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Analysis of the human Rab6A gene structure reveals the presence of a duplicated exon, and
incorporation of either of the two exons by alternative splicing is shown to generate two Rab6
isoforms named Rab6A and Rab6A’, which differ in only three amino acid residues located in
regions flanking the PM3 GTP-binding domain of the proteins. These isoforms are ubiquitously
expressed at similar levels, exhibit the same GTP-binding properties, and are localized to the Golgi
apparatus. Overexpression of the GTP-bound mutants of Rab6A (Rab6A Q72L) or Rab6A’
(Rab6A’ Q72L) inhibits secretion in HeLa cells, but overexpression of Rab6A’ Q72L does not
induce the redistribution of Golgi proteins into the endoplasmic reticulum. This suggests that
Rab6A’ is not able to stimulate Golgi-to-endoplasmic reticulum retrograde transport, as described
previously for Rab6A. In addition, Rab6A’ interacts with two Rab6A partners, GAPCenA and
“clone 1,” but not with the kinesin-like protein Rabkinesin-6, a Golgi-associated Rab6A effector.
Interestingly, we found that the functional differences between Rab6A and Rab6A’ are contingent
on one amino acid (T or A at position 87). Therefore, limited amino acid substitutions within a Rab
protein introduced by alternative splicing could represent a mechanism to generate functionally

different isoforms that interact with distinct sets of effectors.

INTRODUCTION

In eukaryotic cells, membrane traffic along biosynthetic and
endocytic pathways requires the coordinated activity of a
large number of protein families. One of these families, the
Rab subfamily of small GTPases, plays an important role in
targeting and docking of transport vesicles or transport in-
termediates to their correct destinations (Novick and Zerial,
1997; for reviews, see Chavrier and Goud, 1999; Gonzalez
and Scheller, 1999). It is now established that Rab proteins
perform this task in at least three ways, i.e., by 1) linkage of
transport vesicles to the actin or microtubule cytoskeleton
via an interaction with molecular motors; 2) recruitment of
docking complexes that anchor transport vesicles to their
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target membranes; and 3) regulation of the assembly of
SNARE complexes.

In mammalian cells, more than 30 Rab family members
have been identified, and probably almost 50 members exist
(M. Seabra, personal communication). Most of the Rabs are
ubiquitous, and their abundance likely reflects the multiplic-
ity of transport steps that need to be regulated within a
single cell. In addition, some Rabs are involved in special-
ized cell functions, such as regulated secretion (Lledo et al.,
1994 [Rab3A]; Geppert and Sudhof, 1998) in neuronal and
neuroendocrine cells and transcytosis (Rab17 [Hunziker and
Peters, 1998; Zacchi et al., 1998]) in epithelial cells. The
estimated number of 30-50 Rab GTPases includes proteins
that are closely related to each other and are called Rab
isoforms (e.g., Rab1A and -B and Rab3A, -B, -C, and -D). The
amino acid identity between each isoform is in the range of
80-95%, the differences being mainly in domains located at
the N or C terminus of the proteins. The precise functions of
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the different isoforms remain largely to be established. Some
Rab isoforms have distinct subcellular localization or are not
expressed at the same levels within a given cell type. For
instance, Rab3A and -C are primarily expressed in neuronal
and neuroendocrine cells (Darchen et al., 1990; Fischer von
Mollard ef al., 1990), whereas Rab3D appears to be the most
abundant isoform in adipocytes (Baldini ef al., 1995). Distinct
functional properties of Rab3A and -B have been reported in
PC12 cells and in insulin-secreting cells (Weber et al., 1994;
lezzi et al., 1999). Alternatively, Rab isoforms may be func-
tionally redundant. It is documented, for instance, that
Rab1A and -B (92% identity) fulfill the same function in the
regulation of endoplasmic reticulum (ER)-to-Golgi transport
(Nuoffer et al., 1994). Yeast YPT31 and YPT32 are phenotyp-
ically redundant (Benli et al., 1996), and the gene products of
YPT51/YPT52/YPT53 have at least overlapping functions
(Singer Kruger et al., 1994).

Only limited information is available on the genomic or-
ganization of mammalian Rab genes (Wichmann ef al., 1989;
Baumert et al., 1993; Lai et al., 1994; Barbosa et al., 1995;
Zheng et al., 1997). Based on their nucleotide sequences,
however, it is likely that Rab isoforms are encoded by dis-
tinct genes. This holds true for yeast Ypt proteins, because
YPT31 and YPT32, as well as YPT51, YPT52, and YPT53,
have been mapped to different chromosomes (Lazar et al.,
1997). Here, we show that Rab isoforms may also be gener-
ated by alternative splicing of two homologous exons within
the same gene. Such a mechanism is documented for the
RabbA gene, which encodes a ubiquitous Rab that regulates
transport at the level of the Golgi apparatus (Martinez ef al.,
1994, 1997; Girod et al., 1999; White et al., 1999). In contrast to
other Rab isoforms described so far, the two Rabé isoforms
(termed Rab6A and Rab6A’) differ only in three amino acids
flanking the conserved PM3 domain involved in GTP bind-
ing (Valencia et al., 1991). Both proteins appear to be local-
ized to the Golgi complex and display similar biochemical
activities. Interestingly, the overexpression of the GTP-
bound mutant Rab6A’ Q72L does not redistribute Golgi
membranes into the ER, as was shown for Rab6A Q72L
(Martinez et al., 1997). In addition, Rab6A’ does not interact
with Rabkinesin-6, a molecular motor previously shown to
be an effector of Rab6A (Echard ef al., 1998). We discuss the
functional implications of the presence of two Rab6A iso-
forms in mammalian cells.

MATERIALS AND METHODS
Library Screening and DNA Sequencing

Partial sequences encoding Rab6A’ were obtained by a reverse
transcription (RT)-PCR-based cloning approach with degenerate
primers matching conserved domains PM3 and G2 of Rab proteins
in human umbilical vein endothelial cells (HUVECs) (de Leeuw et
al,, 1998) or with degenerate primers [forward, 5'-GGCGGCGGCTC-
GAGGGI(Ag2/Go)(Go2/ Ags) T (Ag2/ Goz/ Cogll(Ag2/ To2/ Goe)Goz/
Co2/Toe)(Ag2/ Tos) GGIAA(AY5/ Gy 5)(Ag s/ Ty5)C3'; reverse, 5'-GGCG-
GCGGATCCTTC(Cy 5/ Ty 5)TGICC(A5/ To5)GCIGT(A5/Gy5) TCCCA-
3'] corresponding to the conserved GTP-binding regions PM1 and PM3 in
Caco-2 cells. The partial Rab6A" amplified product from HUVECs was
radiolabeled by random oligonucleotide priming (Feinberg and Vo-
gelstein, 1983) and used as a probe to screen a HUVEC ¢cDNA library (de
Leeuw et al., 1998) consisting of ~8 X 10* independent clones. Sequences
from positive clones were determined according to the Sanger method (T7
sequencing kit, Pharmacia, Piscataway, NJ). Human Rab6A’ sequence
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data have been submitted to the DDBJ/EMBL/GenBank database under
accession number AF198616.

PCR-based Genomic Analysis

To analyze the genomic organization of the Rab6A gene, specific
primers (Eurogentec, Oligold, Seraing, Belgium) were constructed
for Rab6A’ sequence (5'—3', forward, AATCAGGCTTCAGCTG;
reverse, TCGTAAACTACTACAGCTG) and RabbA sequence
(5'=3', forward, ACAGTACGATTGCAATTA; reverse, CCA-
CAGTGGAGTCACGA) based on their cDNA sequence differences.
Furthermore, two primers (5'—3’, forward, CAGGCAACAATT-
GGC; reverse, ATCCACTTTGTAGTTTGC) flanking the specific se-
quences of Rab6A and Rab6A’ were generated. Combinations of
forward and reverse primers (400 pmol) were used to perform PCR
on human genomic DNA (100 ng) in a 50-ul volume in the presence
of PCR buffer (50 mM KCl, 10 mM Tris-HCI, pH 8.3), 1.5 mM MgCl,,
200 uM dNTPs, and 5 U of Taq polymerase. The reactions were
overlaid with 20 ul of mineral oil, transferred to a thermal cycler,
and incubated for 35 cycles of 94°C for 1 min, 50°C for 1 min, and
72°C for 6 min with a final extension at 72°C for 10 min. PCR
samples (10 ul) were loaded onto a 2% agarose gel, and amplified
products were subsequently extracted from the gel with a gel ex-
traction kit (Qiagen, Chatsworth, CA), cloned in pGEM-T vector
(Promega, Madison, WI), transformed to Escherichia coli Agl cells,
isolated, and sequenced.

RT-PCR Analysis

Total RNAs from various frozen human tissues and cultured cell
lines were prepared according to the guanidinium isothiocyanate-
phenol-chloroform extraction method (Chirgwin et al., 1979). RNA
(1.5 ug) was dissolved in 34 ul of distilled water, and random
hexamers (2 pg; Pharmacia) were added. The reaction mixtures
were subsequently incubated at 70°C for 5 min and on ice for 2 min,
and 24 pl of RT mix (1 pl of RNAsin [10 U], 6 ul of 0.1 M DTT, 4 ul
of 10 mM dNTP mix, 12 ul of 5X RT buffer) was added. Then the
reaction mixtures were separated into two equal volumes and in-
cubated for 1 h at 42°C with (RT+) or without (RT—) Superscript
reverse transcriptase (100 U; Life Technologies/BRL, Grand Island,
NY) to ensure cDNA-specific amplification products. For expression
analysis, primers were constructed matching sequences in the 5’
untranslated region (UTR) (5'—3’, forward, ATGTCCACGGG-
CGGA) and 3" UTR (5'—3’, reverse, CTGAAGAAGGTTGAAGA-
TG) of both Rab6A and Rab6A’ and used to perform PCR on one-
sixth of the generated single-stranded DNA in the presence of PCR
reagents for 35 cycles of 94°C for 1 min, 50°C for 30 s, and 72°C for
1 min. Undigested or Pstl-digested PCR products were analyzed by
electrophoresis on a 2% agarose gel.

Cells, Media, and Cell Culture

Caco-2 TC7 cells were cultured and harvested 1 d after growth (log
phase), after 70% confluence (undifferentiated cells), or 5 d after
confluence (differentiated cells) with DMEM (Life Technologies/
BRL) supplemented with 20% FCS and 1% nonessential amino acids
(Life Technologies/BRL). To allow the differentiation of HT-29 cells,
cells were grown without p-glucose (Darmoul ef al., 1992). HeLa
cells were cultured as described previously (Martinez et al., 1994).
All other cell lines used for expression analysis were grown in
DMEM supplemented with 10% FCS. Fibroblasts were freshly iso-
lated from human uterus.

GST Fusion Protein Expression and [a-3?P]GTP Blot
Overlay Assay

The coding regions of Rab6A and Rab6A’ were amplified with
N-terminal and C-terminal encoding primers (forward, 5'-CGG-
GATCCATGTCCACGGGCGGAGA-3’; reverse, 5'-CCGCTCGAG-

Molecular Biology of the Cell



CGGTTAGCAGGA-3', containing a BamHI and a Xhol restriction
site, respectively) and subsequently cloned into the BamHI-Xhol
sites of the vector pGEX (Pharmacia). Transformed E. coli DH5«
cells were grown to an ODy, of 0.3-0.5 at 37°C and induced with
0.1 mM isopropyl-1-thio-B-p-galactopyranoside for 18 h at 30°C.
Cells were isolated by centrifugation, frozen, thawed, and lysed by
sonication for 15 s on ice. After treatment with 1% Triton X-100,
lysates were spun at 10,000 rpm for 10 min, and supernatant was
collected. GST fusion proteins were adsorbed on a glutathione-
Sepharose column, washed, and eluted with 10 mM glutathione in
10 mM Tris-HCI (pH 7.4). Purified protein samples (1 pg/sample)
were layered in duplicate experiments on 12.5% polyacrylamide
gels containing SDS and subjected to electrophoresis. One gel was
stained with Coomassie brilliant blue, whereas the second was
electrophoretically transferred onto nitrocellulose membranes. The
blot was incubated with 1 nM [e-3?P]GTP (1 pCi of [a-32P]GTP per
ml), as described previously (Celis, 1998).

Assay of GTPYS Binding

Purified GST fusion protein samples (500 ng/assay) were diluted to
30 ul with 20 mM Tris buffer (pH 8.0), 1 mM EDTA, 1 mM DTT, and
0.1% Triton X-100. To each sample, 30 ul of GTPS-binding mix (20
mM Tris buffer, pH 8.0, 1 mM EDTA, 2 mM DTT, 2 uM GTP+S, and
~1.5 X 107 cpm of [**S]GTPyS) was added. Nonspecific binding was
assayed with samples containing 0.1 mM unlabeled GTPvS. The
samples were incubated at 30°C for 0, 1, 5, 15, 30, 60, or 120 min and
terminated by the addition of 2 ml of ice-cold washing buffer (20
mM Tris-HCI, pH 8.0, 25 mM MgCl,, 100 mM NaCl). Samples were
filtered through nitrocellulose membranes (NC45, Schleicher &
Schuell, Keene, NH), subsequently washed four times in ice-cold
washing buffer, air dried, and counted in a water-compatible scin-
tillation mixture (Opti-Fluor, Packard, Meriden, CT). As a control
for the calculation of the amount of GTPS bound to the proteins, 15
ul of the GTPyS-binding mix was counted in duplicate. All samples
were assayed in duplicate.

Transient Expression, Pulse-Chase Experiments, and
Immunoblotting

Human Rab6A and Rab6A’ proteins were expressed from the eu-
karyotic expression vector pCDNA3 (Invitrogen, Carlsbad, CA),
which was modified at the 5" end of the multiple cloning site with
a synthetic DNA fragment that entails an initiator AUG codon
followed by an N-terminal cMyc epitope tag and an EcoRI site.
Full-length Rab6A and Rab6A’ were subcloned in-frame as a EcoRI-
Xhol restriction fragment downstream from the cMyc tag sequence.
For colocalization studies, the Rab6A’ coding region was cloned
in-frame and downstream of green fluorescent protein (GFP) encod-
ing cDNA in the mammalian expression vector pEGFP-N1 (Clon-
tech, Palo Alto, CA) according to the strategy described previously
(White et al., 1999). A modified GFP cDNA was placed downstream
of sequences encoding the cytoplasmic, transmembrane, and stalk
regions of human N-acetylglucosaminyltransferase I in the mam-
malian expression vector pRcCMV (Shima ef al., 1997).

HeLa cells were grown on glass coverslips or plated on a 10-cm
dish and cultured to 70% confluence. Cells were transiently trans-
fected with 0.5 ug of cMyc-tagged Rab6A or Rab6A’ containing
plasmid DNA or cotransfected with 0.5 ug of N-acetylglucosami-
nyltransferase I with the use of Lipofectamine Plus reagent accord-
ing to the manufacturer’s instructions (Life Technologies, Rockville,
MD).

For immunoblotting, cells from the 10-cm dish were harvested by
scraping in ice-cold PBS and lysed directly in an equal volume of 2X
sample buffer (100 mM Tris-HCl, pH 6.8, 200 mM DTT, 4% SDS,
0.2% bromphenol blue, 20% glycerol). Protein lysates were layered
on a 12.5% SDS-polyacrylamide gel, subjected to electrophoresis,
and transferred to nitrocellulose membranes by Western blotting.
After blocking with 5% nonfat dry milk in 10 mM Tris-HCI (pH 8.0),
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150 mM NaCl, and 0.05% Tween 20 (TBST), the blot was incubated
with anti-cMyc mAb 9E10 (hybridoma culture supernatant; Kari et
al., 1986) for 2 h at room temperature. Incubations with primary and
secondary antibodies (0.06 ug/ml HRP-conjugated AffiniPure (Jack-
son Immunoresearch, Westgrove, PA) goat anti-mouse immuno-
globulin G; 1:10,000 dilution) and subsequent washes were done in
TBST. Labeled bands were visualized with the use of CPD Star
chemiluminescence according to the manufacturer (Tropix, Bed-
ford, MA).

For transient expression in HelLa cells with the vaccinia system
and pulse-chase experiments, we exactly followed the conditions
described previously (Martinez et al., 1994, 1997). pGEM plasmids
encoding Rab6A Q72L, Rab6A’ Q72L, and Rab6A’ Q72L AS87T
proteins were constructed with the use of PCR and verified by
sequencing. PCR products were cloned into the pGEM-1 vector
(Promega) with identical restriction sites and 5’ (Kozak’s sequence)
and 3’ noncoding regions to allow comparable expression levels.

Immunofluorescence Assay

Transfected HeLa cells, cultured on 24-wells plates on glass cover-
slips, were washed with PBS, fixed in 1% paraformaldehyde for 1 h
at room temperature, and washed twice in PBS, 0.05% Tween 20
(PBST). After 15 min of methanol permeabilization, cells were in-
cubated with anti-cMyc mAb 9E10 (1:25 dilution) for 1 h at room
temperature and washed four times for 5 min in PBST. Specific
labeling was detected by subsequent incubation with Texas Red-
conjugated goat anti-mouse immunoglobulin G (1:75 dilution, 10
png/ml; Jackson ImmunoResearch Laboratories, West Grove, PA) in
PBST for 1 h and washing with PBST. Cells were mounted in
Mowiol (Sigma Chemical, St. Louis, MO) and observed with the use
of a confocal laser scanning microscope (MRC 1000, Bio-Rad, Rich-
mond, CA).

HeLa cells were transfected for 5 h with pGEM control, pGEM
Rab6A Q72L, pGEM Rab6A’ Q72L, or Rab6A’ Q72L A87T and
processed for immunofluorescence as described previously (Mar-
tinez et al., 1997).

Two-Hybrid Experiments

The yeast reporter strain L40, which contains the reporter genes
HIS3 and LacZ, was cotransformed with pLexA-Rab6A Q72L,
pLexA-Rab6A’ Q72L, or Rab6A’ Q72L A87T and pGADGH-
GAPCenA /Rabé6 interacting domain (Cuif et al., 1999), pPGADGH-
Rabkinesin-6 (Echard et al., 1998), or pPGADGH-clone 1. After 3 d at
30°C on selective medium, cotransformants were patched on drop-
out medium lacking tryptophan and leucine (DO W-L-) and repli-
cated on drop-out medium lacking tryptophan and leucine (DO
W-L-) and drop-out medium lacking tryptophan, leucine, and his-
tidine (DO W-L-H-). Transformation, analysis, and media were as
described by Janoueix-Lerosey et al. (1995).

Overlay Experiments

Equal amounts (0.2 nmol) of purified histidine-tagged 174 domain
(amino acids 529-665 of Rabkinesin-6; Echard et al., 1998) were run
separately on SDS-PAGE and transferred onto nitrocellulose mem-
branes in a carbonate buffer (3 mM Na,CO;, 10 mM NaHCO;, pH 9.8).
Proteins were then renatured for 1.5 h at room temperature in 50 mM
NaOH-HEPES, pH 7.2, 5 mM Mg acetate, 100 mM K acetate, 3 mM
DTT, 10 mg/ml BSA, 0.1% Triton X-100, and 0.3% Tween 20. Radio-
labeled [a-*?P]GTP (50 uCi) was exchanged for 1 h at 30°C on bacte-
rially purified GST-tagged Rab6A or Rab6A’ (2 nmol) by 4 mM EDTA,
and the reaction was stopped with 10 mM MgCl,. After the renatur-
ation step, each membrane was incubated for 1 h at room temperature
with either radiolabeled Rab6A or Rab6A’ in 10 ml of binding buffer
(12.5 mM NaOH-HEPES, pH 7.2, 1.5 mM Mg acetate, 75 mM K acetate,
1 mM DTT, 2 mg/ml BSA, 0.05% Triton X-100, 0.05% 3-([3-chlorami-
dopropyl]dimethylammonio)-2-hydroxy-1-propanesulfonate). Mem-
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product 1 product 2
A
PM1 Gl PM2 PM3 G2 G3
208 aa
N =X
181
Rab6A : ACA GTA CGA TTG CAA TTA TGG GAC ACA GCA GGT CAA GAG CGG TTC AGG AGC
L L 1 1 s O S N A B N
Rab6A’: ACA ATC AGG CTT CAG CTG TGG GAT ACT GCG GGT CAG GAA CGT TTC CGT AGC
226
Rab6A : TTG ATT CCT AGC TAC ATT CGT GAC TCC ACT GTG GCA GTT GTT GTT TAT GAT
L T 1 e 1 e o O e O N e e A A N
Rab6A’: CTC ATT CCC AGT TAC ATC CGT GAT TCT GCT GCA GCT GTA GTA GTT TAC GAT
B exon CAG GCA ACA ATT GGC ATT GAC TTT TTA TCA AAA ACT ATG TAC TTG GAG GAT CGA ACA
intron gtgagt...... -2kb-...... tttocatctcacag
6A' exon ATC AGG CTT CAG CTG TGG GAT ACT GCG GGT CAG GAA CGT TTC CGT AGC CTC ATT
CCC AGT TAC ATC COGT GAT TCT GCT GCA GUT GTA GTA GTT TAC GAT ATC ACR A
intron gtaggtatattgcaacgggttgacctttettattittettgettgtttgactgattttgttgttag
6A exon GTA CGA TTG CAA TTA TGG GAC ACA GCA GGT CAA GAG CAGG TTC AGG AGC TTG ATT
CCT AGC TAC ATT CGT GAC TCC ACT GTG GCA GTT GTT GTT TAT GAT ATC ACA A
intron gtgagt...... -2kb-...... cootectatactag
exon AT GTT AAC TCA TTC CAG CAA ACT ACA AAG TGG ATT
Rab6A 1 MS8TGGDFGNPLRKFKLVFLGEQSVGEKTSLITRFMYDSFDNTYQATIGIDFLSKTMYLEDR
Rab6A’ 1 MSTGGDFGNPLRKFELVFLGEQSVGKTSLITRFMYDSFDNTYQATIGIDFLSKTMYLEDR

Rab6a 61 RLOLWDTAGQERFRSLIPSYIRD VVVYDITNVNSFQOTTEKWIDDVRTERGSDVT
Rab6A' 61 RLOLWDTAGQERFRSLIPSYIRD VVVYDITNVNSFQOTTEWIDDVRTERGSDVI

Rab6A 121 IMLVGNEKTDLADKRQVSIEEGERKAKELNVMFIETSAKAGYNVKQLFREVARALPGMEST
Rab6A’ 121 IMLVGNKTDLADKRQVSIEEGERKAKELNVMFIETSAKAGYNVKQLFRRVAAALPGMEST

Rab6A 181 QDRSREDMIDIKLEKPRQEQPVSEGGCSC
Rab6A’ 181 QDRSREDMIDIKLEKPQEQEVSEGGCSC

Figure 1. Rab6A gene organization reveals the presence of a duplicated exon. (A) Alignment of the divergent sequence stretch between
human Rab6A and Rab6A’ cDNA sequences. Product 1 and product 2 represent partial sequences that were amplified by RT-PCR with
degenerate Rab-specific primers on RNA from Caco-2 cells and HUVECs, respectively. Product 2 was used as a probe to isolate the
corresponding Rab6A’ cDNA sequence from a human endothelial cell cDNA library. The 5" and 3’ UTRs of both sequences are identical.
Consensus domains for phosphate/magnesium binding (PM1-PM3) and guanine nucleotide binding (G1-G3) are depicted as black boxes.
Nucleotide triplets that lead to amino acid divergence are in bold. (B) Partial genomic organization of the Rab6A gene reveals a duplicated
exon separated by an intron of 66 bp. The exon for Rab6A’ sequence precedes the exon for Rab6A. (C) Amino acid sequence alignment of the
Rab6A isoforms. Nonconservative amino acid changes are boxed in black, and conservative substitutions are boxed in gray.

branes were washed separately two times (10 min each) in 20 mM
Tris-HCI, pH 7.4, 100 mM NaCl, 20 mM MgCl,, and 0.005% Triton
X-100 and autoradiographed.

corresponding to the conserved GTP-binding domains
PM3 and G2 (according to the nomenclature of Valencia et
al. [1991]) revealed the presence of 28 different partial
cDNAs encoding small GTPases in HUVECs (de Leeuw et

RESULTS

Identification and Cloning of Rab6A’

We previously used a RT-PCR-based approach to char-
acterize Rab proteins expressed in human epithelial colon
carcinoma (Caco-2) cells and in HUVECs. Primer sets
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al., 1998). A variety of partial sequences encoding Rab
proteins were also identified in Caco-2 cells with the use
of primers corresponding to the PM1 and PM3 domains
(Opdam et al., 2000). These two independent analyses led
to the identification of a partial sequence (Figure 1A,
product 1 from Caco-2 cells, product 2 from HUVECs)
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PM1

AtRabé 1
NtRab6 1
HsRab6h 1 .
MmRab6A 1 .
HsRab6A' 1 .
MmRab6A' 1 .
DmRabé 1 .
CeU43283 1
CeP34213 1 ~~~MABIYTNAIA
SpRyhl 1
PfRabé 1 ~~~MDEFONSGANIAYI SRS Ae)ds)
ScYpt6 1 ~~~~MSRSEKSMEATIVIIT| Aol

— p3 = —— a2 -

* PM3

AtRabé LI MR TVRLOQLWDTAGQERFRSLIPSYIRDSH]
NtRabé LR TVEALQLWDTAGQERFRSLIPSYIRDS]
HsRab6A MR TVRLOLWDTAGQERFRSLIPSYIRDS Y
MmRab6a VR TVRLOQLWDTAGQERFRSLIPSYIRDSpY

HsRab6R' 60 RTERLQLWDTRGQERFRSLIPSYIRDS'-'

RLOQLWDTAGQERFRSLIPSYIRDSEYIA
RTVRLOLWDTAGQERFRSLIPSYIRDS)4
RTVRLOQLWDTAGQERFRSLIPSYIRDS Y
RTHRLQLWDTAGQERFRSLIPSYIRDSH
RTVRLQLWDTAGQERFRSLIPSYIRDSH

MmRab6A" 60 34y
DmRabé 59
CeU43283 57
CeP34213 58
SpRyhl 58

i - DFRGNP LIMKFKLVFLGEQSVGKTSLITRFMYDSFDNTYQATIGIDFLSKTMYLED
KFKLVFLGEQSVGKTSHITRFMYDSFDNTYQATIGIDFLSKTMYLED

GKTSHITRFMYDFDNEYQETIGIDFLSKTHY LG
GKTSLITRFMYDpFDPREYQATIGIDFLSKTMYLiD]
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switch [

PfRabé LY : e I VRLOLWDTAGQERFRSLIPSYIRDSERA

ScYpté 57

VATISRLOLWDTAGQERFRSLIPSYIRDS)

switch 11

-=p5=—= ————ad———— -po— mm———— S ————=

AtRabé 115
NtRabé 115
HsRab6A 119
MmRab6A 119
HsRab6A' 119
MmRab6A' 119
DmRabé 118
CeU43283 116
CeP34213 117
SpRyhl 117
PfRabé 117

IIMLVGNKTDL{]

ELKAELNVEMFIETSAKAG YNISKEIL FRI
ITGLVGNKTDL EKRQVSIEEHE-KRRELNV.MFIETSAKRGFNIK?LFRr
ITMLVGNKTDLADKRQVSIEEGEREAKELNVAMFIETSARKAGYNVEQLFRI
IIMLVGNKTDLADKRQVSIEEGERKAKELNV|
IIMLVGNKTDLADKRQVSIEEGERKAKELNV
ITMLVGNKTDLADKRQVSIEEGERKAKELNYV)
IIMLVGNKTDLEDKRQVSTEEGERKRKELNV

DERQVpRYHEGERKAKELNYV)
II LVGNKTDLADKRQVSTEEGEKKAEELNV
ITYLVGNKTDLADKRQViMMEEGE|AKAKEL| 4N MHMETSAKAGINVKLLFRr

G3

MMFIETSAKAGYNVEQLFRI
BMFIETSAKAGYNVEQLFRI)
NMMFIETSARKAGYNVEQLFRI
BAMFIETSAEKAGYNVEQLFRI
MMFIETSAKAGYNVEQLFR)
NMFIETSAKAGYNVEQLFRY

ScYpté 117 I VG NEEDLEIDIYR QSHEEGEI SKAKMML RV SiF UET SIWKAGYNVEEIL Fe NI Al-1L Pl

AtRabé 174
NtRabé 174
HsRab6A 178
MmRab6A 178

HsRab6A' 178 . )E. .

MmRab6A' 178
DmRabé 177
CeU43283 175 ..IKDDPVIJPPNVVTMDPIRQR.

Tesvosonse

SpRyhl 176 ENVETQSTQ.[I
[ATNNSNK.

PfRabé 176 DNEQNNNEA.NVV

CeP34213 176 ..vqnszqp.ﬁ:MNpﬁxn..
s

ScYpté 177 QNSESTPLDSENANSANQNKPGVIDISTAEEQEQSA[O

-ASLAQQOS[HHEsE
.AsSMsoAQs[leldald
. .[pV. sielelels
.. eV . maeleles|d

. . .[PNENES S[NY
.NDKNMLSK. .[¢Ld

Figure 2. Sequence alignment of Rab6 proteins from different species. Identical amino acids are boxed in black, and conservative
substitutions are boxed in gray. The black stars indicate residue divergences between human (or mouse) Rab6A and Rab6A’. Consensus
domains for phosphate/magnesium binding (PM1-PM3) and guanine nucleotide binding (G1-G3) and putative secondary structural
elements (« helices, B strands) are depicted above the sequence alignment. At, Arabidopsis thaliana (accession number CAB38902); Nt, Nicotiana
tabacum (accession number 1.29273); Hs, Homo sapiens (accession number M28212); Mm, Mus musculus (accession number AB041575); Dm,
Drosophila melanogaster (accession number D84314); Ce, Caenorhabditis elegans (accession numbers U43283 and P34213); Sp, Schizosaccharomyces
pombe (accession number X52475); Pf, Plasmodium falciparum (accession number X92977); Sc, Saccharomyces cerevisiae (accession number
Q99260). MmRab6A’ sequence is derived from overlapping expressed sequence tags (accession numbers BE457736.1 and AA170363.1).

showing high identity with human Rab6 cDNA. However,
mismatches in a region close to the PM3 domain were
found between the two nonoverlapping sequences and
the Rab6 sequence. By using product 2 as a probe, we then
isolated a full-length cDNA from a human endothelial cell
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library. The ¢cDNA sequence contained the partial se-
quences of the previously amplified products 1 and 2 and
revealed a stretch of 96 base pairs (bp) that was not
identical to the Rab6 sequence (referred as Rab6A’, Rab6
being Rab6A; Figure 1A). Nevertheless, the 5’ and 3’
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Figure 3. Mutually exclusive alternative splicing of the duplicated exon within the Rab6A gene results in the ubiquitous expression of two
Rab6A isoforms. The coding regions of Rab6A isoforms were amplified by RT-PCR on various human tissues and cell lines with primers
corresponding to sequences in 5" and 3" UTRs (Pst —, product of 675 bp). Products were digested with PstI (Pst +) to distinguish between
Rab6A (675 bp) and Rab6A’ (400 and 275 bp) expression. Complete and specific digestion was controlled with excess amounts of Rab6A and

Rabb6A’ ¢cDNA (lanes 1-5).

UTRs and the coding region flanking the stretch of mis-
matches were identical to that of the Rab6A cDNA.

Rab6A Gene Organization

The facts that identical UTRs were found in Rab6A and
Rab6A" cDNAs and that the nucleotide changes were re-
stricted to only one relatively long region make it unlikely
that the RabbA’ sequence resulted from a duplication of the
Rab6A gene or was due to the existence of a Rab6A pseudo-
gene. Rather, Rab6A’ sequence could be the result of either
allelic polymorphism or mutually exclusive incorporation of
distinct exons by alternative splicing of the Rab6A gene. To
address this issue, we set up a genomic PCR-based strategy
to elucidate the organization of the Rab6A gene. Based on the
Rab6A and Rab6A’ cDNA sequences, forward and reverse
primers specific for either of the two sequences were con-
structed (see MATERIALS AND METHODS). Two nonspe-
cific primers flanking the stretch of divergence were also
designed. We then performed PCR on human genomic DNA
with the use of different combinations of primer sets (our
unpublished results). The partial genomic organization of
the Rab6A gene shown in Figure 1B revealed two homolo-
gous but distinct exons separated by an intron of 66 bp. In
addition, the exon encoding Rab6A’ precedes the exon en-
coding Rab6A, and both are flanked by an intron of ~2
kilobases. The intron boundary sequences conform to the
GT-AG rule (Krawczak et al., 1992). We confirmed the pres-
ence of the two exons by performing additional PCRs on
different human genomic DNA sources (our unpublished
results). Therefore, Rab6A’ is generated by alternative use of
a homologous but distinct exon within the Rab6A gene.
Comparison of the predicted protein sequence of Rab6A’
with the Rab6A sequence revealed only three amino acid
differences in two regions flanking the PM3 domain: one
conservative substitution (I instead of V at position 62) and
two nonconservative changes (the “TV motif”: A for T and A
for V at positions 87 and 88, respectively) (Figure 1C).
During the course of this study, a new isoform of human
Rabé, termed Rab6C, was characterized in human platelets
(Fitzgerald and Reed, 1999). The amino acid sequence of
Rab6A’ is identical to that of Rab6C. However, because we
confirm in our study that Rab6A’ (Rab6C) and Rab6A are
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products of the same gene, we believe that it is more appro-
priate to retain the Rab6A’ nomenclature.

Figure 2 shows an alignment of Rab6 proteins identified in
various species. A search in the expressed sequence tag
databases revealed two partial mouse Rab6 clones that ex-
hibit similar sequence divergence as the human clones. Their
deduced amino acid sequences correspond exactly to their
human counterparts, one bearing the TV motif, the other one
the AA motif (Figure 2). It is of note that only one Rab6 gene
is present in the yeast Saccharomyces cerevisiae, encoding the
Ypt6 protein (Strom et al., 1993), as well as in the parasite
Plasmodium falciparum (de Castro et al., 1996; Templeton and
Kaslow, 1998). Interestingly, P. falciparum Rab6 contains the
AA motif, and in Ypt6, a nonconservative amino acid (R)
replaces the first A. Two putative Rab6 proteins exist in
Caenorhabditis elegans, both with a TV or TV-like motif (Fig-
ure 2). It also should be pointed out that in all organisms,
Rabé proteins have either a valine or an isoleucine at posi-
tion 62.

Rab6A and Rabb6A’ Are Ubiquitously Expressed

The existence of two Rab6A isoforms prompted us to ana-
lyze their expression patterns. A RT-PCR on total RNAs
from a wide variety of adult human tissues and cell lines
was performed with the use of primers corresponding to
specific sequences present in the 5" and 3" UTRs (Figure 3).
We took advantage of the presence of a unique PstI restric-
tion site in the Rab6A’ sequence to distinguish between the
expression of both forms. As shown in Figure 3 (lanes 1-5),
only Rab6A’ cDNA was sensitive to PstI digestion, and the
addition of an excess of restriction enzyme ensures complete
digestion. Amplification with the specific primers resulted
in an expected product of 675 bp, present in all tissues and
cell lines examined (lanes PstI —). Subsequent digestion of
the product resulted in three bands (lanes PstI +): the un-
digested Rab6A product and two lower fragments (405 and
270 bp) corresponding to the digested Rab6A’ cDNA se-
quence. The results shown in Figure 3 indicate that Rab6A
and Rab6A" RNAs are coexpressed in all tissues and cell
lines examined. Interestingly, no striking differences in ex-
pression ratios between the forms were observed. In addi-
tion, no differences in the expression of Rab6A and Rab6A’
RNAs were found in polarized versus nonpolarized Caco-2
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Figure 4. Rab6A and Rab6A’ show similar GTP-binding proper-
ties. Samples of GST-Rab6A and GST-Rab6A’ fusion proteins or
GST alone (1 pg/lane) were subjected to SDS-PAGE and stained
with Coomassie blue (A) or transferred to nitrocellulose membranes
(B), followed by incubation with 1 nM [a-*P]GTP. (C) For time-
course studies of [**S]JGTP+S binding, 500 ng of GST-Rab6A (A) or
GST-RabbA’ (O) were incubated with tracer [**S]|GTP+S at 30°C. As
a control, GTPyS binding was measured to GST (X) or to GST-
Rab6A’ in the presence of an excess of unlabeled GTPvS (V). At the
indicated times, binding activities were measured. The results show
means of two independent experiments.

and HT29 cells (lanes 17, 19, and 21 and lanes 23 and 25,
respectively). However, it should be pointed out that
Rab6A’ (Rab6C) appears to be the prominent Rab6 isoform
in human platelets (Fitzgerald and Reed, 1999).

Rab6A and Rab6A’' Show Similar GTP-binding
Activities

We next compared the biochemical properties of human
Rab6A and Rab6A’. GST fusion proteins were purified from
E. coli (Figure 4A) and analyzed by GTP overlay. Both pro-
teins were found to bind [a-3?P]GTP to a similar extent
(Figure 4B). To measure the kinetics of guanine nucleotide
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binding, fusion proteins were incubated for various times
with [3*S]GTPvS. As shown in Figure 4C, the two forms bind
the radiolabeled nucleotide in a time-dependent, saturable
manner at 30°C (~0.2 pmol of [**S]JGTPyS per pmol of
GST-Rab6A and GST-Rab6A’). No significant difference
was observed between Rab6A and Rab6A’.

Rab6A displays a very low, almost undetectable GTPase
activity (Yang et al., 1993; Cuif et al., 1999). We found that this
was also the case for Rab6A’ (our unpublished results).

Both Rab6A Isoforms Are Localized to the Golgi
Apparatus

Endogenous Rab6 has been localized to membranes of the
Golgi apparatus and the trans-Golgi network (Goud et al.,
1990; Antony et al., 1992). Such a localization has been ob-
tained with a specific polyclonal antibody raised against
bacterially expressed Rab6A. However, this antibody cannot
distinguish between the two Rab6A isoforms (our unpub-
lished results). We expressed cMyc-tagged Rab6A and
Rab6A’ in COS-1 (our unpublished results) and HeLa cells.
As shown in Figure 5A, Rab6A and Rab6A’ migrated at the
same apparent molecular mass on SDS-PAGE (25 kDa, con-
taining 2 kDa of cMyc tag), a value that is consistent with the
apparent molecular mass of endogenous Rab6 detected with
the anti-Rab6A antibody (Goud ef al., 1990). In the Western
blot shown in Figure 5A, Rab6A and Rab6A’ appeared as a
doublet, which likely corresponds to unprenylated and pre-
nylated forms of the proteins (Yang et al., 1993).

The expression of tagged proteins also enabled us to fol-
low the localization of individual proteins by immunofluo-
rescence. For both isoforms, the staining with anti-cMyc
antibody in HeLa cells (Figure 5, B and C) overlaps with the
signal obtained with the cotransfected, GFP-coupled medial
Golgi marker N-acetylglucosaminyltransferase I (Shima et
al., 1997). This indicates that both endogenous Rab6A’ and
Rab6A associate with Golgi membranes. To examine their
mutual localization pattern, differentially tagged forms of
Rab6A’ (GFP-coupled) and Rab6A (cMyc-tagged) were co-
expressed in HeLa cells. As seen in Figure 5D, GFP-Rab6A’
colocalized with cMyc-Rab6A in the Golgi area of trans-
fected cells. We also observed a weak reticular staining
outside of the Golgi apparatus that likely corresponds to the
ER. It should be noted that in this region, Rab6A and Rab6A’
are closely juxtaposed but not completely colocalized. A
similar pattern was observed when tags of the isoforms were
reversed (our unpublished results).

Both Rab6A Q72L and Rab6A’ Q72L Inhibit the
Secretory Pathway

The overexpression of the GTP-bound form of Rab6A
(RabbA Q72L) leads to a strong inhibition of the secretion of
both luminal (e.g., secreted alkaline phosphatase [SEAP])
and transmembrane (e.g., hemagglutinin of influenza virus)
secretory markers (Martinez ef al., 1994). To investigate
Rab6A’ function, HeLa cells were transfected with the GTP-
bound mutant of Rab6A’ (Rab6A’" Q72L) and then metabol-
ically pulse-labeled and chased for 2 h, and the secretion of
SEAP into the extracellular medium was measured. As
shown in Figure 6, A and B, Rab6A’ Q72L inhibits secretion
to a similar extent as Rab6A Q72L (~50% inhibition com-
pared with control conditions). As documented previously,
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Figure 5.

Both Rab6A and Rab6A’ colocalize at the Golgi apparatus. (A) HeLa cells were transfected with empty, cMyc-Rab6A-, or

cMyc-Rab6A’-encoding plasmids, and cell lysates were subjected to immunoblotting with anti-cMyc antibody. (B-D) HeLa cells were
cotransfected with plasmids encoding GFP-coupled N-acetylglucosaminyltransferase I and cMyc-Rab6A (column B), GFP-coupled N-
acetylglucosaminyltransferase I and cMyc-Rab6A’ (column C), or GFP-coupled Rab6A’ and cMyc-Rab6A (column D). Cells were fixed with
1% paraformaldehyde, immunostained with anti-cMyc antibodies, and viewed with a confocal microscope. Upper panels, localization of GFP
fusions (green); middle panels, c-Myc staining (red); lower panels, merged images. Scale bar, 10 wm.

the block in secretion at the level of the Golgi apparatus
induced by Rab6A Q72L results in unusual (partially) en-
doglycosidase H-resistant forms of intracellular SEAP that
are not detected in control cells (Figure 6A, asterisks). A
similar effect was obtained by overexpressing Rab6A’ Q72L,
although the partially endoglycosidase H-resistant form of
SEAP was reproducibly less prominent in Rab6A’ Q72L
than in Rab6A Q72L conditions.
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Rab6A’ Q72L Does Not Redistribute Golgi Resident
Proteins into the ER

Another striking effect of the overexpression of Rab6A Q72L
is a microtubule-dependent redistribution of Golgi proteins
into the ER (Martinez et al., 1997). This effect is likely due to
a stimulation by Rab6A Q72L of retrograde transport
between the Golgi and ER, progressively relocating Golgi

Molecular Biology of the Cell
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Figure 6. Both Rab6A Q72L and Rab6A" Q72L inhibit SEAP secre-
tion and affect N-glycosylation. (A) HeLa cells were cotransfected
for 4 h with SEAP plasmids (encoding the SEAP marker) and
pGEM-1 (control), Rab6A Q72L-, or Rab6A’ Q72L-encoding plas-
mids. Cells were then metabolically labeled for 10 min with [>*S]me-
thionine and [*S]cysteine and chased for 2 h, and SEAP was im-
munoprecipitated either from extracellular medium (secreted
SEAP) or from the cells (intracellular SEAP). Intracellular SEAP was
finally digested (+) or not (—) with endoglycosidase H (endoH) to
investigate SEAP processing by Golgi glycosylation enzymes. As-
terisks, partially endoH-resistant form; circles, fully endoH-sensi-
tive form. (B) Quantification of secreted SEAP after a 2-h chase
(three independent experiments, mean = SD). Results are expressed
as percent of secreted SEAP in control conditions.

resident proteins into the ER. Indeed, it was shown re-
cently that Rab6A controls a COPIl-independent retro-
grade pathway between the Golgi and ER and that dom-
inant negative forms of Rab6A (GDP-bound) block the
continuous recycling of Golgi resident proteins through
the ER (Girod ef al., 1999; White et al., 1999). It was of
interest to investigate whether the overexpression of
Rab6A’ Q72L would induce the same phenotypic effect as
Rab6A Q72L. Interestingly, the overexpression of Rab6A’
Q72L led to no detectable change in the morphology of
Golgi membranes (Figure 7B), whereas under the same
conditions, Rab6A Q72L-overexpressing cells induced a
complete loss of Golgi structures (Figure 7A), as docu-
mented previously (Martinez et al., 1994, 1997).

The Rab6A Q72L-induced relocalization of Golgi en-
zymes, including O-glycosyltransferases, into the ER allows
the glycosylation of ER resident proteins, such as the invari-
ant chain (Ii) of major histocompatibility complex class II
molecules expressed in HeLa cells. Such an effect can be
monitored by SDS-PAGE, because O-glycosylated Ii mole-
cules (both the p33 and p31 forms) migrate with a slower
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mobility than non-O-glycosylated Ii forms (Figure 7C, Total)
(Martinez et al., 1997). In contrast, no shift in mobility of Ii
molecules was observed in Rab6A’ Q72L-overexpressing
cells compared with control cells (Figure 7C, Total). The
different effects induced by Rab6A Q72L and Rab6A’ Q72L
on Ii glycosylation were measured quantitatively by chro-
matography on jacalin columns (Figure 7, C, Jacalin, and D),
a lectin that binds specifically to the central motif of O-
linked glycans. As documented previously (Martinez et al.,
1997), ~10-fold more Ii taken from Rab6A Q72L-expressing
cells was retained on jacalin columns compared with control
(Figure 7D). A much lower proportion of Ii was bound to
jacalin in Rab6A’ Q72L-expressing cells. Nevertheless, the
amount of Ii was significantly higher in these cells than in
control cells (approximately twofold). The observed effects
are not due to differences in the overexpression of Rab6
isoforms, because the expression levels of both proteins
were equivalent on Western blots (Figure 7C, Western).

Together, these results (Figures 6 and 7) indicate that
although it is localized to the Golgi, Rab6A’ does not func-
tion in the same way as Rab6A (see DISCUSSION).

Rab6A’ Q72L Does Not Interact with Rabkinesin-6

To further address Rab6A’ function, we investigated the
interaction of Rab6A’ with three known Rab6A effectors
identified in a yeast two-hybrid screen with Rab6A Q72L as
bait: Rabkinesin-6 (Echard et al., 1998), a kinesin-like protein
associated with the Golgi apparatus; GAPCenA (Cuif et al.,
1999), a Rab6 GTPase activating protein; and clone 1, a
150-kDa cytosolic protein with an extensive coiled-coil do-
main whose exact function is still unknown (F. Jollivet, 1.
Janoueix-Lerosey, and B. Goud, unpublished results). The
three proteins preferentially interact with the GTP-bound
conformation of Rab6A. The interaction pattern of Rab6A’
Q72L with these three proteins was monitored with the use
of the yeast two-hybrid assay. Although Rab6A’ was found
to interact with both GAPCenA and clone 1 with a strength
similar to that found for Rab6A, no interaction was detected
with Rabkinesin-6 (Figure 8A). The absence of interaction
between Rabkinesin-6 and Rab6A’ was further confirmed by
overlay experiments. The 136 amino acids of the Rabkine-
sin-6 domain involved in the interaction with Rab6A
(Echard et al., 1998) were incubated with either radiolabeled
Rab6A—[a-*?P]GTP (Figure 8B, left lane) or Rab6A’'-[a-
32P]GTP (Figure 8B, right lane). No interaction between
Rab6A’ and the Rab6A-interacting domain of Rabkinesin-6
was observed, whereas a strong signal was detected with
Rab6A. The lack of interaction between Rab6A’ and Rabki-
nesin-6 was also confirmed by coimmunoprecipitation ex-
periments in HeLa cells overexpressing Rab6A’ and Rabki-
nesin-6 (our unpublished results).

The A87T Mutation in Rab6A’' Q72L Restores the
Ability of the Protein to Interact with Rabkinesin-6
and to Redistribute Golgi Proteins into the ER

In an attempt to identify those residues that are critical to the
interaction with Rabkinesin-6, we replaced by site-directed
mutagenesis the amino acids specific to Rab6A’ with the
corresponding residues of Rab6A. For this purpose, we
made the following constructs: Rab6A’ Q72L A87T, Rab6A’
Q72L. A87T A88V, and Rab6A’ 162V Q72L A87T A88V
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Figure 7. Rab6A’ Q72L does not redistribute Golgi proteins into the
ER. Hela cells transfected with GTP-bound Rab6A Q72L- (A) or
Rab6A’" Q72L- (B) encoding plasmids were fixed 5 h after transfection
with 4% paraformaldehyde. Cells were double labeled with a mAb to
the medial Golgi antigen CTR433 (middle panel, green staining) and
anti-Rab6 polyclonal antibody (left panel, red staining). The right
panel shows the superimposition of the two labeling patterns. Aster-
isks indicate the cells that highly overexpressed Rab6A or Rab6A’
mutants (both recognized by the anti-Rab6 antibody). In Rab6A’
Q72L-overexpressing cells, the Golgi apparatus remains intact,
whereas Rab6A Q72L overexpression leads to the redistribution of
Golgi proteins into the ER (the compact Golgi staining is lost). It
should be pointed out that Rabé6 staining (red) appears diffuse be-
cause the bulk of overexpressed Rab6 remains in the cytosol (Mar-
tinez et al., 1994). (C) HeLa cells cotransfected for 4 h with Ii and
pGEM-1 (control), Rab6A Q72L-, or Rab6A’ Q72L-encoding plas-
mids were then metabolically labeled for 10 min with [**S]methionine

and [*S]cysteine and chased for 3 h. Ii (p31/p33) was immunoprecipitated: one-tenth of immune precipitates were analyzed by SDS-PAGE
(Total), and nine-tenths was subjected to jacalin chromatography (Jacalin). Glycosylated immunoprecipitated Ii forms from Rab6A Q72L
transfected cells migrate with a slower mobility than in control or Rab6A’ Q72L transfected cells (Total). Rab6A and Rab6A’ are
overexpressed at similar levels, as shown by Western blotting before the immunoprecipitation step (Western). Note that endogenous Rab6
is not detected in the control lane because of the small amount of total proteins loaded on the gel. (D) Quantification of Ii bound to jacalin
columns (three independent experiments, mean * SD). For each experiment, results are expressed as percent of Ii bound to jacalin in Rab6A

Q72L conditions (percent of maximum).
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(which is identical to Rab6A Q72L). Interestingly, the single
substitution of alanine 87 to threonine in Rab6A’ was al-
ready sufficient to restore the interaction of the protein with
Rabkinesin-6 (Figure 9A). In addition, this construct, when
overexpressed in HeLa cells, induced the loss of Golgi struc-
tures, as Rab6A Q72L does (Figures 8A and 9B). The same
results were obtained by overexpressing Rab6A’ Q72L A87T
A88V or Rab6A’ 162V Q72L A87T A88V (our unpublished
results). Therefore, these experiments indicate that the func-
tional differences between Rab6A and Rab6A’ are depen-
dent on residue A or T at position 87.

DISCUSSION

Generation of Rab6A Isoforms by Alternative
Splicing

We have shown that two homologous but distinct exons
exist within the Rab6A gene. Mutually exclusive alternative
splicing of these exons results in the constitutive expression
of two Rab6A isoforms. To our knowledge, this is the first
example of such a mechanism within the Rab gene family.
Alternative mRNA splicing has been suggested for the
Rab28 gene based on an insertion of 95 bp found in a ho-
mologous Rab28 cDNA sequence (Brauers ef al., 1996). How-
ever, this insertion is believed to be generated by an addi-
tional exon rather than by mutually exclusive incorporation
of a duplicated exon. The genomic organization of only four
Rab genes (Rab1, Rab3A, Rab11B, and S10) has been reported
so far (Wichmann et al., 1989; Baumert et al., 1993; Lai et al.,
1994; Zheng et al., 1997). It remains to be established whether
alternative splicing of duplicated exons occurs for other
members of the Rab family.

Splicing isoforms generated from duplicated exons
and/or spliced variants generated from a limited set of
genes have now been reported for a variety of genes and/or
gene families, including some involved in intracellular
transport. For instance, exon duplication was documented
for chicken and human SNAP-25 genes (Bark, 1993; Bark and
Wilson, 1994). The switch between the exons appears to
result in a modification of membrane-binding properties of
the SNAP-25 protein. Another example is the dynamin gene
family, whose products play an essential role in clathrin-
and non-clathrin-coated vesicle formation (McNiven, 1998).
The three known genes give rise to at least 25 different
spliced variants, which are differentially distributed in cells
and tissues. Alternative splicing may then represent a mech-
anism to generate functional diversity in proteins involved
in the complex events underlying intracellular transport. As
shown here in the case of Rab proteins, alternative splicing
may allow the generation of Rab isoforms interacting with
distinct sets of effectors.

The TV Motif

Although Rab6A and Rab6A’ differ by three amino acids (an
isoleucine instead of a valine at position 62 and two alanines
instead of threonine and valine at positions 87 and 88, re-
spectively), we found that the residue at position 87 is crit-
ical for the interaction with Rabkinesin-6. Therefore, it is
likely that threonine 87 of Rab6A is involved directly in the
interaction with Rabkinesin-6. This is consistent with the
recent work of Ostermeier and Brunger (1999) on the crystal
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Figure 8. Rab6A’ Q72L does not interact with Rabkinesin-6. (A)
The S. cerevisiae reporter strain L40 was cotransformed with either
pLexA-Rab6A Q72L or pLexA-Rab6A’ Q72L and pGADGH-
GAPCenA /Rabé6-interacting domain, pGADGH-Rabkinesin-6, or
PGADGH-clone 1. Transformants were patched for 3 d at 30°C on
selective medium lacking tryptophan and leucine (left) or lacking
tryptophan, leucine, and histidine (right). Growth in the right panel
indicates an interaction between the encoded proteins. Western blot
analysis on yeast lysates showed comparable expression levels of
Rab6A and Rab6A’ (our unpublished results). (B) The same
amounts of bacterially purified Rabkinesin-6 domain (amino acids
529-665), which directly binds to Rab6A, were independently run
on SDS-PAGE and transferred onto nitrocellulose membranes. After
a renaturation step, each membrane was incubated with either
Rab6A (left panel) or Rab6A’ (right panel) previously exchanged
with radiolabeled GTP. Membranes were washed separately and
autoradiographed in parallel.

structure of the Rab3A/Rabphilin-3A complex, showing
that a methionine residue at position 96 of Rab3A (corre-
sponding to the threonine 87 in Rab6A) interacts directly
with the SGAWEFF structural element of Rabphilin-3A. In
addition, the P. falciparum Rabé structure shows that alanine
85 of this protein (corresponding to threonine 87 in the
human Rab6A) is located at the surface of the molecule
(Chattopadhyay et al., 2000). It is also notable that each
member of the Rab family identified thus far contains either
a valine or an isoleucine residue at the corresponding posi-
tion 62 of Rab6. However, the amino acids corresponding to
the TV/AA motifs of Rab6A/Rab6A’ are highly variable
among members of the Rab family. The TV/AA residues are
precisely positioned between the putative a2 helix and the
B4 strand of Rab6A/Rab6A’ (Figure 2). The o2 helix corre-
sponds to the switch II region and is predicted to change
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Figure 9. Rab6A’ Q72L A87T interacts with Rabkinesin-6 and redistributes Golgi proteins into the ER. (A) The S. cerevisiae reporter strain
L40 was cotransformed with pLexA-Rab6A Q72L, pLexA-Rab6A’ Q72L, or pLexA-Rab6A’ Q72L A87T and pGADGH-Rabkinesin-6.
Transformants were analyzed as described in the legend to Figure 8. (B) HeLa cells transfected with Rab6A’ Q72L A87T-encoding plasmid
were fixed 5 h after transfection with 4% paraformaldehyde. Cells were double labeled with a mAb to the medial Golgi antigen CTR433
(middle panel, green staining) and anti-Rab6 polyclonal antibody (left panel, red staining). The right panel shows the superimposition of the
two labeling patterns. Asterisks indicate the cells that highly overexpressed Rab6A’ Q72L A87T mutant.

dramatically in conformation depending on whether Ras-
like GTPases are bound to GDP or GTP (Krengel et al., 1990;
Pai et al., 1990; Tong et al., 1991). Amino acid substitutions
in this region, therefore, may modulate the conformational
change induced by the binding of nucleotides and subse-
quently affect the interaction between Rab6A isoforms and
their effectors.

It is noteworthy that the TV motif of Rab6A is part of a
putative serine/threonine phosphorylation motif [RxxT(V)]
(Hardie, 1993). In addition, both Rab6A and Rab6A’ contain
PKC phosphorylation consensus sites, and indeed, Rab6C
(Rab6bA’) has recently been shown to be phosphorylated in
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platelets after thrombin activation (Fitzgerald and Reed,
1999). This raises the possibility that the interactions of
Rab6A and Rab6A’ with their respective effectors could also
be regulated by protein kinases. For instance, phosphoryla-
tion by a PKC-independent mechanism on the threonine of
the Rab6A TV motif could specifically regulate interaction
with Rab6A, but not with Rab6A’, effectors.

The Function of Rab6 Isoforms

A striking difference between Rab6A and Rab6A’ is the
inability of the latter to induce in its GTP-bound confor-
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mation a redistribution of Golgi membranes into the ER,
suggesting that both proteins fulfill distinct functions. The
phenotypic effect of Rab6A Q72L is consistent with a role
for this protein in Golgi-to-ER retrograde transport. Nev-
ertheless, Rab6A’ was shown to impair secretion of an
anterograde cargo, as Rab6A Q72L does. In addition, al-
though it does not affect Golgi morphology at the immu-
nofluorescence level, Rab6A’ Q72L induces significant O-
glycosylation of invariant chain expressed in HeLa cells.
As documented previously, the bulk of Ii is associated
with ER compartments, but it likely cycles between the ER
and early Golgi compartments. The precise function of
Rab6A’ remains to be established, but a tentative hypoth-
esis is that Rab6A’ may in fact regulate a retrograde
transport pathway between late and early Golgi compart-
ments. Activation of this pathway by Rab6A’ Q72L could
induce a relocalization of medial/late Golgi enzymes in
the early Golgi (increasing the amount of glycosylated Ii)
and indirectly affect anterograde transport of a secretory
marker.

Does Rab6A’ Represent the “Ancestral” Form of
Rab6?

Another important difference between Rab6A and Rab6A’
is the fact that Rab6A’ does not interact with Rabkine-
sin-6. Although not yet proven directly, it is likely that
Rabkinesin-6 participates in the long-range movement of
tubular transport carriers between the Golgi and the ER,
which carry Rab6A on their membranes. The finding that
the replacement of alanine 87 to threonine in Rab6A’
restores the ability of the protein to both interact with
Rabkinesin-6 and redistribute Golgi proteins into the ER
strongly supports this hypothesis. If Rab6A’ plays a role
in short-range retrograde transport within the Golgi com-
plex, interaction with a motor protein may not be critical
for its function. In addition, it is noteworthy that only one
copy of Rabé is present in lower eukaryotes such as S.
cerevisine (Ypt6) and P. falciparum and that no Rabkine-
sin-6 homologues appear to be present in these organ-
isms. Moreover, yeast Ypt6 and P. falciparum Rab6 do not
contain the TV motif present in Rab6A that was found in
this study to be critical for interaction with Rabkinesin-6.
These observations raise the interesting possibility that
the duplication of a Rab exon has occurred during evolu-
tion to generate an isoform (Rab6A) able to interact with
Rabkinesin-6 to regulate a transport route involving
Rabkinesin-6 function. In support of this hypothesis, we
recently found that Rab6A is involved in an alternative
Golgi-to-ER retrograde pathway (Girod et al., 1999; White
et al., 1999). This pathway is distinct from the COPI-
dependent retrograde pathway documented so far in all
eukaryotic cells, including yeast, and used by ER resident
proteins carrying the KDEL/HDEL or KKXX motifs to be
retrieved from the Golgi (Pelham, 1995). It is conceivable
that such a route, used in mammalian cells by Shiga toxin
to reach the ER, and likely by Golgi enzymes to recycle
through this compartment, does not exist in lower eu-
karyotes.

In conclusion, it remains to be established whether alter-
native splicing of duplicated exons arises in other genes
encoding for Rab GTPases. If so, this genetic mechanism
could represent a more general system used by eukaryotic
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cells to generate functional diversity at the interface between
closely related Rab proteins and their effectors, allowing the
cells to handle the increased complexity of membrane traffic
and intracellular transport during evolution.
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