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Small GTPases of the Rab family control timing of vesicle
fusion. Fusion of two vesicles can only occur when they
have been brought into close contact. Transport by
microtubule- or actin-based motor proteins will facilitate
this process in vivo. Ideally, transport and vesicle fusion
are linked activities. Active, GTP-bound Rab proteins
dock on specific compartments and are therefore perfect
candidates to control transport of the different compart-
ments. Recently, a number of Rab proteins were identi-
fied that control motor protein recruitment to their
specific target membranes. By cycling through inactive
and active states, Rab proteins are able to control motor
protein-mediated transport and subsequent fusion of
intracellular structures in both spatial and timed
manners.
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Rab Proteins and Their Interacting Partners

Over 60 mammalian Rab proteins have been identified,

and each Rab protein regulates a distinct intracellular

transport step (1,2), through its temporal and spatial asso-

ciation with various interacting proteins. One group of

interacting proteins comprises the regulatory proteins.

These include guanine-exchange factors (GEFs), GTPase-

activating proteins (GAPs), GDP-dissociation inhibitors

(GDIs) and GDP-displacement factors (GDFs). Together,

these proteins control the switch between active GTP-

bound and inactive GDP-bound Rab proteins. Moreover,

they might be involved in targeting the Rab proteins to

their specific membrane (3), a process which is still poorly

understood.

The second group of interacting partners are the effector

proteins, a rapidly expanding list of proteins that specifi-

cally interact with active, GTP-bound Rab proteins (4). One

Rab protein can interact with multiple effector proteins

that either function in a larger complex or provide the

basis for distinct downstream functions. However, effec-

tor proteins can also be shared between related Rab pro-

teins, providing concerted action of different Rab proteins

within one pathway (5–7).

Rab proteins are recognized for their key roles in both

membrane transport and fusion. Whereas the role of Rab

proteins in vesicle fusion is relatively well-understood (8),

the exact role of Rab proteins in transport was obscure

until recently. This review will focus on the emerging role

of Rab proteins in vesicle transport with multiple examples

of Rabs controlling motor protein recruitment and activa-

tion on defined vesicles (Table 1) (Figure 1).

Intracellular Transport

The presence of many different intracellular compart-

ments requires a high order of regulation of transport to

ensure delivery at the correct destination. Two networks

support motor protein-driven intracellular transport, the

microtubule and the actin network. In animal cells, micro-

tubules provide high-speed, long-range transport, whereas

the actin network usually facilitates slower and short-

range local transport events. Actin-mediated transport

occurs via the members of the myosin family (9).

Myosins consist of a motor head, a neck and a variable

tail domain that mediates interaction with specific cargoes

(10). Besides myosin II, a number of unconventional myo-

sins are involved in organelle transport. These include I, V,

VI and VII, of which the class V myosins are the most

efficient and processive members (11,12).

Most intracellular transport, however, occurs via the

microtubule network. Two families of motor proteins use

microtubules, kinesins and dyneins (13,14). There are 14

defined families of kinesin motors based on phylogenetic

tree analyses (15). Most kinesin motors transport cargo

towards the plus end of the microtubules located in the

cell periphery, with a few exceptions (15). Kinesins have a

domain structure relatively similar to myosins. They con-

sist of a heavy chain [kinesin heavy chain (KHC)] and a light

chain [kinesin light chain (KLC)]. Conventional KHCs have

three subdomains: the globular motor head, a stalk and a

globular tail domain. The non-motor domains are thought

to be involved in cargo and microtubule binding and reg-

ulation of the motor unit (16–18).
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There are only two dynein motor isoforms mediating vesi-

cular transport. These are cytoplasmic dynein 1 and cytoplas-

mic dynein 2, of which the latter is mainly involved in

intraflagellar movement but also functions in Golgi organization

(19,20). Dynein 1 (further on referred to as dynein) is the

commonly known dynein involved in many cellular processes

(21). Dynein only mediates cargo transport towards the minus

end located at the Microtubule Organising Centre (MTOC)

(22–24). Dynein motors are massive multimeric complexes

composed of two bulky heavy chains and a variety of

Table 1: Rab GTPases interacting with motor proteins

Rab GTPase Motor Compartment Interaction Effector Reference

Rab4 KIF3B EE IP (55)

LIC EE Y2H (61)

Rab5 DIC EE IP (57)

KIF16B EE No PI3K (62)

Rab6 p150GLUED Golgi Y2H BicD1/2 (49,50)

p50dynamitin Golgi Pull down (50)

RB6K/MKLP2 Golgi Y2H, pull down (45)

Rab7 Dynein/dynactin LE/Lys Unknown RILP (64)

Rab8 MyoVI Golgi Y2H, direct interaction Optineurin (89,90)

Rab11 MyoVb Recycling compartment Y2H (85)

Y2H FIP-2 (86)

Rab27a MyoVa Melanosome Y2H, IP Melanophilin/Slac2 (74–78)

MyoVIIa Melanosome Pull down MyRIP (80,81)

DIC, dynein intermediate chain; FIP-2, family interacting protein-2; IP, immunoprecipitation; LIC, light intermediate chain; RILP, Rab7-

interacting lysosomal protein; Y2H, yeast two-hybrid.

KIF3B

Rab4

Rab6

Rab8 Rab11 FIP2 Slac2 MyRIPRab27a Rab27aOptineurin

MyoVI MyoVIIaMyoVb MyoVa

Rab6 Rab7RILP?

p150 RB6K/MKLP2 Dynein/dynactin

Rab5 Rab5 Rab6 BicD1/2

p50

PI3K

Dynein KIF16B

Figure 1: Microtubule- and actin-

based motor proteins involved in

Rab-dependent motility. Red and

blue indicate, respectively, minus-

end- and plus-end-directed motors.

See text for details. RILP, Rab7-

interacting lysosomal protein.

? ¼ unknown protein or protein

complex.
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accessory subunits including two intermediate chains [dynein

intermediate chains (DICs)], four light intermediate chains

(LICs) and several light chains. The heavy chains form the

motor domains, whereas the accessory subunits are involved

in the interaction with the cargo and regulatory proteins (21).

Via the intermediate chains, dynein interacts with its activator,

dynactin (25,26). Dynactin is a multisubunit complex com-

posed of p150glued, p62, p50dynamitin, Arp11, Arp1,b-actin,

CapZ a/b, p27, p25 and p24 that links dynein to most

cargoes (27).

How motor proteins find their correct vesicular destination

is still unclear. Several kinesins directly interact with their

specific cargoes via their variable tail domains or their

associated light chains, which have been shown to inter-

act with multiple membrane-associated proteins (28,29).

Recently, the group of Gelfand (30) identified at least three

different dynein LICs, of which one is involved in the

targeting of dynein to melanosomes. Although some

direct dynein–cargo interactions have been described, effi-

cient dynein processivity and membrane recruitment

requires dynactin (31,32). Dynactin by itself is unable to

directly interact with lipids in membranes, but via Arp1,

dynactin can interact with the spectrin network on

vesicular membranes (33–35). Moreover, Muresan et al.

(35) showed that spectrin specifically interacts with acidic

phospholipids, indicating that the lipid composition of the

membrane might be important for the association of

motor proteins.

Both, plus-end and minus-end-directed motors can be

present on the same cargo (36–38). As a result, many

intracellular vesicles like endosomes, lysosomes, secre-

tory vesicles, melanosomes, peroxisomes and mitochon-

dria move along microtubules in a bidirectional manner

(37–42). However, these organelles are never observed

to be torn apart by two oppositely directed motor proteins.

A recent study on bidirectional transport by dynein and

kinesin-1 motors of peroxisomes revealed that opposite

motor activities do not act simultaneously but are tem-

porarily controlled (37). Apparently, there is an agreement

between the motors on when to be active (Figure 2).

Rab Proteins Controlling Motor Proteins

Rab proteins would be ideal to regulate specific recruit-

ment of motor proteins to defined vesicles, because they

mark all the different compartments. The first indications

that Rab proteins might be directly linked to the cytoske-

leton came from Peranen et al. and Deretic et al. (43,44).

They observed a striking actin localization and actin-

mediated movement of Rab8-positive vesicles, which

was largely dependent on Rab8 activity. Since then, a

growing number of examples were reported of Rab pro-

teins controlling recruitment of motor proteins onto

defined compartments.

Golgi-Associated Rab6 and Its Associated
Motors

The first description of a Rab protein directly coupling to a

motor protein was when Goud and coworkers (45) identi-

fied a new kinesin-like protein as an effector of Golgi-

associated Rab6, Rabkinesin-6 (RB6K). RB6K specifically

interacted with GTP-Rab6, and overexpression resulted in

dispersion of the Golgi towards the plus end of microtu-

bules. Interestingly, RB6K has two microtubule-binding

sites; one in the N-terminal motor domain and one in the

Rab6-binding C-terminus. The functional relevance of

these two microtubule-binding sites became apparent

when RB6K was shown to be crucial for cytokinesis and

was highly upregulated during mitosis (46–48). In addition

to its localization to the central spindle, the motor domain

of RB6K is highly similar to the mitotic kinesin MKLP1 and

is therefore reclassified as MKLP2. During the cell cycle,

RB6K/MKLP2 localization is independent of Rab6, which is

in contradiction with its role in Golgi transport, and some

controversy exists about the latter function. However,

RB6K/MKLP2 might have different interaction partners

during the various stages of the cell cycle.

Other Rab6 effector proteins were subsequently identi-

fied. Short et al. and Matanis et al. isolated two related

dynactin-binding proteins, BicD1 and BicD2, that inter-

acted with GTP-Rab6 (49,50). BicD2, as well as BicD1,

bind to p50dynamitin (51) and thereby link Rab6 to the

dynein/dynactin complex. Overexpression of the Rab6-

binding C-terminal portion of BicD2 significantly dimin-

ished minus-end transport of Rab6-positive vesicles,

most likely by uncoupling the motor from Rab6 (49). In

addition, a link between Rab6 and the dynactin subunit

p150Glued was observed in vitro (50), but the functional

relevance of these two modes of interaction remains

elusive.

Thus, active Rab6 can interact with both kinesin (RB6K/

MKLP2) and the dynein/dynactin complex, thereby regu-

lating both plus-end and minus-end transport of Golgi

compartments. Still, directional transport of Golgi vesicles

occurs, which cannot occur by simultaneous activity of the

–

+

Figure 2: Many cargoes move in a bidirectional manner due

to the presence of both kinesin and dynein/dynactin on the

same cargo. The alternating activities of the motors determine

the direction.
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two oppositely directed motor proteins. How the relative

activities of both motors are controlled is yet unclear.

Rab4 and Rab5 Regulating Exocytosis and
Endocytosis via Co-ordinated Interactions
with Kinesin and Dynein Motors

The transport of the insulin-responsive glucose transporter

GLUT4 in 3T3-1L adipocytes illustrates the interplay

between Rab proteins and motors. GLUT4 proteins are

translocated from the perinuclear area to the plasma

membrane following insulin stimulation due to both

enhanced exocytosis and reduced endocytosis (52–54).

Imamura et al. (55) identified Rab4 as a main regulator of

exocytosis of GLUT4. They found an interaction between

active GTP-Rab4 and KIF3B, a kinesin-2 family member.

Insulin activates Rab4 in a PI3K- and PKCg-dependent

manner, which in turn enhances its association to KIF3B.

In addition, insulin increased binding of KIF3B to microtu-

bules, again dependent on PI3K- and PKCg activity.

Because phosphorylation of kinesin has been suggested

to affect microtubule binding, it is possible that KIF3B is a

target of these kinases (56).

The other component of the GLUT4 cycle, endocytosis, is

controlled by Rab5. Huang et al. (57) showed that dynein

could be coisolated with Rab5. Upon stimulation with

insulin, they observed a significant decrease in the levels

of GTP-Rab5, which resulted in a concomitant reduction in

dynein association and inhibition of minus-end transport.

In addition, insulin decreased the interaction of dynein

with microtubules in a PI3K-dependent manner. Again,

this might be mediated by phosphorylation of the dynein/

dynactin complex, which has previously been shown to

negatively regulate its microtubule-binding capacity (58).

Involvement of a large group of kinases (>207) in endocy-

tosis and exocytosis is further supported by a recent RNAi

screen by Zerial and coworkers (59). How these kinases

might affect motor protein-based transport remains

elusive.

Thus, the insulin-stimulated increase of active GTP-Rab4

leads to enhanced recruitment (by coisolation experi-

ments) and activity of KIF3B resulting in enhanced plus-

end-directed transport (i.e. exocytosis). However, insulin-

dependent phosphorylation events also inactivate Rab5

and diminish dynein/dynactin function thereby inhibiting

minus-end transport (i.e. endocytosis). By these means,

insulin stimulation results in efficient delivery of GLUT4 at

the plasma membrane.

Earlier, Nielsen et al. showed that Rab5 activity is required

for minus-end-directed transport of early endosomes iso-

lated from A431 cells. But surprisingly, antibodies directed

against the dynein motor did not affect minus-end trans-

port. In contrast, MC44 antibodies directed against multi-

ple KHCs blocked both minus-end and plus-end transport

of early endosomes (60). This suggests a link between

Rab5 and a minus-end directed kinesin motor protein.

Moreover, yeast two-hybrid data indicate that Rab4 inter-

acts with the dynein LIC (61). Apparently, Rab proteins can

adapt to the diverse motor requirements of distinct (sub)-

compartments in different cell types, but various interac-

tions still have to be confirmed by techniques other than

yeast two-hybrid and coisolation experiments.

Rab5 Creates a Membrane Patch for KIF16B
Motor Association

Whereas the previous examples described direct interac-

tions between microtubule-based motor proteins and Rab

proteins, Zerial and colleagues recently showed that Rab5

can create a local environment for motor recruitment with-

out the need for a direct interaction. They identified a new

kinesin family member, KIF16B, which was recruited to

early endosomes in a Rab5-dependent manner (62).

KIF16B can be classified as a plus-end-directed kinesin-3

family member (15). Together with Unc104, another

kinesin-3, it is the only known kinesin that contains a

lipid-binding domain. Hoepfner et al. showed that KIF16B

interacts with PI(3)P-loaded vesicles via its C-terminal

PhoX homology (PX) domain. Vps34 is a PI3 kinase and

an effector protein of Rab5 and is responsible for the local

production of PI(3)P on the endosomal membrane. Rab5

thus regulates KIF16B recruitment by creating a PI(3)P-

containing microdomain suitable for KIF16B binding,

thereby stimulating plus-end transport of the endosomes.

However, Rab5 and PI3-kinase activity also appeared to

regulate minus-end transport of early endosomes (60);

therefore, the question remains how the opposite activ-

ities are temporarily controlled by the same Rab5 protein

and possibly the same PI3 kinase.

Rab7 and Its Effector Rab7-Interacting
Lysosomal protein Regulate Dynein/Dynactin-
Motor Recruitment to Late Endosomes

Rab7 is present on late endosomal and lysosomal struc-

tures that – like other structures – move along microtu-

bules in a bidirectional manner due to the alternating

activities of dynein and kinesin motors (42). Rab7 requires

its effector protein, Rab7-interacting lysosomal protein

(RILP) (63,64), to recruit the dynein/dynactin motor to

late endosomes and lysosomes resulting in the accumula-

tion of these structures at the extreme minus end of

microtubules, the MTOC (64). Overexpression of the

(dominant-negative) C-terminal Rab7-binding portion of

RILP prevents recruitment of the dynein/dynactin complex

(64) and results in the relocation of late endosomal com-

partments towards the cell periphery by kinesin (63,64). A

direct interaction of the dynein/dynactin motor with either

Rab7 or RILP was not seen.

Rab GTPases and the Control of Motor-Driven Transport
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Lebrand et al. (65) have shown that the lipid composition

of late endosomes is of major importance for the mem-

brane localization of Rab7. Interestingly, spectrin is also

found on Rab7-containing compartments and is required

for the perinuclear retention of these compartments,

thereby making spectrin a potential mediator of motor

recruitment (unpublished observations). Thus, lipids and

possibly spectrin might play a role in Rab7-mediated

motor recruitment. Interestingly, Vps34 and its adaptor

protein p150 also form a complex with inactive GDP-

bound Rab7 (66). Rab7 activation results in the release of

Vps34, which raises the possibility that Vps34 is cycling

between early and late endosomes. Collectively, these

data suggest that the recruitment of the dynein/dynactin

motor to late endosomal compartments might be the

consequence of a Rab7-/RILP-mediated alteration of the

late endosomal membrane (by affecting the lipid composi-

tion resulting in spectrin binding – for example) analogous

to the recruitment of KIF16B to early endosomes by Rab5/

Vps34 (62).

The Control of Myosin Motors by Rab Proteins

There are also many examples of Rab proteins interacting

with the actin-based myosin motors [for review (67)]. The

earliest finding with respect to these interactions was the

association of Rab27a with the actin-based motor myosin

Va (68). This link became apparent with the similar pheno-

types of two-coat colour mutants in mice, dilute and

ashen, which have mutations in, respectively, the

MYOVA and the RAB27A genes (69,70). As a result, mel-

anocytes of these mutant mice show a striking depletion

of melanin-loaded melanosomes in their dendrites (71,72).

A third colour-coat mutant, leaden, has a defective gene

encoding for Melanophilin/Slac-2a (73), a Rab27a effector

that was later identified as the MyoVa receptor by several

groups (74–78). Recently, Rab27a was also found to interact

with another myosin motor, MyoVII (79), in retina-pigment

epithelial cells. This interaction was dependent on a different

Rab27a effector, MyRIP (80,81), which illustrates the cell-

type-specific interactions between Rab proteins, their effec-

tors and motors.

Two other Rabs have been shown to couple to myosins,

Rab11 and Rab8. Rab11 is associated to the recycling com-

partment and regulates recycling of the transferrin receptor

and several G protein-coupled receptors (82–84). A direct

interaction was found between Rab11 and myosin Vb via a

yeast two-hybrid screen (85), yet the Rab11 effector ‘Rab11

family interacting protein-2’ (FIP-2) also interacts with myo-

sin Vb (86). Rab8 regulates the biosynthetic pathway from

the Golgi towards the plasma membrane (87,88). Recently,

myosin VI has been observed to directly interact with

optineurin (89), an interaction partner of Rab8 (90), which

may explain the Rab8-dependent actin-based movements

observed earlier (43,44).

In conclusion, these data illustrate how various Rab pro-

teins recruit – either directly or indirectly – specific micro-

tubule- or actin-based motor proteins to their target

membranes. The factors regulating the GTPase cycle of

Rab proteins (but also other proteins like kinases and

probably also phosphatases) then control the timing of

motor activities on specific vesicles.

Rab Proteins Combining Two Activities:
Transport and Vesicle Fusion

Rab proteins are best known for their role in regulating

most – if not all – intracellular fusion and fission events

(2,8,91). They can create membrane subdomains via their

interaction with various effector proteins to sort cargo

(5,92). In addition, Rab proteins play a major role in the

process prior to fusion with the target membrane by

recruiting tethering and docking factors (8). Rab proteins

are thus able to connect membrane fission/fusion and

transport and, given their defined intracellular location,

provide specificity.

Wolkoff and coworkers (93) already showed 5 years ago,

in an in vitro reconstituted system, that fission of early

endosomes requires the action of microtubule-based

motor proteins. They observed bidirectional movement

of vesicles, which was blocked by a general antibody

against the KHC. Inhibiting Rab4 activity on these endo-

somes stimulated minus-end transport by the minus-end-

directed kinesin protein KIF2C and increased the fission

events in vitro, consistent with Rab4 acting as a switch

between plus- and minus-end transport.

The interaction of Rab5 with Vps34 that leads to local early

endosomal production of PI(3)P is another illustrative

example of a direct link between transport and fusion.

Local increase of PI(3)P not only leads to the recruitment

of KIF16B but also attracts FYVE domain containing pro-

teins like EEA1 which are part of the docking and fusion

machinery (94).

Another example of a Rab protein controlling fusion via

motor proteins is found in the phagocytic pathway.

Phagosomes are lysosome-related organelles and largely

regulated by both Rab5 and Rab7 (95,96). In the end stage

of the phagocytic pathway, pathogens are degraded in the

phagolysosomes due to the fusion with lysosomes and

the introduction of various hydrolases (97,98). Salmonella

is one of the pathogens that is able to survive intracellularly

in a so-called Salmonella-containing vacuole (SCV). Like

nascent phagosomes, the SCV acquires Rab7, which is

required for its maturation (99). But the SCV is able to

prevent its fusion with mature lysosomes. Recently,

Guignot et al. (100) have shown that both kinesin and

dynein motor activities are required for the formation and

maintenance of the SCV. Interestingly, by increasing the

amount of the Rab7 effector RILP on SCVs or nascent

Jordens et al.
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phagosomes, the motor balance can be shifted towards

dynein/dynactin, which subsequently leads to enhanced

fusion with mature lysosomes (101,102). As a result,

intracellular Salmonella replication is blocked (102).

Thus Rab proteins orchestrate membrane fusion not only

by recruiting the components of the fusion machinery,

but also by controlling the process prior to fusion, motor-

based vesicle transport. This once again proves Rab

proteins are master regulators of intracellular membrane

trafficking by controlling two independent but tightly linked

processes: fusion and transport.

References

1. Seabra MC, Mules EH, Hume AN. Rab GTPases, intracellular traffic

and disease. Trends Mol Med 2002;8:23–30.

2. Zerial M, McBride H. Rab proteins as membrane organizers. Nat Rev

Mol Cell Biol 2001;2:107–117.

3. Seabra MC, Wasmeier C. Controlling the location and activation of

Rab GTPases. Curr Opin Cell Biol 2004;16:451–457.

4. Stein MP, Dong J, Wandinger-Ness A. Rab proteins and endocytic

trafficking: potential targets for therapeutic intervention. Adv Drug

Deliv Rev 2003;55:1421–1437.

5. de Renzis S, Sonnichsen B, Zerial M. Divalent Rab effectors regulate

the sub-compartmental organization and sorting of early endosomes.

Nat Cell Biol 2002;4:124–133.

6. Fukuda M. Distinct Rab binding specificity of Rim1, Rim2, rabphilin,

and Noc2. Identification of a critical determinant of Rab3A/Rab27A

recognition by Rim2. J Biol Chem 2003;278:15373–15380.

7. Segev N. Ypt and Rab GTPases: insight into functions through novel

interactions. Curr Opin Cell Biol 2001;13:500–511.

8. Schimmoller F, Simon I, Pfeffer SR. Rab GTPases, directors of vesicle

docking. J Biol Chem 1998;273:22161–22164.

9. Tuxworth RI, Titus MA. Unconventional myosins: anchors in the

membrane traffic relay. Traffic 2000;1:11–18.

10. Berg JS, Powell BC, Cheney RE. A millennial myosin census. Mol Biol

Cell 2001;12:780–794.

11. Mehta AD, Rock RS, Rief M, Spudich JA, Mooseker MS, Cheney RE.

Myosin-V is a processive actin-based motor. Nature 1999;400:

590–593.

12. Rief M, Rock RS, Mehta AD, Mooseker MS, Cheney RE, Spudich JA.

Myosin-V stepping kinetics: a molecular model for processivity. Proc

Natl Acad Sci USA 2000;97:9482–9486.

13. Hirokawa N. Kinesin and dynein superfamily proteins and the

mechanism of organelle transport. Science 1998;279:519–526.

14. Vale RD. The molecular motor toolbox for intracellular transport. Cell

2003;112:467–480.

15. Lawrence CJ, Dawe RK, Christie KR, Cleveland DW, Dawson SC,

Endow SA, Goldstein LS, Goodson HV, Hirokawa N, Howard J,

Malmberg RL, McIntosh JR, Miki H, Mitchison TJ, Okada Y et al. A

standardized kinesin nomenclature. J Cell Biol 2004;167:19–22.

16. Seiler S, Kirchner J, Horn C, Kallipolitou A, Woehlke G, Schliwa M.

Cargo binding and regulatory sites in the tail of fungal conventional

kinesin. Nat Cell Biol 2000;2:333–338.

17. Verhey KJ, Lizotte DL, Abramson T, Barenboim L, Schnapp BJ,

Rapoport TA. Light chain-dependent regulation of Kinesin’s interac-

tion with microtubules. J Cell Biol 1998;143:1053–1066.

18. Lee JR, Shin H, Choi J, Ko J, Kim S, Lee HW, Kim K, Rho SH, Lee JH,

Song HE, Eom SH, Kim E. An intramolecular interaction between the

FHA domain and a coiled coil negatively regulates the kinesin motor

KIF1A. EMBO J 2004;23:1506–1515.

19. Grissom PM, Vaisberg EA, McIntosh JR. Identification of a novel light

intermediate chain (D2LIC) for mammalian cytoplasmic dynein 2. Mol

Biol Cell 2002;13:817–829.

20. Mikami A, Tynan SH, Hama T, Luby-Phelps K, Saito T, Crandall JE,

Besharse JC, Vallee RB. Molecular structure of cytoplasmic dynein 2

and its distribution in neuronal and ciliated cells. J Cell Sci

2002;115:4801–4808.

21. Vallee RB, Williams JC, Varma D, Barnhart LE. Dynein: an ancient

motor protein involved in multiple modes of transport. J Neurobiol

2004;58:189–200.

22. Paschal BM, Vallee RB. Retrograde transport by the microtubule-

associated protein MAP 1C. Nature 1987;330:181–183.

23. Schnapp BJ, Reese TS. Dynein is the motor for retrograde axonal

transport of organelles. Proc Natl Acad Sci USA 1989;86:1548–1552.

24. Schroer TA, Steuer ER, Sheetz MP. Cytoplasmic dynein is a minus

end-directed motor for membranous organelles. Cell 1989;56:937–946.

25. Karki S, Holzbaur EL. Affinity chromatography demonstrates a direct

binding between cytoplasmic dynein and the dynactin complex. J Biol

Chem 1995;270:28806–28811.

26. Vaughan KT, Vallee RB. Cytoplasmic dynein binds dynactin through a

direct interaction between the intermediate chains and p150Glued. J

Cell Biol 1995;131:1507–1516.

27. Schroer TA. Dynactin. Annu Rev Cell Dev Biol 2004;20:759–779.

28. Karcher RL, Deacon SW, Gelfand VI. Motor-cargo interactions: the

key to transport specificity. Trends Cell Biol 2002;12:21–27.

29. Verhey KJ, Rapoport TA. Kinesin carries the signal. Trends Biochem

Sci 2001;26:545–550.

30. Reilein AR, Serpinskaya AS, Karcher RL, Dujardin DL, Vallee RB,

Gelfand VI. Differential regulation of dynein-driven melanosome

movement. Biochem Biophys Res Commun 2003;309:652–658.

31. Karki S, Holzbaur EL. Cytoplasmic dynein and dynactin in cell division

and intracellular transport. Curr Opin Cell Biol 1999;11:45–53.

32. King SJ, Schroer TA. Dynactin increases the processivity of the

cytoplasmic dynein motor. Nat Cell Biol 2000;2:20–24.

33. Fath KR, Trimbur GM, Burgess DR. Molecular motors and a spectrin

matrix associate with Golgi membranes in vitro. J Cell Biol

1997;139:1169–1181.

34. Holleran EA, Ligon LA, Tokito M, Stankewich MC, Morrow JS,

Holzbaur EL. beta III spectrin binds to the Arp1 subunit of dynactin.

J Biol Chem 2001;276:36598–36605.

35. Muresan V, Stankewich MC, Steffen W, Morrow JS, Holzbaur EL,

Schnapp BJ. Dynactin-dependent, dynein-driven vesicle transport in

the absence of membrane proteins: a role for spectrin and acidic

phospholipids. Mol Cell 2001;7:173–183.

36. Gross SP, Tuma MC, Deacon SW, Serpinskaya AS, Reilein AR,

Gelfand VI. Interactions and regulation of molecular motors in

Xenopus melanophores. J Cell Biol 2002;156:855–865.

37. Kural C, Kim H, Syed S, Goshima G, Gelfand VI, Selvin PR. Kinesin

and dynein move a peroxisome in vivo: a tug-of-war or coordinated

movement? Science 2005;308:1469–1472.

38. Rogers SL, Tint IS, Fanapour PC, Gelfand VI. Regulated bidirectional

motility of melanophore pigment granules along microtubules in vitro.

Proc Natl Acad Sci USA 1997;94:3720–3725.

39. Blocker A, Severin FF, Burkhardt JK, Bingham JB, Yu H, Olivo JC,

Schroer TA, Hyman AA, Griffiths G. Molecular requirements for bi-

directional movement of phagosomes along microtubules. J Cell Biol

1997;137:113–129.

40. Chada SR, Hollenbeck PJ. Mitochondrial movement and positioning in

axons: the role of growth factor signaling. J Exp Biol 2003;

206:1985–1992.

41. Wacker I, Kaether C, Kromer A, Migala A, Almers W, Gerdes HH.

Microtubule-dependent transport of secretory vesicles visualized in

Rab GTPases and the Control of Motor-Driven Transport

Traffic 2005; 6: 1070–1077 1075



real time with a GFP-tagged secretory protein. J Cell Sci

1997;110:1453–1463.

42. Wubbolts R, Fernandez-Borja M, Jordens I, Reits E, Dusseljee S,

Echeverri C, Vallee RB, Neefjes J. Opposing motor activities of

dynein and kinesin determine retention and transport of MHC class

II-containing compartments. J Cell Sci 1999;112:785–795.

43. Deretic D, Huber LA, Ransom N, Mancini M, Simons K, Papermaster DS.

Rab8 in retinal photoreceptors may participate in rhodopsin transport and

in rod outer segment disk morphogenesis. J Cell Sci 1995;108:215–224.

44. Peranen J, Auvinen P, Virta H, Wepf R, Simons K. Rab8 promotes

polarized membrane transport through reorganization of actin and

microtubules in fibroblasts. J Cell Biol 1996;135:153–167.

45. Echard A, Jollivet F, Martinez O, Lacapere JJ, Rousselet A, Janoueix-

Lerosey I, Goud B. Interaction of a Golgi-associated kinesin-like pro-

tein with Rab6. Science 1998;279:580–585.

46. Fontijn RD, Goud B, Echard A, Jollivet F, van Marle J, Pannekoek H,

Horrevoets AJ. The human kinesin-like protein RB6K is under tight

cell cycle control and is essential for cytokinesis. Mol Cell Biol

2001;21:2944–2955.

47. Hill E, Clarke M, Barr FA. The Rab6-binding kinesin, Rab6-KIFL, is

required for cytokinesis. EMBO J 2000;19:5711–5719.

48. Neef R, Preisinger C, Sutcliffe J, Kopajtich R, Nigg EA, Mayer TU,

Barr FA. Phosphorylation of mitotic kinesin-like protein 2 by polo-like

kinase 1 is required for cytokinesis. J Cell Biol 2003;162:863–875.

49. Matanis T, Akhmanova A, Wulf P, Del Nery E, Weide T, Stepanova T,

Galjart N, Grosveld F, Goud B, De Zeeuw CI, Barnekow A,

Hoogenraad CC. Bicaudal-D regulates COPI-independent Golgi-ER

transport by recruiting the dynein-dynactin motor complex. Nat Cell

Biol 2002;4:986–992.

50. Short B, Preisinger C, Schaletzky J, Kopajtich R, Barr FA. The Rab6

GTPase regulates recruitment of the dynactin complex to Golgi mem-

branes. Curr Biol 2002;12:1792–1795.

51. Hoogenraad CC, Wulf P, Schiefermeier N, Stepanova T, Galjart N,

Small JV, Grosveld F, de Zeeuw CI, Akhmanova A. Bicaudal D

induces selective dynein-mediated microtubule minus end-directed

transport. EMBO J 2003;22:6004–6015.

52. Czech MP, Corvera S. Signaling mechanisms that regulate glucose

transport. J Biol Chem 1999;274:1865–1868.

53. Olefsky JM. Insulin-stimulated glucose transport minireview series.

J Biol Chem 1999;274:1863.

54. Pessin JE, Thurmond DC, Elmendorf JS, Coker KJ, Okada S.

Molecular basis of insulin-stimulated GLUT4 vesicle trafficking.

Location! Location! Location! J Biol Chem 1999;274:2593–2596.

55. Imamura T, Huang J, Usui I, Satoh H, Bever J, Olefsky JM. Insulin-

induced GLUT4 translocation involves protein kinase C-lambda-

mediated functional coupling between Rab4 and the motor protein

kinesin. Mol Cell Biol 2003;23:4892–4900.

56. Reilein AR, Tint IS, Peunova NI, Enikolopov GN, Gelfand VI.

Regulation of organelle movement in melanophores by protein kinase

A (PKA), protein kinase C (PKC), and protein phosphatase 2A (PP2A).

J Cell Biol 1998;142:803–813.

57. Huang J, Imamura T, Olefsky JM. Insulin can regulate GLUT4 inter-

nalization by signaling to Rab5 and the motor protein dynein. Proc

Natl Acad Sci USA 2001;98:13084–13089.

58. Vaughan PS, Miura P, Henderson M, Byrne B, Vaughan KT. A role for

regulated binding of p150 (Glued) to microtubule plus ends in orga-

nelle transport. J Cell Biol 2002;158:305–319.

59. Pelkmans L, Fava E, Grabner H, Hannus M, Habermann B, Krausz E,

Zerial M. Genome-wide analysis of human kinases in clathrin- and

caveolae/raft-mediated endocytosis. Nature 2005;436:78–86.

60. Nielsen E, Severin F, Backer JM, Hyman AA, Zerial M. Rab5 regulates

motility of early endosomes on microtubules. Nat Cell Biol

1999;1:376–382.

61. Bielli A, Thornqvist PO, Hendrick AG, Finn R, Fitzgerald K, McCaffrey MW.

The small GTPase Rab4A interacts with the central region of cytoplasmic

dynein light intermediate chain-1. Biochem Biophys Res Commun

2001;281:1141–1153.

62. Hoepfner S, Severin F, Cabezas A, Habermann B, Runge A, Gillooly D,

Stenmark H, Zerial M. Modulation of receptor recycling and degrada-

tion by the endosomal kinesin KIF16B. Cell 2005;121:437–450.

63. Cantalupo G, Alifano P, Roberti V, Bruni CB, Bucci C. Rab-interacting

lysosomal protein (RILP): the Rab7 effector required for transport to

lysosomes. EMBO J 2001;20:683–693.

64. Jordens I, Fernandez-Borja M, Marsman M, Dusseljee S, Janssen L,

Calafat J, Janssen H, Wubbolts R, Neefjes J. The Rab7 effector

protein RILP controls lysosomal transport by inducing the recruitment

of dynein-dynactin motors. Curr Biol 2001;11:1680–1685.

65. Lebrand C, Corti M, Goodson H, Cosson P, Cavalli V, Mayran N, Faure

J, Gruenberg J. Late endosome motility depends on lipids via the

small GTPase Rab7. EMBO J 2002;21:1289–1300.

66. Stein MP, Feng Y, Cooper KL, Welford AM, Wandinger-Ness A.

Human VPS34 and p150 are Rab7 interacting partners. Traffic

2003;4:754–771.

67. Seabra MC, Coudrier E. Rab GTPases and myosin motors in organelle

motility. Traffic 2004;5:393–399.

68. Wu X, Rao K, Bowers MB, Copeland NG, Jenkins NA, Hammer JA III.

Rab27a enables myosin Va-dependent melanosome capture by recruiting

the myosin to the organelle. J Cell Sci 2001;114:1091–1100.

69. Wilson SM, Yip R, Swing DA, O’Sullivan TN, Zhang Y, Novak EK,

Swank RT, Russell LB, Copeland NG, Jenkins NA. A mutation in

Rab27a causes the vesicle transport defects observed in ashen

mice. Proc Natl Acad Sci USA 2000;97:7933–7938.

70. Mercer JA, Seperack PK, Strobel MC, Copeland NG, Jenkins NA.

Novel myosin heavy chain encoded by murine dilute coat colour

locus. Nature 1991;349:709–713.

71. Provance DW Jr, Wei M, Ipe V, Mercer JA. Cultured melanocytes from

dilute mutant mice exhibit dendritic morphology and altered melano-

some distribution. Proc Natl Acad Sci USA 1996;93:14554–14558.

72. Wei Q, Wu X, Hammer JA III. The predominant defect in dilute

melanocytes is in melanosome distribution and not cell shape, sup-

porting a role for myosin V in melanosome transport. J Muscle Res

Cell Motil 1997;18:517–527.

73. Matesic LE, Yip R, Reuss AE, Swing DA, O’Sullivan TN, Fletcher CF,

Copeland NG, Jenkins NA. Mutations in Mlph, encoding a member of

the Rab effector family, cause the melanosome transport defects

observed in leaden mice. Proc Natl Acad Sci USA 2001;

98:10238–10243.

74. Fukuda M, Kuroda TS, Mikoshiba K. Slac2-a/melanophilin, the missing

link between Rab27 and myosin Va: implications of a tripartite protein

complex for melanosome transport. J Biol Chem 2002;

277:12432–12436.

75. Strom M, Hume AN, Tarafder AK, Barkagianni E, Seabra MC. A family

of Rab27-binding proteins. Melanophilin links Rab27a and myosin Va

function in melanosome transport. J Biol Chem 2002;

277:25423–25430.

76. Westbroek W, Lambert J, Bahadoran P, Busca R, Herteleer MC, Smit N,

Mommaas M, Ballotti R, Naeyaert JM. Interactions of human myosin

Va isoforms, endogenously expressed in human melanocytes, are

tightly regulated by the tail domain. J Invest Dermatol 2003;

120:465–475.

77. Wu X, Wang F, Rao K, Sellers JR, Hammer JA III. Rab27a is an

essential component of melanosome receptor for myosin Va. Mol

Biol Cell 2002;13:1735–1749.

78. Wu XS, Rao K, Zhang H, Wang F, Sellers JR, Matesic LE, Copeland NG,

Jenkins NA, Hammer JA III. Identification of an organelle receptor for

myosin-Va. Nat Cell Biol 2002;4:271–278.

Jordens et al.

1076 Traffic 2005; 6: 1070–1077



79. Gibbs D, Azarian SM, Lillo C, Kitamoto J, Klomp AE, Steel KP, Libby RT,

Williams DS. Role of myosin VIIa and Rab27a in the motility and localiza-

tion of RPE melanosomes. J Cell Sci 2004;117:6473–6483.

80. Desnos C, Schonn JS, Huet S, Tran VS, El Amraoui A, Raposo G,

Fanget I, Chapuis C, Menasche G, de Saint Basile G, Petit C, Cribier S,

Henry JP, Darchen F. Rab27A and its effector MyRIP link secretory

granules to F-actin and control their motion towards release sites.

J Cell Biol 2003;163:559–570.

81. El Amraoui A, Schonn JS, Kussel-Andermann P, Blanchard S, Desnos C,

Henry JP, Wolfrum U, Darchen F, Petit C. MyRIP, a novel Rab effector,

enables myosin VIIa recruitment to retinal melanosomes. EMBO Rep

2002;3:463–470.

82. Chen W, Feng Y, Chen D, Wandinger-Ness A. Rab11 is required for

trans-golgi network-to-plasma membrane transport and a preferential

target for GDP dissociation inhibitor. Mol Biol Cell 1998;9:3241–3257.

83. Volpicelli LA, Lah JJ, Fang G, Goldenring JR, Levey AI. Rab11a and

myosin Vb regulate recycling of the M4 muscarinic acetylcholine

receptor. J Neurosci 2002;22:9776–9784.

84. Wang X, Kumar R, Navarre J, Casanova JE, Goldenring JR. Regulation

of vesicle trafficking in madin-darby canine kidney cells by Rab11a

and Rab25. J Biol Chem 2000;275:29138–29146.

85. Lapierre LA, Kumar R, Hales CM, Navarre J, Bhartur SG, Burnette JO,

Provance DW Jr, Mercer JA, Bahler M, Goldenring JR. Myosin Vb is

associated with plasma membrane recycling systems. Mol Biol Cell

2001;12:1843–1857.

86. Hales CM, Vaerman JP, Goldenring JR. Rab11 family interacting

protein 2 associates with myosin Vb and regulates plasma membrane

recycling. J Biol Chem 2002;277:50415–50421.

87. Ang AL, Folsch H, Koivisto UM, Pypaert M, Mellman I. The Rab8

GTPase selectively regulates AP-1B-dependent basolateral transport

in polarized Madin-Darby canine kidney cells. J Cell Biol 2003;

163:339–350.

88. Huber LA, Pimplikar S, Parton RG, Virta H, Zerial M, Simons K. Rab8,

a small GTPase involved in vesicular traffic between the TGN and the

basolateral plasma membrane. J Cell Biol 1993;123:35–45.

89. Sahlender DA, Roberts RC, Arden SD, Spudich G, Taylor MJ, Luzio JP,

Kendrick-Jones J, Buss F. Optineurin links myosin VI to the Golgi

complex and is involved in Golgi organization and exocytosis. J Cell

Biol 2005;169:285–295.

90. Hattula K, Peranen J. FIP-2, a coiled-coil protein, links huntingtin to

Rab8 and modulates cellular morphogenesis. Curr Biol 2000;

10:1603–1606.

91. Pfeffer S. Vesicle tethering factors united. Mol Cell 2001;8:729–730.

92. Sonnichsen B, de Renzis S, Nielsen E, Rietdorf J, Zerial M. Distinct

membrane domains on endosomes in the recycling pathway visual-

ized by multicolor imaging of Rab4, Rab5, and Rab11. J Cell Biol

2000;149:901–914.

93. Bananis E, Murray JW, Stockert RJ, Satir P, Wolkoff AW. Regulation

of early endocytic vesicle motility and fission in a reconstituted sys-

tem. J Cell Sci 2003;116:2749–2761.

94. Miaczynska M, Zerial M. Mosaic organization of the endocytic path-

way. Exp Cell Res 2002;272:8–14.

95. Deretic V, Via LE, Fratti RA, Deretic D. Mycobacterial phagosome

maturation, rab proteins, and intracellular trafficking. Electrophoresis

1997;18:2542–2547.

96. Vieira OV, Bucci C, Harrison RE, Trimble WS, Lanzetti L, Gruenberg J,

Schreiber AD, Stahl PD, Grinstein S. Modulation of Rab5 and Rab7

recruitment to phagosomes by phosphatidylinositol 3-kinase. Mol Cell

Biol 2003;23:2501–2514.

97. Garcia-del Portillo F, Finlay BB. The varied lifestyles of intracellular

pathogens within eukaryotic vacuolar compartments. Trends Microbiol

1995;3:373–380.

98. Meresse S, Steele-Mortimer O, Moreno E, Desjardins M, Finlay B,

Gorvel JP. Controlling the maturation of pathogen-containing

vacuoles: a matter of life and death. Nat Cell Biol 1999;1:E183–E188.

99. Meresse S, Steele-Mortimer O, Finlay BB, Gorvel JP. The rab7 GTPase

controls the maturation of Salmonella typhimurium-containing vacuoles

in HeLa cells. EMBO J 1999;18:4394–4403.

100. Guignot J, Caron E, Beuzon C, Bucci C, Kagan J, Roy C, Holden DW.

Microtubule motors control membrane dynamics of Salmonella-

containing vacuoles. J Cell Sci 2004;117:1033–1045.

101. Harrison RE, Bucci C, Vieira OV, Schroer TA, Grinstein S.

Phagosomes fuse with late endosomes and/or lysosomes by exten-

sion of membrane protrusions along microtubules: role of Rab7 RILP.

Mol Cell Biol 2003;23:6494–6506.

102. Marsman M, Jordens I, Kuijl C, Janssen L, Neefjes J. Dynein-

mediated vesicle transport controls intracellular Salmonella replica-

tion. Mol Biol Cell 2004;15:2954–2964.

Rab GTPases and the Control of Motor-Driven Transport

Traffic 2005; 6: 1070–1077 1077


