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ABSTRACT
Rab molecular switches are key players in defining membrane identity and regulating intracellular
trafficking events in eukaryotic cells. In spite of their global structural similarity, Rab-family members
acquired particular features that allow them to perform specific cellular functions. The overall fold
and local sequence conservations enable them to utilize a common machinery for prenylation and
recycling; while individual Rab structural differences determine interactions with specific partners
such as GEFs, GAPs and effector proteins. These interactions orchestrate the spatiotemporal
regulation of Rab localization and their turning ON and OFF, leading to tightly controlled Rab-
specific functionalities such as membrane composition modifications, recruitment of molecular
motors for intracellular trafficking, or recruitment of scaffold proteins that mediate interactions with
downstream partners, as well as actin cytoskeleton regulation.

In this review we summarize structural information on Rab GTPases and their complexes with
protein partners in the context of partner binding specificity and functional outcomes of their
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interactions in the cell.

The Rab GTPases family

The hallmark of eukaryotic cells is their wealth of intra-
cellular compartments bound by membranes. Trafficking
between these cellular compartments is complex and
involves selective sorting of cargos, formation and trans-
port of vesicles, and specific fusion with the target mem-
branes at the final destination. Rabs (Ras-related protein
in brain)" are essential regulators of intracellular traffick-
ing. They mediate specific exchange of proteins and lip-
ids between compartments, thus define compartment
identity. Rabs carry out these processes by localizing to
specific intracellular membranes and recruiting a diverse
set of Rab effectors (e.g. tethering factors, molecular
motors, phospholipid modulators, etc.) to control vesicu-
lar trafficking events.>”

Rabs are ancient and diverse, and the number of Rabs
varies widely among organisms across phylogeny. In
humans, there are 70 Rabs that belong to 44 subfamilies
(Fig. 1), representing the largest small GTPase family
and reflecting the complexity of membrane transport
events in which they participate.* Rab functional

subgroups with shared ancestry often participate in
related but non-overlapping cellular activities.” Five Rabs
(Rabl, Rab5, Rab6, Rab7 and Rabll) are found in all
eukaryotic genomes and thus seem indispensable.®

Rabs work as typical Ras-like small GTPases. They are
nucleotide dependent molecular switches that are ON in the
GTP-bound (active) form and OFF in the GDP-bound
(inactive) form. All Rabs share a conserved fold (G-domain)
compatible with strong binding of Mg”*GDP and
Mg**GTP and with GTP hydrolysis.” In spite of consider-
able structural and biochemical similarities, Rabs play multi-
ple and divergent roles in many fundamental cellular
processes.® Over the past 20 years, significant progress has
been made in understanding how the diversity of Rab pro-
teins controls the trafficking and exchange between cellular
compartments at the molecular level. Studies have revealed
how Rab proteins are regulated and how they coordinate
trafficking events in cooperation with their binding partners.
Interestingly, some intracellular bacterial pathogens subvert
Rabs to evade degradation. They introduce virulence factors
into the host cell cytoplasm that interact with Rabs to re-
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RAB40A 7 PDQAYDFLLKFLL! KSEILESL SGOGRFC~TIFRSYSRGAQGVILVYDIANRWSFEGMDRWIK 110
RAB15 1 MAKQYDVLFRLLLI LCRFT \GOERYQ-TITKQYYRRAOGIFLVYDISSERSYQHIMKWVS 104
RAB1A 4 MNPEYDYLFKLLLIGDSGVGKSCLLLRFA GQERFR-TITSSYYRGAHGI IVVYDVIDQESFNNVKQWLQ 107
RAB35 1 MARDYDHLFKLLIIGDSGVGKSSLLLRFA .\GOERFR=TITSTYYRGIHGVIVVYDVISAESFVNVKRWLH 104
RABSA 1 MAKTYDYLFKLLLIGDSGVGKTCVLFRFS \GQERFR-TITTAYYRGAMGIMLVYDITNEKSFDNIRNWIR 104
RAB13 1 MAKAYDHLFKLLLIGDSGVGKTCLIIRFAE IDFKIRTVDIEG-~ GQERFK~-TITTAYYRGAMGIILVYDITDEKSFENIQNWMK 104
RAB10O 2 AKKTYDLLFKLLLIGDSGVGKTCVLFRFSDDAFNTT-~--FISTIGIDFKIKTVELQG: GOERFH-TITTSYYRGAMGIMLVYDITNGKSFENISKWLR 105

RAB37 22 CSPSYDLTGKVMLLGDTGVGKICFLIQFKDGAFLSGT--FIATVGIDFRNKVVTVDG \GQERFR-SVTHAYYRDAQALLLLYDITNKSSFDNIRAWLT 126
RAB26 56 GVDFYDVAFKVMLVGDSGVGKTCLLVRFKDGAFLAGT--FISTVGIDFRNKVLDVDG: VKVKLO! LGOERFR-SVTHAYYRDAHALLLLYDVTNKASFDNIQAWLT 160
FITTVGIDFREKRVVYRA (10) QRIHLOLWDTAGOERFR-SLTTAFFRDAMGFLLLFDLTNEQSFLNVRNWIS 115

RAB27A 2 SDGDYDYLIKFLALGDSGVGKTSVLYQYTDGKFNSK-

RAB3A 15 SDQNFDYMFKILIIGNSSVGKTSFLFRYADDSFTPA---FVSTVGIDFKVKTIYRND----KRIKLOQIWDTAGQERYR-TITTAYYRGAMGFILMYDITNEESFNAVQDWST 118
RAB18 1 MDEDVLTTLKILIII LLRFTDDTF LAATIGVDFKVKTISVDG==~~NKAKLAIWDTRGOERFR-TLTPSYYRGAQGVILVYDVTRRDTFVKLDNWLN 104
RAB12 35 KLQVIII TDDTFCEA---CKSTVGVDFKIKTVELRG: P.\COERFN-SITSAYYRSAKGIILVYDITKKETFDDLPKWMK 138
RAB44 529 PQANPDYLFHVIFLGDSNVGKTSFLHLLH [\GOERYH-SMTRQLLRKADGVVLMYDITSQESFAHVRYWLD 632
RAB45 534 KSFSSQKAYKIVLAGDAAVGKSSFLMRLC AGOERFR-SIAKSYFRKADGVLLLYDVTCEKSFLNIREWVD 637
RAB4A 6 MSETYDFLFKFLVI LHOF I \COERFR-SVTRSYYRGAAGALLVYDITSRETYNALTNWLT 109
RAB14 4 APYNYSYIFKYIILI| LLHQF TEKKF] PHTIGVEFGTRIIEVSG: I\GQERFR-AVTRSYYRGAAGALMVYDITRRSTYNHLSSWLT 107
RAB2A 1 --MAYAVLFKYIIIGDTGVGKSCLLLOFTDKRFQPV-~~HDLTIGVEFGARMITIDG=~~~KQIKLOIWDTNGOESFR-SITRSYYRGAAGALLVYDITRRDTFNHLTTWLE 102
RAB39A 1 METIWIYQFRLIVIGDSTVGKSCLLHRFTOGRFPGL(4)CDPTVGVDFFSRLLEIEP---GKRIKLOLWDTAGQERFR-SITRSYYRNSVGGFLVFDITNRRSFEHVKDWLE 109
RAB42 2 EAEGCRYQFRVALLGDAAVGKTSLLRSYVAGAPGAP (5)PEPTVGAECYRRALQLRA-~~GPRVKLOLWDTAGHERFR-CITRSFYRNVVGVLLVFDVINRKSFEHIQDWHQ 111
RAB11A 4 RDDEYDYLFKVVLI SNLL 'TRNEFNLE TIGVEFATRS IQVDG-~---KTIKAQIWDTNGOERYR-AITSAYYRGAVGALLVYDIAKHLTVENVERWLK 107
RAB25 5 TEEDYNFVFKVVLIGESG L ‘IRNEF TIGVEFSTRTVMLGT----AAVKAQIWDTIGLERYR-AITSAY YRGAVGALLVFDLTKHQTYAVVERWLK 108

RAB19 10 ADENFDYLFKIILIGDSNVGKTCVVQHFKSGVYTET-~=-QONTIGVDFTVRSLDIDG=~=~KKVKMOVWDTAGOERFR-TITQSYYRSAHAAT ITAYDLTRRSTFESIPHWIH 113
RAB43 11 PDEQYDFLFKLVLVGDASVGKTCVVQRFKIGAFSER---QGSTIGVDF TMKTLEIQG-~~~KRVKLOIWDTNGOERFR-TITQOSY YRSANGAILAYDITKRSSFLSVPHWIE 114
RAB33A 29 DQYVQIRIFKIIVIGDSNVGKTCLIFRFCGGTFPDK---TEATIGVDFREKTVEIEG----EKIKVQVWDTAGQERFRKSMVEHY YRNVHAVVFVYDVTKMTSFTNLKMAIQ 133
RAB30 SMEDYDFLFKIVLIGNAGVGKTCLVRRFIQGLFPPG~-~~QGATIG IWGOERFR-SITQSYVRSANALILTYDITCEESFRCLPEWLR 104
RAB6A DFGNPLRKFKLVFLGEQSVGKTSLITRFMYDSFDNT. IWGOERFR-SLIPSYIRDSTVAVVVYDITNUNSFQQTTKWID 115
RAB41 24 TEYQSLCKSKLLFLGEQSVGKTSIISRFMYNSFGCA- {IDFLSKTMYLED-~~--QIVQLOLWDTRGQERFH-SLIPSY IRDSTIAVVVYDITNINSFKETDKWVE 109
RAB24 ~MSGORVDVKVVMLGKEYVGKTSLVERYVHDRFLVGP -~ YONT IGAAFVAKVMSVGD=~==RTVTLGIWDIAGSERYE-AMSRIVYRGAKAAIVCYDLTDSSSFERAKFIWVK 127
RAB21 AAAGRAYSFKVVLLGEGCVGKTSLVLRYCE! S FLTKKLNIGG--—-KRUNLAIWDTAGOERFH-ALGPIVYRDSNGAILVYDITDEDSFQKVKNWVK 104
RAB17 12 AAPSQPRVFKLVLLGSGSVGKSSLALRYV| CAFFTKVVDVGA=~~=-TSLKLEIWDTRGQEKYH-SVCHLY FRGANAALLVYD ITRKDSFLKAQQWLK 114
RAB5A 13 NTGNKICQFKLVLLGESAVGKSSLVLRFY BAFLTQTVCLDD-~=~TTVKFEIWDTAGOERYH-SLAPMY YRGAOAATVUYDITNEESFARAKNWVE 116
RAB22A 1 ---MALRELKVCLLGDTGVGKSSIVWRFV ASFMTKTVQYQN----ELHKFLIWDTAGOERFR-ALAPMYYRGSAAAT IVYDITKEETFSTLKNWVK 101
RAB36 116 TGTVGLKLSKVVVVGDLYVGKTSLIHRFCKNVFDRD---YKATIGVDFEIERFEIAG----IPYSLOIWDTNGOEKFK~CIASAYVYRGAQVI ITAFDLTDVQTLEHTRQWLE 219
RAB34 45 TGTVGFKISKVIVVGDLSVGKTCLINRFCKDTFDKN---YKATIGVDFEMERFEVLG-~---IPFSLOLWDTAGOERFK-CIASTY YRGAQAT I IVFNLNDVASLERTKQWLA 148
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RAB20 1 ---MRKPDSKIVLLGDMNVGKTSLLQRYMERRF' TVGGAFYLKQWR- YNISIWD' H-GLGSMYCRGAAAT ILTYDVNHRQSLVELEDRFL 96
RAB28 5 KIVVLI LTTCFAQETFGKQ. YKQTIGLDFFLRRITLPGN~~~LNVTLOIWDIGGOTIGG-KMLDKY IYGADGVLLVYDITNYQSFENLEDWYT 109
RAB7A 1 MTSRKKVLLKVI ILGDSGVGRTSLMIQYV)IKKFSHQ---YKATIGADFLTK!VIND!IR- ==LUTMOIWDINGOERF 0-SLGVAF YRGADCCVLVFDVTAPNTFKTLDSWRD 104
RAB9A 1 -MAGKSSLFKVILLS YVTNKFDTQ LFHTIG WGOERFR-SLRTPFYRGSDCCLLTFSVDDSQSFONLSNWKK 103
RAB32 18 APETREHLFKVLVIGELGVGKTSIIKRYV| VDFALKVLNWDSR==~TLVRLOLWDIRGOERFG-NMTRVY YKEAVGAFVVFDISRSSTFEAVLKWRS 122
RAB38 2 QAPHKEHLYKLLVIGDLGVGKTSIIKRYV| (VDFALKVLHWDPE-~-~-TVVRLOLWDIAGOERFG: 'Y YREAMGAF IVFDVTRPATF 106
RAB29 1 -MGSRDHLFKVLVVGDAAVGKTSLVQRYS VDFALKVLQWSDY-~~-EIVRLOQLWDIAGQERFT-SMTRLY YRDASACVIMFDVINATTFSNSQRWKQ 104
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RAB40A  KIEEHAP-G----VPKILVGNRLHLAFK--—-RQVPREQAQAYAERL-GVTFFEVSPL-—-CNFNIIESFTELARIVLL (72)KVET
RAB15 VQKILIGNKADEEQK- RQVGREQGQQLAKEY~GMDFYETSAC-~-TNLNIKESFTRLTELVL (12 )LA!L!BBS
RAB1A VNKLLVGNKCDLTTK- KVVDYTTAKEFADSL-GIPFLETSAK---NATNVEQSFMTMAAEIK ( 8)NVKI C-
RAB35 Vv YRFAGQM=GIQLFETSAK==~ENVNVEEMFNCITELVL (10) VVKL ccC-
RABSA Qv LALDY-GIKFMET! ANINVENAFFTLARDI (10)GVKITPI 'FRCVLL.
RAB13 ---RKVQKEQADKLAREH-GIRFFETSAK---SSMNVDEAFSSLARDILLKSGGRR (10) DLKTCDKKNTNKCSLG————
RAB10 RVVPKGKGEQTAREH-GIRFFETSAK~-~~ANINIEKAFLTLAEDILRKTPVK-( 5)NVDI: v CCmmmmmm 200
RAB37 RVIRSEDGETLMBY GVPFLETSAK---TGMNVELAFLAIAKELKYRACHQA( 3)SFQIRDYVESQKKRSSCCSFM-
RAB26 LAKEY-GLPFMETSAK---TGLNVDLAFTAIAKELKQRSMKAP ( 3) RFRLHDYVKREGRGAS CCRP-—
RAB27A PDXVLCGHRSDL!DQ—--—RWREEEAIALABKY-GIFYI-'ET A NISQAIEMLLDLI! ( 8)Vv STDOL CGC- 221
RAB3A AQVLLVGNKC RVVSSERGRQLADHL-GFEFFEASAK-~~DNINVKQTFERLVDVICEKMSESL (12)GPQLSDQOVPPHODCAC-~~=========220
RAB18 1VNMLVGNKIDKEN— REVDRNEGLKF ARKH-SMLF TEASAK--—TCDGVQCAFEELVEKI IQTPGLWE( 6)GVKL CSVL- 206
RAB12 AELLLVGNKLDCETD----REITROOGEKFAQQTTGMRFCEASAK~
RAB44 VVILLLGNKMDCEEE----RQVSVEAGQQLAQEL-GVYFGECSAR-

RAB45 MIEDAAHET----VPIMLVGNKADIRDTA (5)KCVPGHFGEKLAMTY-GALFCETSAK—

RAB4A DARMLASQN-=-==1VIILCGNKKDLDAD~ REVIFLEASRFAQEN-ELMFLETSAL-~-TGENVEEAFVQCARKILNKIESGE (18) QL Qi CGC 218
RAB14 DARNLTNPN----TVIILIGNKADLERQ- RDVTYEEAKQFAEEN-GLLFLEASAK---TGENVEDAFLEAAKKIYONIQDGS (18) GGRLTSEPQPOREGOGC-——————————-. 215
RAB2A MV IMLIGNKSDLESR~~~-REVKKEEGEAF AREH-GLIFMETSAK--~TASNVEEAF INTAKEI VEKIQEGV ( 8)GIKIGPQHAATNATHAGNQGGQQAGGGCC212
RAB39A IVFLLVGIKCDLASQ— RQVTREEAEKLSADC-GMKY IETSAK-~--DATNVEESFTILTRDIYELIKKGE (12)GFV PRKECF C- 217
RAB42 EELAASL-GMAFVETS NVDLAFDTLADATQQOALQOGD (14 ) KTQL QC- 218
RAB11A ===RAVPTDEARAFAEKN-GLSFIETSAL---DSTNVEAAFQTILTEIYRIVSQKQ (16 ) PIHVPPTTENKPKVQCCONI~-~~~~~~~=216
RAB25 = TVVML’ SOA P LLFLETSAL VELAFETVLKEIF ( 7)AITL 'CISL--==213
RAB19 VVIMLIGNKCDLWEK----RHVLFEDACTLAEKYGLLAVLETSAK---ESKNIEEVFVLMAKELIARNSLEL( 7)GLPLDSSPVLMAQGPSEKTHCTC: -217
RAB43 IVQLLIGNKSDLSEL-: REVSLAEAQSLAEHYDILCATETSAK: VEEAFLRVATELI ( 7)HIQLNSKDIGEGWGOGC ===~~~ =212
RAB33A VPKVLVGNKCDLREQ- IQVPSNLALKFADAH-NMLLFETSAKDPKESQNVESIFMCLACRLKAQKSLLY ( 8)VOKLEF CPC: 237
RAB30 EIEQYASNK----VITVLVGNKIDLAER AQ-DMYYLETSAK VEKLFLDLACRLI ( 5)SSPL ISYLTCCNFI 203
RAB6A VIIML' ADK~~~-RQVSIEEGERKAKEL~NVMFIETSAK-~~AGYNVKQLFRRVAAALPGMESTOD( 7) D]KLEKPQEQPVSEGGCBC--—--—----208
RAB41 'VVIMLLGNKIDLDNK: Q ~NVMFI. K- NVKKLFRRVASALL ( 6)EIEL! 222
RAB24 ELRB‘ EEG QIYLCGTKSDLL ‘HDVQDYADNI-KAQLF ~-—TGQSVDELFQKVAEDY Qv ( S)GVDLGQKPHPYP!SCCHB ——————————— 203
RAB21 ELRRMLGNE--~--ICLCIVGNKIDLEKE~----RHVSIQEAESYAESV-GAKHYHTSAK- -QHKGIEELF‘LDLCKRMI!TAQVDI (15)GVQII CSS| 225
RAB17 DLEEELHPGE: JLVML' SQE- TFQEGKEFADSQ-KLLFMETSAK. -LNHQ' FNTVAQELL ( T)AVAL CCAH. 212
RAB5A EL IVIAL ANK. 'QEAQSYADDN-SLLFMETSAK--~-TSMNVNEIFMATAKKLPKNEPQNP ( 8)GVDLTEPTQPTI\NQCCSN-----------215
RAB22A ELRQHGPPI’----IWRIAGNKCDLIDV----REWRDAKDYADSI-KAIFVETEAK--—NAIN'INELF‘IEI RRT P ( 4)GFKLRRQ! 194
RAB36 DAL FIFL LS ~--TGENVKAFFSRVAALAFEQSVLOD (15)L GCC 333
RAB34 DAL VLLFL STPA---Q¥ALMEKDALQ mwssx.. VREFFFRVAALTF AE(11)VVRI YLTASKKKPTCCP 259
RAB20 GLTDTASKD=-~~CLFATVGNKVDLTEE (39 ) KILKYKMLDEQDVPAAEQMCFETS AK-~~TGYNVDLLFETLFDLVUPMILOQR( 6)TVDT: J 234
RAB28 VVKKVSEESE-TQPLVALVGNKIDLEHM--~--RTIKPEKHLRF CQEN-GFSSHFVSAK---TGDSVFLCFQKVAAEILGIKLNKA (12) IVNY Q 221
RAB7A EFLIQ! PFUVLGNKIDLEN. Q YSKNNIPYF] K---EAINVEQAFQTIARNALKQETEVE( 7)PIKL csc 207
RABSA EFIYYADVKEPESFPFVILGNKIDISE PYF K---DATNVAAAFEEAVRRVLATEDRSD( 6)TVNLHRKPKPSSSCC--============201
RAB32 DLDSKVHLPNGSPI PAancnqm—-——ssqspsgvngF CKEHGFAGWFETSAK---DNINIEEAARFLVEKILVNHQSFP ( 7)KIKLDQETLRAENKSQCC-— -225
RAB38 DLDSKLSL! PVSVVLLANKC I "“'HGLIM])QF CKEHGFVGWFETSAK-~-~ENINIDEASRCLVKHILANECDLM( 6)VVKPHLTSTKVASCSGCAKS
RAB29 DLDSKLTLPNGEPVPCLLLANKCDLSP 2T INEAMRVLI I( 8)YINL C—-~
RAB23 KVVAEVGD-----IPTVLVQNKIDLLD--~---DSC II)IEBA.EAIMRLKLRFYRTSVK--—BDLHWEVFKYL&ERYLQKLKQQI (36) VINLRFHKQRTWRFPPESC‘B!P ----- 237
q fEhed #i4
motifs RabSF3 G2 G3 RabSFq CIH GGM

Figure 1. (For figure legend, see page 24.)
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direct membrane trafficking pathways and protect the newly
formed bacteria-containing vacuole from destruction by the
host cell.’ In this review, we summarize the available struc-
tural information for Rabs (Table S1) and illustrate their
overall structural conservation as well as their structural and
functional distinctions that allow them to achieve their
diverse yet specific functions in intracellular trafficking.
Selected examples will highlight how coordination between
Rab and partners and Rab cross-talk maintain cellular com-
partment identity and regulate membrane trafficking in
eukaryotic cells. They also highlight how disruption of Rab
function can lead to disease and how Rab function can be
hijacked by pathogens.

Basis of a conserved switch mechanism:
Nucleotide-dependence of the Rab G-domain
structure and dynamics

The nucleotide-dependent conformational change that
each Rab undergoes is at the heart of its functionality as a
switch. All Rabs contain a conserved globular G-domain,
consisting of about 180 residues, that is related to all other
Ras-superfamily members'® (Fig. 1). Conserved finger-
print sequence motifs surround the nucleotide-binding
site: 3 phosphate/magnesium-binding motifs (PM1-
PM3) conserved in P-loop NTPases and 3 guanine-bind-
ing motifs (G1-G3) that recognize specifically the purine
base (Figs. 1 and 2A). Differences between structures of
GTP- and GDP- bound G-domains suggest a “loaded-
spring” conformational switch mechanism,"’ as first
observed for Ras structures.”> The GTP gamma-phos-
phate mediates constraining interactions between PM
motifs, thereby stabilizing 2 protein regions, Switchl and
Switch2, and keeping the protein in an active “ON” state
(Fig. 2A). Nucleotide hydrolysis and Pi release destabilize
the Switches, relaxing them into the GDP-bound “OFF”
conformation. As a result, these 2 states exhibit

pronounced structural differences (Fig. 2A), allowing
selective recognition of Rabs by regulatory proteins and
effectors in a nucleotide-dependent manner.

The degree of the nucleotide-dependent conforma-
tional change that a Rab undergoes during the ON to
OFF transition varies, as revealed by crystal structures of
different Rabs (Fig. 2B). For example, the structures of
GTP- and GDP-bound yeast Rab Ypt32 show local rear-
rangement of Switch1 and Switch2 regions."” In contrast,
Rab28 undergoes dramatic conformational changes
upon GTP hydrolysis, with Switch1 folded as a helix and
displaced by 25 A in the GDP-bound structure.'*
Although crystal structures often capture a single confor-
mation of the Switches and may artificially stabilize par-
ticular conformations, they nonetheless show that large
flexibility and variety of conformational changes can
occur among different Rabs when switching between
their ON and OFF states.

Overall, various Rab GDP-bound structures have dem-
onstrated a high degree of flexibility and disorder for the
Switchl and Switch2 regions, allowing them to explore a
wide array of conformations (Fig. 2C). In contrast, Rab
GTP-bound structures show that the Switch regions are
stabilized by GTP binding, resulting in restricted confor-
mational flexibility compared with the inactive form
(Fig. 2C). These differences in structures as well as the
conformational compliance of the GDP- and GTP-bound
forms of Rab are key to their ability to specifically recog-
nize their cellular partners. Despite their overall structural
similarity, critical sequence and local structural differences
among the active form of Rabs enable them to act as key
determinants of membrane identity.

The regulation of switching ON and OFF of Rab
activity is essential for their function. The active form of
Rabs acts as a timer of specific activity on the membrane
and thus controls how long their effectors can stay
bound for defined functionalities. Rab’s catalytic site is

Figure 1. (see previous page) Sequence alignment of human Rab G-domains. Conserved nucleotide binding motifs are highlighted:
PM1-PM3 - phosphate, magnesium binding motifs; G1-G3 - guanine moiety binding motifs. Rab family specific motifs (RabF1-5), Rab
subfamily specific motifs (RabSF1-4) as well as C-terminal interacting motif (CIM) are highlighted. C-terminal cysteines (red) within gera-
nylgeranylation motifs (GGM) are found in one of the following combinations: XXXCC, XXCCX, XCCXX, CCXXX, XXCXC and XCXXX. Hydro-
phobic triad residues (see Fig. 4) are marked in yellow. Secondary structure elements corresponding to the Rab3 structure (3RAB) are
shown on the top, as well as Switch-1, Interswitch, Switch-2, complementarity-determining regions (CDR1-5) and the hyper-variable C-
terminal domain (HVD). Rab sequences are presented in an order of proximity in the phylogenetic tree of human Rabs.* The G-domains
of closely related Rabs (Rab26 and Rab37) share 76% sequence identity while the more diverse family members (Rab1A and Rab20)
exhibit as low as 16% G-domain identity. Among the human Rabs the protein lengths vary between 194 (Rab22a) to 740 residues
(RasEF45 or Rab45). Residue conservation color code: red -negatively charged, blue - positively charged, polar - magenta, hydrophobic -
green, prolines and glycines -brown. The protein sequences Uniprot database accession numbers: RAB23 Q9ULC3; RAB29 014966;
RAB38 P57729; RAB32 Q13637; RABO9A P51151; RAB7A P51149; RAB28 P51157; RAB20 Q9NX57; RAB34 Q9BZG1; RAB36 095755; RAB22A
Q9UL26; RAB5A P20339; RAB17 Q9HOT7; RAB21 Q9UL25; RAB24 Q969Q5; RAB41 Q5JT25; RAB6A P20340; RAB30 Q15771; RAB33A
Q14088; RAB43 Q86YS6; RAB19 A4D1S5; RAB25 P57735; RAB11A P62491; RAB42 NP_001180461.1; RAB39A Q14964; RAB2A P61019;
RAB14 P61106; RAB4A P20338; RASEF45 Q8IZ41; RAB44 Q7Z6P3; RAB12 Q61Q22; RAB18 Q9NP72; RAB3A P20336; RAB27A P51159;
RAB26 Q9ULWS5; RAB37 Q96AX2; RAB10 P61026; RAB13 P51153; RAB8A P61006; RAB35 Q15286; RAB1A P62820; RAB15 P59190;
RAB40A Q8WXH6.
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Figure 2. Structures of Rab GTPase and the diversity of their conformational switch. (A) Crystal structures of yeast Rab Sec4p in its GTP-
and GDP-bound forms (1G17 and 1G16), the first Rab structures determined in both nucleotide bound states,' are shown. Conserved
PM and G motifs are highlighted in cyan. Switch1, Switch2 and Interswitch (sequence between the 2 Switches) regions are shown in
red, blue, and green, respectively. The nucleotides and magnesium ions are shown as dark-gray sticks and spheres, respectively. The
color scheme is used throughout all figures. (B) Diverse nucleotide-dependent conformational changes in Rabs. Ypt32'® and Rab28™
structures in GTP- and GDP-bound states are shown. (C) Comparison of the conformations of GTP-bound Rabs and GDP-bound Rabs.
Left: superimposition of GTP-bound structures of Rab1b (3NKV), Rab2 (4RKE), Rab3a (3RAB), Rab4a (2BME), Rab5c (1HUQ), Rab6a
(1YZQ), Rab7a (1T91), Rab8a (4LHW), Rab9a (1YZL), Rab11a (10IW), Rab18(1x3S), Rab21 (1YZT), Rab22a (1YVD), Rab26 (2G6B), Rab28
(3E5H), Rab30 (2EW1), Rab33b (1Z06), Sec4p (1G17), Ypt1 (1YZN), Ypt32 (3RWM), Ypt51 (1EKO0), and Ypt7 (1KY2). Right: superimposition
of GDP-bound structures of Rab1a (2FOL), Rab2a (1Z0A), Rab3d (2GF9), Rab4a (2052), Rab5a (1TU4), Rab6b (2E9S), Rab7a (1VG1), Rab8a
(4LHV), Rab9a (1S8F), Rab11a (101V), Rab12 (2IL1), Rab14 (1Z0F), Rab21 (1Z0l), Rab23 (1Z22), Rab25 (20IL), Rab28 (2HXS), Rab45 (2P5S),
Sec 4 (1G16), Ypt32 (3RWM), and Ypt7 (1KY3).

adapted so that it binds both GDP and GTP strongly.
Thus, there is no significant spontaneous exchange of

transport.16 In contrast, the fast GTPase Rab5 regulates
rapid kiss-and-run membrane fusion events.'” The

nucleotide, which excludes Rab self-activation and
explains the requirement of GEF (guanine nucleotide
exchange factor) to stimulate Rab nucleotide exchange
and to control Rab activation in cells. The intrinsic GTP
hydrolysis rates of Rabs that would lead to switching off
of their activity are also slow, although they vary signifi-
cantly among Rab GTPases'” in spite of a high degree of
sequence conservation of the nucleotide binding pocket.
Interestingly, the timing of biological processes regulated
by Rabs appears to correlate with their intrinsic GTP
hydrolysis rates. The low intrinsic Rab6 GTPase activity
can ensure its role in regulating long-range vesicular

intrinsic GTPase rate may control the lifetime of Rab’s
association with their effectors; while the binding of
some effectors slows down Rab GTP hydrolysis rates in
vitro.'"®" The importance of Rab intrinsic GTP hydroly-
sis in cellular processes has not yet been tested in vivo.
Stimulation of Rab GTPase activity by GAPs (GTPase
activating proteins) timely switches off Rabs and subse-
quently the activities they coordinate. In addition to the
timely control of their activity, the spatial regulation of
Rab recruitment and deactivation is central to their abil-
ity to control functionalities on specific cellular
compartments.
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Figure 3. Rab functional cycle. The newly synthesized GDP-
bound Rab is recognized by REP and presented to RabGGT,
which geranylgeranylates the Rab on one or two C-terminal
Cys residues. Targeting of the Rab/REP (or Rab/GDI) complex
to specific membranes is mediated by the interaction with a
membrane-associated GEF, which stimulates GDP to GTP
exchange of Rab; or in few cases by interaction with a GDF
first, followed by GEF stimulated activation. The GTP-bound
(active) Rab conformation is recognized by multiple effector
proteins, which then carry out their specific functions. GAP
stimulates Rab GTPase activity and converts Rab back to the
inactive, GDP-bound form, resulting in the dissociation of
effectors. GDI regulates the cycling of Rab between the mem-
branes by extracting inactive Rab from a membrane into the
cytosol and subsequently delivering it back to a donor mem-
brane compartment.

Membrane targeting and spatiotemporal control
of Rab functions require specific partners

Cellular partners are essential to control the precise locali-
zation of Rabs on diverse membranes and to temporally
and spatially control their activities in a tightly regulated
manner (Fig. 3). The majority of Rab partners associate
with each Rab in a nucleotide-dependent manner and reg-
ulate the Rab functional cycle (Fig. 3). The functional
diversity of Rabs as well as their overall conservation raises
the question of how these partners can selectively interact
with and define the proper subcellular localization, the pre-
cise spatial and temporal cycling between GDP/GTP
nucleotide bound forms as well as the nucleotide-depen-
dent specific recruitment of effectors for each Rab.

All newly synthesized Rabs (preferentially in their
GDP-bound forms) are recognized by REP (Rab escort
protein) and presented to RabGGT (Rab geranylgeranyl
transferase), which geranylgeranylates the Rab on one or
two C-terminal Cys residues. The prenylated Rab can
diffuse as a cytosolic complex with universal Rab chaper-
ones, namely REP and GDI (GDP dissociation inhibitor),
an evolutionarily conserved REP paralog. Specific target-
ing of each prenylated Rab-GDP to a particular

membrane is then achieved when the cytosolic complex
dissociates and Rab is incorporated into this membrane.
The mechanisms of the specific membrane targeting are
not yet fully understood. It has been proposed to occur
via specific GDF (GDI displacement factor) that pro-
motes dissociation of the prenylated Rab from GDI and
facilitates its membrane incorporation.20 However, there
is more evidence for the role of specific membrane-local-
ized GEFs in Rab membrane targeting,”' > suggesting
that GEF facilitates Rab recruitment from the cytosol via
stimulation of the GDP-to-GTP exchange. The C-termi-
nal hyper-variable and intrinsically disordered region of
Rab also contributes to membrane delivery specificity of
some Rabs,”***** implicating it in binding to membrane
markers (including effectors and phospholipids).>> Once
on the membrane, the GTP-bound (active) Rab confor-
mation is recognized by multiple effector proteins, which
then convey specific functionalities. A GAP then con-
verts Rab back to its inactive GDP-bound form that can
no longer recruit effectors, therefore switching off these
Rab-specific functionalities on this membrane. GDI ena-
bles the extraction of inactive Rab from the membrane
and its diffusion back to membrane compartments for
another round of activation (Fig. 3).

Most partners that interact with Rab GTPases
share a critical Rab surface for their association
(Fig. 4A). Available structural and biochemical bind-
ing studies show that the Switchl, Switch2 and Inter-
switch (sequence between the 2 Switches) regions of
Rab form interactions at the interface with almost all
partners. These regions overlap with 4 of 5 conserved
Rab-family motifs (RabF1-RabF4)%° (Fig. 1) and
together, they constitute the surface of the Rab mole-
cule that is the most conserved in sequence but also
the most distinct between the GDP and GTP forms.
A conserved hydrophobic triad of aromatic residues
within this conserved surface (Fig. 4A) plays an
important role in determining Rab-partner binding
specificity, with their side chain orientations being
influenced by surrounding variable residues.”” Four
other motifs conserved only within Rab subfamilies,
RabSF1-4 (Fig. 1),%® also cluster around the Switch-
Interswitch regions. RabSF1, 3, and 4 overlap with
Rab complementarity-determining regions (CDR) 1,
2, and 3,%® respectively. CDRs have been defined
based on their contribution to the selective recruit-
ment of effectors by individual Rabs and are variable
among Rab subfamilies. The beginning of Switchl,
which overlaps with RabSF2, is also important for
recognition of some partners’”*’ and can be named
CDR4. The conservation of this critical Rab interac-
tion surface is shown in Fig. 4A. The central part of
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Figure 4. Rab partner recognition sites. Rab (Rab3a, 3RAB) Mg>"-GTP (dark gray) bound structure with the structural elements contrib-
uting to partner binding highlighted. (A) Side view showing the Rab canonical effector binding site composed of Switch1, Interswitch,
and Switch2; surrounded by complementarity determining regions (CDR1-5, shown in orange). Conserved Rab hydrophobic triad is
shown in yellow sticks. The surface representation is shown in the middle, and conservation of surface residues (based on the sequence

alignment in Fig. 1) generated using ConSurf web server '*°

is presented on the right. (B) Top view showing a new, secondary Rab effec-

tor binding site composed of the CDR4 and CDR5 regions flanking the nucleotide binding pocket.

the surface is the most conserved while the variable
CDRs are found at the periphery.

A second effector-binding site adjacent to the main
partner-binding surface has been identified recently
for 2 Rabl1 effectors.’™** This second site comprises
the guanine group of the nucleotide, CDR4, as well as
the B5-a4 loop, which differs in Rab sequences and
can be named CDR5 (Figs. 1 and 4B). This non-
conserved binding site provides high specificity in
Rab effector recognition. It is currently unknown
whether this site could also serve for recognition of
effectors in other Rab family members.

Key determinants in Rabs for specific partner
recognition

Considering the multitude and diversity of the Rab fam-
ily,>®** it is remarkable that the same critical surface of the
G-domain has evolved so that the requirement for sharing
common partners such as REP and GDI have been main-
tained, while sufficient differences in their sequences would
allow specific recognition of various effectors and regula-
tors (GEF and GAP). The binding specificity acquired by
this surface during evolution is thus of particular interest
given its rather important sequence conservation in the
Rab family and the large number of partners that must

interact with it for a particular Rab. We will present how
this conserved interacting surface can be fine-tuned to spe-
cifically bind to each of these partners in light of the Rab/
partner structures currently available.

Universal recognition of GDP-bound Rabs by REP
and GDI: Common machinery to anchor a Rab
to the membrane

Rab prenylation is essential for membrane anchoring
and uses a shared machinery. RabGGT appears to be
required for the geranylgeranylation of C-terminal cys-
teines of all Rabs.> Interestingly however, the sequence
of the Rab prenylation motifs in the intrinsically disor-
dered C-terminal tail of Rab proteins is not conserved
(Fig. 1). Moreover, the RabGGT cannot recognize the
Rab C-terminal peptide as a substrate, it requires an
accessory adaptor protein, REP, to do s0.*>?® Insights
into the mechanism of the Rab prenylation machinery
assembly and its ability to recognize all Rabs have been
provided by crystal structures of Rab7 bound to REP1
isoform*” and REP1 bound to RabGGT*® as well as the
model of the tripartite complex®® (Fig. 5A). The REP
(domain I) preferably binds to GDP-bound Rabs via
RabF1-RabF4 motifs present in the Switch-Interswitch
region and also interacts with the C-terminal interacting
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Figure 5. Universal Rab partners support Rab prenylation and recycling. (A) A model of Rab prenylation ternary complex based on
Rab7a/REP1 (1VG0) and REP1/RabGGT (1LTX) complex structures. Rab7a, REP1 (composed of 2 domains D-l and D-ll), and RabGGT are
shown in light blue, green, and violet; respectively. Prenyl moiety bound to RabGGT active site is shown in yellow sticks. (B) (Left) Rab7a
residues involved in REP1 binding are shown as spheres and colored by conservation. (Right) Rab27b-GDP forms a dimer by swapping

Switch1-Interswitch-Switch2 regions between the monomers in the
however, that Rab27b-GDP is monomeric in solution and adopts an

crystal.*' Small angle X-ray scattering (SAXS) data demonstrate,
atypical extended structure.*’ (C) Structure of prenylated Yptip

(light blue), in complex with yeast RabGDI (green). The prenyl moiety bound to RabGDI D-Il is shown in yellow sticks (1UKV).

motif (CIM) of the hypervariable tail domain (HVD)***
(Figs. 1 and 5A, B). REP domain II directly interacts
with the « subunit of the RabGGT and, in doing so, REP
orients the Rab C-terminal tail toward the active site of
the RabGGT, allowing prenylation of a range of cyste-
ine-containing motifs. The distance between the CIM
and the RabGGT catalytic site is consistent with the
experimentally defined minimal linker length (9 resi-
dues) required for efficient prenylation.”® After prenyla-
tion, the modified Rab C-terminus binds to a pocket in

the REP domain II, and REP chaperones the prenylated
Rab to the membrane.””

Significant differences in the Switchl and Switch2
conformations among distinct GDP-bound Rabs
(Fig. 2C), in addition to the sequence variations in REP
binding sites, may explain variable binding affinities of
REPI to different Rabs.”” The competition between
intracellular Rabs for binding to the prenylation complex
may contribute to under-prenylation of some Rabs,
including melanosomal Rab27 and Rab38.** Rab27b-



GDP crystal structure demonstrates an extensive rear-
rangement of the Switchl-Interswitch-Switch2 region
that participates in intermolecular interactions favoring
a dimeric form in the crystal41 (Fig. 5B). The structural
particularity of the Switch-Interswitch region observed
for Rab27b*" and the missing CIM in the tail of Rab27a
correlates with its low affinity to REP*”** and likely
poses a disadvantage for its prenylation compared with
others. The under-prenylation of Rab27a reported in the
choroideremia disease in human results from loss-of-
function mutations in REP1 isoform.*

RabGD], a REP paralog, shares with REP the ability to
chaperone prenylated Rabs in cytosol. Consistent with
this functional similarity, RabGDI is structurally related
to REP and binds Rabs using a similar binding mode
(Fig. 5C) involving conserved residues of the G-domain
canonical partner binding surface and CIM.* Tt is, how-
ever, unable to support Rab prenylation.** In contrast to
REP, which binds Rab with similar affinity indepen-
dently of its prenylation status, RabGDI binds geranyl-
geranylated Rabs with higher affinity, enabling efficient
extraction of Rabs from membranes*>*® and allowing it
to play a role in Rab recycling.**

In summary, the conservation of the residues on the
critical most conserved Rab surface enables Rabs to
share common REP/GDI proteins. However, the vari-
ability of the tail, few substitutions in the RabF motifs
and differences in the plasticity of this Rab surface are
important distinctive features among Rabs that can lead
to different binding affinities for their universal partners.

Specific recognition of Rab proteins by GEFs

The key common characteristic of Rabs is their very slow
intrinsic nucleotide exchange rate, which allows for the
spatial control of the GDP/GTP exchange in cells by spe-
cific membrane localized GEFs. The Rab-GEF interac-
tions characterized so far are specific and diverse. Rab
GEFs that facilitate nucleotide exchange can belong to dif-
ferent folds (monomeric VPS9,”” DENN,*® bacterial
DrrA* and MSS4 that is suggested to function as a nucle-
otide-free Rab chaperon;50 homodimeric Sec2;*%°! heter-
odimeric Mon1-Ccz1 complex® and oligomeric TRAPPI
complex) (Fig. 6) and the mechanisms promoting
nucleotide exchange are also not conserved among
them.*>>*>> The currently available Rab/GEF structures
have, however, provided insights into the common gen-
eral principles used by GEFs. GEF-stimulated nucleotide
exchange is driven by allosteric competition between
Mg**-nucleotide and GEF: the initial GEF interactions
promote Rab conformational changes to open the nucleo-
tide binding pocket and ultimately establish a tight inter-
face with a nucleotide-free Rab. Owing to the cellular
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excess of GTP over GDP, subsequent Mg>*-GTP binding
converts the Rab conformation back to the active form,
which dissociates the Rab/GEF complex and results in a
nucleotide-exchanged, activated Rab.

All GEFs first form a low affinity complex with nucleo-
tide-bound Rabs and then convert this complex to a high
affinity nucleotide-free Rab/GEF complex, thus releasing
nucleotide. GEF specificity for a given Rab molecule is not
only linked to its ability to first associate with this particu-
lar Rab-GDP molecule but also to its capacity to deform
Rab and displace the nucleotide. In each complex, the Rab
Switches have been remodeled so as to induce opening of
the nucleotide binding pocket, but each GEF destabilizes
the Rab surface differently (Fig. 6). The formation of the
high affinity nucleotide-free state with GEF involves criti-
cal sequence determinants found in the Switchl-Inter-
switch-Switch2 region and is extended to additional
subfamily specific CDR1 and CDR4 regions. Several fac-
tors thus influence GEF recognition and activity for a par-
ticular Rab, including the ability of the Rab G-domain to
be reversibly remodeled. Several structural families of
GEFs use related principles but have distinct detailed
mechanisms, allowing for exquisite specificity in Rab acti-
vation on a particular compartment.

Specific recognition of the Rab active
form by cellular effectors

The large number of Rabs present in a cell means that
Rab/effector interactions must be highly specific. Effec-
tors associate preferentially with the active form of Rab,
mainly recognizing the fairly conserved Switchl-inter-
switch-Switch2 surface in GTP-bound active form. Their
specificity implies that they are able to distinguish
between the various active Rabs in spite of their overall
structural similarities (Fig. 2C). Rab effectors are highly
divergent56 - most of which are multi-domain proteins,
allowing them to combine different functions with Rab
specific recruitment mediated by the so-called Rab bind-
ing domain (RBD). Some effectors can also be recruited
by several different Rabs,>** either by involving adja-
cent RBDs or by sharing a particular RBD. RBDs can
correspond to various structural motifs and often con-
tain 2 helices that form the center of the Rab/effector
interface with the Rab Interswitch region, but these heli-
ces are not positioned with a strict or predictable orienta-
tion.”®>” Structures of Rab/RBD complexes, together
with quantitative binding assays and mutational analy-
ses, have provided essential insights into the features of
the Rab proteins that determine the specificity and pro-
miscuity of Rab/effector recognition. Here we provide
structural examples showing how sequence differences
in Rabs can modify the properties of this conserved
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Figure 6. Rab nucleotide exchange factors of different structural folds. Left: Conformational changes in Rabs upon interactions with cog-
nate GEFs. Rab residues contacting GEF (within 4 A distance) are shown as spheres. PM-G motif residues are cyan, CDR residues are
orange. Rab8a-GTP structure (4LHW) is shown as a reference for the Switch1, Switch2 conformations in a GTP-bound Rab (top). Right:
Structures of Rab/RabGEF complexes: Rab21/Rabex5-HB-VPS9-domain (20T3), Rab35/DENND1B-DENN-domain (3TW8), Rabla/DrrA-
GEF-domain (2WWX), Rab8a/Rabin8-GEF-domain (4LHX), Ypt7p/Mon1-Ccz1-complex-core (5LDD), Ypt1p/TRAPPI-complex-core (3CUE).

Rabs are shown in light blue and GEFs are shown in green hues.
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Figure 7. (For figure legend, see page 32.)



32 (&) O.PYLYPENKO ETAL.

Switch1-Interswitch-Switch2 surface (Fig. 4) and thus
define effector specificity.

A group of Rabs undergo little-to-no conformational
changes in their GTP-bound conformation upon
binding to the RBDs of different effectors, suggesting
little structural plasticity for their active forms
For instance, minimal changes in the active form of Rab5
functional subgroup members (Rab5 and Rab22)
(Fig. 7A) occur upon binding to specific Rab5 effectors
(such as EEA1, Rabaptin5 and Rabenosyn5) that mediate
endosomal membrane tethering and fusion;? or the bac-
terial effector VipD®® when they are co-opted during
intracellular bacterial infection. Structural studies have
shown that the recognized epitope on Rab5 is restricted
to the Switchl-Interswitch-Switch2 surface for all these
effector’s RBDs®"~® (Fig. 7A). Selectivity for Rab5 results
in large part from non-conserved residues found on this
Rab epitope that form critical subfamily recognition
determinants in RabFl1 and Switch2 (circles in
Fig. 7A).°> However, a Rab4 mutant, in which all surface
residues involved in Rab5 RBD binding are mutated to
the corresponding Rab5 sequence, still cannot recognize
the Rab5 effectors.”> Mutations of additional core resi-
dues are necessary to convert Rab4 to a Rab5 RBD
binder.®> Indeed, this crucial binding surface of Rab, in
particular the hydrophobic triad at its center (Fig. 4A), is
influenced by non-conserved core residues that precisely
determine the epitopes recognized by the RBDs.””
CDRs*® can also contribute to the specificity of
Rab/effector recognition (Fig. 7B). As for Rab5, no
significant conformational change is observed among
structures available for the active form of Rab3 and
Rab3a/Rabphilin3A;**** and phylogenetically related
Rab27 binds its Exophilin4 and Melanophilin RBDs
in similar conformations.®>*® The CDRs are part of
the interface for these 3 complexes; and the role of
the CDR1 and Switch2 residues in providing

specificity for Rab27 (but not Rab3) binding to Mela-
nophilin (Fig. 7B) has been demonstrated.®® Thus,
some activated Rabs possess exquisite selectivity in
effector binding via Rab-specific residues found in
their relatively rigid binding epitopes.

For another group of Rab/effector, structures have
shown that conformational plasticity of their GTP-
bound states is extensive and may broaden their
ability to bind different effectors with specificity
Several Rabs undergo distinct conformational changes
upon binding to their different effectors. Comparison
of the active form of Rabl1 bound to the RBDs from
Rabll family interacting proteins (Rab11FIP)% "%
shows large conformational changes in Switch2; while
remodeling of both Rabll Switches is induced upon
binding to the MyosinV (MyoV) RBDs’*”" (Fig. 7C).
Rabé6 also interacts with 2 structurally unrelated effec-
tors (GCC185 and Rab6IP1) in different conforma-
tions’>”* (Fig. 7D). For these GTPases, rearrangements
of the Switches and of the hydrophobic triad residues
upon effector binding leads to adaptation of the Rab
binding epitope. In addition, the hypervariable tail of
Rabé6 also participates in binding to GCC185, increas-
ing the affinity of this interaction.”” A drastic remodel-
ing of Rab7 also occurs upon binding to the RILP
RBD.”* The Rab7 C-terminal helix and part of the fol-
lowing HVD together refold into an additional g strand
that interacts directly with the effector’* (Fig. 7E). On
the other hand, binding of Rab8 to different effectors
(LidA,”> Mical,”® OCRL1”7) leads only to moderate
conformational differences in the Switches conforma-
tions (Fig. 7F). Interestingly, phylogenetically related
Rabl, Rab8 and Rabl0 adopt very similar conforma-
tions when bound to homologous RBDs of the Mical
family proteins,’® likely induced (or stabilized) by bind-
ing to these RBDs (Fig. 7F). The sequence variability in
the CDR1 of these Rabs modulates their binding

Figure 7. (see previous page) Rab effector binding surface. Structures of Rab-GTP molecules bound to effectors are shown (cartoon) and
superimposed (line) to represent their effector binding sites. Residues changing their solvent assessable area upon binding to the effec-
tors are shown in black lines, hydrophobic triad residues are shown in yellow sticks. (A) Rab5/22-effector complexes. Structures of
homologous Rab5 and Rab22 bound to their effectors’ RBDs, including EEA1-C,H,-RBD (3MJH), Rabaptin5-Cterminal-RBD (Rapt5; 1TU3),
Rabenosyn5-(728-784)-RBD (RBSN5; 1Z0J), and VipD (4KYI), are shown. The superimposed structures illustrate that the effector binding
site is similar among different Rab-effector interactions. Rab5/22 specific residues contributing to binding specificity are highlighted
with cyan circles. (B) Rab3/27-effector complexes: Rab3a/Rabphilin3a-RBD (RPH3a; 1ZBD), Rab27a/Exophilin4-RBD (EXPH4; 3BC1), and
Rab27b/Melanophilin-RBD (MLPH; 2ZET). The effector binding site is extended to the CDR1-3 regions. Cyan circles highlight residues
that are different between Rab3 and Rab27, contributing to Rab27 selectivity. (C) Rab11a bound to the RBDs of effectors Rab11FIP2
(4C4P), Rab11FIP3 (2HV8), MyosinVa (MyoVa; 5JCZ), and MyosinVb (MyoVb; 4LX0) are shown. The binding site undergoes remodeling in
Switch1, Switch2 and the hydrophobic triad. (D) Rab6a binds 2 effectors RBDs, GCC185 (3BBP) and Rab6IP1 (3CW?Z), in different confor-
mations. (E) Rab7a binding to RILP-RBD (1YHN) induces remodeling of the C-terminal CDR3 region that forms an additional S-strand
(B7). (F) Rab1b, Rab8a and Rab10 interact with Mical-family (Mical-cl and Mical1) (5SZH, 55ZI, 5LPN, 55ZJ) RBDs using similar binding
sites except for the CDR1 region, which modulates the partners binding affinities. In the case of Rab8a, complex structures of it bound
to different effectors’ RBDs, including OCRL1 (3QBT), Mical-cl (55ZI) and LidA (3TNF), demonstrate subtle structural rearrangements in
Switch1 and Switch2.



affinities to the Mical-family RBDs.”® The ability of
these Rabs to undergo remodeling may promote their
promiscuity for effector binding, while the selectivity
may result from unique determinants in their sequences
that control the degree of their conformational pliancy
or allow selective extension of the binding site.

Some Rab effectors can bind to a wide range of Rabs

OCRLI is a promiscuous effector that binds Rabs from
different functional groups: Rabl, Rab5, Rab6, Rabsg,
Rab14, and Rab35.%*" Rabs localized to the Golgi and
endosomal membrane compartments recruit OCRL1,”%”°
promoting changes in the phosphoinositide composition
of associated membranes by using the 5-phosphatase
domain activity of OCRLI. The crystal structure of Rab8
in complex with OCRL1-RBD”’ indicates that the
OCRL1-RBD achieves Rab binding promiscuity by a
combination of tight contacts with conserved Rab resi-
dues of the Switch-Interswitch surface (although the
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hydrophobic triad is not fully engaged in the interactions)
as well as contacts with main chain atoms, reducing the
complex interface dependence on the Rab sequence.””®'

Thus, a few non-conserved substitutions in the core or
the surface of an individual Rab modulate the conforma-
tional plasticity and the properties of the most conserved
surface of the Rab G-domain. Structural remodeling can
however contribute to either promiscuity or specificity in
Rab effectors recognition.

Specific recognition of Rab proteins by GAP:
Deactivation by stimulating GTP hydrolysis

Rab GAP proteins associate with a GTP-bound Rab and
promote GTP hydrolysis, resulting in the GDP-bound
inactive Rab and thus controlling the lifetime of Rab’s
active form. Most Rab GAPs identified so far in eukary-
ote contain a catalytic a-helical TBC (Tre-2/Cdcl6/
Bub2) domain®** (Fig. 8A). TBC domain stimulates

Switch2  Switch1

TBC-like domain

B

GAP domain

Figure 8. Structures of Rab-GAP complexes and the mechanisms of GAP stimulated GTP hydrolysis. Representative Rab/RabGAP com-
plexes: Rab33b/Gyp1-TBC-domain (2G77), Rab1a/VirA-TBC-like-domain (4FMB), and Rab1a/LepB-GAP-domain (4IRU). (A) TBC domain
Gyp1 and bacterial RabGAP VirA have different folds but stimulate Rab GTP hydrolysis using the same, dual trans-finger mechanism
exploiting the trans-GIn-finger and trans-Arg-finger from the conserved TBC YxQ and IxxDxxR motifs, respectively. The nucleophilic
water is shown as a pink sphere. The cis-Gln in the Rab Switch2 PM3 motif contributes to GAP binding. (B) LepB, a bacterial RabGAP,
binds to Rab1a and generates a trans-cis polar network where the GAP supplies the trans-Arg-finger and trans-Glu to the GTPase hydro-
Iytic site and the Rab provides the cis-GIn from the PM3 motif, Ser residues from the P-loop and Switch1, and the Arg from Switch2. The
Switch1 Tyr contributes to destabilization of the Rab ground state as well as binding to LepB.
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Rab GTP hydrolysis using the dual trans-finger mecha-
nism.** The trans-Gln-finger in the conserved YxQ motif
helps positioning a nucleophilic water, while the trans-
Arg-finger in the IxxDxxR motif stabilizes the partial
negative charge on the GTP y-phosphate® (Fig. 8A).
Most TBC Rab GAPs act promiscuously toward several
Rabs in vitro.82-8 Importantly, however, they have speci-
ficity in vivo, either due to their localization or additional
regulatory factors.*>®> GAP localization thus defines
their specificity and the termination point of Rab’s activ-
ity. In cells, GAP localization is often determined by the
interaction of the domains adjacent to the GAP-domain
with other partners such as specific phospholipid.***

Rab GAPs of different folds are also found in patho-
genic bacteria that can manipulate host Rab pathways.
Two such Rabl GAPs, VirA from Shigella flexneri and
EspG from enteropathogenic Escherichia coli,*” adopt an
a/p fold. However, they possess the characteristic TBC
sequence motifs, including the catalytic glutamine- and
arginine-fingers,*” and use a dual trans-finger catalytic
mechanism analogous to TBC'****®* (Fig. 8A). In
contrast to the broader specificity of these TBC and
TBC-like GAPs, LepB from Legionella pneumophila
(L. pneumophila) has been shown to be a specific bacte-
rial GAP for Rab1.”” Structures of Rabl in complex with
LepB show that it uses a cis-glutamine from Switch2
PM3 motif to position the hydrolytic water molecule in
the active site, and a trans-arginine-finger to help stabi-
lizing the partial negative charge on the GTP y-phos-
phate®”"*° (Fig. 8B). A polar network involving a trans-
glutamate and a cis-arginine from Switch2 RabF3 motif
as well as non-conserved Rab serines from P-loop and
Switchl extends the hydrolytic site in LepB/Rabl and,
together with the non conserved Switchl Tyr residue
involved in GAP binding and destabilizing the Rab GTP-
bound state, they contribute to the selectivity of the GAP
activity for Rab1®” (Fig. 8B). The variability in the Rab
residues surrounding the GTP y-phosphate suggests the
potential existence of other GTP hydrolysis mechanisms
that may not use arginine- or glutamine-fingers.*’

The Rab GAP folds are composed of 2 subdomains
that together surround the Rab G-domain. One of them
contributes to Rab binding via the critical binding sur-
face used by effectors (Switchl-Interswitch-Switch2),
including the hydrophobic triad (Fig. 8). The other
domain completes the interaction surface via contacts
with Switchl and Switch2 as well as the PM1 loop, and it
positions the catalytic fingers and stabilizes the active site
in a hydrolysis competent configuration. Pronounced
remodeling of the Rab structure occurs upon GAP bind-
ing. The Gyp1-TBC remodels the Rab33 Switch2 confor-
mation upon binding while other TBC-like GAPs change
the conformation of Switchl in Rabl. GAP binding thus

displaces residues, such as the Switchl tyrosine in Rabl,
s0 as to position the arginine-finger in the active site.*>®’
Comparison of these structures highlights how the Rab
can be differently remodeled to adopt a catalytic compe-
tent conformation.

In conclusion, investigations to delineate cellular Rab/
partners interactions are essential since prediction of
specificity is not possible from sequence alone. The criti-
cal Switchl-Interswitch-Switch2 surface of the G-
domain regulates how a particular Rab controls its asso-
ciation with diverse protein effectors in a regulated man-
ner. Some determinants of specificity, unique for Rab
regulators and Rab effectors, have been discovered.
Despite its rather high sequence conservation, the ability
of the Switchl-Interswitch-Switch2 surface to undergo
conformational plasticity drastically broadens its poten-
tial for partner binding, likely promoting both specificity
and promiscuity. This small survey of structural insights
illustrates the wealth of opportunities for Rab G-domain
to form specific interactions. The Rab family thus repre-
sents an exquisite set of compartment identifiers that can
regulate multiple events required for complex trafficking
in cells.

Integration of Rab activities: Control of complex
cellular events

How Rabs coordinate specific functionalities
on membranes

Rabs coordinate diverse membrane functionalities,
requiring effectors that work together with Rabs to
define the fate of cargos and lipid membranes on a
particular cellular compartment. The presence of
active Rabs on the compartment determines whether
effectors can be recruited for subsequent activation of
downstream signaling pathways. However, Rab locali-
zation to a compartment may also depend on the
presence of effectors as it has been shown for the
Rab7 effector RILP**: recognition of the HVD by
RILP is critical for Rab7 localization on late endoso-
mal/lysosomal compartments. Rab9 HVD is also
important for its late endosome localization regulated
by its effector TIP47.”° In addition, effectors and
Rabs may either belong to the same membrane (inter-
action in cis) or to 2 different compartments that they
help to tether (interaction in trans).”** Effector bind-
ing to a Rab often goes beyond just its specific
recruitment to a compartment, as illustrated below by
several examples. Trafficking and exchange between
compartments can require several Rabs along a par-
ticular pathway, resulting in another level of complex-
ity. Key regulators have the ability to bind and



control the activity of different Rabs simultaneously
and in a coordinated manner. Crosstalks between dif-
ferent Rab GTPases are frequently promoted by effec-
tors that possess or associate with GEF or GAP
domains that can activate or inactivate another Rab.
These effectors can effectively enrich or deplete a
membrane compartment with other Rabs and play
key roles in establishing the spatiotemporal regulation
of vesicle trafficking.”® A selection of recent structural
studies illustrates how functions can be triggered by
Rab/effectors recognition on membranes.

Activation of effector functions upon recruitment

onto Rab compartments

Some Rab GTPases can turn on the enzymatic activity of
their effectors while recruiting them onto the membrane.
The clustering of effector enzymes by Rab binding can
locally enhance their activity. Prior to Rab recruitment,
some effectors may be stabilized in an auto-inhibited
state via intramolecular interactions, therefore preclud-
ing their activity. Interaction with specific Rabs can
switch ON these effectors by destabilizing the inhibitory
intramolecular interactions. This allows spatiotemporal
control of enzymes and molecular motors, preventing
uncontrolled activity before recruitment. We provide
below few examples of functionality onset for some Rab/
effectors.

Effector recruitment can lead to the onset of specific
enzymatic activities on membrane

An example is OCRLI1, which can interact with distinct
Rabs for its recruitment to Golgi and endosomal com-
partments as well as to the lamellipodia upon growth fac-
tor stimulation.”®”* Tts lipid phosphatase activity is
directly stimulated upon Rab5 and Rab6 binding in
vitro,”® suggesting that Rabs may activate OCRL in vivo
upon its recruitment. Rab5 and its effector APPLI1 (that
also directly binds to the OCRL1 Rho-GAP-domain)
recruit OCRL1 and cooperate in phosphoinositide
remodeling of phagocytic membranes.” Precise spatial
and temporal activation of Rab35 by a combined action
of its GEF DENND1A and its GAP EPI64 is also a switch
for OCRL recruitment to the endosome just after cla-
thrin-coated vesicle (CCV) scission from the plasma
membrane.* This timely regulated hydrolysis of PI(4,5)
P2 by OCRLL is essential after CCV formation since it
promotes uncoating and cargo sorting. The structure of
OCRL1 bound to Rab8”” can be used to propose a model
of the active form of the enzyme bound to the mem-
brane, indicating the central position of the RBD and the
importance of the Rab complex to recruit and activate
the enzyme. This structure also helps to understand the
structural consequences of identified mutations of
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OCRLI that lead to the oculocerebrorenal syndrome of
Lowe (OCRL), a multi-organ disorder characterized by
congenital cataracts, mental retardation and renal Fan-
coni syndrome.”* Altogether, the promiscuity of OCRLI
for different Rabs triggers rapid onset of enzyme activity
to precisely control lipid composition on distinct cellular
compartments.

Another example, Micall, is a regulated redox enzyme
and an effector of Rab35. In the cytosol, Micall adopts a
catalytically incompetent, auto-inhibited conformation
whereby the C-terminal region (including the RBD)
interacts with its upstream domains”*®’ (Fig. 9A). The
association of its RBD with Rab35 enhances the oxida-
tion-mediated depolymerisation of F-actin in vitro, sug-
gesting a model of Micall conformational activation by
Rab” (Fig. 9A). Micall recruitment and activation by
Rab35 to the inter-cellular bridge is critical for cytokine-
sis since successful abscission requires clearance of F-
actin at the abscission site. This then allows recruitment
of ESCRT-III to drive the final constriction to complete
the separation of daughter cells.”® Several Mical family
members interact with a subset of Rabs from Rabl- and
Rab8- functional subgroups, suggesting a similar activa-
tion mechanism upon Rab/effector interaction.

Finally, the L. pneumophila VipD phospholipase Al
activity is only triggered upon binding to endosomal
Rab5 or Rab22.” Rab5 binding to VipD RBD® allosteri-
cally repositions an active site obstructing loop. This
opens the phospholipase active site entrance® (Fig. 12C)
and switches on its activity for PI(3)P depletion,*® pro-
gressively leading to the loss of endosomal markers such
as EEAL. Alteration of the composition of this compart-
ment renders it incompetent for fusion with Legionella-
containing vacuoles.**”

Effector functionality resulting from a critical
conformational change upon Rab binding

EEA1, a specific Rab5 effector, mediates membrane
tethering to promote endosomal fusion. EEAl is a
homodimer containing an extended coiled-coil with
an N-terminal Rab5 specific RBD (C,H, zinc finger)
and a C-terminal PI(3)P binding FYVE domain,
allowing tethering of PI(3)P- and Rab5-endosomes.®’
Interestingly, binding to Rab5-GTP induces an exten-
sive allosteric conformational change in EEAIl
(Fig. 9B)."” It has been suggested that separation of
the C,H, zinc finger domains within the EEA1 dimer
may occur upon Rab5 binding, resulting in perturba-
tion of the quaternary organization of its proximal
coiled-coil.”*> As a result, EEAI shifts from an
extended conformation to a flexible and collapsed
one, thus generating a crucial entropic force that pulls
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Figure 9. Effector conformational activation. (A) A schematic
model of Mical1 activation upon Rab35 binding. Mical1s C-ter-
minal domain, including the RBD, engages in auto-inhibitory
interactions with its FAD-CH-LIM domains. Rab35 binding to
the C-terminal domain promotes Mical1 enzymatic activity pre-
sumably by destabilizing the auto-inhibited state. (B) Dimeric
EEA1 associates with early endosomes by binding to PI(3)P
with its C-terminal FYVE domain. Its extended coiled-coil
allows the N-terminal C,H,Zn>* RBD to bind to Rab5-GTP,
thereby capturing another early endosome. This interaction
induces entropic collapse of its coiled-coil region, bringing 2
membranes together before endosomal fusion. (C) Rab11
cooperates with Spir in MyosinV activation and membrane
recruitment. Spir and MyoV proteins adopt a back-folded,
auto-inhibited conformation in the cytoplasm. Spir's globular
tail binding motif (GTBM) binds to the inhibited MyoV and
contributes to the release of MyoV auto-inhibition and facili-
tates MyoV-GTD interaction with Rab11 on vesicles. Together,
they stabilize MyoV in an activated, extended conformation on
the membrane. Spir's FYVE domain binds to the membrane
and the WH2-KIND domains are available for interaction with
Formin1 and F-actin nucleation.

the captured Rab5 vesicle toward the PI(3)P mem-
brane and initiating docking and fusion.'”

Motor recruitment and onset of motility

Vesicle movement and tethering require specific
recruitment of molecular motors. Activation of motor
activity upon Rab recruitment has been most studied
in the case of MyosinV. Molecular motors such as
dimeric MyosinV adopt an auto-inhibited state'®" in
which the motor domains interact with the C-termi-
nal globular tail domains (GTD), thus forming a cyto-
solic pool of inactive motors (Fig. 9C). This auto-
inhibition has been shown to be critical for MyosinV
function in vivo.'”” Rabl1 binding to the MyosinV-
GTD (Fig. 9C) or the presence of uM level of Ca*t
activates the motor in vitro by destabilizing the
auto-inhibited state of MyosinV.103 However, in the
cell, endogenous Rabll is not sufficient to recruit the
auto-inhibited motor to the membranes.'"”* Simulta-
neous binding of the actin regulator Spir and Rabll
to 2 distinct sites of the GTD is necessary to trigger
the recruitment of MyosinV to vesicles (Fig. 9C).”!
Thus, both MyosinV and Spir are co-recruited to the
membrane by Rabll; and the coordination between
MyosinVb and Spir activities is important for the
long-range transport of Rabl1 vesicles toward the cell
cortex at metaphase and for the nucleus positioning
in prophase in course of meiotic maturation of mouse
oocytes.'*>!1%

In addition, MyosinVa is activated by direct inter-
action with the Rab27 effector Melanophilin.'” This
ternary interaction links the motor to melanosome
for actin-based motility."” A model of the MyosinV
auto-inhibited state suggests that Rabll and Spir
binding is not compatible with the myosin auto-
inhibitory interactions, and thus stabilizes the active
form of the motor.”! Interestingly, Spir, Melanophilin
and another Rab27 effector Granuphilin share the
same binding site on MyosinV-GTD,”*”"'** suggest-
ing a common mechanism of MyosinV activation by
these partners.

How Rab-recruitment triggers activity in auto-
inhibited effectors is often unclear. Several different
activation scenarios are possible in a cell. Rab binding
may activate and stabilize the effector in its active con-
formation on the membrane, triggering the onset of
activity. Alternatively, Rab may recruit an effector to a
membrane in its auto-inhibited state and simply allow
the effector to be transported to its designated cellular
compartment where it will be activated by other means
(calcium, lipids, post-translational modifications, other
partner binding etc.). If the RBD is masked by the



auto-inhibition, initial pre-activation by other signals
might be necessary before Rab can recruit and main-
tain the activated effector on the membrane. Structures
of the auto-inhibited effectors and further mechanistic
studies are required to shed light on the mechanisms
of Rab recruitment and effector activation, and how
they may coordinate with each other.

The functional networks of Rabs and Rab-interacting
proteins

Dual effector binding on a single Rab molecule

The ability for a Rab molecule to simultaneously bind
to 2 effectors has been demonstrated for Rabl1. Recent
studies on Rabll in complex with Rabin8 or PI4KIIIS
(phosphatidylinositol 4-kinase) have identified a specific
second effector binding site on Rabll adjacent to the
Switch-Interswitch canonical effector binding surface’"*?
(Figs. 4B and 10A). This peculiar binding site can be rec-
ognized by the structurally diverse RBDs from Rabin8 and
PI4KIIIB. The 2 effector binding sites on Rabl1 are suffi-
ciently distant to allow simultaneous binding of 2 effec-
tors,”** thus promoting cooperation between effectors.
The structure of the ternary PI4KIIIZ-RBD/Rabl11/
Rab11FIP3-RBD complex (Fig. 10B) demonstrates how
PI4KIIIB can coordinate Rabl1 and its effector Rabl1-
FIP3 on PI(4)P-enriched membranes®* besides its func-
tion in the synthesis of PI(4)P at Golgi and TGN.
PI4KIIIB can be recruited to the membrane either by
direct interaction with Golgi resident proteins such as
ACBD3 (acyl-CoA binding domain containing 3)'"° or
in an Arfl-dependent manner.'"" Golgi localized
PI4KIII is required for Rabl1 recruitment to the mem-
brane''! as well as for the consecutive recruitment of its
down-stream effectors to this compartment, including
Rab11FIP3.!'*? Thus, this second effector binding site
might be implicated in Rabl1 membrane targeting. Fur-
thermore, the interplay between Rabl1 and the 2 effec-
tors is essential for cytokinesis. PI4KIII is required for
localization of secretory organelles containing both PI(4)
P and Rabl1 at the cleavage sites''” and Rab11FIP3 also
contributes to targeting of the Rabll vesicles to the
cleavage furrow to complete cytokinesis.''> The PI(4)P-
enriched membranes define proper localization of
another Rabll effector, Golgi phosphoprotein 3
(GOLPH3), that is required for cleavage furrow ingres-
sion.'"* In breast cancer cells, overexpressed PI4KIIIA
cooperates with Rab11a to activate Akt, a key central reg-
ulator for cell survival, proliferation, and growth.'”
Thus, the ability of Rab11 to simultaneously bind 2 effec-
tors using 2 distinct binding sites allows the GTPase to

SMALL GTPASES (&) 37

coordinate the proteins and their respective functions in
cytokinesis.

The Rabin8-RBD/Rab11/Rab11FIP3-RBD
(Fig. 10C) indicates how multiple weak interactions
(between Rabin8-RBD and Rab11 second effector binding
site, and between Rabin8-RBD and Rab11FIP3-RBD) col-
laborate to create the complex,3 ! allowing Rabin8 recruit-
ment to Rab11-Rab11FIP3-positive membranes. Together
with the structure of Rab8/Rabin8-GEF-domain complex,
the 2 structures illustrate an architecture of the
Rab11-Rabin8-Rab8 functional cascade machinery
(Fig. 10C)"'*"” that is essential for vesicle delivery to the
ciliary base during ciliogenesis."'® An assembly of the cili-
ary targeting complex is initiated by Arf4 and its effector/
GAP ASAP1, which participate in cargo (rhodopsin) sort-
ing at Golgi membranes and subsequently recruit Rab11-
FIP3 and Rabll to the membrane.''” The Rab11FIP3/
Rab11 complex then forms a binding platform for Rabin8.
The recruitment of Rabin8, the Rab8-specific GEF, ini-
tiates the Rab11-Rabin8-Rab8 signaling cascade''>'"” that
allows spatial Rab8 activation and conversion of the
membrane to a Rab8-positive compartment. This enables
the fusion of Rab8-positive vesicles at the ciliary
base.''®'** Rabl1FIP3, on the other hand, stimulates
ASAP1 GAP activity and the subsequent Arf4 removal
from the membrane.'”® It also can recruit the dynein-
dynactin complex for transport via binding to the dynein
light chain DLIC-2."*' By simultaneously binding to the 2
multi-functional effectors, Rabl1l plays a central role in
the crosstalk between Arf4, Rabl1l and Rab8 GTPases for
the specific maturation of the compartment that is pivotal
for endosomal trafficking during primary ciliogenesis and
epithelial polarization.

structure

Positive feedback (or feed-forward) loop

The endosomal Rab5 accomplishes self-activation using
a positive feedback loop mechanism®” whereby the Rab
mediates the recruitment of its own GEF. Rab5 effector
Rabaptin5 forms a complex with the Rab5 exchange fac-
tor Rabex5,? allowing their co-recruitment on Rab5-
membrane and thereby increasing the concentration of
the active Rab5 on the endosomal membrane.

The crystal structure of the minimal Rab5/Rabex5/
Rabaptin5 ternary complex reveals the interplay between
the Rab5 effector and GEF'** and how the GEF is activated
toward Rab5* (Fig. 11). Rabex5s GEF activity is inhibited
by intramolecular interactions between its catalytic helical
bundle (HB)-Vps9 domain tandem and an auto-inhibitory
C-terminal helical region.”” In the Rab5/Rabex5/Rabaptin5
complex, the Rabex5 auto-inhibitory helix is instead
engaged in an interaction with the dimeric Rabaptin5
extended coiled-coil, releasing Vps9 domain to bind and
activate Rab5'** (Fig. 11 upper part). Thus, upon
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Figure 10. Rab dual-effector binding mode. (A) Non-canonical second effector binding site on Rab11a. Structures of Pl4KIll5/Rab11a
(4DOL, left) and Rabin8-RBD/Rab11a (4UJ5, right) complexes and the superimposition of their respective Rab11a (center) are shown. Res-
idues changing solvent accessible area upon binding to the effectors are shown in black lines (middle). (B) PI4KIlI3/Rab11a/Rab11FIP3-
RBD complex structure (4DOM). Two Rab11a molecules bind to the Rab11FIP3-RBD dimer using the canonical effector-binding surface;
and each binds to a PI4KIlI8 using the second binding sites. (C) A model of the Rab11-Rabin8-Rab8 cascade. Rabin8-RBD/Rab11a/Rab11-
FIP3-RBD complex structure (4UJ3, right) showing Rabin8-RBD dimer binds 2 Rab11a molecules using the second effector binding sites,
while Rab11FIP3 interacts with Rab11a via the canonical site. Few direct contacts are observed between Rab11FIP3 and one of the
Rabin8 RBDs. Rab11/Rab11FIP3 recruits Rabin8 by binding to its C-terminal dimeric RBD. Subsequently, the Rabin8 GEF domain can acti-
vate Rab8 (4LHX, left) and facilitate its membrane recruitment.



recruitment of Rabaptin5 by Rab5, Rabex5 is co-recruited
to allow fast enrichment of activated Rab5 on endosomal
membranes (Fig. 11 lower part). Such a feedback loop is
likely important for Rabs such as Rab5 whose intrinsic
GTPase activity is higher than others. Considering that the
half-life of Rab5 intrinsic GTP hydrolysis at 37°C is only
6 min,'* a time-span shorter than the Rab5-mediated
endosome fusion that takes about 10 min,'?*> additional
regulations such as the positive feedback loop mechanism
are needed to sustain Rab5 activity on the membrane long
enough to complete the process it conveys.

Interestingly, recent studies have demonstrated that the
Rabaptin5/Rabex5 complex is in fact recruited first to
Rab4 positive endosomes by the Rab4-specific RBD in
Rabaptin5 and the Rabex5 ubiquitin-binding domain (rec-
ognizing ubiquitylated cargo). Thus, the Rab5 activation is
initiated in a feed-forward manner in which Rab4 pro-
motes activation of Rab5 on early endosomes.'**

Rabex5
HB-VPS9
B A 'l
Rabaptin5 T .","*,,ﬁ. )
central 3

CC domain
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C-terminal RBD

Figure 11. A model of the positive feedback loop mechanism.
Crystal structure of minimal Rabaptin5/Rabex5/Rab5 complex
(4Q9U, upper part) shows that the extended Rabaptin5 central
coiled-coil domain binds to Rabex5s auto-inhibitory helix,
whereas Rabex5 helix-bundle-VPS9 GEF unit interacts with the
nucleotide free Rab5a. The structure of Rabaptin5-RBD/Rab5-GTP
(1TU3, lower part) represents the complex’s membrane-binding
unit.
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Effectors with 2 (or multiple) Rab binding sites

The Rab effectors that possess adjacent RBDs with
distinct specificities for 2 Rab molecules are of special
interest since they provide ways to couple the actions
of these GTPases and also enable crosstalk between
the membrane compartments they are associated
with.

Rabenosyn5 is a bifunctional effector of Rab5 and
Rab4, connecting entry and recycling sites on early endo-
somes.'*>'?® The effector is required for early endosome
fusion, either homotypically or with clathrin coated
vesicles.'”” After the uptake of transferrin receptors from
the plasma membrane, the vesicles are selectively deliv-
ered to a specific endosome subpopulation containing
Rabenosyn5 (likely via Rab5) and subsequently recycled
toward the plasma membrane (likely via Rab4). Rabeno-
syn5 dual effector property may thus be critical to deter-
mining the fate of transferrin receptors internalized by
clathrin-mediated endocytosis.">>"*”  More broadly,
Rabenosyn5, Rab5 and Rab4 promote endo/exocytic
cycles of critical cargos (membrane-type 1 matrix metal-
loprotease and $3 integrin) that are required for invado-
some formation.'?® Structures of Rabenosyn5 adjacent
Rab4- and Rab5-RBDs have provided insights into the
specificity of the 2 structurally similar RBDs.®* However,
the machinery that facilitates endosome tethering, sort-
ing and fusion is complex and involves multiple compo-
nents such as Rabaptin5, Rabex5, hVPS45 as well as
EEAI1, hVPS34 and Syntaxin13.>>'*® Further structural
insights are still needed to understand how these multi-
Rab effectors are spatially organized to regulate fusion
and sorting of early endosomes.

Mical-family proteins provide another example of a
Rab effector with 2 Rab binding sites. The RBD in
this case is a monomeric flat 3-helix domain with 2
opposite promiscuous Rab binding sites on the same
domain, one of higher affinity than the other.”®
Mical-family RBDs interact with a subset of phyloge-
netically related endosomal Rabs (Rabl, Rab8, Rab10,
Rab13, Rabl5, and Rab35).”®°® The architecture of
the bivalent Mical-RBD/Rab complexes (Fig. 7F) dem-
onstrates how these effectors can bind and coordinate
2 different Rabs, linking the different functional pro-
cesses the Rabs regulate or linking Rabs associated
with different membranes and contributing to mem-
brane tethering. In addition, Rab35 binding to Mical-
11 promotes the recruitment of downstream Rabs
such as Rab8, Rab13, and Rab36 and the Rab36-spe-
cific effector JIP4 to recycling endosomes during
neurite outgrowth.'”” Thus, Mical proteins can con-
centrate multiple Rabs at the same compartment via
their bivalent and promiscuous RBD domains.
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MyosinVa has been shown to directly bind to several
Rabs on different domains of its C-terminal tail (Rab6
and Rabl4 via the central coiled-coil; Rab8 and Rab10
via the alternatively spliced exonD region; and Rab3,
Rabll and Rab25 via the GTD).'”* Whether crosstalk
can be facilitated via these multiple binding sites is pres-
ently unknown. MyosinVa is mainly found on Rabll
and Rabl0 intracellular membranes, although it is also
required for maintaining a peripheral distribution of
Rab14-positive endosomes.'”* Moreover, melanophilin
can indirectly link MyosinVa to Rab27 compartments'*°
to regulate melanosome transport'®®; mutations in any
one of the complex components are associated with Gris-
celli disease.””" In turn, Rab11FIP2 links MyosinVb to
Rabl11 recycling endosomes."*” MyosinVb also mediates
apical trafficking in epithelial cells."*>"** In addition,
microvilli establishment requires the interaction between
Rab8a and MyosinVb, while the interaction between
Rablla and MyosinVb mediates apical recycling.'”
Importantly, mutations in MyosinVb cause microvillus
inclusion disease, a severe form of congenital diarrhea
linked to deficits in apical absorption, loss of microvilli,
aberrant junctions, and losses in transcellular ion trans-
port pathways.13 >~137 More investigations are required to
clarify how the motor can participate in different path-
ways and possibly accomplish different tasks depending
on its associated Rabs.

Pathogenic bacteria hijacking Rabs and their
partners

Dynamic exchange between cellular compartments is
essential for life of eukaryotes and its processes can be
hijacked by pathogens upon invasion. Intracellular bacte-
rial pathogens successfully evade degradation by inhibit-
ing phagosome maturation in the host cell and
transforming it into a pathogen-containing vacuole.
Such pathogens convey virulence factors into the host
cell cytoplasm, which manipulate Rab and Arf functions
to protect the newly formed pathogen-containing
vacuoles from destruction.’

Structural studies of these virulence factors have pro-
vided insights into the specific strategies the pathogen
uses to compete with the cellular partners of Rabl. For
example, Legionella pneumophila takes control of the
trafficking of the endoplasmic reticulum (ER)-derived
Rabl positive vesicles and masks Legionella-containing
vacuoles (LCV) into ER-like compartments that resist
lysosomal fusion.” The bacteria uses a potent Rab1-GEF
(DrrA),*>**1%% which can also AMPylate Rab1,” and a
high-affinity effector (LidA)”> to successfully compete
with the binding of regulatory proteins and antagonize
Rabl removal from LCVs.'** Modification of the lipid

composition of early endosomes by the bacterial phos-
pholipase (VipD) also contributes to protecting the
phagosomes from degradation.

DrrA, itself targeted to the LCV through interaction of
its C-terminal domain with PI(4)P,*'*° efficiently
recruits and activates Rabl via its GEF domain.*>"**"*
The N-terminal nucleotidyltransferase domain of DrrA
then AMPylates the Rablb Switch2 tyrosine (part of the
hydrophobic triad).”” The structure of the AMPylated-
Rab1*® (Fig. 12A) shows how the covalently attached
bulky AMP moiety changes the partner binding surface.
The modification blocks binding of GDI and abolishes
nucleotide hydrolysis stimulation by Rabl1GAPs (human
TBC1D20 or LepB, a Legionella secreted protein with
GAP activity).” Interestingly, the DrrA GEF activity is
only moderately affected by the AMPylation. Combined
GEF and AMPylation activities of DrrA amplify the
recruitment and activation of Rabl on the LCV and
blocks Rabl retrieval from its membranes.'*! Selective
recycling of un-ampylated Rab1 by GAPs and GDI leave
only modified active Rab1 on the LCV.*

The Legionella LidA effector interacts with Rabl on
the LCV and contributes to preventing Rabl removal
from the endosomal membrane.'*’ LidA binds several
Rabs in vitro (Rab1l, Rab6 and Rab8) in both their GTP-
and GDP-bound states with very high affinities and can
bind AMPylated-Rabs.”” The basis for this high affinity
was revealed by the structures of Rab8/LidA-RBD and
Rab1/LidA-RBD: while a central coiled-coil of LidA
binds Rab via the canonical effector binding site, a big
concave binding surface is formed by several other sub-
domains that embrace the Rab, extending the interaction
site to CDR4 and CDR5 as well as helix3 (Fig. 12B).”>'*?
Although the AMPylated Switch2 Tyr directly interacts
with LidA, the local distortion at this site might be com-
pensated by the extensive interactions within the unusu-
ally big interface of the proteins.

Legionella uses another mechanism for evading degra-
dation. The AnkX and Lem3 proteins perform reversible
phosphocholination of a serine/threonine residue in the
Switch2 region of Rabl adjacent to the triad tyro-
sine'*'** (Fig. 12A). These phosphocholinated Rabs
cannot undergo GTP/GDP exchange via GEF, neither
can they bind to GDI. Their deactivation by GAPs and
interactions with Rab-effector proteins (such as LidA
and Mical3) are only modestly inhibited. As a result, the
phosphocholinated Rabs accumulate in membranes even
in the GDP-bound form.'*

Another Legionella effector protein, VipD, targets
Rab5 to early endosomal membranes and alters their
lipid and protein composition, thereby protecting the
pathogen from endosomal fusion.*>” VipD efficiently
competes with host Rab5 effectors via its high affinity
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Figure 12. Bacterial Rab regulators. (A) Structure of active Rab1b modified by DrrA (3NKV). GTP analog and Mngr are shown in dark
gray. The Tyr of Rab1b hydrophobic triad that is AMPylated (yellow) by DrrA is in the central part of the canonical partner binding site.
The Rab1 Ser phosphocholination site in the Switch2 is also shown (cyan). (B) Legionella effector LidA bound to Rab8a (3TNF). Rab8a
effector binding site (right) includes the canonical partner interaction surface (top) and expands to the adjacent surface (bottom).
Rab8a residues changing solvent accessible area upon interaction with LidA are shown in black lines. (C) Legionella effector VipD bound
to Rab5c (4KYI). Binding of Rab5c to VipD’s helical RBD allosterically induces conformational changes in the phospholipase domain,
resulting in opening of the catalytic site and activation of the enzymatic activity.

RBD for Rab5% (Fig. 12C), ensuring effective hijacking
of the host Rab and redirecting its function. Rab5 bind-
ing to C-terminal VipD-RBD allosterically induces the
opening of the substrate binding pocket, activating the
phospholipase for PI(3)P depletion.*

The wealth of structural information about the inter-
actions between bacterial effectors and host cell Rabs
should aid in the fight against pathogens such as Legion-
ella. This could be pursued by screening for specific
drugs that revert the efficiency of this machinery, possi-
bly by targeting Rab binding to DrrA.

Understanding complexity: Perspectives
on the critical missing information

Rab proteins are essential switches that orchestrate the
constant flow of membranes throughout the cell and

provide identity to different compartments. A wealth of
data has provided important clues on how key effectors
regulate Rab switches with specificity. Ongoing efforts to
further identify specific regulatory partners'*® and effec-
tors'*” are essential, as well as coupled structural and cell
biologic investigations to dissect the role of Rabs in vivo.
One obvious gap in the field is the lack of understanding
of specific Rab-membrane recruitment mechanisms. In
addition, the importance of post-translational modifica-
tions in modulating binding of partners and thus the
spatial and temporal regulation of Rab functions
throughout the cell cycle need to be carefully investi-
gated. The current challenges also include identifying
how these different Rab effector proteins cooperate and
act in a coordinated manner to accomplish complex
membrane trafficking tasks. The extensive and diverse
functions resulting from Rab interactions and how they
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control timely events on lipid membranes are only begin-
ning to be understood.

How Rabs and their partners regulate the cytoskeleton
near the membrane has been greatly underappreciated.
Recent discoveries showed that activation of a motor can
be linked to the nucleation of its actin track around the
vesicle”" and that Rab binding controls an enzyme that
promotes actin disassembly.”® These findings open up
new directions for investigations into the crosstalks
between Rabs and cytoskeleton regulators. Recent advan-
ces in cryo-electron microscopy and integrative structural
biology'*® also open new perspectives for the structural
investigation of Rab regulated functional networks involv-
ing large multi-protein complexes. Future structural stud-
ies of these multicomponent systems combined with
modern genome engineering and state-of-the-art high
resolution imaging will provide a mechanistic view of the
cooperative functions of Rab-effectors, and hold the prom-
ise of revealing the innermost workings of the multi-
functional Rab family and their interacting partners.
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