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-kinase anchoring proteins (AKAPs) tether the
AcAMP—dependent protein kinase (PKA) and other

signaling enzymes to distinct subcellular organelles.
Using the yeast two-hybrid approach, we demonstrate that
Rab32, a member of the Ras superfamily of small molecular
weight G-proteins, interacts directly with the type Il regulatory
subunit of PKA. Cellular and biochemical studies confirm
that Rab32 functions as an AKAP inside cells. Anchoring
determinants for PKA have been mapped to sites within the
conserved o5 helix that is common to all Rab family
members. Subcellular fractionation and immunofluorescent

approaches indicate that Rab32 and a proportion of the
cellular PKA pool are associated with mitochondria.
Transient transfection of a GTP binding—deficient mutant of
Rab32 promotes aberrant accumulation of mitochondria at
the microtubule organizing center. Further analysis of this
mutant indicates that disruption of the microtubule cyto-
skeleton results in aberrantly elongated mitochondria. This
implicates Rab32 as a participant in synchronization of
mitochondrial fission. Thus, Rab32 is a dual function protein
that participates in both mitochondrial anchoring of PKA
and mitochondrial dynamics.

Introduction

The transmission of environmental cues to precise sites
within the cell frequently involves the assembly of multi-
protein signaling complexes (Pawson, 1995; Hunter, 2000;
Jordan et al., 2000). These transduction units, which often
include effector proteins, signal transduction enzymes, and
their substrate proteins, are maintained by scaffolding or an-
choring proteins (Smith and Scott, 2002). These “signal-
organizing” molecules ensure that their complement of
anchored enzymes are optimally positioned to receive activation
signals and are placed in close proximity to their substrates.
One example is the A-kinase anchoring proteins (AKAPs)*
that sequester the cAMP-dependent protein kinase (PKA)
and other signaling enzymes at a variety of intracellular sites
(Colledge and Scott, 1999; Feliciello et al., 2001).

Although a principle function of many kinase anchoring
proteins is to orchestrate protein phosphorylation events, it
is now evident that they participate in a wider range of sig-
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naling events. For example, several anchoring proteins have
been implicated in the recruitment and localization of Ras
family small molecular weight GTPases. AKAP-Lbc binds
PKA and functions as a Rho-selective guanine nucleotide ex-
change factor (GEF) to induce actin stress fiber formation in
fibroblasts (Diviani et al., 2001). Scar/WAVE-1 assembles a
signaling complex that includes PKA, the Abelson tyrosine
kinase, Rac-1, and the Arp2/3 complex to coordinate lamel-
lapodial extension at the leading edge of motile cells (West-
phal et al., 2000). Anchoring proteins that bind to other
second messenger—regulated protein kinases apparently per-
form analogous functions. The mammalian orthologue of
the Caenorhabditis elegans cell polarity gene, mPAR-6, inter-
acts with either Cdc42 or Racl and an atypical PKC to es-
tablish cell shape and polarity in the developing embryo
(Etemad-Moghadam et al., 1995; Kuchinke et al., 1998;
Joberty et al., 2000; Lin et al., 2000; Qiu et al., 2000). Col-
lectively, these findings highlight a secondary role for kinase
anchoring proteins in the coordination of small G-protein
location and signaling to downstream effectors.

Here we report that Rab32, a member of the Rab subfamily
of Ras small molecular weight G-proteins, functions as an
AKAP in vivo. Most Rab proteins have been implicated in
membrane dynamics, where they coordinate the assembly of
protein networks that regulate membrane fusion/fission,
exocytosis, and cytoskeletal trafficking (Takai et al., 2001).
These events require the Rab proteins to cycle from a cyto-
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plasmic-localized GDP-bound “off” state to a membrane-
localized GTP-bound “on” state (Novick and Zerial, 1997).
Accordingly, Rab proteins have been found at various intra-
cellular sites including the endoplasmic reticulum, the Golgi
apparatus, endosomes, intracellular vesicles, and the plasma
membrane (Takai et al., 2001). Our cell-based studies dem-
onstrate that Rab32 is associated with the mitochondria
through potential lipid modification of two COOH-termi-
nal cysteines. Furthermore, ectopic expression of a GTP
binding—defective mutant of Rab32 perturbs mitochondrial
distribution, suggesting a specific role for this Rab protein at
mitochondria.

Results

Identification and characterization of Rab32 as

a type Il regulatory subunit (RII) binding protein
Biochemical and structural analyses have indicated that the
first 45 amino acids of the type II regulatory subunit (RII)
comprise the primary determinants for interacting with
AKAPs (Hausken et al., 1994; Newlon et al., 1999). To
identify new AKAPs, the first 45 amino acids of the murine
RlIlo were used as “bait” to screen a human brain cDNA li-
brary using the yeast two-hybrid assay. 50 positive colonies
were identified from 2 X 10° cotransformants, as assessed
by activation of both the HIS3 and LacZ genes. 40 of these
positive colonies encoded previously identified AKAPs, in-
cluding Yotiao, AKAP220, and S-AKAP84 (Fig. 1 A). One
positive colony encoded residues 106-225 of Rab32 that,
based on primary amino acid similarity and domain archi-
tecture, is believed to be a small molecular weight G-protein
of the Rab family (GenBank/EMBL/DDB] accession no.
NP_006825) (Bao et al., 2002). Independent confirmation
of this result was provided when the bacterially expressed
Rab32 106-225 fragment bound recombinant [**P]RIlq, as
assessed by a solid-phase binding assay (Fig. 1 B).
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Figure 1. ldentification of Rab32 as a putative AKAP. Murine Rlla
1-45/LexA fusion was used as bait to screen a human brain cDNA
library using the yeast two-hybrid assay. (A) Detection of positive
colonies expressing Rab32 and other AKAP fragments were detected
by B-galactosidase. The name of each AKAP is indicated. (B) Control
and bacterial extracts expressing the Rab32 106-225 fragment
(indicated above each lane) were separated on SDS-PAGE (4-15%)
and electrotransferred to nitrocellulose. RIl binding was assessed by
overlay using *?P-labeled Rlla and detected by autoradiography.
Molecular weight markers are indicated.

The PKA anchoring site on AKAPs includes a region of 14—
18 residues that forms an amphipathic helix (Carr et al., 1991;
Newlon et al., 2001). To define this region within Rab32, an
array of overlapping 20-mer peptides (offset by three amino
acids) covering residues 151-225 were synthesized on a mem-
brane support using an AutoSpot robot (Fig. 2 A). A single
peptide corresponding to amino acids 178-197 (NINIEE-
AARFLVEKILVNHQ) strongly bound Rlla, as assessed by
the solid-phase binding assay (Fig. 2 B). Computer predic-
tions of its secondary structure suggest that residues 178-197
form an amphipathic helix (Fig. 2 C). All Ras family members
share a similar structure with an arrangement of six central
strands of B-sheet and five a-helical regions. Structural analy-

Figure 2. Mapping the RII binding domain of A
Rab32. (A) Schematic representation of the mapping 1
strategy to identify the RIl binding domain of
Rab32. A family of 20-mer peptides (each offset
by three residues) spanning the region 153-224

225

of Rab32 were synthesized and immobilized to a 151

membrane support. (B) Solid-phase binding of Rl
was assessed by the Rl overlay procedure. The
sequence of the RIl binding peptide is indicated
using the one letter amino acid code (*). (C) Ribbon
diagram of the Rab3a backbone based upon c
coordinates provided by Ostermeier and Brunger
(1999). Top (left) and side (right) views are pre-
sented. The a5 helix is marked (red). (D) Helical
wheel alignment of residues 181-193 of Rab32.
Hydrophobic (white circles) and hydrophilic
(yellow circles) residues are indicated. (E) Purified
recombinant GST-Rab32 fusion protein (2 ng) was
separated by SDS-PAGE and electrotransferred to
nitrocellulose. RIl overlays were performed in the
absence of competitor peptide (left), in the pres-
ence of 10 uM Rab32 175-205 peptide (middle),
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or in the presence of 10 wM Rab32 175-205 L188P peptide (right). Molecular weight markers are indicated. (F) Solution binding of recombinant
RII and Rab32. [**PIRIla was incubated with either GST-Rab32 or GST-Rab32L188P mutant followed by glutathione-Sepharose purification
of the complex. RII binding was assessed by measuring the counts per minute (cpm) corresponding to [*?PIRIla bound to Rab32 (top). Equal
amounts of GST fusion proteins were used in these experiments (bottom).
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Figure 3. Rab32 can interact with the holoenzyme of PKA in

mammalian cells. HEK-293 cells were transiently transfected with
Flag-Rab32 or Flag—Rab32L188P cDNA. Triton X-100-soluble
extracts were immunoprecipitated with Sepharose-conjugated
antiFlag antibody. (A) Copurification of the PKA holoenzyme was
measured by assaying for PKA catalytic subunit activity stimulated
by exogenous cAMP. PKA activity was measured as pmol/min/mg
of P incorporated into the PKA substrate kemptide using a filter
paper binding assay (Corbin and Reimann, 1974). Specific PKA
activity was blocked by 10 uM of the inhibitor PKI (5-24) peptide.
(B) AntiFlag immunoprecipitates were separated on SDS-PAGE
after the catalytic subunit had been eluted from the complex with
exogenous cCAMP and electrotransferred to nitrocellulose. Rll over-
lay assays (top) were performed to determine if Rab32 was the
only AKAP present in these fractions. Control experiments confirmed
that equal levels of protein were immunoprecipitated in these
experiments (bottom). A representative example of three independent
experiments is shown.
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sis of Rab3a, a protein with 71% identity to Rab32, suggests
that the RII binding region falls within the conserved a5 helix
(Ostermeier and Brunger, 1999). Modeling studies using the
coordinates from the Rab3a structure suggest that the a5 he-
lix of these proteins are located on an exposed surface of the
molecule and would be available for docking to RII (Fig. 2
D). Experimental confirmation of these observations was pro-
vided when the Rab32 175-205 peptide blocked Rlla inter-
action with a full-length Rab32 GST fusion protein (Fig. 2 E,
middle). A control peptide, where leucine 188 was replaced
with proline to disrupt secondary structure, was unable to
block RII interaction (Fig. 2 E, right). These data imply that
RII interacts with Rab32 through an amphipathic helix
formed by residues 178-197 of the protein. Solution binding
assays confirmed that recombinant Rab32 bound [**P]RIla,
whereas the Rab32L188P mutant did not (Fig. 2 F). To-
gether, these results show that Rab32 can interact with full-
length RII in vitro and this interaction occurs through a pre-
dicted amphipathic helix in a manner similar to other AKAPs.

We next sought to determine if Rab32 is an AKAP in vivo.
Flag-tagged versions of wild-type Rab32 and Rab321188P
mutant were expressed in HEK-293 cells. Immune com-
plexes were isolated, and coprecipitation of PKA activity was
measured by the filter paper assay (Corbin and Reimann,
1974). PKA activity was enriched 7.1 * 2—fold (» = 3) in
Rab32 immune complexes, whereas there was no enhance-
ment of kinase activity in the Rab32L188P mutant immuno-
precipitates (Fig. 3 A). Control experiments confirmed that
this was specific PKA activity, because the PKI (5-24) pep-
tide, a specific inhibitor of the kinase, blocked all activity
(Fig. 3 A). In parallel studies, only wild-type Rab32 bound
RII in the Flag immunoprecipitates, as assessed by the RII

Figure 4. Only Rab32 and RabRP-1 contain
determinants for PKA anchoring. (A) The

| sequences of Rab32 and nine other Rab

proteins are aligned within the a5 helix region.
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The first and last residues of each sequence
and the name of each Rab protein are
indicated. Boxed and shaded regions depict
sequence identity and similarity. Star indicates
the conserved phenylalanine in most Rab
proteins. (B) A solid-phase peptide array of
these Rab sequences was screened for Rl
binding by the overlay assay. Binding of
[**PIRIla was detected by autoradiography.
(C) Quantitation of RIl binding was assessed
by densitometry. Arbitrary units were normal-
ized to one, indicating the highest level of RII
binding. The data presented are an amalgam-
ation of two independent experiments. (D)
Yeast two-hybrid analysis was used to deter-
mine if RIl interacts with selected, full-length
Rab family members. Two-hybrid crosses of
Rl 1-45 fragment with full-length cDNAs

for Rab32, Rab32L188P, Rab5, Rab6, or Rab7 fused to the LexA DNA binding domain. Interactions were assayed by growth on minimal
media plates in the absence of histidine (left). As a toxicity control, all cotransformed yeast strains were able to grow in the presence of
histidine (right). (E) HEK-293 cell extracts expressing Flag-tagged Rab32 and mutants (indicated above each lane) were separated by SDS-PAGE
on 4-15% gels and electrotransferred to nitrocellulose. Binding of [*?P]RIla was assessed by the overlay assay. (Top) RIl binding was detected
by autoradiography. Equal loading of recombinant Rab32 proteins was confirmed by Western blot using antiFlag antibodies. (F) Sequence
alignment of Rab32 and its most closely related family members. The first and last residues of each sequence and the name of each Rab
protein are indicated. Boxed and shaded regions depict sequence similarity and identity. Star indicates the position of alanine 185 in the
Rab32 sequence. (G) A solid-phase peptide array of these closely related Rab sequences was screened for Rl binding by the overlay assay.

Binding of [*’PIRlla was detected by autoradiography.
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Figure 5. The cellular and subcellular A
distribution of Rab32. The tissue distribution &
of Rab32 mRNA was assessed by Northern &

blot analysis. (A) A human multi-tissue
(tissue sources indicated above each lane)
was screened using a 113-bp cDNA probe
that corresponds to the COOH-terminal hy-
pervariable region of Rab32. Hybridization
was detected by autoradiography. The sizes
of DNA markers are indicated. (B) Triton
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against a-tubulin (E, blue). A merged image (F) indicates the cellular distribution of all three signals. (G) Subcellular fractionation of WI-38
cells was performed according to the Materials and methods. Protein (20 g each) from whole cell (W), nuclear (P1), and mitochondria-enriched
(P2) fractions were subjected to SDS-PAGE and electrotransferred to nitrocellulose. Membranes were immunoblotted using affinity-purified
polyclonal anti-Rab32 antibody (top) and a monoclonal anticytochrome oxidase subunit | (bottom) as a marker for mitochondria.
Immunocytochemistry and confocal analysis were used to demonstrate the subcellular location of RIl (H) and Rab32 (I). A merged image

shows a significant overlap of the signals ()).

ovetlay (Fig. 3 B), suggesting that Rab32 is the only AKAP
responsible for the PKA activity. Thus, Rab32 associates with

endogenous PKA holoenzyme inside mammalian cells.

Rab32 and closely related orthologues are the

only Rab family members that function as AKAPs

Each of the 60 genes that encode Rab proteins in the human
genome is highly conserved in the a5 helix (Bock et al.,
2001). Therefore, peptides corresponding to the a5 helix re-
gion from nine other Rab proteins (sequences are presented
in Fig. 4 A as a clustal alignment) were synthesized by the
AutoSpot robot to determine if other Rab family members
could interact with RII. Solid-phase binding to RII was only
detected for the Rab32 peptide (Fig. 4, B and C). Likewise
only full-length Rab32 bound RII, as assessed by the two-
hybrid assay (Fig. 4 D). Structural studies on several AKAPs
have established that alanines at position 6 of the PKA bind-
ing helix are critical anchoring determinants (Newlon et al.,
2001). The methyl group of the alanine side chain inserts
into a hydrophobic pocket formed by the RII dimer. Rab32
has an alanine at this position, whereas most Rab family
members have a phenylalanine at this site in the a5 helix
(Fig. 4 A, star). To test the role of Ala 185 as an anchoring
determinant, we introduced a phenylalanine by site-directed
mutagenesis. The Rab32A185F mutant protein was unable
to bind RII in the overlay procedure (Fig. 4 E), and an
A185F-substituted peptide was also unable to interact with
RIlae (unpublished data). Database searches identified a
Drosophila orthologue, Rab-RP1, that contained an alanine
in a position analogous to residue 185 of Rab32. Peptide ar-
ray analysis confirmed that Rab-RP1 bound RII in the over-
lay assay, whereas two closely related Rab proteins lacking
the conserved phenylalanine (Rab38 and Rab7L1) did not
bind RII (Fig. 4, F and G). Collectively, these data suggest
that Rab32 and orthologues are AKAPs.

Rab32 is associated with mitochondria
The tissue distribution of Rab32 mRNA was determined by
Northern blot using a specific 113-bp probe. An mRNA
species of 1.4 kb was detected prominently in the liver and,
to a lesser extent, in other tissues (Fig. 5 A). RNA dot blot
analysis detected high levels of Rab32 mRNA in bone mar-
row, testis, colon, and fetal lung (unpublished data). This
latter observation prompted us to examine the subcellular
distribution of the Rab32 protein in the human fetal lung fi-
broblast cell line WI-38. As a prelude to these studies, anti-
peptide antibodies were raised against residues 202-220 of
Rab32 and affinity purified against the recombinant protein.
A single protein band of 27 kD was detected in cell extracts
as assessed by immunoblot (Fig. 5 B, left). Preincubation
with the antigenic peptide blocked antibody recognition of
this 27-kD protein (unpublished data). Control experiments
using the preimmune serum were negative (Fig. 5 B, right).

Immunofluorescent analysis of Rab32 in WI-38 fibro-
blasts revealed a staining pattern (Fig. 5 C) that overlapped
with the mitochondrial marker MitoTracker Red™ (Fig. 5
D) but was distinct from tubulin (Fig. 5 E). This is most
clearly demonstrated in a composite image (Fig. 5 F). In
support of this observation, Rab32 was enriched in the P2
fraction (Fig. 5 G, top) when WI-38 cell extracts were sub-
jected to subcellular fractionation. The partitioning of
Rab32 correlated with the detection of the mitochondrial
marker cytochrome oxidase subunit 1 (Fig. 5 G, bottom).
Immunofluorescence data also suggested that a proportion
of cellular RII signal is present at mitochondria (Fig. 5 H)
and overlaps with the Rab32 signal (Fig. 5, I and J). Collec-
tively, these results suggest that Rab32 and RII associate
with mitochondria.

Mitochondria are arranged around the microtubule orga-
nizing center and utilize microtubules for their movement.
However, Rab32 association with mitochondria is not de-
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Figure 6. Mitochondrial targeting of Rab32. Immunofluorescence
analysis of Rab 32 location upon depolymerization of microtubules
in Cos7 cells. Control (A-D) or Cos7 cells treated with 5 pM
nocodazole for 30 min (E-H) were fixed and stained. Immunocy-
tochemistry was performed using anti-Rab32 (A and E, green),
MitoTracker Red™ (B and F, red), and a monoclonal antibody
against a-tubulin (C and G, blue). Composite images are shown

for each sample (D and H). (I) Schematic representation of a
nucleotide binding site, GTPase domain, and sites of putative lipid
modification are indicated. Arrows indicate an amino acid
substitution. ()) Flag-tagged wild-type or Rab32ACC mutant were
expressed in Cos7 cells. The subcellular distribution of recombinant
Rab32ACC ()) or Rab32 (M) were analyzed using confocal fluores-
cence microscopy with an antiFlag monoclonal antibody and Texas
red—conjugated secondary (J and M). Mitochondria were visualized
by using Mito-GFP targeting construct (K and N). Merged images
are presented (L and O).

pendent on the integrity of the microtubule cytoskeleton
(Fig. 6, A—H). Cos7 cells were treated with the microtubule
depolymerizing agent nocodazole and the location of Rab32,
mitochondria, and microtubules were visualized by immu-
nofluorescence detection (Fig. 6, E-H). As expected, no-
codazole treatment disrupted the microtubule network (Fig.
6 G) and promoted a redistribution of mitochondria (Fig. 6,
F and H), when compared with control cells (Fig. 6, B-D).
Importantly, Rab32 was retained on the mitochondria after
drug treatment (Fig. 6, E and H), indicating that it specifi-
cally associates with this organelle.

Mitochondrial targeting sequences have been identified in
a number of proteins, including other AKAPs (Lin et al.,
1995; Huang et al., 1999), yet no such sequences were evi-
dent in Rab32. Previous studies have proposed that lipid
modification of two COOH-terminal cysteines may partici-
pate in the membrane targeting of Rab proteins (Takai et al.,
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Figure 7. Nucleotide binding properties and GTPase activity of
Rab32. Bacterially purified GST fusion proteins were assayed for
guanine nucleotide binding. (A) Schematic diagram depicting a
mutation in the nucleotide binding domain of Rab32. A nucleotide
binding site, GTPase domain, and sites of putative lipid modifications
are indicated. (B) GST-Rab32 (2 pg) was preloaded with 2 nCi of
[PHIGDP. GDP off rate is presented as percent GDP bound to
Rab32 over time. (C) Nucleotide-depleted Rab32 was incubated
with [y*2P]GTP. The GTP on rate for GST-Rab32 was measured and
is presented as the percentage of GTP bound over time. Amalgam-
ated data from three experiments are presented. (D) Biochemical
characterization of guanine nucleotide binding to recombinant
wild-type GST-Rab32 and GST-Rab32T39N mutant. PHIGDP
binding (gray bars) and [y*?PIGTP binding (black bars) to Rab32
and Rab32T39N are indicated. Results are presented as the percent
nucleotide bound normalized to 1. 2 pg of GST recombinant pro-
teins were used and shown in the inset. A representative experiment
from three independent analyses is presented. (E) GST pulldowns of
GDP-loaded Rab32 or GTPyS-loaded Rab32 in the presence of
recombinant RII (1 pg). Proteins were separated by SDS-PAGE

and transferred to nitrocellulose. (Top) Coprecipitation of RIl was
detected by Western blot using an anti-RIl monoclonal antibody.
(Bottom) Control experiments showing equal loading of proteins.
(F) Yeast coexpressing pLexA Rab32 mutants and pACT2 RIl 1-45
were assayed for growth on minimal media without histidine (left).
As a toxicity control, yeast harboring these plasmids can grow in
media supplemented with histidine (right).

2001). We generated a Flag-tagged form of Rab32 that
lacked the pair of COOH-terminal cysteine residues (Fig. 6
J). The Rab32ACC mutant did not associate with mito-
chondria when expressed in Cos7 cells (Fig. 6, K and L).
Mitochondria were detected by coexpression of a GFP fu-
sion protein that contained a mitochondrial targeting signal
(Fig. 6, K and N). Control experiments demonstrated that
wild-type Rab32 codistributed with the Mito-GFP tag
when both constructs were transfected into Cos7 cells
(Fig. 6, M=0O). Additional controls demonstrated that the
Rab321.188P mutant, which is unable to anchor PKA, was
correctly targeted to mitochondria (unpublished data).
These findings suggest that COOH-terminal lipid modifica-
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tion of Rab32 contributes to mitochondrial targeting, most
likely to the outer mitochondrial membrane.

Biochemical and cellular analyses of Rab32

Rab32 has four conserved guanine nucleotide binding re-
gions including a possible GTPase domain (Fig. 7 A). Using
an in vitro binding assay we found that ["H]GDP dissoci-
ated from Rab32 with a 1/, of 7.5 min (» = 3; Fig. 7 B). Us-
ing a similar assay, GTP binding was measured with a 7, of
12 min (» = 3; Fig. 7 C). These studies show, as predicted,
that Rab32 is a guanine nucleotide binding protein. On the
basis of homology to other Ras family members, we pre-
dicted that mutation of threonine 39, which lies within the
GTP binding domain, would abolish interaction with this
nucleotide (Fig. 7 A). As expected, the Rab32T39N mutant
bound GTP to a 12-fold lesser extent when compared with
the wild-type protein (Fig. 7 D). Equal amounts of both
Rab32 forms were used in these assays (Fig. 7 D, insert). We
next sought to determine if RII preferentially interacts with
Rab32 in a nucleotide-dependent manner. Rab32 was pre-
loaded with either GDP or the nonhydrolyzable GTP ana-
logue, GTPYS. Rab32 could associate with RII whether it
was loaded with GDP or GTPYS (Fig. 7 E). Yeast two-
hybrid assay confirmed this result, as the Rab32T39N mu-
tant and Rab32Q85L, a potential GTPase inactive form, in-
teracted with RII (Fig. 7 F). These data show that Rab32
interacts with RII in a nucleotide-independent state.

In cellular studies, overexpression of the GTP binding—defi-
cient mutant Rab32T39N caused the condensation of mito-
chondria at the microtubule organizing centers, as assessed by
immunofluorescence techniques (Fig. 8, A-C). In contrast,
overexpression of the wild-type protein had little or no effect
on mitochondrial distribution (Fig. 8, D and E). The fre-
quency of mitochondrial collapse was measured in transfected
cells (50 cells each) from three separate experiments (Fig. 8
G). Mitochondrial collapse was detected in 56 * 4% of cells
expressing the Rab32T39N mutant (Fig. 8 G), and only
8.6 = 2% of the wild-type cells exhibited this phenomena
(Fig. 8, D, E, and G). Mitochondrial collapse did not appear
to involve PKA anchoring because expression of the PKA
binding—deficient mutant, Rab32L188P, did not alter the in-
cidence of mitochondrial collapse (Fig. 8 G). In addition, ex-
pression of a Rab32T39N, L188P double mutant caused the
same degree of mitochondrial collapse as the Rab32T39N
mutant (Fig. 8 G). However, correct targeting to the mito-
chondria appears to contribute to this phenomena, as expres-
sion of Rab32T39NACC, a GTP binding deficient—mutant
lacking the COOH-terminal cysteine pair, displayed a re-
duced incidence of mitochondrial collapse (32 * 2%; Fig. 8
Q). Because endogenous Rab32 was detected in Cos7 cells (Fig.
6, A and E), our cellular experiments suggest that Rab32T39N
acts as a dominant negative mutant. In specificity control ex-
periments, we did not observe any abnormal clustering of
endosomes (Fig. 8, H-]), lysosomes (Fig. 8, K-M), or
endoplasmic reticulum (Fig. 8, N-P) in cells exhibiting a
Rab32T39N-induced mitochondrial collapse.

Rab proteins can function in membrane fusion, membrane
fission, and regulate organelle motility. Our data thus far
do not distinguish between these events. Expression of
Rab32T39N at low levels promotes an intermediate pheno-
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Figure 8. The GTP binding mutant Rab32T39N induces mito-
chondrial collapse around the microtubule organizing center.
Cos7 cells were transiently transfected with Flag—Rab32 or Flag—
Rab32T39N. Cells were labeled with MitoTracker Red™ for 30 min,
fixed, and permeabilized before the Rab proteins were detected
with a FITC-conjugated antiFlag antibody. (A) Rab32T39N mutant
or (D) Rab32 and (B and E) mitochondria are shown. (C and F) Com-
posite images are presented. A mitochondrial collapse phenotype is
observed in Rab32T39N-expressing cells (B, inset). (G) Mitochon-
drial collapse was scored in cells expressing various Rab32 mutants
(indicated below each column). Data are presented as the number
of cells exhibiting the phenotype per number of cells transfected.
50 Rab-expressing cells were analyzed in three independent experi-
ments for each construct. Control experiments were performed to
determine if expression of Rab32T39N (H, K, and N) alters the
morphology or distribution of other organelles. (I, L, and O) Mito-
chondria were visualized with MitoTracker Red™. (J) Endosomes
were stained with antibodies against the marker protein EEA-1.

(M) Lysosomes were stained with antibodies against the marker
protein LAMP-1. (P) Endoplasmic reticulums were stained with
antibodies against the marker protein calnexin.

type in which the mitochondria are elongated and highly in-
terconnected (Fig. 9, A-D). To further explore this effect,
Rab32T39N-transfected cells were subjected to nocodazole
treatment for 1 h before fixation (Fig. 9 E). Depolymerization
of the microtubules did not result in a dispersion of the mito-
chondria (Fig. 9, F and G), but there was a preponderance of
highly interconnected and elongated mitochondria (Fig. 9 G).
Often there were fewer mitochondria per cell, suggesting that
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Figure 9. Expression of Rab32T39N leads to aberrant mitochondrial
fusion. Analysis of mitochondrial morphology was performed on
cells expressing various levels of Rab32T39N (A-H) and the wild-
type protein (I-L). (A) Analysis of collapsed mitochondrial morphology
in Cos7 cells expressing low levels of Flag-Rab32T39N. (B) Mito-
chondria were detected with MitoTracker Red™ stain. (C) A 3X
enlargement of the boxed region shown in B (yellow box). (D) Com-
posite image of A and B is presented. (E) Analysis of collapsed
mitochondrial morphology in Cos7 cells expressing Flag—Rab32T39N
treated with 5 uM nocodazole for 1 h. (F) Mitochondria were
detected with MitoTracker Red™ stain. (G) A 3 enlargement of
the boxed region shown in F (yellow box). (H) Composite image of
E and F is presented. (I) Analysis of dispersed mitochondrial morphol-
ogy in Cos7 cells expressing Flag—Rab32 treated with 5 wM nocoda-
zole for 1 h. (J) Mitochondria were detected with MitoTracker Red™
stain. (K) A 3X enlargement of the boxed region shown in J (yellow
box). (L) Composite image of | and J is presented.

expression of Rab32T39N promoted abnormal fusion (un-
published data). In contrast, Cos7 cells expressing wild-type
Rab32 are individually dispersed throughout the cytoplasm
upon nocodazole treacment (Fig. 9, I-L).

Discussion

Rab32 is a member of the Ras superfamily of small molecu-
lar weight G-proteins and belongs to a subclass of these pro-
teins that have a nonconsensus catalytic domain (Bao et al.,
2002). We now show that Rab32 functions as an AKAP as it
associates with the cAMP-dependent protein kinase (PKA)
inside cells. Although we have previously shown that two
Rho family GTPases interact with AKAPs (Westphal et al.,
2000; Diviani et al., 2001), we provide the first evidence
for a direct interaction between a small molecular weight
G-protein and the PKA holoenzyme. Interestingly, two other
Rab family members interact with protein kinases. Rab8
binds to a GC kinase in a GTP-dependent manner (Ren et
al., 1996), and Rab3d copurifies with a ser/thr kinase in the
RBL-2H3 mast cell line (Pombo et al., 2001). Our study
further emphasizes two additional properties of Rab32: it is
localized to mitochondria and it participates in the control
of mitochondrial dynamics.

AKAPs are a growing family of functionally related pro-
teins that are classified on the basis of their interaction with
the R subunits of the PKA holoenzyme. Common properties
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include a conserved helical region of 14-18 residues that
binds to the R subunit dimer (Carr et al., 1991; Newlon et
al., 2001). Our mutagenesis and peptide-binding experi-
ments have located PKA anchoring determinants between
residues 178 and 197 of Rab32, which includes the a5 heli-
cal region that is conserved in all Ras family members
(Bourne et al., 1991). Our modeling studies used the coor-
dinates from the crystal structure of Rab3a to predict that
the a5 helix of Rab32 is exposed and available to participate
in PKA anchoring. Interestingly, other members of the Ras
superfamily utilize this helix in a variety of protein—protein
interactions (Maesaki et al., 1999; Morreale et al., 2000).
However, only Rab32 and Rab RP-1, a closely related
Drosophila orthologue, bind to RII experimentally. This in-
dicates that determinants reside within the a5 helices of
both isoforms that accommodate PKA anchoring. Surpris-
ingly, the ability to bind PKA may be determined by a single
amino acid side chain. Rab32 and RabRP-1 contain an ala-
nine at position 185 within the helix (numbering based on
the Rab32 sequence), whereas most other Rab proteins have
a phenylalanine at this position. In fact, substicution with
phenylalanine at this site abolishes PKA binding to Rab32,
suggesting that a bulky hydrophobic side chain at this site
perturbs PKA anchoring. Likewise, introduction of phenyla-
lanine at the corresponding sites in AKAP79, mAKAP,
AKAP-KI, AKAP18, or AKAP-Lbc abolishes interaction
with RII, as assessed by peptide array analysis (unpublished
data). These findings emphasize the high degree of specific-
ity that is built into the PKA anchoring regions.

A proposed function for AKAPs is to direcc PKA and
other signaling enzymes close to their substrates (Colledge
and Scott, 1999; Smith and Scott, 2002). This is generally
achieved by targeting domains that direct the AKAP signal-
ing complex to discrete cellular environments. Our subcellu-
lar fractionation and immunolocalization data indicate that
Rab32 is localized at the mitochondria. Although this is the
first report of a Rab protein associated with this organelle,
other AKAPs, such as sSAKAP84/D-AKAP-1 and D-AKAP-2,
are targeted to the outer mitochondrial membranes (Huang
et al.,, 1997a,b). Mitochondrial targeting of SAKAP84/
D-AKAP-1 is mediated by a consensus mitochondrial tar-
geting sequence (Lin et al., 1995; Huang et al., 1999). Rab32
does not contain this sequence, but rather has a pair of cys-
teines at the COOH terminus that are necessary for correct
targeting. Both residues are conserved in most Rab proteins
and are likely to be sites of lipid modification. Such modifi-
cations may be required for insertion and retention of
Rab32 in the mitochondrial membrane (Glomset and Farns-
worth, 1994). However, additional protein—protein interac-
tions are likely to specify mitochondrial targeting, because
high-level expression of Rab32 leads to the detection of the
protein throughout the cytoplasm (Fig. 8 D). Overexpres-
sion of Rab32 may saturate its “receptor protein” on the mi-
tochondrial membrane, leading to an excess accumulation in
the cytoplasm. It is likely that the COOH-terminal hyper-
variable domain of Rab32 is responsible for such interac-
tions (Chavrier et al., 1991), however the exact mechanism
of targeting remains to be determined.

Most Rab proteins cycle between an on state, where GTP is
bound, and an off state, where GDP is bound. Accordingly,
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Rabs can elicit GTP-dependent biological responses by acti-
vating a downstream effector. We show that PKA can associ-
ate with Rab32 in the presence of GTP or GDP. This is con-
sistent with the notion that Rab32 functions as a conventional
AKAP, as there are several examples of anchoring proteins
that bind PKA and contain functionally independent do-
mains that possess other biological activities (Westphal et al.,
2000; Diviani et al., 2001). Alternatively, there may be multi-
ple pools of Rab32, some of which harbor anchored PKA.
This is supported by our immunolocalization data indicating
that not all of the mitochondrial-targeted Rab32 is associated
with PKA. Thus, the Rab32-PKA complex may participate in
distinct cellular processes from the free Rab protein. Defining
the molecular interactions regulated by Rab32 should give in-
sight into the PKA function of this complex. For example,
specific Rab32 effector proteins, GTPase activating proteins,
and GEFs may serve as PKA substrates.

Rab family members participate in membrane trafficking
events that are often associated with organelles such as the
endoplasmic reticulum, the Golgi network, endosomes, and
membrane vesicles. Functions for some of these proteins
have been described by genetic analyses in yeast, flies, and
mice or by the expression of interfering mutants in mamma-
lian cells. Using the latter approach, we have established that
transient transfection of a GTP binding—deficient form,
Rab32T39N, selectively induces the collapse of mitochon-
dria at microtubule organizing centers, yet has no effect on
the distribution of other organelles (Fig. 8). We propose that
the Rab32T39N mutant acts as a dominant negative inhibi-
tor of the endogenous Rab32 protein. Consistent with this
notion, endogenous Rab32 is found in Cos7 cells and lo-
calizes to the mitochondria (Fig. 6 A). Furthermore, ex-
pression of the nonmitochondrial-targeted double mutant
Rab32T39NACC exhibited a significant reduction in the
incidence of mitochondrial collapse. These data suggest that
mitochondprial localization of the Rab32T39N mutant con-
tributes to the phenotype. It is possible that Rab32T39N in-
terferes with an upstream activator, such as a GEF, that is lo-
calized at mitochondria. This proposition is analogous to the
mechanism by which GTP binding—deficient Ras mutants
act as dominant inhibitors of specific Ras-GEF proteins
(Farnsworth and Feig, 1991).

Our analysis of the Rab32T39N mutant points toward a
role for Rab32 in the regulation of mitochondrial fission
events, as we detect perinuclear clusters of mitochondria
upon overexpression of this interfering mutant. Similar ef-
fects are observed in cells expressing an interfering mutant of
the dynamin-related GTPase Drp1, which functions to sever
the outer mitochondrial membrane in yeast, C. elegans, and
mammalian cells (Labrousse et al., 1999; Sesaki and Jensen,
1999; Smirnova et al., 2001). Expression of Drp-1-interfer-
ing mutants results in a frequency of collapsed mitochon-
dria, and disruption of the microtubule network with no-
codazole reveals a fewer number of clongated organelles
(Smirnova et al., 2001). These observations are remarkably
similar to the changes in mitochondrial morphology that we
recorded upon drug treatment in Rab32T39N-expressing
cells. Furthermore, low expression of Rab32T39N reveals an
intermediate phenotype in which the mitochondria are par-
tially collapsed. We observed a dense network of seemingly

fused mitochondria in these cells. A potential mechanism for
the action of the Rab32T39N mutant is to shift the balance
of mitochondrial fusion and fission events toward increased
fusion. Therefore, the cellular process regulated by Rab32 is
most likely mitochondrial division. Future studies will be
aimed at elucidating the complement of effector proteins in-
volved in the assembly of a Rab32-mediated mitochondrial
fission complex, and the role of anchored PKA in the regula-
tion of these events.

Materials and methods

Yeast two-hybrid

The cDNA from the Rlla dimerization/AKAP-binding domain was PCR am-
plified and subcloned into the EcoRI-BamHI sites in the pLexA yeast ex-
pression vector. This gene encodes an NH,-terminal LexA DNA bind-
ing domain fused to the first 45 amino acids of Rlla. 500 pg of a human
brain MATCHMAKER cDNA library (CLONTECH Laboratories, Inc.) was
screened for AKAPs using the yeast two-hybrid assay as described by Hol-
lenberg et al. (1995).

Cloning full-length Rab32

An EST clone for Rab32 was obtained from Genome Systems (GenBank/
EMBL/DDBJ accession no. Al281920; Image 1882928). This clone con-
tained the cDNA sequence representing amino acids 19-225 of Rab32 in-
cluding the termination codon. A synthetic oligonucleotide was designed
to contain the 90 base pairs corresponding to the 5’ region of Rab32
cDNA. The partial Rab32 EST was used as a template for PCR amplifica-
tion with the 90-mer 5’ primer and a reverse primer that corresponds to the
3’ end of the Rab32 coding sequence. The resulting PCR product was sub-
cloned into the bacterial expression vector pGex4T-1. Full-length Rab32
was confirmed by sequencing.

Construction of expression vectors

The full-length Rab32 ¢cDNA was PCR amplified from the pGEX4T tem-
plate with synthetic oligonucleotide primers and directly subcloned into
mammalian and yeast expression vectors. For the yeast expression vector
(pLexA) and the mammalian expression vector (Flag-pcDNA3.1), PCR frag-
ments were subcloned into the 5’ EcoRlI sites and 3’ BamHI sites. All
Rab32 mutants were generated using Quick-Change™ mutagenesis (Strat-
agene) with specific primers. All PCR reactions were performed using Pfu
Turbo polymerase (Stratagene). Each expression construct was sequenced
to determine correct reading frame and the existence of appropriate muta-
tions.

Bacterial expression and purification of recombinant Rab32
Recombinant Rab32 and mutants were expressed from the bacterial ex-
pression vector pGex4T in the BL-21/DE3 strain of Escherichia coliand pu-
rified as NH,-terminal GST fusions using glutathione-Sepharose (Amer-
sham Biosciences).

RIl interaction assays

RII overlays were performed using murine [**P|RIla as previously de-
scribed (Carr and Scott, 1992). For yeast two-hybrid analysis, the cDNA
encoding Rlla 1-45 was subcloned into the Gal4 activation domain con-
taining yeast expression vector pACT2. This gene encodes an NH,-termi-
nal Gal4 activation domain fused to Rlla 1-45. Each pLexA-Rab32,
-Rab32L188P, -Rab5, -Rab6, or -Rab7 was cotransformed with the pACT2-
Rllae 1-45 into the yeast strain L40 as described above.

Autospot peptide array

Peptide arrays were synthesized on cellulose paper using an Auto-Spot ro-
bot ASP222 (ABIMED) as previously described (Frank and Overwin, 1996).
After synthesis, the NH, termini were acetylated with 2% acetic acid anhy-
dride in DMF. The peptides were then deprotected by a 1-h treatment with
DCM-TFA, 1:1, containing 3% triisopropylsilane and 2% water.

Immunoprecipitations and PKA activity assay

Cells 50-80% confluent were transfected using Lipofectamine Plus re-
agents (Invitrogen) according to the manufacturer’s instruction. 5 pg of
plasmid DNA (Flag-Rab32 or Flag-Rab32L188P) was used to transfect
HEK-293 cells in 10-cm dishes. Transfections were performed for 24 h, fol-
lowed by lysis in IP buffer (20 mM Hepes, pH 7.5, 150 mM NaCl, 1 mM



EDTA, 1% Triton X-100). Recombinant proteins were immunoprecipitated
using Sepharose-conjugated antiFlag monoclonal antibody (Sigma-
Aldrich). PKA kinase assays were performed as previously described
(Corbin and Reimann, 1974).

Northern blot

A Northern blot containing immobilized samples of mRNA from several
human tissues (CLONTECH Laboratories, Inc.) was assayed using a *?P-radio-
labeled 113-bp probe corresponding to the COOH-terminal hypervariable
domain of Rab32. Human RNA dot blot analysis was performed according
to the manufacturer’s instructions (CLONTECH Laboratories, Inc.).

Western blot analysis and subcellular fractionation

of WI-38 cells

Antibodies to Rab32 were raised in rabbits (Covance) against the
unique peptide CEENDVDKIKLDQETLRAEN (Princeton Biomolecules).
Anti-Rab32 antibodies were affinity purified against recombinant Rab32
coupled to Affigel-10/15 according to the manufacturer’s instructions (Bio-
Rad Laboratories). WI-38 cell extracts were prepared by lysing confluent
cells in buffer 20 mM Hepes, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100,
and protease inhibitor cocktail [Rochel]). Lysates were incubated on ice for
10 min and centrifuged for 20 min at 20,000 g. 20 ug of supernatant was
subjected to Western blot analysis. Subcellular fractionation studies were
performed as previously described (Lutsenko and Cooper, 1998). In brief, a
10-cm dish of confluent WI38 cells was harvested by trypsin digestion,
washed, and resuspended in 1T ml of HB buffer (10 mM Hepes-NaOH, 250
mM sucrose, and protease cocktail, pH 7.5). Cells were dounce homoge-
nized (10-15 strokes) and subjected to differential centrifugation as previ-
ously described. 20 ng of proteins from whole cell extract and P1 (nuclear
pellet) and P2 (mitochondria enriched) fractions were subjected to West-
ern blot analysis. Control experiments were performed using anti-COX
subunit I antibody (Molecular Probes).

Confocal microscopy

Cells were seeded on glass coverslips and incubated overnight at 37°C un-
der 5% CO,. To detect mitochondria, coverslips were incubated with Mi-
toTracker Red™ (Molecular Probes) for 30 min at 37°C under 5% CO,_ In
recombinant Rab32 localization studies, mitochondria were detected by
coexpression of the plasmid pEYFP-Mito (CLONTECH Laboratories, Inc.).
RII monoclonal antibodies (Transduction Labs) were used in colocalization
studies. Coverslips were washed twice with PBS and fixed for 10 min in
PBS-3.7% formaldehyde. Immunocytochemistry was performed as de-
scribed by Westphal et al. (2000). FITC-, Texas red-, or Cy5-conjugated
secondary antibodies were used for detection of the primary antibody
(Jackson ImmunoResearch Laboratories). Cells were washed and mounted
using the Prolong system (Molecular Probes). Immunofluorescent staining,
MitoTracker Red™, or intrinsic YFP fluorescence was visualized on a Bio-
Rad Laboratories MRC1024 UV laser-scanning confocal microscope.

GDP and GTP binding assays

GDP off and GTP on rates were measured as previously described (Self
and Hall, 1995). In brief, purified recombinant GST-Rab32 was resus-
pended in assay buffer (50 mM Tris-HCI, 50 mM NaCl, 5 mM MgCl,, 5
mM DTT, pH 7.5) supplemented with 10 mM EDTA. GDP off rate was de-
termined in high magnesium conditions. GTP on rates were determined in
low magnesium conditions. Samples were dissolved in scintillation fluid,
followed by counting the radioactive emissions. Data are expressed as the
percent nucleotide bound, normalized to time 0 (100%). The nucleotide-
dependent RII binding studies were conducted as follows: 1 mg of GST—
Rab32 bound to glutathione-Sepharose was nucleotide depleted in 50 mM
Tris-HCI, 50 mM NaCl, 10 mM EDTA, 5 mM MgCl,, 5 mM DTT, pH 7.5,
followed by loading with T mM GDP or 1T mM GTPyS for 30 min at room
temperature. The nucleotides were stabilized on Rab32 by extensive wash-
ing in high magnesium buffer (50 mM Tris-HCI, 50 mM NaCl, 5 mM
MgCl,, 5 mM DTT, pH 7.5, plus either 1 mM GDP or T mM GTPyS). 1 pg
of recombinant Rlla was incubated with 1 pg nucleotide-loaded Rab32 for
1 h at room temperature, followed by extensive washing in high magne-
sium buffer. The extent of RIl binding was determined by Western blot
analysis using a monoclonal anti-Rlla antibody (Transduction Labs).

Rab32 functional experiments

Cos7 cells at 50-80% confluence were transfected with 1 g of the
mammalian expression vectors Flag-Rab32, -Rab32T39N, -Rab32ACC,
—-Rab32T39NACC, or -Rab32L188P using Lipofectamine Plus (Invitrogen).
Transfected cells were incubated at 37°C, 5% CO, for 8 h. Cells were la-
beled with MitoTracker Red™ (Molecular Probes) for 30 min, and pro-
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cessed for immunocytochemistry. Recombinant Rab32 and mutants were
detected using a FITC-conjugated antiFlag antibody. 50 Rab32- and mu-
tant-expressing cells were scored for a mitochondrial collapse phenotype,
in which the mitochondrial stain was predominantly found at the microtu-
bule organizing center or around the nucleus. Three independent experi-
ments were performed and the results are shown as the percentage of
transfected cells with the observed phenotype for each Rab32 construct.
To detect cellular markers, primary antibodies against EEA-1 (Transduction
Labs), LAMP-1 (Transduction Labs), Calnexin (StressGen Biotechnologies),
and GM130 (Transduction Labs) were used in immunocytochemistry as-
says, and detected by Cy5-conjugated secondary antibodies. Immuno-
fluorescent staining and MitoTracker Red™ was visualized on a Bio-Rad
Laboratories MRC1024 UV laser-scanning confocal microscope. For mi-
crotubule depolymerization studies, transfected Cos7 cells were treated
with 5 pM nocodazole (Sigma-Aldrich) for 1 h before fixation.
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