact with the RabGAPs Evi5 and Evi5L, respectively, in 

a mutually exclusive fashion. A broad outline of the bioin-

formatics workflow used in this study is presented in Figure 

1. As expected, Phyre2 generated a number of predicted 

structures for each submitted amino acid sequence. The 

model with the highest overall ranking at the time of the 

study was selected for further analysis; details regarding the 

coverage and confidence of each model can be found in Table 

2. In general, model predictions of Rab proteins possessed 

excellent confidence and each model covered >80% of the 

experimentally derived crystal structure that was used as the 

template for protein-threading modeling. The comparison of 

the Phyre2-generated models to the previously solved crystal 

structures reveals that the modeled ones are nearly identical 

to the solved structures, with the  primary difference being 

the positioning of certain loop regions (Figure 2). Given the 

high quality of structure prediction and the need to assess 

the use of this method on computationally derived structures, 

the remainder of the structural analyses in this work was 

performed on the in silico-generated models.

Analysis of 3D structure and 
identification of functional domains
The PhyreInvestigator platform represents a single-entry 

portal for the application of a suite of bioinformatics pro-

grams.6 The highest ranked structure identified by Phyre2 

Figure 1 Flow diagram of bioinformatics analyses utilized in the current study.
Abbreviations: CDD, Conserved Domain Database; UPGMA, unweighted pair group method with arithmetic mean.

Determine homology of selected Rabs and RabGAPs to
proteins with solved crystal structures (Phyre2)

Perform one-to-one protein threading of proteins of interest to
their closest, structure-solved homolog to provide 3D
structural predictions (Phyre2)

Predict binding pockets (fpocket2), protein–protein
interaction sites (ProteinDB, PI_Site), sensitivity to mutation
(SUSPect), and existence of known conserved domains
(CDD, InterPro)

Identify domains that were similar or dissimilar among
Rabs that bound the same RabGap via multiple sequence
alignments (ClustalW, UPGMA)

Map identified residues on the predicted models in 3D
space (MacPyMol, JSmol)

Table 2 Description of structural predictions of proteins used 
in this study

Protein Model  
confidence  
(%)

No. of  
modeled  
residues

Model  
coverage  
of template  
(%)

% Identity  
to model  
sequence

Rab4A 100 193 89 45
Rab7 100 184 89 99

Rab10 100 193 96 52

Rab11A 100 187 87 49

Rab23 100 192 81 31

Rab35 100 188 93 51
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was submitted to PhyreInvestigator, and a series of domain 

predictions was performed. Binding-pocket locations were 

predicted using the fpocket2 program, whereas the prediction 

of protein–protein interaction sites was achieved using both 

PI-Site and ProtinDb; these data are summarized in Table 3. 

The fpocket2 program identified a GTP-binding pocket in both 

Rab11A and Rab23, consistent with their known role as GTP-

binding proteins. Similarly, both the PI-Site and ProtinDb 

programs identified multiple residues predicted to be involved 

in protein–protein interactions, with PI-Site including more 

residues in its analysis than the more conservative ProtinDb. 

As both PI-Site and fpocket2 predicted similar numbers of 

residues to form GTP-binding pockets and protein–protein 

interaction sites, respectively, we investigated the possibility 

that these two domains could coordinate in 3D space. Mapping 

of these residues onto the 3D model confirmed that these two 

predicted regions coordinated for both Rab11A and Rab23 

(Figure 3A–F). The in silico prediction of the catalytic residues 

of Rab11A and Rab23 was accomplished via comparison to 

the Catalytic Site Atlas (as implemented in PhyreInvestigator) 

and identified two catalytic residues each. Catalytic glutamine 

residues were identified at positions 70 and 68, in Rab11A 

and Rab23, respectively. Whereas the catalytic site of Rab23 

was identified to include an alanine residue at position 19, 

the nonglutamine catalytic residue in Rab11A is a glycine 

located at position 21.

Figure 2 Phyre2 structure predictions closely align to experimentally solved Rab crystal structures.
Notes: Phyre2 homology-based 3D structural predictions of Rab11A (A) and Rab23 (D). (B and E) Experimentally-derived 3-D structures solved previously by Eathiraj et al15 
as visualized from publically available PDB co-ordinate files for Rab11A (Panel B; PDB_ID: 1YZK) and Rab23 (Panel E; PDB_ID: 1Z22). The superimposition of each predicted 
structure over the solved crystal structure for Rab11A and Rab23  (C and F, respectively) demonstrates the high degree of accuracy of modeling Rab proteins using this method.
Abbreviations: 3D, three dimensional; PDB, Protein Data Bank.

A B C

D E F

Phyre2 structure prediction PDB crystal structure Overlap

R
ab

11
R

ab
23

Table 3 Binding pocket and protein–protein interaction site predictions among Rab proteins known to interact with Evi5 or Evi5L

Rab protein Known RabGAP 
interaction 
partnera

No. of residues 
in predicted 
binding pocket

No. of residues 
predicted to be 
protein–protein 
interaction domains 
by PI-Site

No. of residues 
predicted to be 
protein–protein 
interaction domains 
by ProteinDb

No. of predicted protein–
protein interaction residues 
identified in common 
between both programs

Rab4A Evi5L 20 38 26 8
Rab7 Evi5L 28 27 0 0
Rab10 Evi5L 29 29 26 8
Rab11A Evi5 31 31 14 7
Rab23 Evi5L 29 30 18 7
Rab35 Evi5 30 37 22 8

Note: aExperimentally validated pairs of Rab and RabGAP proteins are reviewed in Frasa et al.2
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Rab proteins possess a well-described domain signa-

ture.5,16 To further validate our predicted structures, the 

primary amino acid sequences of Rab11 and Rab23 were 

submitted to InterPro database for protein domain identifica-

tion. These analyses revealed that the putative GTP-binding 

domains of Rab11 and Rab23 would correspond to amino 

acids 10–168 and 10–165, respectively. The InterPro analysis 

was consistent with the fpocket2 analysis, which identified 

the binding pockets of Rab11 and Rab23 to be formed by a 

subset of amino acids present in the regions between amino 

acids 21–156 and 19–153, respectively.

In an attempt to confirm the above-mentioned results, 

Rab11 and Rab23 were queried for the presence of any 

other recognized functional domains known to the CDD 

(as implemented in PhyreInvestigator). This analysis identi-

fied 20 structural motifs or function regions present in each 

protein (Table 4). Of the features mentioned in Table 4, 

only nine are characteristic of Rab proteins.5,16 Although the 

expected Rab domains were identified, their existence has 

not yet been correlated with a specific function. Multiple 

sequence alignments of the Rabs revealed the presence of 

amino acid substitutions within the Rab-specific domain 

signatures (Figure 4). These variations occurred in patterns 

that mimicked the ability of the Rab proteins in question to 

bind to Evi5 or Evi5L. In particular, among Rabs capable 

of interacting with the same RabGAP, binding appeared to 

be associated with a high degree of homology between the 

RabF1, RabF2, RabF3, RabF4, RabF5, RabSF1, and RabSF4 

domains. When comparing Rabs that cannot interact with 

the same RabGAP, RabF2, RabF5, RabSF1, and RabSF2 

show diminished homology. Among these two groups of 

Rab-family domains, the RabSF1 and RabF2 domains are 

both highly similar between Rabs interacting with the same 

RabGAP and dissimilar between Rabs interacting with the 

different RabGAPs. This line of inquiry was expanded by 

exploring whether the RabSF1 and/or RabF2 domains could 

be used to infer RabGAP-binding preferences. Alignments of 

whole protein or the RabF2 and RabSF1 domains revealed 

that, unlike alignments of the whole Rab proteins, alignments 

of the RabSF1 domain could be used to reconstruct a tree 

of Rab proteins that could interact with the same RabGAP 

(Figure 5).

In order for RabF2 and RabSF1 to mediate interactions 

between their respective Rab and RabGAP partner, these 

Figure 3 Critical Rab residues coordinate in 3D space.
Notes: The predicted 3D structure of Rab11 (top panels) and Rab23 (bottom panels) were obtained using the Phyre2 webserver and analyzed. (A, D) The GTP-binding 
pocket location – amino acid residues predicted by the fpocket2 algorithm to be a part of the Rab GTP-binding pocket are highlighted in cyan (Rab11A) or in yellow (Rab23). 
(B, E) Amino acid residues predicted by the PI-Site algorithm to be a part of the Rab protein interaction interface are highlighted in red (both). Residues predicted exclusively 
by ProtinDb are not shown. (C, F) Amino acids highlighted in A and B or D and E were highlighted simultaneously on the modeled structure. All panels: visualization achieved 
using MacPyMol.
Abbreviations: 3D, three dimensional; GTP, guanosine triphosphate.
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R
ab

11
R

ab
23

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


Advances and Applications in Bioinformatics and Chemistry 2017:10submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

52

Davie and Faitar

Table 4 Structural and functional motifs present in Rab11A and Rab23

Domain Function Position in Rab11A Position in Rab23

RabSF1 Unknown D9,Y10,L11,F12,K13 I10,K11
RabSF2 Unknown N26,L27,L28,S2,R30,F31,T32,R3,N34,E

35,F36,N3,E39,S40,K41,S42
S24,M25,I26,Q27,R28,Y29,C30,K31,G32,I3
3,F34,T35,K39,K40

RabF4 Unknown Y80,Y81,R82,G83,A84 Y78,Y79,R80,G81,A82
RabF1 Unknown I44,G45,V46,E47,F48 I42,G43,V44,D45,F46
RabSF4 Unknown T170,E171,I172,Y173 E167,K168,Y169
Putative GDI 
interaction site

Possible site of Rab–RabGDI 
binding

I44,G45,E47,W65,D66,Y73,A75,T77,
S78,A79

I42,G43,D45,W63,D64,F71,A73,T75, 
K76,A77

RabF2 Unknown K61,A62,Q63,I64,W65 R59,L60,M61,L62,W63
Putative effector 
interaction site

Unknown; possibly an interaction 
surface with another protein

I44,V46,E47,F48,Q63,W65,R72,Y73, 
I76,Y80,R82,G83,A84,V85,I172

I42,V44,D45,F46,M61,W63,E70,F71,I74, 
Y78,R80,G81,A82,Q83,Y169

RabSF3 Unknown I117,V118,I119,M120,L121 I114,P115,T116,V117,L118
G3 box Phosphate-binding loop D66,T67,A68,G69 D64,T65,A66,G67
G4 box Phosphate-binding loop N124,K125,S126,D127 N121,K122,I123,D124
Switch I region Region subject to conformational 

change upon GTP binding
F36,K41,S42,T43,I44,G45,V46,E47,F4
8,A49

F34,K39,K40,T41,I42,G43,V44,D45,F46
,L47

GTP/Mg2+-binding site GTP-binding pocket S20,G21,V22,G23,K24,S25,N26,N37,S
40,T43,G69,N124,K125,D127,S154,A
155,L156

A19,V20,G21,K22,S23,S24,D37,Y38,K40,N
121,K122,D124,V152,K153

Switch II region Region subject to conformational 
change upon GTP binding

G69,E71,R72,Y73,R74,A75,I76,T77,S78
,A79,Y80,Y81

G67,E69,E70,F71,D72,A73,I74,T75,K76,A
77,Y78,Y79

G1 box Phosphate-binding loop G18,D19,S20,G21,V22,G23,K24,S25 G16,N17,G18,A19,V20,G21,K22,S23
RabF3 Unknown R72,Y73,R74,A75,I76,T77 E70,F71,D72,A73,I74,T75
RabF5 Unknown L89,V90,Y91,D92,I93,A94 L87,V88,F89,S90,T91,T92
G2 box Phosphate-binding loop T43 T41
G5 box Phosphate-binding loop S154,A155,L156 S151,V152,K153
Putative GEF 
interaction site

Possible site of Rab–RabGEF 
binding

K41,G45,V46,E47,F48,A49,T50,R51,S5
2,T59,K61

K39,G43,V44,D45,F46,L47,E48,R49,Q50,
D57,R59

Note: “RabF” denotes Rab family motifs, while “RabSF” denotes Rab family submotifs as identified by Pereira-Leal and Seabra.5

Abbreviations: GDI, guanosine diphosphate dissociation inhibitor; GEF, guanine nucleotide exchange factor; GTP, guanosine triphosphate.

Figure 4 Rab proteins capable of functional interaction with the same Rab-GTPase activating proteins share greater homology at specific Rab (RabF) and Rab subfamily 
(RabSF) domains.
Notes: ClustalW alignments of (A) Rab11 (interacts with Evi5) and Rab23 (cannot interact with Evi5) reveal lesser homology, whereas (B) Rab proteins both capable of 
interaction with Evi5 show greater homology, particularly in domains RabF2 (green box) and RabSF2 (purple box). Other domains shown: RabF1 (black box), RabF3 (red 
box), RabF4 (blue box), RabF5 (yellow box), RabSF1 (orange box), RabSF3 (pink box), and Rab SF4 (light blue box).

Formatted alignments
Rab23 (Homo sapiens)
Rab11A (Homo sapiens)

Rab23 (Homo sapiens)
Rab11A (Homo sapiens)

Rab23 (Homo sapiens)
Rab11A (Homo sapiens)

Rab35 (Homo sapiens)
Rab11A (Homo sapiens)

Rab35 (Homo sapiens)
Rab11A (Homo sapiens)

Rab35 (Homo sapiens)
Rab11A (Homo sapiens)

Formatted alignments

A

B

same domains would be expected to be in close physical prox-

imity to one another, as well as with the residues predicted to 

be involved in protein–protein interactions. Visualization of 

both the Rab11 and Rab23 models revealed that RabF2 and 

RabSF1 domains are adjacent to one another on the same 

beta-pleated sheet (Figure 6A, B). Furthermore, the amino 
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Figure 5 Hierarchical clustering analyses demonstrate that RabSF1 domain sequence variations correlate with known Rab-Rab-GTPase activating proteins interaction pairs.
Notes: Hierarchical clustering analyses were performed using the unweighted pair group method with arithmetic mean algorithm using (A) whole Rab protein sequence, 
(B) RabF2 domain only, or the (C) RabSF1 domain only. The RabSF1 domains from Rabs capable of interacting with the same RabGAP were consistently placed on the same 
branches. Hierarchical clustering analyses performed using the Neighbor-Joining method produced similar results (data not shown).
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acid residues predicted to mediate protein–protein interac-

tions are also present in this beta-pleated sheet. To further 

explore the significance of these domains, we next considered 

the effect of mutation on the predicted structures. If the previ-

ously identified domains were associated with the interaction 

with a RabGAP, then mutation of some or all of these residues 

would result in a phenotypic or functional change. To assess 

this in silico, we used the SUSPect algorithm implemented 

within PhyreInvestigator (Figure 6A–D). This algorithm 

predicted that the amino acids corresponding to the RabF2 

domain, but not the RabSF1 domain, are highly sensitive to 

mutation. These results suggested that the RabF2 domain 

might stabilize the physical location of the RabSF1 domain 

in a manner that permits the interaction with one or multiple 

RabGAP proteins (Figure 6C). Additional analysis revealed 

that the residues of both domains exhibit moderate scores 

with respect to relative amino acid conservation (Figure 6D).

Discussion
One of the primary uses of computational biology is to guide 

experimental design prior to in vitro experimentation. In cell 

biology, the development of in silico methods for predicting 

the interaction of Rab and RabGAP proteins could become 

a valuable tool for accelerating the pace of Rab–RabGAP 

interaction mapping. In this study, we have demonstrated that 

the RabSF1 and RabF2 domains of Rab11 and Rab23 are colo-

cated in 3D space and comprise many of the residues predicted 

to be involved in protein–protein binding. The residues in 

these domains were found to be highly conserved with respect 

to their function. The RabSF1 domain is further predicted to 

be highly sensitive to mutation, suggesting that alteration to 

this domain may result in a loss of RabGAP binding and sub- 

sequent disregulation of Rab-specific activities. Collectively, 

these results suggest that these domains serve together as 

the site of Rab–RabGAP interaction. Furthermore, we have 
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Figure 6 RabF2 and RabSF1 domains correspond to predicted protein–protein interaction surfaces and are expected to be subject to mutational and conservational pressure.
Notes: (A) The RabSF1 (red) and RabF2 (yellow arrow) are predicted to be adjacent to one another in the same β-pleated sheet. (B) This β-pleated sheet is also predicted 
as part of the protein–protein interaction surface. Only the RabSF1 domain is predicted to be sensitive to mutation (C), whereas both domains are functionally conserved 
(D) when analyzed using Jensen–Shannon divergence as implemented by PhyreInvestigator. All panels: visualization achieved using JSmol.
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established an in silico framework for the identification of pos-

sible interactions between Rab and RabGAP proteins based 

on experimentally verified pairs of interacting Rabs and Rab-

GAPs, where the Rab protein has a solved crystal structure. It 

is our expectation that this method should aid in limiting the 

number of wet-lab experiments necessary to demonstrate a 

functional interaction between a Rab and a RabGAP protein 

regardless of the existence of prior X-ray crystallography 

data. In practice, this method should be easy to use, requiring 

the investigator to align the RabSF1 domain of the Rab(s) of 

interest to that of a Rab known to interact with the RabGAP 

of interest and a control Rab known not to interact with that 

same RabGAP. In addition, applications of this method may 

prove useful in identifying the interaction surfaces for Rabs 

and their nonregulatory protein interaction partners. Several 

other domains (RabF1, RabF2–5, and RabSF2–4) are cur-

rently without a confirmed function; a comparison of Rabs 

known to interact with similar or identical cellular partners 

using variations of this method may suggest roles for these 

domains as well. Similarly, this technique could be applied 

more broadly to other sets of interacting proteins with homol-

ogy to solved crystal structures; while the domains putatively 

specifying interaction may differ, methods for combining 

structural predictions with scanning for domain-specific 

amino acid signatures are expected to be useful.

The use of two different computer programs for pre-

dicting amino acid residues involved in protein–protein 

interactions resulted in the identification of an overlapping, 

but nonidentical set of amino acids (Table 3). In each of the 

Rab structures analyzed, with the exception of Rab7, seven 

to eight common amino acids were found when using both 

methods. These amino acids represent the residues most 

likely to mediate physical interactions between Rabs and 

other proteins. However, as both the ProtinDb and PI-Site 

databases are composed of protein-interaction residues 

identified from solved crystal structures deposited in the 

PDB, it is possible that both methods, while computation-

ally different, may identify biologically significant residues 

among the nonoverlapping residue collection.9,17 However, 

in order to confirm which, if any, of these predicted amino 

acids are involved in Rab–protein interactions, future in vitro 

experimentation will be needed.

The method of structure determination used by Phyre2 

is highly accurate and provides several possible structures. 

Each one of them is subsequently ranked on the basis of the 

accuracy that the underlying algorithms used.6 Assessment of 

model quality was made on the basis of comparing each one to 

existing crystal structures of the same Rab proteins. All mod-

eled structures were predicted with high confidence (>80% 

confidence value in all cases) and the generated structures for 
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Rab11 and Rab23 were nearly identical to their experimentally 

solved crystal structures. Any possible dissimilarities are 

likely the result of the assembly of the final molecular model 

based on the individual Phyre2 algorithm components. Further 

support of the structural modeling’s accuracy can be found in 

the location of predicted catalytic residues. A comparison to 

the Catalytic Site Database has identified residues in Rab11 

(G21 and Q70) and Rab23 (A19 and Q68) that are expected 

to have catalytic activity. This is consistent with the position 

of the GTP-binding pocket predictions for Rab11 (positions 

21–71, 124–128, and 154–156) and Rab23 (positions 19–70, 

121–125, and 151–153), as well as with the position of these 

residues within the solved crystal structures.15 Similarly, 

the GTP-binding pocket and predicted protein interaction 

surfaces colocate, further supporting the validity of these 

models (Figure 3A–F). Moreover, although limited details are 

available regarding the accuracy of the ProtinDb program, the 

PI-Site program draws upon the library of solved 3D protein 

structures to infer residues in the sequence of interest that 

are similar to those known to be involved in protein–protein 

interactions.9,17 The PI-Site algorithm was designed to be con-

servative, requiring >90% sequence identity among the protein 

chains being compared for the presence of similar binding 

sites. These observations support the approach described in 

this work, and the authors expect that this method will be 

broadly applicable in cases where no solved structure exists 

for the molecule being analyzed.

With this in mind, the authors consider that further work 

in refining this method may prove valuable. For example, the 

data in Figure 5 indicate that the use of the RabSF1 domain 

alone may result in false-positive identifications, namely 

the placing of the Evi5L-interacting Rab4A and Rab10 on 

the same branch as the Evi5-interacting Rab11 and Rab35. 

However, it should be noted that in the study by Itoh et al, the 

evidence of interaction of Evi5L with both Rab4A and Rab10 

was described by the authors as weak but statistically sig-

nificant.4 A later study by Yoshimura et al showed extremely 

little GTP hydrolysis by Rab4A and none by Rab10, in the 

presence of Evi5L.18 It is also equally important to take into 

account the effect of environmental conditions on Rab–Rab-

GAP interactions. The GTPase activity of Rab proteins in the 

presence and/or absence of RabGAPs could be significantly 

affected by environmental factors during both in vivo and in 

vitro experiments. The use of bioinformatics tools similar to 

the method described, for predicting the optimal conditions 

necessary for a functional protein–protein interaction, would 

further enhance the practical application of this method. In 

addition, Evi5 and Evi5L represent members of the classi-

cal Group I (RQ catalytic residues) RabGAPs.2 Expansion 

of this method to the Rab–RabGAP interactions involving 

members of Groups II–VI has not been attempted as most of 

these RabGAPs have no known Rab partner.2 Future studies 

also need to include the identification of Rab-GDI and Rab-

GEF-binding domains, and the swapping of RabGAP-binding 

domains between Rabs, followed by the testing of their target 

RabGAP specificities. The authors recognize that further in 

vitro research is warranted on these topics, and efforts in 

these areas are planned.

One promising avenue of future research regards the 

RabGAP proteins Evi5 and Evi5L. Presently, efforts for the 

development of a high-confidence model for Evi5 and Evi5L 

are ongoing. While the current iteration of these models have 

high confidence for only select regions of each protein (data 

not shown), we plan to develop more complete models allowing 

us to better predict their interaction with partner Rabs. Such 

efforts would make it possible to compare them to solved 

crystal structures of Rab–RabGAP interaction pairs. In X-ray 

crystallography studies where this type of experiment has 

been attempted, the Rab partner has an alpha-helical domain 

that interacts with the RabGAP in a manner that is consistent 

with our in silico prediction of the surfaces of Rab11A and 

Rab23 that potentially interact with Evi5 and Evi5L, respec-

tively.19,20 In silico confirmation of such interactions would 

further enhance the accuracy and performance of the method 

described herein for the study of other Rab/RabGAP pairs.
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