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Summary

Dynactin is a multisubunit protein complex required
for the activity of dynein in diverse intracellular motility
processes, including membrane transport [1-3]. Dy-
nactin can bind to vesicles and liposomes containing
acidic phospholipids [4], but general properties such
as this are unlikely to explain the regulated recruitment
of dynactin to specific sites on organelle membranes
[5]. Additional factors must therefore exist to control
this process. Candidates for these factors are the Rab
GTPases, which function in the tethering of vesicles
to their target organelle prior to membrane fusion [6].
In particular, Rab27a tethers melanosomes to the actin
cytoskeleton [7-9]. Other Rabs have been implicated
in microtubule-dependent organelle motility; Rab7
controls lysosomal transport, and Rabé is involved in
microtubule-dependent transport pathways through
the Golgi and from endosomes to the Golgi [10-16]. We
demonstrate that dynactin binds to Rab6 and shows
a Rab6-dependent recruitment to Golgi membranes.
Other Golgi Rabs do not bind to dynactin and are un-
able to support its recruitment to membranes. Rab6
therefore functions as a specificity or tethering factor
controlling the recruitment of dynactin to membranes.

Results and Discussion

A number of different effectors have been described for
mammalian Rab6 and its yeast counterpart, Ypt6 [12,
15, 17-19]. However, because none of these effectors
explains the function of Rab6 in microtubule-dependent
motility of Golgi-associated vesicles in interphase cells,
we decided to screen for novel Rab6-interacting part-
ners by using a biochemical assay [20]. Rab6 binding
assays identified the p1509“ subunit of the dynactin
complex and the trans-Golgi network-localized dynac-
tin-interacting protein bicaudal D2 (BICD2) [21], as pref-
erential interactors of activated Rab6 (Figure 1A; Table
S1 in the Supplementary Material available with this
article online). The Rab escort protein REP-1 and the
Rab6 binding protein R6IP2 were also found, although
neither showed any significantly enhanced interaction
with the active form of Rab6 [15]. The presence of the
Rab-guanine nucleotide dissociation inhibitor (GDI)
bands hindered the identification of dynactin subunits
in the 50-60 kDa region of the gel by mass spectrometry,
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and we therefore switched to Western blot analysis.
Western blotting of Rab6 binding assays revealed that
p1509d and another subunit of the dynactin complex
p50-dynamitin were present, whereas tubulin and the
dynactin-interacting motor protein dynein were absent
(Figures 1B and 1C). Of a variety of Golgi Rabs tested,
only Rab6 was able to bind the dynactin complex identi-
fied by p1509u¢ and p50-dynamitin (Figure 1C). Under
the same conditions, the Rab1 effector p115 [22] bound
specifically to activated Rab1 (Figure 1C) and thereby
validated the approach. Rab6 is therefore a specific
dynactin complex binding partner that may be involved
in its recruitment to Golgi membranes.

Our next step was to investigate which subunits of the
dynactin complex were interacting with Rab6. A directed
two-hybrid analysis with various components of the dy-
nactin complex revealed that p1509¢ and BICD2 inter-
acted with activated Rab6Q72L and to a lesser extent
with the wild-type protein (Figure 2A). BICD1, a BICD2-
related protein, showed the same interactions with acti-
vated Rab6Q72L and wild-type Rab6 as BICD2 (Figure
2A). The specificity of these interactions was confirmed
by the observation that GDP-locked, and thus inactive,
Rab6T27N showed no interaction with p1509-s¢, BICD1,
or BICD2 (Figure 2A). We could also show that activated
Rab6 binds directly to BICD2; this interaction can be
reconstituted with only the purified proteins (Figure 2B).
However, we were unable to test p1509e and BICD1 by
using this assay because it was not possible to express
soluble full-length recombinant proteins. Rab1 was used
as a control in these experiments and showed an inter-
action with p115 as expected, but not with the other
proteins tested (Figures 2A and 2B). BICD2 could there-
fore function as an adaptor between activated Rab6 on
Golgi membranes and the dynactin complex. In addition,
activated Rab6 may make interactions directly with the
dynactin complex via the p1509*¢ subunit.

We then addressed whether the interaction of Rab6
with BICD2 and p1509¢ can mediate the recruitment
of dynactin to Golgi membranes. Prenylated Rab1 and
Rab6 in the GTP form were first bound to a fixed amount
of Golgi membranes (Figure 3A). The ability of these
membranes to recruit either the Rab1 effector p115 or
dynactin from cytosol was then tested (Figure 3B). These
binding assays were performed in the presence of high
salt to reduce the interaction of p115 with its receptor
GM130 and thus enable visualization of the Rab1-
dependent recruitment of p115. Golgi membranes
loaded with Rab1 were able to recruit p115 but not the
dynactin complex, whereas Rab6-loaded membranes
were able to recruit the dynactin p1509“*d subunit but
not p115 (Figure 3B). This binding required the presence
of the respective Rab proteins because only low levels
of p115 and dynactin were recruited to Golgi membranes
pretreated with buffer (Figure 3B, RLG +cytosol). Dynac-
tin is therefore specifically recruited to Golgi membranes
in a Rab6-dependent fashion in vitro.

Having demonstrated a biochemical interaction be-
tween Rab6 and dynactin in vitro, we asked if Rab6 has
any effect on dynactin localization in living cells. We
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found that, consistent with published data, dynactin is
predominantly localized to microtubule plus ends, and
it is thus not possible to directly detect the pool associ-
ated with Golgi membranes. To circumvent this problem,
we decided to depolymerise the microtubules with cold
treatment prior to fixation, a procedure having little ef-
fect on the Golgi apparatus (Supplementary Material,
Figure S1). Using these conditions, we were then able
to ask ifincreasing cellular levels of Rab6 by transfection
resulted in the recruitment of dynactin to Rab6-positive
membrane structures. A clear recruitment of the dynac-
tin complex to vesicular and tubular structures can be
observed in Rab6-transfected cells, in contrast to adja-
cent nontransfected cells (Figure 3C). There is no obvi-
ous difference in the distribution of the Rab1 effector
p115 between non-transfected and Rab6-transfected
cells, and the merged image clearly demonstrates that
the two proteins localize to different regions of the Golgi
(Figure 3D). Rab6 can therefore enhance the specific
recruitment of the dynactin complex to membranes in
living cells as well as in vitro.

Our results provide a molecular basis for understand-
ing the previously reported function of Rab6 in microtu-
bule-dependent motility of some Golgi-associated vesi-
cles. We have shown that Rab6 directly interacts with
BICD2, which in turn is known to associate with the p50
subunit of the dynactin complex [21]. Rab6 also displays
an activation state-dependent interaction with the
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p1509“e¢ subunit of dynactin and the BICD2-related pro-
tein BICD1 in the yeast two-hybrid system. We therefore
propose a model whereby Rab6 regulates the recruit-
ment of the dynactin complex, and thus the dynein mo-
tor, to vesicle structures or tubules (Figure 4). Our data
suggest that specific dynactin recruitment involves mul-
tiple interactions between core components, such as
p1509*d, of the dynactin complex and organelle-specific
accessory subunits such as BICD2 and, potentially,
BICD1, which is also a Golgi-localized protein (Supple-
mentary Material, Figure S2). This may explain observa-
tions that blocking dynactin function with p50-dynamitin
overexpression disrupts the distribution and motility of
Golgi structures [23]. Interestingly, it is known that the
motility of rhodopsin-containing Golgi-derived vesicles
in photoreceptors involves the dynein motor complex
and that Rab6 is associated with and regulates the trans-
port of these vesicles [24, 25]. It is thought that dynein
binds directly to these vesicles by a novel light chain
[5], but this does not exclude a role for the Rab6 and
dynactin interactions reported here. Together, these
findings indicate that some Rab proteins control selec-
tive vesicle or organelle motility on microtubules by reg-
ulating the recruitment of the dynactin complex to the
membrane surface.

Supplementary Material
Details about the methods used plus additional data on the mass-
spectrometric identification of Rab6 binding proteins, the effects of
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Figure 2. Rab6 Interacts with BICD2 and p1509:<

(A) Rab bait constructs were tested against the indicated prey con-
structs in the yeast two-hybrid system for the ability to grow on
selective medium (QDO), compared to nonselective medium (-LW).
Lighter colony color on QDO is an indicator of a strong interaction.
(B) The ability of BICD2 and p115 to bind Rab1 and Rab6 was tested
with recombinant proteins. A Coomassie blue-stained gel is shown.
The asterisks indicate contaminations in the recombinant Rab pro-
teins that migrate slightly higher than purified BICD2.
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Figure 4. Recruiting the Dynein-Dynactin Complex to Specific Sites
on Vesicle Membranes

Acidic phospholipids such as phosphatidyl-4,5 bisphosphate (PI-
4,5P,) and phosphatidic acid (PA) act in conjunction with some
isoforms of spectrin to mediate attachment of dynactin to axonal
vesicles. Rab6 recruitment to Golgi membranes is governed by a
cycle of GTP binding and hydrolysis. When in the GTP form and
associated with the membrane surface, Rab6 recruits dynactin via
interactions with BICD2 and p1509““ (dotted lines). This model is
modified from Figure 7 of reference [4].

cold-treatment on the Golgi apparatus, and the localization of BICD
proteins are available with this article online at http://images.cellpress.
com/supmat/supmatin.htm.
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