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Rab2 requires glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) and atypical protein kinase C� (aPKC�) for retrograde
vesicle formation from vesicular tubular clusters that sort secre-
tory cargo from recycling proteins returned to the endoplasmic
reticulum. However, the precise role of GAPDH and aPKC� in
the early secretory pathway is unclear. GAPDH was the first
glycolytic enzyme reported to co-purify with microtubules
(MTs). Similarly, aPKC associates directly with MTs. To learn
whether Rab2 also binds directly to MTs, a MT binding assay
was performed. Purified Rab2 was found in a MT-enriched pel-
let only when both GAPDH and aPKC� were present, and
Rab2-MT binding could be prevented by a recombinant frag-
ment made to the Rab2 amino terminus (residues 2–70), which
directly interacts with GAPDH and aPKC�. Because GAPDH
binds to the carboxyl terminus of �-tubulin, we characterized
the distribution of tyrosinated/detyrosinated �-tubulin that is
recruited by Rab2 in a quantitative membrane binding assay.
Rab2-treatedmembranes contained predominantly tyrosinated
�-tubulin; however, aPKC�was the limiting and essential factor.
Tyrosination/detyrosination influences MT motor protein
binding; therefore, we determined whether Rab2 stimulated
kinesin or dyneinmembrane binding. Although kinesin was not
detected on membranes incubated with Rab2, dynein was
recruited in a dose-dependentmanner, and bindingwas aPKC�-
dependent. These combined results suggest a mechanism by
which Rab2 controls MT and motor recruitment to vesicular
tubular clusters.

The small GTPase Rab2 is essential formembrane trafficking
in the early secretory pathway and associates with vesicular
tubular clusters (VTCs)2 located between the endoplasmic
reticulum (ER) and the cis-Golgi compartment (1, 2). VTCs are

pleomorphic structures that sort anterograde-directed cargo
from recycling proteins and trafficking machinery retrieved to
the ER (3–6). Rab2 bound to a VTC microdomain stimulates
recruitment of soluble factors that results in the release of
vesicles containing the recycling protein p53/p58 (7). In that
regard, we have previously reported that glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) and atypical PKC �
(aPKC�) are Rab2 effectors that interact directly with the Rab2
amino terminus and with each other (8, 9). Their interaction
requires Src-dependent tyrosine phosphorylation of GAPDH
and aPKC� (10). Moreover, GAPDH is a substrate for aPKC�
(11). GAPDH catalytic activity is not required for ER to Golgi
transport indicating that GAPDH provides a specific function
essential for membrane trafficking from VTCs independent of
glycolytic function (9). Indeed, phospho-GAPDH influences
MT dynamics in the early secretory pathway (11).
GAPDHwas the first glycolytic enzyme reported to co-purify

with microtubules (MTs) (12) and subsequently was shown to
interactwith the carboxyl terminus of�-tubulin (13). The bind-
ing ofGAPDH toMTs promotes formation of cross-linked par-
allel MT arrays or bundles (14, 15). GAPDH has also been
reported to possess membrane fusogenic activity, which is
inhibited by tubulin (16). Similarly, aPKC associates directly
with tubulin and promotes MT stability andMT remodeling at
specific intracellular sites (17–21). It may not be coincidental
that these two Rab2 effectors influence MT dynamics because
recent studies indicate that the cytoskeleton plays a central role
in the organization and operation of the secretory pathway (22).
MTs are dynamic structures that grow or shrink by the addi-

tion or loss of �- and �-tubulin heterodimers from the ends of
protofilaments (23). Their assembly and stability is regulated by
a variety of proteins traditionally referred to as microtubule-
associated proteins (MAPs). In addition to the multiple �/�
isoforms that are present in eukaryotes, MTs undergo an
assortment of post-translational modifications, including
acetylation, glycylation, glutamylation, phosphorylation, pal-
mitoylation, and detyrosination, which further contribute to
their biochemical heterogeneity (24, 25). It has been proposed
that these tubulinmodifications regulate intracellular events by
facilitating interactionwithMAPs andwith other specific effec-
tor proteins (24). For example, the reversible addition of tyro-
sine to the carboxyl terminus of �-tubulin regulates MT inter-
action with plus-end tracking proteins (�TIPs) containing the
cytoskeleton-associated protein glycine-rich (CAP-Gly) motif
and with dynein-dynactin (27–29). Additionally, MT motility
and cargo transport rely on the cooperation of the motor pro-
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teins kinesin and dynein (30). Kinesin is a plus-end directedMT
motor, whereas cytoplasmic dynein is a minus-end MT-based
motor, and therefore the motors transport vesicular cargo
toward the opposite end of a MT track (31).
Although MT assembly does not appear to be directly regu-

lated by small GTPases, Rab proteins provide a molecular link
for vesicle movement along MTs to the appropriate target (22,
32–34). In this study, the potential interaction of Rab2 with
MTs and motor proteins was characterized. We found that
Rab2 does not bind directly to preassembled MTs but does
associatewhen bothGAPDHand aPKC� are present and bound
to MTs. Moreover, the MTs predominantly contained tyrosi-
nated �-tubulin (Tyr-tubulin) suggesting that a dynamic pool
of MTs that differentially binds MAPs/effector proteins/mo-
tors associates with VTCs in response to Rab2. To that end, we
determined that Rab2-promoted dynein/dynactin binding to
membranes and that the recruitment required aPKC�.

EXPERIMENTAL PROCEDURES

Quantitative Membrane Binding Assay—HeLa membranes
were prepared as described previously (10). Membranes (�30
�g of total protein) were added to a reaction mixture that con-
tained 27.5mMHepes (pH7.4), 2.75mMMgOAc, 65mMKOAc,
5 mM EGTA, 1.8 mM CaCl2, 1 mM ATP, 5 mM creatine phos-
phate, and 0.2 IU rabbit muscle creatine phosphokinase (35).
Purified recombinant Rab2, aPKC�, and aPKC� (K274W) (7, 36)
or purified recombinant Rab2 amino-terminal fragment, pre-
pared as described below,was added at the concentrations indi-
cated under “Results,” and the reaction mix was incubated on
ice for 10min. Rat liver cytosol (�25�g of total protein) and 2.0
�M GTP�S (Sigma) was then added, and the reactions were
shifted to 32 °C and incubated for 12min. The binding reaction
was layered onto a 20% sucrose cushion and centrifuged at
35,000 � g for 20 min at 25 °C. The pellet was separated by
SDS-PAGE and transferred to nitrocellulose in 25mMTris (pH
8.3), 192 mM glycine, and 20% methanol. The membrane was
blocked in Tris-buffered saline that contained 5% nonfat dry
milk or 5% bovine serum albumin and 0.5% Tween 20; then
incubated with anti-dynein intermediate chain (clone 70.1)
(Sigma), or anti-kinesin (clone IBII) (Sigma), or anti-detyrosi-
nated �-tubulin (Glu-tubulin) (Millipore Corp, Billerica, MA),
or anti-tyrosinated�-tubulin (Tyr-tubulin) (Millipore), or anti-
GAPDH (Chemicon International, Temecula, CA), or anti-
aPKC� (BD Biosciences), or anti-p50/dynamitin (Millipore);
washed; further incubated with the appropriate horseradish
peroxidase-conjugated secondary antibody; developed with
enhanced chemiluminescence (ECL) (Pierce); and then quanti-
fied by densitometry using the ImageQuant program (GE
Healthcare).
Indirect Immunofluorescence—HeLa cells were plated on

coverslips (5 � 105 cells/75-mm dish) and then transiently
mock-transfected or transfected with pCR3.1-Rab2 or with
pcDNA4/HisMax-PKC� using Lipofectamine (Invitrogen) for
36 h at 37 °C in a 5% CO2 incubator. The coverslips were trans-
ferred to 0.1%TritonX-100, 80mMPipes (pH6.9), 5mMEGTA,
1 mM MgCl2, for 3 min to permeabilize the cells, fixed for 20
min with 4% formaldehyde, washed three times with PBS, and
then blocked for 1 h in PBS, 5% normal goat serum. The cells

were then incubated for 30 min with either anti-Tyr-tubulin
(Millipore), or an affinity-purified Rab2 polyclonal antibody
(35), or an affinity-purified polyclonal to p53/p58 (37), or
anti-GAPDH (Cell Signaling, Danvers, MA), anti-aPKC�
(GenScript Corp., Piscataway, NJ), or fluorescein isothiocya-
nate-conjugated anti-Xpress (Invitrogen); washed exten-
sively with PBS; incubated with Alexa Fluor 488 chicken anti-
mouse antibody and Alex Fluor 594 chicken anti-rabbit;
washed extensively with PBS; mounted in Mowiol containing
1,4-diazabicyclo[2.2.2]octane (Sigma); and then viewed with a
Zeiss AxioImager epifluorescencemicroscope (Carl Zeiss, Got-
tingen, Germany) and photographed with an AxioCamMRm
camera (Zeiss Microimaging, Thornwood, NY) using Axio-
Vision Z-stack software to capture 20 images of�3.6�m(Zeiss
Microimaging). The image threshold was obtained for both
channels, and the extent of true co-localization in the boxed
areas (yellow pixels in merged image) was analyzed using the
Manders overlap co-localization coefficient (co-localization
module, Zeiss Microimaging). A value of 1 is high co-localiza-
tion, and a value of 0 is low co-localization.
MT Binding Assay—MTs were assembled from 1 �g of pure

bovine brain tubulin (Cytoskeleton, Inc., Denver, CO) in 20 �l
of Buffer B (100 mM Pipes (pH 6.8), 2 mM MgCl2, and 0.5 mM
EGTA) containing 20�Mpaclitaxel (Sigma) for 20min at 37 °C.
TheMTswere then incubatedwith purified recombinant Rab2,
His6-aPKC�, orHis6-GAPDH (200 ng) in a total volume of 50�l
for 30 min at 37 °C. The reaction mixtures were layered onto
250 �l of a 20% sucrose cushion in Buffer B containing 20 �M
paclitaxel, and then centrifuged for 30 min at 100,000 � g in a
Sorvall M120 Discovery ultra-microcentrifuge using a S120-
AT2 rotor. The resultant supernatant and pellet were separated
by SDS-PAGE and transferred to nitrocellulose. The blot was
probed with the appropriate antibody as indicated under
“Results,” washed, further incubated with horseradish peroxi-
dase-conjugated anti-mouse or anti-rabbit antibody, developed
with ECL, and then quantified by densitometry, as above.
Construction of the Rab2 Amino-terminal Fragment/Dele-

tion Mutant—The Rab2 amino-terminal domain was gener-
ated by PCR using the 5� oligonucleotide primer, 5�-CACCAT-
GGCGTACGCCTATCTC-3�, in tandem with the 3� antisense
oligonucleotide, 5�-AATAGTTATCATTCGAGCACCGAA-
3�. The amplified product was subcloned into pET102/D-
TOPO (C-term) (Invitrogen), and the sequence was verified by
DNA sequence analysis. BL21 (DE3) pLysS cells (EMD Bio-
sciences, La Jolla, CA) transformed with the clone were grown
at 37 °C to 0.6 A600 and then induced with 0.4 mM isopropyl
�-D-thiogalactopyranoside for 3 h at 37 °C. The liquid culture
was centrifuged at 6,000 rpm for 30 min, and the pellet was
resuspended in 50 mM Tris (pH 7.4), 1 mM dithiothreitol, 1 mM
EDTA, 1% Triton X-100, and 1 mM phenylmethylsulfonyl fluo-
ride; sonicated; centrifuged at 22,000 � g for 30 min; and then
the supernatant was applied to a 1-ml column of Ni2�-nitrilo-
triacetic acid-agarose (Qiagen, Valencia, CA) equilibrated in
BufferA (10mMHepes (pH7.9), 5mMMgCl2, 0.1mMEDTA, 50
mMNaCl, and 0.8mM imidazole). The columnwaswashedwith
10 volumes of BufferA containing 25mM imidazole. The tagged
protein was eluted with Buffer A supplemented with 200 mM
imidazole. An aliquot of the collected fractions (100 �l) was

PKC� Is Essential for Dynein and Tyr-MTs on VTCs

FEBRUARY 27, 2009 • VOLUME 284 • NUMBER 9 JOURNAL OF BIOLOGICAL CHEMISTRY 5877



analyzed by SDS-PAGE and immunoblotted with an anti-His6
monoclonal antibody (Cell Signaling). His6-Rab2 fragment
enriched fractions were pooled and concentrated, and the pro-
tein concentrationwas determined byMicroBCAprotein assay
reagent (Pierce). The Rab2 amino-terminal deletion mutant
was generated, as outlined previously (9).

RESULTS

Rab2 Requires GAPDH and aPKC� to Associate with MTs—
To learn if Rab2 binds directly to MTs, an in vitroMT binding
assay was performed in which purified recombinant Rab2 was
incubated with paclitaxel assembled MTs for 30 min at 37 °C.
The binding reaction was centrifuged through a 20% sucrose
cushion, and then the pellet containing MTs and associated
protein and the supernatant containing unbound protein were
analyzed by SDS-PAGE andWestern blot. As shown in Fig. 1A,
Rab2 was found almost exclusively in the high speed superna-
tant, which contained a negligible amount of tubulin. In con-
trast, when the MT binding assay was performed with purified
aPKC� or with purified GAPDH, both proteins co-sedimented
with MTs in the high speed pellet consistent with previous
reports that showed GAPDH and aPKC interact directly with
MTs (12, 13, 17, 38). Because GAPDH and aPKC� bind directly
to the Rab2 amino terminus, we determined whether either
protein could promote Rab2-MTassociation by supplementing
the assay with either purified GAPDH or purified aPKC� (Fig.
1B). As observed previously, GAPDH and aPKC� independ-
ently bound toMTs,whereas Rab2 displayednobinding affinity
forMTs and fractionated with the supernatant. However, Rab2
was found in the MT-enriched pellet when the MT binding
assay was conducted in the presence of both GAPDH and
aPKC� (Fig. 1B). Rab2 indirect association with MTs was pre-
vented when the binding assay was supplemented with a
recombinant protein fragment corresponding to the Rab2
amino terminus (residues 2–70) that directly interacts with
GAPDH and aPKC� (Fig. 1C) (8, 9). The amount of Rab2 bound
to MTs was reduced �50% in the presence of Rab2 (residues
2–70) (125 ng), and �70% of Rab2 was found in the high speed
supernatant when co-incubated with 250 ng of the Rab2 frag-
ment (Fig. 1C). Moreover, Rab2 (residues 2–70) was found in
the GAPDH-aPKC�-MT pellet indicating that the recombinant
fragment interfered with Rab2-MT binding by competition for
GAPDH and aPKC� interaction. These combined results sug-
gest that Rab2 requires and utilizes both GAPDH and aPKC� as
adaptor/scaffolding proteins to indirectly associate with MTs.
Rab2 via aPKC� Preferentially Recruits Tyrosinated �-Tubu-

lin and Dynein to Membranes—Tubulin can undergo a variety
of post-translational modifications, including removal of the
tyrosine residue from the carboxyl terminus of �-tubulin and
subsequent tyrosine re-addition (detyrosination/tyrosination
cycle) that influences interaction with specific MAPs and
motor proteins (25). It is notable that GAPDH has been
reported to bind specifically to the carboxyl terminus of �-tu-
bulin (13). Therefore, we analyzed the distribution of Rab2
recruited tyrosinated �-tubulin (Tyr-tubulin) versus detyrosi-
nated �-tubulin (Glu-tubulin) to VTCs by performing a quan-
titativemembrane binding assay (10, 39). Salt-washedHeLa cell
membranes were incubatedwith rat liver cytosol andGTP�S in

the absence or presence of increasing Rab2 concentrations. The
reaction was then centrifuged through a 20% sucrose cushion,
and the pellet containing membranes and associated proteins,
including MTs, was subjected to SDS-PAGE andWestern blot
analysis. The relative level of Tyr- and Glu-tubulin recruited to
membranes is reported as percent of total pool because of the
use of two monoclonal antibodies with different binding affin-
ities. As shown in Fig. 2A, Rab2 promoted a dose-dependent
increase in membrane-bound Tyr-tubulin. From the total pool
of cytosolic Tyr-tubulin added to the binding assay and there-
fore available for Rab2-dependent recruitment, �9–11% of

FIGURE 1. Rab2 requires GAPDH and PKC� to associate with MTs. A, pure
bovine brain tubulin (1 �g) was preassembled as outlined under “Experimen-
tal Procedures” and then incubated with Rab2 (200 ng), aPKC� (200 ng), or
GAPDH (200 ng) for 30 min at 37 °C. The reaction mixtures were layered onto
a 20% sucrose cushion and centrifuged for 30 min at 100,000 � g. The result-
ant supernatant (S) and pellet (P) were separated by SDS-PAGE and trans-
ferred to nitrocellulose, and the blot was probed with anti-�/� tubulin, anti-
PKC�, anti-GAPDH, or anti-Rab2. As expected based on previous reports, PKC�
and GAPDH co-sedimented with MTs in the high speed pellet. In contrast,
Rab2 was found almost exclusively in the high speed supernatant. The results
shown are representative of three independent experiments. B, MTs were
assembled from pure bovine brain tubulin as above, and then incubated with
Rab2 (200 ng), with or without aPKC�, (200 ng) and with or without GAPDH
(200 ng), for 30 min at 37 °C. The reaction mixtures were processed as above.
The blot was probed with the indicated primary antibodies. Rab2 was only
found in the MT-enriched pellet when both aPKC� and GAPDH were present
in the binding reaction. The results shown are representative of three inde-
pendent experiments. C, MT binding assay was performed as above with
Rab2 (200 ng), aPKC� (200 ng), and purified GAPDH (200 ng) in the absence or
presence Rab2 amino-terminal fragment. The amino-terminal recombinant
fragment caused a dose-dependent inhibition of Rab2 association with MTs.
The results shown are representative of four independent experiments.
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Tyr-tubulin became membrane-associated after co-incuba-
tion with Rab2 (75 ng), and addition of a higher Rab2 con-
centration (150 ng) resulted in �17–20% increase in mem-
brane-bound Tyr-tubulin. In contrast, �3–6% of Glu-Tyr

was bound to Rab2-incubated
membranes regardless of the Rab2
concentration.
Because Rab2-treated membranes

contained a significant amount of
Tyr-tubulin, HeLa cells were trans-
fected with Rab2 cDNA, and the dis-
tribution of Rab2 andTyr-tubulin in
vivo was analyzed by indirect im-
munofluorescence. Cells ectopically
expressing Rab2 displayed promi-
nent Rab2- and Tyr-tubulin-labeled
pleomorphic elements (boxed area;
Manders coefficient of 0.942) that
were primarily juxtaposed to the
nucleus as well as smaller Tyr-tubu-
lin-labeled punctate structures dis-
persed throughout the cell periph-
ery (Fig. 2B). These Tyr-tubulin/
Rab2-containing entities did not
stain with anti-Glu-tubulin anti-
body (data not shown) but did
co-distribute with GAPDH (boxed
area; Manders coefficient of 0.921)
and aPKC� (boxed area; Manders
coefficient of 0.925) (Fig. 2C).
Importantly, the Tyr-tubulin/Rab2
structures co-labeled with anti-p53/
p58 (boxed area; Manders coeffi-
cient of 0.928) demonstrating that
the pleomorphic elements areVTCs
andnot tubulin aggregates (Fig. 2D).
In that regard, we observed in Rab2-
overexpressing cells VTCs associ-
ated with and aligned with long MT
tracks (Fig. 2C).
Rab2 recruits GAPDH upstream

of aPKC�, and aPKC� membrane
association requires GAPDH. Inter-
estingly, increasing amounts of
GAPDH added to the binding assay
did not significantly increase the
level of membrane-associated Tyr-
tubulin, indicating that GAPDH is
not a limiting factor (data not
shown). However, the ability of
Rab2 to promote Tyr-tubulin mem-
brane binding was eliminated when
purified recombinant Rab2 N��19,
a mutant protein that fails to recruit
aPKC� to membranes, was added to
the assay (8) (Fig. 3A). This trunca-
tion in Rab2 reduces association
with GAPDH but does not abolish

Rab2-GAPDH interaction (9). To learnwhether aPKC�played a
specific role inTyr-tubulin recruitment, themembrane binding
assay was supplemented with purified recombinant aPKC�. In
this case and unlike GAPDH, increasing amounts of mem-
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FIGURE 2. �-Tubulin recruited to Rab2-treated membranes is predominantly tyrosinated. A, quantitative
membrane binding assay was performed as described under “Experimental Procedures.” Salt-washed HeLa
microsomes were incubated with cytosol and GTP�S in the presence or absence of purified Rab2 (75 or 150 ng)
for 12 min at 32 °C. The membrane pellet was subjected to SDS-PAGE and transferred to nitrocellulose, and the
blot was probed with anti-Tyr-tubulin monoclonal antibody and with anti-Glu-tubulin polyclonal antibody.
The pool indicates total Tyr- and Glu-tubulin present in the cytosol added to each binding reaction. Results are
presented as percent of total pool for each tubulin subtype. A representative Western blot from one of five
independent experiments is shown. HeLa cells were mock-transfected or transfected with Rab2 cDNA. Thirty
six hours post-transfection, cells were permeabilized, fixed, and then labeled with anti-Rab2 and anti-Tyr-
tubulin (B) or with anti-Tyr-tubulin and anti-p53/p58 (D), as described under “Experimental Procedures.”
C, high magnification of Rab2 cDNA-transfected cells labeled with anti-Tyr-tubulin and anti-aPKC� or anti-
GAPDH. Boxed areas (yellow indicates co-localization) were analyzed using the Manders overlap co-localiza-
tion, as described under “Experimental Procedures” and reported under “Results.” Rab2, GAPDH, aPKC�, and
p53/p58 co-distribute with Tyr-tubulin-labeled VTCs.
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brane-associated aPKC� caused �5–8-fold increase in mem-
brane-bound Tyr-tubulin and a minimal increase
(�1–1.5-fold) in the amount of membrane-bound Glu-tubulin
(Fig. 3B). The putative role of aPKC� in Tyr-tubulin bindingwas
further assessed in the binding reaction by adding anti-aPKC�.
Fig. 3C shows that increasing amounts of anti-aPKC� reduced
membrane association of aPKC� and Tyr-tubulin; however,
anti-PKC� had no effect on Glu-tubulin recruitment. These
combined biochemical results are highly suggestive that mem-
brane-bound aPKC� influences dynamic MTs enriched in Tyr-
tubulin to associate with VTCs.
Rab proteins regulate MT motor protein recruitment, and

MT motor proteins preferentially bind to either Glu or Tyr-
MTs (22, 33, 34, 40, 41). Therefore, we examined whether Rab2
recruited a motor protein to membranes in the binding assay.

Although kinesin has been reported
to be present on the intermediate
compartment (42–44), we did not
detect any kinesin or any Rab2-re-
cruited kinesin on the membranes
(data not shown). In contrast, Rab2
promoted a dose-dependent increase
in membrane-associated dynein as
determined by probing the blot with
anti-dynein intermediate chain (Fig.
4A). Similarly, Rab2 stimulatedmem-
brane association of p50/dynamitin, a
component of the dynactin complex
(Fig. 4A). However, addition of Rab2
N��19 to the assay failed to increase
dynein or p50/dynamitin binding to
membranes suggesting that aPKC�
was necessary for their downstream
recruitment (Fig. 4A). To investigate
the potential role of aPKC� in dynein/
dynactin recruitment, anti-GAPDH
oranti-aPKC�wasadded to themem-
brane binding assay. The anti-
GAPDH reagent blocked membrane
association of GAPDH, and conse-
quently aPKC� and dynein/dyna-
mitin, whereas anti-PKC� inhibited
aPKC� and dynein/dynamitinmem-
brane binding but had no effect on
GAPDH recruitment (Fig. 4B).
Because aPKC�-dependent GAPDH
phosphorylation plays a role in MT
binding to membranes, we deter-
mined whether aPKC� kinase activ-
ity was required for dynein/dyna-
mitin recruitment by incubating
membranes with kinase-dead
PKC� (K274W) (36). As we
observed for MTs, aPKC� ki-
nase activity was necessary
because supplementing the mem-
brane binding assay with PKC�
(K274W) failed to stimulate Rab2-

dependent dynein/dynamitin recruitment (Fig. 4C).
This apparent biochemical relationship between aPKC� and

dynein was evaluated in vivo by indirect immunofluorescence
microscopy. In interphase HeLa cells overexpressing aPKC�,
the anti-dynein antibody predominantly labeled perinuclear
pleomorphic structures that co-stained with anti-aPKC�
(boxed area; Manders coefficient of 0.959) as well as small
vesicles scattered throughout the cytosol (Fig. 5A). In addi-
tion to the juxtanuclear position, aPKC� displayed a MT-like
distribution that was evident in cells co-labeled for aPKC�
and Tyr-MTs (Fig. 5C). As expected based on the biochem-
ical results, dynein was also found to co-distribute with Rab2
on large vesicular elements (boxed area; Manders coefficient
of 0.951) that were concentrated near the Golgi region in
HeLa cells overexpressing Rab2 (Fig. 5B).

FIGURE 3. aPKC� is required for Tyr-tubulin membrane association. A, quantitative membrane binding assay
was performed as described under “Experimental Procedures.” Salt-washed HeLa microsomes were incubated
without or with 75 or 150 ng of purified recombinant Rab2 N��19, cytosol, and GTP�S for 12 min at 32 °C, as
described under “Experimental Procedures.” The membrane pellet was subjected to SDS-PAGE and transferred to
nitrocellulose, and the blot was probed with anti-Tyr-tubulin. A representative Western blot from one of three
independent experiments is shown. cont, control. B, salt-washed HeLa microsomes were incubated without or with
100 or 200 ng of purified recombinant aPKC� and incubated as above. The membrane pellet was processed as
above, and the blot was probed with anti-Tyr-tubulin and with anti-Glu-tubulin. The pool indicates total Tyr-
and Glu-tubulin present in the cytosol added to each binding reaction. Results are presented as percent of total
pool for each tubulin subtype. A representative Western blot from one of three independent experiments is
shown. C, salt-washed HeLa microsomes were incubated without or with 150 ng of purified recombinant Rab2,
cytosol, and GTP�S in the presence or absence of increasing concentrations of anti-PKC� for 12 min at 32 °C. The
membrane pellet was processed as above, and the blot was probed with the specific and indicated primary
antibodies. A representative Western blot from one of three independent experiments is shown.
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DISCUSSION

Microtubules undergo dynamic alterations in organiza-
tion and distribution during various cellular events, includ-
ing mitosis and cell migration. Although MT assembly does

not appear to be directly regulated
by Rab proteins, these small
GTPases provide a molecular link
between vesicle cargo, motor pro-
teins, and the cytoskeleton (22, 30).
Indeed, by using an in vitro MT
binding assay, we found that Rab2
can only associate with MTs when
both GAPDH and aPKC� are pres-
ent despite Rab2 directly interacting
with GAPDH and aPKC� and
GAPDHand aPKC� binding directly
and independently to MTs. A Rab2
amino-terminal recombinant frag-
ment corresponding to the first 70
residues can disrupt the indirect
interaction of Rab2 with MTs.
Because GAPDH and aPKC� associ-
ate with Rab2 via residues 1–50, it
was not surprising that the recombi-
nant fragment competitively in-
hibited Rab2-GAPDH-aPKC�-MT
association in theMTbinding assay.
The Rab2 amino-terminal domain
like Rab2 promotes GAPDH and
aPKC� recruitment to membranes
(8, 45). However, the peptide frag-
ment does not promote vesicle for-
mation indicating that the intact
protein is required for full Rab2
activity at the VTC (7).
Our finding that GAPDH pro-

motes Rab2 interaction withMTs is
reminiscent of the role of GAPDH
in facilitating MT interaction with
the EF-hand Ca2�-binding protein
p22, which like Rab2 is required for
membrane traffic (46, 47). GAPDH
was the first glycolytic enzyme
found associated with tubulin and
binds to the carboxyl terminus of
�-tubulin (12, 13). MT assembly is
not influenced by GAPDH; how-
ever, the enzyme is known to mod-
ulate the cytoskeleton by promoting
MT bundling and cross-linking (12,
14, 38). This alteration in the spatial
organization of the intracellular
milieu could have profound conse-
quences on organelle position and
cargo transport by selectively bun-
dling parallel or anti-parallel MTs
and thereby providing a directional
cue. Indeed, we observed VTCs

containing Rab2-GAPDH-aPKC� associated with and aligned
withMTs enriched in Tyr-tubulin in HeLa cells overexpressing
Rab2. Additionally/alternatively, MT bundles can function as
supportive entities that provide structural organization within

FIGURE 4. Rab2-recruited aPKC� is required for dynein binding to membranes. A, quantitative membrane
binding assay was performed as described under “Experimental Procedures.” Salt-washed HeLa microsomes
were incubated without or with 75 or 150 ng of purified recombinant Rab2 or purified recombinant
Rab2N��19, cytosol, and GTP�S for 12 min at 32 °C. The membrane pellet was subjected to SDS-PAGE and
transferred to nitrocellulose, and the blot was probed with anti-dynein and with anti-p50/dynamitin. A repre-
sentative Western blot from one of three independent experiments is shown. cont, control. B, salt-washed HeLa
microsomes were incubated without or with 175 ng of purified recombinant Rab2, cytosol, and GTP�S in the
presence or absence of anti-GAPDH (2.5 �g) or anti-PKC� (2.5 �g) for 12 min at 32 °C. The membrane pellet was
processed as above, and the blot was probed with the specific and indicated primary antibodies. A represent-
ative Western blot from one of three independent experiments is shown. C, salt-washed HeLa microsomes
were incubated without or with 150 ng of purified recombinant Rab2, cytosol, and GTP�S in the presence or
absence of purified recombinant aPKC� (200 ng) or purified recombinant aPKC� (Lys-274) (200 ng) for 12 min at
32 °C. The membrane pellet was processed as above, and the blot was probed with the specific and indicated
primary antibodies. A representative Western blot from one of three independent experiments is shown.
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the cell (15). This potential role of MT bundles at the VTC is
also consistent with the finding of Ben-Tekaya et al. that the
endoplasmic reticulum-Golgi intermediate compartment is a
stationary compartment and not a collection of mobile carriers
(48). In either case, many proteins reported to bundle or to
cross-link MTs are immunologically related to MAPs or asso-
ciatewithMAPs (15). For example, it was recently reported that
GAPDH binds to the heavy chain ofMAP1b in adult brain (49).
Likewise, GAPDH was shown to co-immunoprecipitate with
the MT-binding protein Tau located in neurofibrillary tangles
(50). Unlike brain tissue, we did not detect in the rat liver
cytosol used in our assaysTau,MAP1b, or any immunologically
related proteins to Tau andMAP1b recruited tomembranes by
Rab2 (data not shown). The role of GAPDH in association with
MAPs is unknown; however, the suggestion thatMAP-GAPDH
interaction could ultimately provide ATP for cytoskeleton reg-
ulation (49) is contrary to our results that showed GAPDH gly-
colytic activity is not required for ER to Golgi complex trans-
port (9).
The results reported here are consistent with the previous

findings that aPKC� interacts with MTs (17, 18). Although
aPKC� can bind to MTs in vitro independently of GAPDH, the
presence of Src-dependent tyrosine-phosphorylated GAPDH
on theVTC aswell as Src phosphorylation of a PKC� is required
for aPKC� association with those membranes indicating multi-

ple levels of upstream regulation
(10, 39). We have proposed that
Rab2-Src-aPKC�-GAPDH are com-
ponents of a signaling complex that
defines and regulates the site of ves-
icle budding from VTCs in asso-
ciation with MT-directed vesicle
movement to the acceptor compart-
ment (39). This interpretation is
compatible with other studies indi-
cating that aPKC influences MT
dynamics. For example, aPKC has
been reported to control adherens
junction symmetry by regulating
MT organization (20). Additionally,
aPKC regulates the synaptic skele-
ton in Drosophila by facilitating
association of the MAP1B-related
protein Futsch to MTs (19). Fur-
thermore, aPKC acts in concert
with Par3 and Par6 where it local-
izes to cilia and is required for
MT organization during ciliogen-
esis (51). Interestingly, aPKC� like
GAPDH has been found in Tau-
positive neurofibrillary inclusions
(52). Moreover, Tau overexpression
decreases Glu-tubulin levels and
causes a concomitant increase in
Tyr-tubulin (53). Itmay not be coin-
cidental that HeLa cells overex-
pressing Rab2 contain VTCs en-
riched in Tyr-tubulin.

�-Tubulin is synthesized with a carboxyl-terminal tyrosine.
The residue is removed by a tubulin tyrosine carboxypeptidase
and enzymatically re-added to the carboxyl-terminal glutamate
by tubulin tyrosine ligase inwhat constitutes a cycle of detyrosi-
nation/tyrosination (54). Tubulin tyrosine carboxypeptidase
acts preferentially on assembled MTs, and phosphorylation
may regulate tubulin tyrosine carboxypeptidase-tubulin inter-
action suggesting a potential role for protein kinase(s) (55, 56).
Although numerous in vivo and in vitro studies have been per-
formed to address the role of �-tubulin tyrosination/detyrosi-
nation, the specific function has not been elucidated (54).
Because Tyr-MTs are more dynamic with a t1⁄2 of 10 min com-
pared with Glu-MTs that have a t1⁄2of 1 h, it has been proposed
that Glu-tubulin impartsMT stability (57, 58). However, recent
studies indicate that the detyrosination/tyrosination cycle dif-
ferentially affects recruitment of MT-binding proteins and
molecular motors to MTs, which as a consequence influences
MT stability and motility. In that regard, kinesin-1 preferen-
tially binds to Glu-MTs, whereas p150 glued/dynactin and
�TIPs prefer Tyr-MTs (28, 59, 60).
Dynactin is a multisubunit protein complex containing p50/

dynamitin that binds directly to and is required for cytoplasmic
dyneinmotile function and formembrane association (61). Live
cell imaging studies have demonstrated that overexpression of
p50/dynamitin blocks ER to Golgi transport (62). There are

FIGURE 5. Rab2 and aPKC� co-distribute with dynein. HeLa cells were transfected with either Rab2 cDNA or
PKC� cDNA, as described under “Experimental Procedures.” aPKC� overexpressing cells were permeabilized,
fixed, and then co-stained with anti-dynein (intermediate chain) and fluorescein isothiocyanate-anti-Xpress (A)
or fluorescein isothiocyanate anti-Xpress and anti-Tyr-tubulin (C). B, Rab2 overexpressing cells processed as
above were co-labeled with anti-dynein (intermediate chain) and anti-Rab2. Boxed areas (yellow indicates
co-localization) were analyzed using the Manders overlap co-localization, as described under “Experimental
Procedures” and reported under “Results.” Both Rab2 and aPKC� co-distribute with dynein in perinuclear
pleomorphic entities.
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two forms of cytoplasmic dynein, cytoplasmic dynein 1 and
cytoplasmic dynein 2. Cytoplasmic dynein 1 is found in all MT-
containing cells and has been shown to co-localize with p53/
p58 and �-COP in cells incubated at 15 °C to accumulate VTCs
(43, 63). We found that Rab2 recruited dynein and p50/dyna-
mitin to membranes in the quantitative membrane binding
assay. Additionally, HeLa cells overexpressing Rab2 displayed
large perinuclear pleomorphic structures that co-labeled with
Rab2 and dynein. The Rab2 downstream effector aPKC�
appears to be a limiting factor for dynein/dynactin association
with membranes because interfering with aPKC� membrane
binding and aPKC� kinase activity concomitantly decrease
membrane-bound dynein and p50/dynamitin. Harris and
Peifer (20) have also found that aPKC regulates dynein associ-
ation with the adherens junction in aDrosophila aPKCmutant.
This relationship between aPKC� and dynein was further evi-
denced inHeLa cells overexpressing PKC� that displayed exten-
sive co-distribution of the kinase with dynein in the Golgi
region. The specific recruitment of dynein by Rab2 versus the
motor protein kinesin would preferentially promote Tyr-MTs
binding to subdomains of the VTC engaged in protein sorting
and recycling. Indeed, we found that membranes treated with
Rab2 contained more Tyr-tubulin (�3-fold) than Glu-tubulin.
Rab2 joins the list of other Rab proteins reported to utilize

dynein, including Rab4 (40) andRab6 (33, 41). Interestingly, the
phylogenetic tree of the Ras superfamily shows that Rab2 is
most closely related to Rab4 (64), and both Rab4 and Rab6 are
involved in recycling/retrograde transport (65, 66). Although
we have found dynein on Rab2-generated vesicles (data not
shown), it is possible that dyneinmotor function is inactive and
recycles back to the ER onRab2 vesicles for use inCOPII vesicle
transport (26). Alternatively, because dynein is a minus-end
directed motor, it could be that Rab2 retrograde-directed vesi-
cles use Tyr-MTs derived from the ER as tracks for retrieval to
the ER. Studies are in progress to delineate between these two
possibilities.
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