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A striking characteristic of a Rab protein is its steady-state localization to the cytosolic surface of a
particular subcellular membrane. In this study, we have undertaken a combined bioinformatic and experi-
mental approach to examine the evolutionary conservation of Rab protein localization. A comprehensive
primary sequence classification shows that 10 out of the 11 Rab proteins identified in the yeast (Saccharomyces
cerevisiae) genome can be grouped within a major subclass, each comprising multiple Rab orthologs from
diverse species. We compared the locations of individual yeast Rab proteins with their localizations following
ectopic expression in mammalian cells. Our results suggest that green fluorescent protein-tagged Rab proteins
maintain localizations across large evolutionary distances and that the major known player in the Rab
localization pathway, mammalian Rab-GDI, is able to function in yeast. These findings enable us to provide
insight into novel gene functions and classify the uncharacterized Rab proteins Ypt10p (YBR264C) as being
involved in endocytic function and Yptllp (YNL304W) as being localized to the endoplasmic reticulum, where
we demonstrate it is required for organelle inheritance.

All eukaryotic cells are compartmentalized into distinct
membrane-bound organelles and require tightly regulated
transport of proteins and lipids between these compartments.
Members of the Rab family of small GTPases are major reg-
ulators of protein and lipid traffic in the secretory and endo-
cytic pathways (46, 65). The action of Rab proteins in mem-
brane transport was discovered with the identification of the
SEC4 and YPT1 genes in yeast (Saccharomyces cerevisiae) (51,
52) and related proteins, termed Rab proteins, from mammals
(10). Rab proteins comprise the most numerous subfamily of
the Ras superfamily, and many are functionally uncharacter-
ized. It is not clear whether Rab proteins regulate events that
take place in the donor compartment, the vesicle or transport
carrier, the acceptor compartment, or multiple locations. Also
not known is whether a function(s) can be described for Rab
proteins in general or whether this must be considered on a
case-by-case basis. However, it is clear that Rab proteins are
essential for eukaryotic cells and absolutely required for the
function of all organelles connected by SNARE-mediated
membrane traffic.

With the completion of eukaryotic genome sequencing
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projects, there have been efforts to catalog the numbers of
GTPase superfamily proteins. Membrane traffic in higher eu-
karyotes connects multiple compartments, and one reflection
of this complexity may be the finding that humans have at least
60 different Rab family members (24, 55, 57). Other eukaryotes
have fewer Rab proteins; Caenorhabditis elegans has 29 family
members, Drosophila melanogaster has 26 members, and the
yeast Saccharomyces cerevisiae has 11 members. As a model
system, the 11 Rab proteins of the single-celled eukaryotic
microbe S. cerevisiae can be considered the most minimal
“membrome” (24), as other single-celled eukaryotes utilized as
model systems contain a numerically larger set of Rab-encod-
ing genes (35, 49).

A distinctive feature of the Rab protein is its steady-state
localization to the cytosolic surface of a particular endomem-
brane. Each Rab protein has a unique subcellular membrane
distribution mediated in part by COOH-terminal hypervari-
able sequences that lie just prior to the site of geranylgerany-
lation (9). Rab proteins divide their residence between the
cytosol and their target membrane(s), and currently there is
widespread support for a model suggesting that a critical step
of Rab protein function is its recruitment from the cytosol to a
particular membrane (1, 45). An alternative view is that the
specific membrane localization of Rab proteins might be a
readout of the activity of that organelle. In this scenario, the
membrane localization is not a prerequisite for spatially re-
stricted functionality but reflects an emergent property of the
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set of Rab-interacting proteins. If specific membrane localiza-
tion is critical to the functions of Rab proteins, it might be a
reasonable conjecture to assume that the mechanisms by which
the specific localizations are achieved are universally shared
among eukaryotes. This impression has been suggested by sev-
eral instances where conserved Rab proteins have been dem-
onstrated to localize or function between eukaryotes (see ref-
erences 52 and 54 for details), but the notion has not been
systematically examined on a genome-wide basis. Since Rab
proteins are well conserved evolutionarily, S. cerevisiae has
been extensively used as a model system for the determination
of their specific functions, and much is known about many of
the yeast Rab proteins.

In this study, we have made use of the existing knowledge
regarding the function and location of characterized yeast Rab
proteins to systematically examine (i) the influence of the
green fluorescent protein (GFP) tag on Rab protein function,
(ii) the hypothesis that the process of Rab membrane localiza-
tion and recruitment is evolutionary conserved, and (iii)
whether Rab localization in animal cells can shed more light on
the identity of the organelle on which a Rab protein resides
and the other organelles it directly communicates with via
membrane traffic.

MATERIALS AND METHODS

Expression of yeast Rabs. Yeast Rabs (see Table S1 in the supplemental
material) under the control of the endogenous promoter and terminator were
tagged with yeast-enhanced GFP (GenBank accession number U73901) at the
open reading frame (ORF) 5’ terminus by PCR and cloned into either centro-
meric single-copy or integrating plasmids. Constructs were expressed at wild-type
levels either in haploid cells as the only source of the Rab protein or in homozy-
gous diploid cells where both copies were disrupted. The exceptions to the use of
endogenous promoters were the Rab proteins Ypt10p and Yptl1p, which could
barely be detected at endogenous levels, and the genes encoding these proteins
were typically expressed under the control of Pyop; (8). Diploids were isolated
on selective medium and subsequently sporulated at 23°C. Functionality was
tested either by determining the ability of the tagged protein to act as the only
cellular source of an essential gene to rescue a temperature-sensitive allele
(Ypt31p/Ypt32p) or by observing the rescue of the mutant phenotype (Ypt7p,
Ypt6p, and YptSlp). YPT10 and GFP-YPTI10 constructs under the control of
Cu?" were created using the CUPI-I/YHRO053C promoter, consisting of 330
bases from the start of CUPI, and the endogenous YPT10 3’ region. The local-
ization was monitored in haploid and diploid yeast cells (Novick laboratory or
SC288C strain background); see Tables S2 and S3 in the supplemental material
for yeast genotypes and plasmid constructs, respectively. Strains containing
Sec61p-GFP and Spa2-GFP were constructed with the PCR-based integration
system (37). Yeasts were grown to log phase in sucrose-dextrose medium sup-
plemented with amino acids as required at 25°C. GFP-Sec4p, GFP-Ypt31p, and
GFP-Ypt32p were also cotransformed with a red fluorescence protein (RFP)-
tagged nuclear protein to monitor the state of the nucleus during budding.
Hoechst 33258 stain was used at 0.5 g/ml and incubated with the growing yeast
in minimal media for 5 min followed by washing with growth media before
mounting.

Transfection into mammalian cells. HeLa cells (American Type Culture Col-
lection, Rockville, MD) were maintained in alpha minimal essential medium
containing 10% fetal calf serum, 100 U/ml penicillin, and 10 pg/ml streptomycin
and passaged twice weekly. BHK cells (American Type Culture Collection,
Rockville, MD) were maintained in Dulbecco’s modified Eagle’s medium con-
taining 10% fetal calf serum, 100 U/ml penicillin, and 10 pg/ml streptomycin and
passaged twice weekly.

HeLa and BHK cells were transfected either with an Effectene transfection kit
(QIAGEN) or with Lipofectamine 2000 (Invitrogen) according to the manufac-
turers’ protocols. For transfection, cells were grown on 12-mm no. 1 coverslips in
24-well plates for approximately 24 h and transfected with 0.8 to 1 pg DNA.
Transfections were typically allowed to proceed for 5 to 12 h before fixation and
analysis.

MoL. CELL. BIOL.

Fluorescence microscopy procedures. For live-cell microscopy of GFP-ex-
pressing yeast cells, the cells were grown to log phase, 2-pl aliquots were re-
moved, and the cells were placed onto microscope slides under a no. 1 coverslip
and observed immediately. Images were captured using a Nikon E600 micro-
scope with a 60X objective (numerical aperture [NA], 1.4) and 2X Optivar or a
100X objective and 1X Optivar and an RT monochrome spot camera (Diagnos-
tic Instruments, Inc., Sterling Heights, MI) driven by QED Image (QED Imag-
ing, Inc., Pittsburgh, PA) or a Sensicam EM camera (Cooke Instruments, Inc.)
driven with IPLab (Scanalytics). A Nikon remote focus accessory was used to
capture stacks (0.2-pm slice size for yeast, 0.25 pm for mammalian cells) for
deconvolution. Three-dimensional blind deconvolution was performed with
AutoDeblur, version 9.1 (AutoQuant Imaging, Inc., Watervliet, NY). Stacks
were deconvolved with 40 iterations using a medium- or low-noise correction
level at the highest quality setting. All two-color images were first deconvolved in
monochrome and then colored after deconvolution. Figures were made in Pho-
toshop 7.0 (Adobe Systems, San Jose, CA). For wide-field microscopy of mam-
malian cells, cells were viewed on a Nikon Eclipse E600 fluorescence microscope
using a 60X Plan Apo objective (NA, 1.4). Confocal microscopy was performed
using an Olympus FluoView confocal station. Alexa 488 was excited with the
488-nm line of an argon laser, and Alexa 568 was excited with the 568-nm line of
a krypton laser. Cells were viewed with a 60X Plan Apo objective lens (NA, 1.4),
and images were captured with FluoView software (Olympus, Melville, NY).
Endoplasmic reticulum (ER) inheritance assays were performed with an Olym-
pus BX50 fluorescence microscope (100X objective; NA, 1.35) and TILLvisION
software (TILL Photonics, Martinsried, Germany).

Indirect immunofluorescence microscopy. Yeast cells in early log phase were
immediately fixed in 3.7% formaldehyde for 20 min and fix replaced for 1 h. Cells
were resuspended in spheroplasting buffer (100 mM KPi, pH 7.5, 1.2 M sorbitol),
and 40 pg/ml Zymolase 20T was added. Cells were spheroplasted for 40 min at
37°C and allowed to settle onto polylysine-coated glass slides. Cells were per-
meabilized in 0.1% Triton X-100 and blocked in phosphate-buffered saline
(PBS)-0.1% bovine serum albumin. The secondary antibodies used were Alexa
568-labeled goat anti-mouse immunoglobulin G (IgG) (Molecular Probes). The
yeast endoplasmic reticulum was identified by using a monoclonal antibody
against Pdilp (EnCor Biotechnology). Nuclei were counterstained with Hoechst
33258 (5 pg/ml), and cells were mounted in ProLong Gold (Molecular Probes).

The preparation of HeLa cells for immunofluorescence microscopy was per-
formed as described previously (63). Briefly, cells were either fixed with 3%
paraformaldehyde in PBS for 15 min, quenched with 50 mM NH,CI-PBS, and
permeabilized for 5 min with 0.1% Triton X-100-PBS or fixed and permeabilized
in cold methanol for 5 min. After blocking in 10% goat serum, cells were
incubated with primary and secondary antibodies for 30 min each and mounted
in Mowiol. The secondary antibodies used were Alexa 568-labeled goat anti-
mouse IgG (Molecular Probes).

Antibodies and colocalization studies. Early endosomes were localized using a
monoclonal antibody directed against early endosome antigen 1 (EEA1) (Trans-
duction Laboratories), late endosomes were localized using a monoclonal anti-
body directed against cation-independent mannose 6-phosphate receptor (Af-
finity BioReagents), lysosomes were localized using a monoclonal antibody
directed against LAMP-1 (University of Iowa Hybridoma Bank), Golgi mem-
branes were localized using a monoclonal antibody directed against the Golgi
matrix protein GM130 (Transduction Laboratories), the trans-Golgi network was
localized using a monoclonal antibody directed against TGN38 (Transduction
Laboratories), and the endoplasmic reticulum was localized using monoclonal
antibodies directed against protein disulfide isomerase (PDI) (Transduction
Laboratories) or using ER-Tracker Blue-White DPX (Molecular Probes) at a
concentration of 500 nM for 30 min at 37°C. The ER-Golgi intermediate com-
partment was localized using monoclonal antibodies against the KDEL receptor
(Stressgen). To identify recycling endosomes, transferrin uptake assays were
performed using Alexa 594-labeled human transferrin (kindly provided by Colin
Parrish, Cornell University). HeLa cells were serum starved for 30 min, incu-
bated with 50 pg/ml Alexa 594 transferrin for 20 min at 4°C, washed, and
transferred to 37°C for 15 min before fixation.

Monoclonal anti-Rab 11 antibody was obtained from BD Transduction Labs.
Cells were stimulated with the phorbol ester phorbol 12-myristate 13-acetate
(PMA) (LC Laboratories) at a concentration of 0.1 uM for 30 min at 37°C. To
label the actin cytoskeleton, cells were fixed with 3% paraformaldehyde, perme-
abilized with 0.1% Triton X-100, and then incubated with tetramethyl rhodamine
isocyanate (TRITC)-phalloidin (Sigma) at a concentration of 10 pg/ml for 10
min at room temperature.

For the quinacrine uptake assay, yeast cells in early log phase were harvested
and resuspended in 500 pl yeast extract-peptone-dextrose (YEPD)-PO,, pH 7.6,
with 2 mM quinacrine dihydrochloride and incubated for 5 min at room tem-
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perature in the dark. Cells were washed twice with YEPD-PO,, pH 7.6, and
viewed immediately with a fluorescein isothiocyanate filter set. To label vacuolar
membranes, a 500-pl volume of cells grown to early log phase was incubated
with 12 pg/ml FM4-64 (Molecular Probes) for 15 min. The cells were then
washed twice with fresh medium, resuspended in 5 ml of YEPD, and incu-
bated for 45 min with shaking. To visualize, 1 pl of cells was gently harvested
by centrifugation, mounted for microscopy, and visualized with a rhodamine
filter set.

RESULTS

In silico analysis. Rab GTPases are numerically the largest
subfamily of the Ras superfamily in S. cerevisiae, and complete
genomic sequencing has revealed that this general observation
can be extended to all eukaryotic organisms examined to date.
To obtain a reference point for the 11 Rab paralogs of yeast
(see the supplemental material) with other Rab sequences
present in open access databases, we performed a phylogenetic
analysis of all Rab protein sequences. Each sequence is repre-
sented as a single point provided by a principal components
analysis of a numerically encoded relationship matrix derived
from the alignment file (Fig. 1A) (11). The plot is two-dimen-
sional, with the x and y axes representing the second and third
principal components, respectively, of a numerical matrix de-
rived from the alignment file. Each yeast Rab protein sequence
can then be visually represented relative to the global Rab
sequence space of all other known Rab sequences (Fig. 1B).
On the plot representing the entire Rab sequence space, many
of the data points appear to group together. The application of
a clustering algorithm identified 10 major groups or subclasses
of Rab proteins to which we have applied names correspond-
ing to the most well-characterized member of each group.
Each subclass contains orthologs from different species, while
paralogs within a species are found distributed both within the
major groups as functionally redundant isoforms and between
groups. Rab sequences that do not fall into a major group can
be thought of as more divergent sequences that may have
evolved to provide specialized functions in differentiated cells
of higher eukaryotes or for unusual organelles, such as the
rhoptries of Toxoplasma gondii, which are unique to single-
celled eukaryotes. Such sequences are particularly apparent in
the top right-hand section of the plot (x > 0.02,y > 0.02). Rab
sequences in this region may regulate exocytic function, as the
area is also bounded by subclasses of sequence groups that
include Rab3 and Rab8 (11). This analysis might suggest that
these outliers may have a common involvement in biosynthetic
or exocytic trafficking processes, whether constitutive or regu-
lated. Interestingly, the yeast Rab protein of unknown func-
tion, Yptllp, was observed to cluster with other Rabs of exo-
cytic function and this is also suggested by its localization and
functional analysis (see below).

The entire complement of Rab protein sequences in S. cer-
evisiae can be grouped within 6 of the 10 major subclasses of
Rabs identified in Fig. 1A, with one exception, Ypt10p, which
lies just outside the Rab5 group adjacent to mammalian Rab20
sequences (Fig. 1B). In this respect, S. cerevisiae can be con-
sidered a “streamlined” model eukaryote that possesses a min-
imal organelle set common to all eukaryotic proteins (36). This
in silico analysis suggests that a comprehensive examination of
Rab protein localization based on yeast Rab proteins has the
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FIG. 1. Global view of Rab sequence space with two-dimensional
principal components analysis. (A) The x and y axes represent the
values of the second and third principal components, respectively. The
analysis was performed on a database containing 560 individually
checked and unique Rab sequences, including each Rab protein iden-
tified in S. cerevisiae. Automatic clustering with the Clusterdata func-
tion in Matlab was performed to identify major groupings in the data.
This analysis identified 10 groups which are color coded and named
according to a representative mammalian member of the group.
(B) The position of each Rab protein present in the S. cerevisiae
genome is indicated in relation to the global Rab sequence space. For
a list of the Rab proteins in yeast and accession numbers, see the
supplemental material.
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potential to provide useful insights into the commonalities of
eukaryotic cell biology.

Functionality of GFP-tagged constructs. GFP tagging of
small GTPases is a common method for creating a genetically
encoded localization reporter. The GFP tag, however, is ap-
proximately the same size as the average Ras-related GTPase,
and in most cases, possible interference with function has not
been established. The functionality of our GFP-Rab constructs
was first studied with the tagged construct under the control of
the endogenous gene regulatory elements to ensure wild-type
levels of the tagged proteins. Immunoblot analysis confirmed
that the GFP-Rab proteins were expressed at levels compara-
ble to those of the endogenous untagged proteins (data not
shown). To determine whether GFP-tagged Rab proteins were
still functional, we created tester strains for the essential Rab
genes in S. cerevisiae, SEC4 and YPTI (3, 27, 32, 44). These
strains are deleted for the essential gene at the genomic locus
and survive with a copy of the gene on a URA3-containing
plasmid. Maintenance of the URA3 plasmid is impossible when
cells are plated on the drug 5-fluoroorotic acid (5-FOA), so
cells can grow only if transformed with another plasmid con-
taining an appropriate source of the essential gene, either
SEC4 or YPTI. When these tester strains were transformed
with GFP-tagged versions of SEC4 and YPT1, cells were able
to survive on medium containing 5-FOA, whereas control plas-
mid-transformed cells were not (Fig. 2). The fact that we were
able to obtain strains containing GFP-tagged versions of Sec4p
and Yptlp as the only sources of SEC4 and YPT1, respectively,
indicates that the GFP-tagged constructs can provide function.
However, we did observe differences in fitness between GFP-
SEC4 and GFP-YPTI in this assay. The tester strains were
uniformly able to survive with GFP-SEC4 as the sole source of
SEC4 in a manner indistinguishable to that with wild-type
SEC4. This was not the case with GFP-YPT1], as only a subset
of cells was able to utilize the tagged version as the sole source
of YPT1 (Fig. 2A). These data suggest that the cells are more
sensitive to NH,-terminal tagging of Yptlp than to that of
Secdp and that there is a selective pressure for adaptation to
the tagged version of GFP-YPTI as the sole copy of YPTI.
Consistent with this notion, GFP-SEC4 but not GFP-YPTI
constructs were able to suppress a temperature-sensitive mu-
tant in the corresponding genes (data not shown).

For the remaining, nonessential Rab genes, we tested the
functionality of the GFP-tagged constructs according to pub-
lished assays of their in vivo function. For GFP-Ypt6p func-
tionality, we tested the ability of the plasmid to complement
the ypt6A strain, which is temperature sensitive (39). GFP-
YPT6 is functional and can complement ypt6A cells on YEPD
at 37°C (Fig. 2B). To test the functionality of GFP-tagged
YPT31 and YPT32, we made use of the strain carrying ypt31A
ypt32°, as these genes form a nonessential and redundant pair
(4, 31), to demonstrate that GFP-YPT32 could provide func-
tion to rescue the thermosensitive phenotype (Fig. 2C). Similar
results were also obtained for GFP-YPT31 (data not shown).
Vps21p/Ypt51p is grouped together with Ypt52p and Ypt53p
because of their high degree of sequence similarity, and among
this group, vps21A cells show the most severe phenotype (53).
We therefore selected Vps21p/YptS1p as the representative of
this group and determined the ability of GFP-VPS21 to com-
plement the phenotype of vps2IA cells. Ypt51p/Vps2lp is re-
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quired for endocytosis which can be measured by the uptake of
the dye lucifer yellow CH into the yeast vacuole (15). GFP-
Vps21p/Ypt51p was able to restore the inability of vps21A cells
to accumulate lucifer yellow CH (Fig. 2D). We also deter-
mined the ability of GFP-tagged YPT7 to restore the frag-
mented vacuolar morphology phenotype associated with ypt7A
cells. The results are shown in Fig. 2E, demonstrating that
vacuolar morphology of ypt7A cells can be restored to a mor-
phology indistinguishable from that of wild-type cells by the
addition of GFP-YPT7. These data suggest that the tagged
Ypt7p can function equivalently to the untagged protein. No
functions have been described for the Rab protein Ypt10p or
Yptllp, and mutants with deletions of the genes encoding
either protein have no apparent phenotype; however, Ypt10p
is known to be deleterious to cell growth when overexpressed
(38). We asked whether the overexpression of GFP-YPT10
would result in similar growth inhibition. YPT10 and GFP-
YPTI0, together with a vector-only control, were expressed
from the copper-inducible promoter P..p;. A copper-depen-
dent growth inhibition was observed for both YPT10 and GFP-
YPT10 (Fig. 2F), indicating that the GFP tag does not interfere
with the ability of YptlOp overexpression to generate a dom-
inant-negative phenotype.

Rab protein localization. Our data suggested that the NH,-
terminal GFP tag is benign when appended to Rab proteins
and can be used with confidence that the tag does not interfere
with the functions of the wild-type protein. We took the entire
complement of yeast Rab proteins tagged with GFP in both
yeast and mammalian expression plasmids and examined their
localizations in yeast and transfected tissue culture cells. In
yeast, the GFP-tagged Rabs were expressed at endogenous
levels as the sole copy of the Rab protein, i.e., in the absence
of untagged wild-type Rab protein. In mammalian cells, the
GFP-Rabs were expressed behind the viral cytomegalovirus pro-
moter and transfections were typically allowed to proceed for 6 h.

The Rab6 family, Ypt6p. Yptop is a Golgi-localized yeast
Rab and is thought to function in late Golgi transport, al-
though the exact steps are not defined (60). When we ex-
pressed GFP-Ytp6p in yeast, we observed a distinct Golgi-like
distribution, with little or no polarized distribution of the
puncta (Fig. 3A). Likewise, when GFP-Ypt6p was expressed in
mammalian cells, we found extensive colocalization with a
Golgi marker, GM130 (Fig. 3B, panel i), but little or no colo-
calization with TGN38, a marker of the trans-Golgi network
(TGN) (Fig. 3B, panel ii). Recently, Ypt6p has been identified
as the homolog of Rab6a’, which is involved in the transport of
early/recycling endosome to the TGN (41). To investigate
whether GFP-Ypt6p might function in a similar manner, we
carried out colocalization studies with transferrin, a marker of
early/recycling endosomes. Transferrin was internalized for 15
min and, in a subpopulation of cells, appeared in a discrete
perinuclear location reminiscent of those of recycling endo-
somes, which showed significant colocalization with GFP-
Ypt6p (Fig. 3B, panel iii). In other cells, transferrin was more
scattered in a distribution more reminiscent of early endo-
somes. In this case, there was only limited colocalization with
GFP-Yptop (Fig. 3B, panel iv). Overall, our data suggest that
Ypt6p is involved in Golgi communication with recycling en-
dosomes as shown for Rabb6a’.
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FIG. 2. Functionality of GFP-tagged constructs. (A) GFP-tagged SEC4 and YPT1 constructs were transformed into SEC4A and YPTIA tester
strains and streaked onto medium with (+) or without (—) 5-FOA at 25°C to assess functionality. This assay was performed in comparison to yeast
transformed with empty vector as a negative control and wild-type SEC4 and YPT1 as positive controls. (B) ypt6A cells were assayed for survival
at 37°C when transformed with empty vector-, YPT6-, or GFP-YPT6-containing plasmids. (C) ypt31A ypt31* cells were assayed for the ability of
GFP-tagged YPT31 to rescue growth at 37°C compared to that of vector alone. (D) vps2IA cells were assayed for the uptake of lucifer yellow CH
into the vacuole in the presence (+) or absence (—) of GFP-Vps21p. (E) ypt7A cells with GFP-YPT7 (i), vector only (ii), and wild-type YPT7 (iii)
constructs were assayed for vacuolar morphologies with FM4-64. DIC, differential interference contrast. (F) yptI0A cells with GFP-YPT10 (i),
vector only (ii), and wild-type YPT10 (iii) expressed behind the copper-inducible promoter P, were assayed for growth on media = 0.7 mM
CuSO,.
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FIG. 3. Localization of GFP-Ypt6p in yeast and HeLa cells. (A) GFP-Yptop was expressed in yeast cells, and live cells were viewed by
epifluorescence microscopy. The GFP fluorescence signal is presented with differential interference contrast (DIC) images of the same cells.
(B) GFP-Ypt6p was expressed in HeLa cells, and fixed cells were viewed by confocal microscopy. The GFP fluorescence signal is compared to those
of antibody markers for the following cellular compartments: (i) Golgi apparatus GM130, (ii) trans-Golgi network TGN38, and (iii and iv)
transferrin internalized for 15 min. In each case, a merge of the two fluorescence images is shown. Bars = 10 wm.

The Rab5 family, Vps21/Ypt51p, Ypt52p, and Ypt52p.
Ypt51p (Vps2lp) is the yeast counterpart of mammalian Rab5
both in localization and in function (28, 53, 54). Ypt51p is
grouped together with Ypt52p and Ypt53p because of a high
degree of sequence similarity. All three of these Ypt proteins
appear to function in endocytosis in yeast cells (53); however,

GFP-Ypt6p Tin 15' merge

the specific designation of each of the Ypts to a defined en-
docytic compartment has proven elusive. When we expressed
GFP-Vps2lp, it localized to numerous small puncta in yeast
cells that were dispersed throughout the cell (Fig. 4A, panel i),
the characteristic endosomal morphology. Although Ypt52p
has been shown to function in endocytosis, a precise localiza-
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tion within the endocytic pathway has not been determined.
We expressed GFP-Ypt52p in yeast cells and observed a char-
acteristic pattern that consisted of puncta often larger than the
GFP-Vps21p puncta that surrounded (but was excluded from)
the vacuolar membrane as well as a few more scattered dots
(Fig. 4A, panel ii). This distribution suggested an endosomal
localization that was more advanced in the pathway (i.e., closer
to the vacuole rather than the departure point of the plasma
membrane) than that observed for Vps21p. The expression of
GFP-Ypt53p in yeast cells showed a distinct (but relatively
weak) localization to the vacuolar-limiting membrane, in ad-
dition to a small number of bright puncta (Fig. 4A, panel iii),
many of which were clustered around the vacuole.

In mammalian cells, GFP-Vps21p showed extensive colocal-
ization with EEA1, a marker of early endosomes, as well as
some colocalization with M6PR, a marker of endosomes that
are in communication with the TGN (typically, but not exclu-
sively, late endosomes) (20). GFP-Vps21p showed no signifi-
cant colocalization with LAMP1, which is found in late endo-
somes and lysosomes (Fig. 4B). Based on these findings, we
suggest that GFP-tagged Vps2lp acts, like Rab5, in the for-
mation of early endosomes. GFP-Ypt52p showed a pattern of
localization similar to that of Vps2lp in mammalian cells;
however, it tended to colocalize more extensively with M6PR
than with EEA1, again suggesting a post-Vps21p function (Fig.
4C). As with Vps21p, we saw no colocalization with LAMP1-
positive vesicles. GFP-Ypt53p in animal cells showed a diffuse
perinuclear distribution, which showed extensive colocalization
with M6PR, combined with weaker and more-scattered dots
that colocalized with EEA1 (Fig. 4D). GFP-Ypt53 also showed
a distinct but limited degree of overlap with LAMP1. Overall,
our results with Ypt53p suggest that it acts in the late endo-
some and is the third acting Rab in the functional Vps21p-
Ypt52p-Ypt53p chain of endocytosis.

The Rab11 family, Ypt31p and Ypt32p. Ypt31p and Ypt32p
are a functionally interchangeable and highly related pair of
Rab proteins, homologous to mammalian Rabl11 (22). Ypt31p
and Ypt32p appear to function both within the Golgi (4, 31)
and in post-Golgi trafficking events. Mutants in either protein
show defects in Golgi function, and the immunofluorescence of
Ypt31p is supportive of a Golgi apparatus-associated function.
We independently expressed both GFP-Ypt31lp and GFP-
Ypt32p in yeast cells under conditions devoid of wild-type
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untagged protein (Fig. SA and B). Because GFP-Ypt31/32p
localization differs during the cell cycle, the inclusion of a RFP
nuclear marker provided an independent assessment of the cell
cycle status. In small budded cells, both proteins showed sim-
ilar but not identical distributions. Ypt32p showed distinctive
polarized bud tip staining (reminiscent of Secdp) as well as
some scattered Golgi-like dots (Fig. 5B). On the other hand,
the polarized distribution of Ypt31p was less pronounced and
was visible as a clustering of Golgi-like dots towards the bud tip
(Fig. 5A). In dividing cells, we observed a quite different dis-
tribution of Ypt31lp and Ypt32p. In this case, GFP-Ypt31p
localized almost exclusively to the neck of the dividing cell,
with fluorescence visible in a single discrete ring that probably
represents the area of cytokinesis (compare Fig. 5A, panel iv,
with B, panels iv and v). In this regard, Ypt31p shows local-
ization very similar to those expected for Sec4p and Sec3p (18),
proteins involved in polarized exocytosis. Ypt32p, on the other
hand, showed scattered Golgi-like distribution, which was dis-
tributed approximately evenly between the two dividing cells
but with some modest (compared to that for Ypt31p) enrich-
ment in the vicinity of the neck during cytokinesis. To date, it
has not been possible to functionally discriminate between
Ypt31p and Ypt32p and these data suggest that Ypt31p and
Ypt32 might have distinct roles in vivo.

In order to address their possible different functions, we also
localized both Ypt31p and Ypt32p in mammalian cells. Ypt31p
showed almost exclusive colocalization with the Golgi marker
GM130 and Rabll, with little or no TGN38 colocalization
(Fig. 5C; see Fig. S3 in the supplemental material). GFP-
Ypt32p also showed significant (but not exclusive) localization
to the Golgi region based on GM130 colocalization, with little
or no colocalization with TGN38 (Fig. 5D; see Fig. S3 in the
supplemental material). Because Ypt32p did not show exclu-
sive Golgi localization, we further investigated its distribution
alongside endosomal markers. We observed significant colo-
calization of Ypt32p with a marker of late endosomes (M6PR)
as well as with LAMP1 (a marker of late endosomes/lyso-
somes) and Rab11 but only marginal colocalization with EEA1
(a marker of early endosomes). Overall, these data suggest that
Ypt32p functions in a post-Golgi pathway that communicates
with the late endosome, whereas Ypt31p acts in a more direct
exocytic pathway, and this is, to our knowledge, the first func-
tional distinction between these two isoforms.

FIG. 4. Localization of GFP-Vps21p, GFP-Ypt52p, and GFP-Ypt53p in yeast and HeLa cells. (A) Localization of GFP-Vps21p, GFP-Ypt52p,
and GFP-Ypt53p in yeast. (i) GFP-Vps21p was expressed in yeast cells, and live cells were viewed by epifluorescence microscopy. The GFP
fluorescence signal is presented with differential interference contrast images of the same cells. A merge of the two images is shown. (ii)
GFP-Ypt52p-expressing yeast cells. Conditions were as described for panel i. (iii) GFP-Ypt53p-expressing yeast cells. Conditions were as described
for panel i. (B) Localization of GFP-Ypt51p in HeLa cells. GFP-Vps21p was expressed in HeLa cells that were fixed and viewed by confocal
microscopy. The GFP fluorescence signal was compared to those of antibody markers for the following cellular compartments: early endosomes
(EEAL), late endosomes (M6PR), and late endosomes/lysosomes (LAMP1). In each case, a merge of the two fluorescence images is shown. Insets
show selected areas enlarged approximately threefold, with color levels optimized to show colocalization. Bars = 10 um. (C) Localization of
GFP-Ypt52p in HeLa cells. GFP-Ypt52p was expressed in HeLa cells, and fixed cells were viewed by confocal microscopy. The GFP fluorescence
signal was compared to those of antibody markers for the following cellular compartments: early endosomes (EEA1), late endosomes (M6PR),
and late endosomes/lysosomes (LAMP1). In each case, a merge of the two fluorescence images is shown. Insets show selected areas enlarged
approximately threefold, with color levels optimized to show colocalization. Bars = 10 pm. (D) Localization of GFP-Ypt53p in HeLa cells.
GFP-YptS53p was expressed in HeLa cells, and fixed cells were viewed by confocal microscopy. The GFP fluorescence signal was compared to those
of antibody markers for the following cellular compartments: early endosomes (EEA1), late endosomes (M6PR), and late endosomes/lysosomes
(LAMP1). In each case, a merge of the two fluorescence images is shown. Insets show selected areas enlarged approximately threefold, with color
levels optimized to show colocalization. Bars = 10 pm.
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FIG. 5. Localization of GFP-Ypt31p and GFP-Ypt32p in yeast and
HelLa cells. (A) Localization of GFP-Ypt31p in yeast. GFP-Ypt31p-
expressing live cells were viewed by fluorescence microscopy. GFP-
Ypt31p localization was analyzed at various stages of the yeast cell
cycle. A nuclear marker (Gal4BD-RFP) and the relative sizes of the
mother and daughter cells were used to ascertain the cell cycle stage.
The overlay of the GFP and RFP channels are of the maximum
projection of each channel, and differential interference contrast
(DIC) images were taken in one z plane. (B) Localization of GFP-
Ypt32p in yeast. GFP-Ypt32p was expressed in yeast cells as the only
copy, and live cells were viewed by fluorescence microscopy as de-
scribed for panel A. (C) Localization of GFP-Ypt31p in HeLa cells.
GFP-Ypt31p was expressed in HeLa cells, and fixed cells were viewed
by confocal microscopy. The GFP fluorescence signal was compared to
those of antibody markers for the following cellular compartments:

MoL. CELL. BIOL.

Yptl0p and Yptllp, the unknown yeast Rab proteins. The
yeast Rab proteins Ypt7p, Yptlp, and Secd4p have been well
characterized to localize to vacuolar, Golgi, and secretory ves-
icle membranes, respectively (23, 25, 47, 52, 64). We also
examined the cross-species localization of these proteins with
GFP and established that these proteins could be recruited to
their cognate organelles in mammalian cells (see the supple-
mental material). Collectively, our results for previously stud-
ied yeast Rab proteins suggested the empirical rule that GFP-
tagged Rabs display localizations equivalent to those of both
the untagged protein in yeast and the orthologous compart-
ments in animal cells. To further evaluate the hypothesis that
the localization of Rab proteins in animal cells can be an
independent line of evidence that supports presumed functions
and localizations in S. cerevisiae, we next examined the unchar-
acterized Rab proteins Ypt10p and Yptllp.

Yptl0p. YptlOp is a Rab protein whose overexpression is
growth inhibitory with possible defects in vesicular traffic (38)
but otherwise mysterious; its localization has not been deter-
mined. Our bioinformatics analysis did not reveal Ypt10p to be
a member of a large subclass of Rab proteins. Ypt10p clusters
adjacent to the endocytic Rab proteins and was most closely
homologous to mammalian Rab20 proteins (Fig. 1). We ex-
pressed GFP-Ypt10p in yeast cells and observed a somewhat
unusual distribution. In budding cells, the protein was localized
to membranous structures, some of which were often in the
shape of small puncta, often closely associated with the vacu-
olar membrane (Fig. 6A, panel i). In some cases, faint labeling
of the plasma of the membrane was observed (Fig. 6A) and this
was enhanced with the slight overexpression when the GFP-
tagged YPT10 gene was driven from the P..p, promoter,
which shows modest expression from cells grown in standard
medium without the exogenous addition of Cu?* (Fig. 6A,
panel ii). To examine the association of Ypt10p with organelles
of the endocytic pathway, we performed the colocalization of
GFP-Ypt10p with vacuolar FM4-64 (61). Double-labeled cells
were visualized by fluorescence microscopy, with an optical
slice taken from the cellular midsection to examine the coin-
cidence of labels. FM4-64-stained vacuoles show good overlap
with the GFP-YptlOp-labeled puncta (Fig. 6A, panel iii), al-
though the more peripheral, juxta-plasma membrane GFP-
YptlOp-labeled structures are not coincident with the vacuolar
FM4-64. Overall, the localization of Ypt10p can be classified as
peripheral endosomal/vacuolar. In HeLa cells, Ypt10p showed
mostly a broad cytoplasmic distribution. The most obvious
membranous localization was in ruffles at the cell surface,
where GFP-Ypt10p showed significant colocalization with the

Golgi apparatus (GM130) and trans-Golgi network (TGN38). In each
case, a merge of the two fluorescence images is shown. Bars = 10 pm.
(D) Localization of GFP-Ypt32p in HeLa cells. GFP-Ypt32p was
expressed in HeLa cells, and fixed cells were viewed by confocal mi-
croscopy. The GFP fluorescence signal was compared to those of
antibody markers for the following cellular compartments: Golgi ap-
paratus (GM130) and frans-Golgi network (TGN38), late endosomes
(M6PR), late endosomes/lysosomes (LAMP1), and early endosomes
(EEA1). In each case, a merge of the two fluorescence images is
shown. Insets show selected areas enlarged approximately threefold,
with color levels optimized to show colocalization. Bars = 10 pm.
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actin cytoskeleton (Fig. 6B). There was only limited colocal-
ization with actin cables, as shown by TRITC-phalloidin label-
ing. In a subset of cells, we observed that GFP-Ypt10p local-
ized to the membrane of large vesicles near the cell surface,
which may be macropinosomes. The association with mem-
brane ruffles was markedly increased when cells were stimu-
lated with the phorbol ester PMA. Under these conditions, we
observed that Rabl1-positive recycling endosomes were also
associated with Ypt10p and actin-rich areas of the cell periph-
ery, although we saw no association of GFP-Ypt10p to Golgi
structures labeled with GM130 or EEAl-labeled endosomes
(Fig. 6B). Overall, our data suggest that YPT10 has functions in
a regulated endosomal pathway.

Yptllp. The function and localization of Yptllp are enig-
matic. It is known to interact with the class V myosin Myo2p
and is required for the retention of newly inherited mitochon-
dria (13, 30). The organelle on which Ypt11p resides, however,
has not been identified. Yptllp is unusual among Rab pro-
teins; with 417 residues, it is significantly larger than the aver-
age Ypt/Rab protein (for comparison, Yptlp is 207 residues).
The majority of this extra length is derived from three addi-
tions/inserts: an NH,-terminal extension of 82 residues, an
approximately 59-residue large insert between L1 and a1, and
a 35-amino-acid insert between 3 and L4. Our bioinformatic
analysis (Fig. 1B) places Yptllp in a group with Rab proteins
of biosynthetic/exocytic function situated within the general
“Rab8” group, with Sec4p being its closest yeast paralog. We
expressed GFP-Yptl1p in yeast cells and observed a somewhat
polarized distribution, along with a distinct reticular pattern
that surrounded the nucleus (Fig. 7A) and underlying the cell
cortex, strongly indicative of localization to the yeast ER. To
confirm the ER localization, the cells were fixed and processed
for immunofluorescence microscopy in conjunction with
monoclonal antibodies against a known ER marker, Pdilp.
The results (Fig. 7B) show extensive colocalization of the GFP-
Yptllp with Pdilp, with an especially prominent ring sur-
rounding the nucleus (stained with Hoechst). In general, Pdilp
is evenly distributed throughout the ER, whereas GFP-Yptllp
is preferentially enriched in the peripheral ERs of daughter
cells and small buds.

To more clearly elucidate Yptllp function, we expressed
GFP-Yptllp in mammalian cells. BHK cells expressing
Yptllp showed a predominant localization to the nuclear en-
velope as well as a discrete reticular pattern extending to the
periphery of the cell, combined with a more polarized perinu-
clear distribution suggestive of the Golgi apparatus (Fig. 7C).
As with Ypt7p, there was also occasional nonspecific localiza-
tion of Yptllp to the nucleus in more highly expressing cells.
The reticular pattern was coincident with ER tracker DPX
(Fig. 7D) and showed distinct colocalization with the ER
marker PDI, especially at the periphery of the cell (Fig. 7E).
To investigate the perinuclear association of GFP-Yptl1p, we
performed colocalization studies with the KDEL receptor, a
marker of the ER-Golgi intermediate compartment (ERGIC)
(59). We observed extensive colocalization of GFP-Yptllp
with the KDEL receptor, especially in the perinuclear region
of the cell (Fig. 7F, upper panel). Proteins of the ERGIC can
be relocalized to punctate structures distributed throughout
the cytoplasm by incubating the cells at 15°C (58). We there-
fore carried out confocal microscopy of GFP-Yptllp-trans-
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fected BHK cells and shifted the temperature to 15°C for 3 h
prior to fixation. The KDEL receptor and GFP-Yptl1p both
showed a redistribution under these conditions (Fig. 7F, lower
panel), confirming their association with the ERGIC. Overall,
GFP-Yptllp localized to the ER and ERGIC in mammalian
cells. We found no significant colocalization with markers of
recycling endosomes, a localization that has recently been
proposed for Yptllp in mammalian cells (33), or with mito-
chondria, which have been functionally correlated with Ypt11p
expression (6, 30) (data not shown). Overall, our data demon-
strate that Yptllp is located on the ER and enriched in the
peripheral ER of the daughter cell, suggestive of the functions
in this organelle.

The distinctive localization of Ypt11p, with its partial polar-
ization in the peripheral ER of the daughter cell, suggested a
possible role in ER inheritance. In order to determine whether
Yptll plays any role in ER inheritance, we made use of two
parallel markers to assay ER distribution. The markers exam-
ined were the polytopic membrane proteins Hmglp and
Sec61p. Hmglp is involved in the sterol biosynthesis pathway,
is not thought to physically associate with other proteins, and
has been extensively used as a marker to examine ER inheri-
tance (12, 14, 26). Sec6lp heteromultimerizes to form the
protein translocon channel in the rough ER. We used these
two proteins to ensure that our observations would follow the
fate of the ER membrane and be marker independent. Exper-
iments were carried out using wild-type, yptI11A, and as a pos-
itive control, myo4A cells, which have previously been reported
to be deficient in daughter cell ER inheritance (16). Cells were
grown on rich medium at 30°C, resuspended in nonfluorescent
medium and analyzed by fluorescence microscopy. A z series of
images was collected throughout the thickness of the cell, and
images containing the plane going through the bud neck were
kept for further analysis. Representative images are shown in
Fig. 8A and B. The intensity of the cortical ER in the mother
and the bud was quantified, as well as the area of the bud and
the mother cell, using Image J (Fig. 8C and D). As shown in
Fig. 8A and B, in wild-type cells, the ER reticulum localizes
around the nucleus as well as at the mother and the bud cortex.
In the myo4A cell strain, our positive control, the Hmg1p-GFP
signal was significantly diminished in the daughter cells (Fig.
8A and C). The effect seen with Sec61p-GFP (Fig. 8B and D)
showed a similar trend, although it was much weaker overall,
suggesting that the effect is at least partially marker specific.
Strikingly, yptI1A mutant cells showed an effect similar to
that of myo4A cells (Table 1). The effect observed in the
double mutant myo4A ypt11A was severely pronounced: with
the Hmglp-GFP assay, we found that only 50% of the signal,
with an average fluorescence intensity ratio of 0.51 * 0.023,
was present in the bud of the double mutant compared to that
for wild-type cells, with an average fluorescence intensity ratio
of 1.1 = 0.06. The tendency was the same with Sec61p-GFP,
even though the degree to which it was affected differed. These
data are summarized in Table 1. In all cases, the mean fluo-
rescence intensity of mother cell/bud was independent of the
size of the bud and the surface area (volume) of mother to the
surface area of the bud. As a control, we calculated the ratio of
the intensity of the nucleus over the intensity of the mother
cortex, with no significant difference being observed between
the different mutants, indicating that the defect is in inheri-
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FIG. 6. Localization of GFP-YptlOp in yeast and HeLa cells. (A) GFP-YptlOp was expressed in yeast cells, live cells were viewed by
epifluorescence microscopy, and fluorescence images were subjected to double-blind deconvolution. The GFP fluorescence signal is presented with
a differential interference contrast (DIC) image of the same cells. A merge of the two images is shown. (i) GFP-Ypt10p expressed from endogenous
promoter in ypt10A cells; (i) GFP-Ypt10p expressed with Prp; (image shows basal expression of gene in absence of Cu®" addition to media);
(iii) live-cell imaging of GFP-Yptl10p in cells labeled with FM4-64 for 15 min followed by a 45-min washout to identify vacuolar membranes.
(B) GFP-Ypt10p was expressed in HeLa cells, fixed and permeabilized, and labeled with TRITC-phalloidin to visualize the actin cytoskeleton. Cells
were viewed by epifluorescence microscopy, and images were subjected to double-blind deconvolution. A single transverse slice though the cell is
shown. GFP and TRITC-phalloidin are shown both individually and as a merged image. The panels below show GFP-Ypt10p in the periphery of
the cell (i) and in conjunction with markers of the Golgi appdrdtus GM130 (ii) GFP early endosome EEAL (iii), and the recycling endosome for
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FIG. 7. Localization of GFP-Yptllp in yeast and HeLa cells. (A) GFP-Yptllp was expressed in yeast cells, and live cells were stained with
Hoechst 33258. Cells were viewed by epifluorescence microscopy, and fluorescence images were subjected to double-blind deconvolution. The GFP
fluorescence signal is presented with a differential interference contrast (DIC) image of the same cells, and a merge of the three images is shown.
(B) GFP-Yptl1p was expressed in yeast cells, fixed, and stained with Hoechst 33258. Cells were analyzed by immunofluorescence microscopy using
anti-Pdilp antibodies. The GFP and immunofluorescence signal is presented with a differential interference contrast (DIC) image of the same cells.
(C) GFP-Yptllp was expressed in BHK cells and viewed by epifluorescence microscopy, and fluorescence images were subjected to double-blind
deconvolution. Both a maximum projection and a single slice through the cell are shown. (D) GFP-Yptl1lp was expressed in BHK cells and live
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tance of peripheral, cortical ER and not a result of general
cortical organization defects (data not shown). We also exam-
ined ER morphology since it has been previously established
that some mutations that affect ER morphology at the cortex
can give rise to an ER inheritance phenotype (17). ER mor-
phology was checked with a close examination of the network
morphology at the cell cortex. Neither mutant nor double-
mutant cells showed any impairment of the morphological
structure of the ER network at the surface (data not shown).
Thus, ypt11A affect ER inheritance in a manner similar to that
of myo4A, which is independent of ER morphology.
Functional conservation of Rab-GDI. Our experiments dem-
onstrate a striking cross-species conservation of Rab protein
localization, showing that Rab proteins can be recruited to
cognate organelles over large evolutionary distances. In turn,
this implies that the machinery responsible for recruiting Rab
proteins onto membranes is probably functionally conserved.
Very little is known about the molecular nature of the machin-
ery that is responsible for the specific subcellular localization
of Rab proteins. Rab protein prenyl moiety is required but not
sufficient (7, 21). Rab proteins exist in two pools, a cytoplasmic
pool and a membrane-associated pool, with the cytoplasmic
pool serving as the reservoir from which organelles recruit
their specific Rabs. The cytoplasmic pool of Rab proteins exists
in a complex with Rab-GDI; there is currently no other protein
known to associate with Rab proteins in the cytoplasm. Rab-
GDI therefore plays a critical role in Rab protein localization
because the exclusive substrate for membrane recruitment of
Rab proteins is a cytosolic heterodimer of a Rab protein with
Rab-GDI. Moreover, Rab-GDI is a global regulator for Rab
proteins, as yeasts contain a single Rab-GDI gene, SECI9,
which acts on all Rab proteins. This appears to be a general
rule with between one and three Rab-GDI-encoding genes
that act on multiple Rab proteins found in the genomes of
several eukaryotes. To test the functional conservation of Rab-
GDI, we expressed the mammalian version of Rab-GDI in
yeast behind a regulatable promoter, the galactose promoter
which expresses at high levels in cells grown in medium with
galactose as a carbon source and is highly repressed in the
presence of glucose. We tested the ability of this construct to
suppress a conditional lethal allele of Rab-GDI, sec/9-1, and
also determined whether cells could survive on galactose with
mammalian Rab-GDI in place of the SECI9 gene. The results
of these experiments are shown in Fig. 9; the mammalian
Rab-GDI construct can suppress the temperature sensitivity of
sec19-1 (Fig. 9A) and also serve as the sole source of Rab-GDI,
an essential gene function in S. cerevisiae (Fig. 9B). This effect
was apparent only upon the overexpression of the mammalian
Rab-GDI construct; the expression level when the mammalian
Rab-GDI ORF was placed under the control of the endoge-
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nous SECI19 5" and 3’ regions was not sufficient to provide
Rab-GDI function (data not shown). These data demonstrate
that the essential function of Rab-GDI is conserved from yeast
to humans; underlying the functional conservation of Rab pro-
tein localization is a conservation of Rab-GDI function.

DISCUSSION

Comparative genomic studies in cell biology. In this study,
we have identified 10 major clusters or groups of Rab se-
quences that we have termed the Rab5, Rab7, Rab6, Rab4,
Rab28, Rab38, Rabll, Rabl, Rab8, and Rab3 groups. This
bioinformatic analysis reveals that yeast Rab proteins, with one
exception, can be located in global Rab sequence space to-
gether with a cluster of homologs from other diverse eu-
karyotes. The 11 yeast Rab sequences are not distributed
among major Rab sequence clusters or subclasses; rather,
these sequences are derived from six of the major Rab sub-
classes identified by our bioinformatic analysis. This may not
be surprising as S. cerevisiae seems to lack many of the or-
ganelles possessed by other single-celled eukaryotes (e.g., the
rhoptries of Toxoplasma) and the specialized organelles lo-
cated in the differentiated cells of metazoa. Although it is too
simplistic to assume that the number of Rab proteins corre-
lates with the number and complexity of organelles, it is clear
that Rab proteins can be multifunctional so it is possible that
the Rab proteins of S. cerevisiae cover necessary functions that
are provided by different Rab subclasses in other species. Cer-
tainly our localization data support the notion that Rab pro-
teins of the same subclass may have both overlapping and
distinct functions.

Our results show that the GFP-tagged Rab proteins main-
tain localization between single-celled eukaryotes and mam-
malian tissue culture cells. This in turn implies that the local-
ization of a protein in animal cells can both confirm organelle
residency and give us more information about the identity of
the organelle and the other organelles it directly communicates
with via membrane traffic. For Rab proteins of known func-
tions, we were able to demonstrate that the yeast Rab protein
localizes to an organelle in higher eukaryotes that is the cog-
nate of the organelle on which the Rab protein resides in yeast.
The advantages of this approach are severalfold. First, it pro-
vides an independent cross-check of localization assignment,
which is often a technical issue in yeast with its small size and
limited spatial resolution. Second, this analysis demonstrates
that cross-species experiments can be very valuable in ascer-
taining the correct locations of novel proteins and it will be
valuable to extend these studies to multicellular model organ-
isms. In addition, these studies have practical implications of
increasing the availability of well-characterized markers in the
membrane-trafficking pathway.

cells incubated with ER-Tracker Blue-White DPX. Cells were fixed and viewed by epifluorescence microscopy. The GFP and ER-Tracker DPX
signals are shown individually, and in a merged image with ER-Tracker DPX false-colored red to show colocalization with GFP. (E) GFP-Yptllp
was expressed in HeLa cells, and fixed cells were viewed by confocal microscopy. The GFP fluorescence signal was compared to that of an antibody
marker for the endoplasmic reticulum, PDI. Images show the periphery of the cell both individually and as a merge of the two fluorescence images.
(F) GFP-Yptl1p was expressed in BHK cells, and fixed cells were viewed by confocal microscopy. The GFP fluorescence signal was compared to
that of an antibody marker for the ERGIC, KDEL receptor (KDEL-R). GFP and the KDEL-R are shown both individually and as a merged image.
In the lower panels, the cells were incubated for 3 h at 15°C before fixation.



7314 BUVELOT FREI ET AL. Mot. CELL. BioL.

A Hmg1-GFP B Sec61-GFP

wild type wild type
y D |
- ...
o . ...
ypt11A & ypt11A
myo4A

myo4A

2 ;
C o = ® ypt11A myodA
[0} u wild type
< » n - O myodA
g - X ypt11A
B 15 %
_g ] % X
L X
'(..% m, = B xx u
; n N om .' o
B 1 o o
OC) LS < o <o ox‘ N ©
= o L]
£ *m >;X X S ¢ L ¢ o
o X x @O ° 00 © E ©® o °
(Lla <>>< x .\ Q’xo ° ° ° °° : e
[ @ °
< 05 .-.> LI I ¢ ¢ °
g’ o o0® ° ‘°.. [ 2 °
I ° .
0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
D 1.8 .
® ypt11A myo4A
o m wild type
£ 16 <& myodA
g X ypt11A
- L= 7
k] % .
a 1.4
fe) % $
© LB |
=12
= . L] : o a X L] ]
@ ¢ ° = X - ] o °
5 1 5 39 N, T
E e s K xa m x " & X e
o 0o O N S 0% xx ®
(TR 08 . 0° o Q\: x oq © o °
('? L) [ : T x y °
= ® o
3 0.6 % *
X
0.4
0 0.1 0.2 0.3 0.4 0.5 0.6

area bud/area mother

FIG. 8. ypt1IA cells influence the inheritance of ER membrane markers to a similar extent as observed for myo4A cells. (A) Wild-type, myo4A,
yptl1A, and myo4A ypt1IA cells expressing Hmglp-GFP at the endogenous locus were grown to mid-log phase at 30°C in rich medium and then
resuspended in nonfluorescent medium. A z stack image was taken, with the plane going through the bud neck being kept for further investigation.
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Role of Ypt10p and Yptllp. The existence of the two yeast
Rabs Ypt10p and Yptllp was revealed only upon the sequenc-
ing of the yeast genome, and these ORFs remain functionally
uncharacterized. Little is known about Ypt10p other than the
observation of possible defects in vesicular traffic upon the
overexpression of YptlOp (38). To date, no function or local-
ization has been assigned to Yptl1p. The results of an analysis
of the relative localization patterns in yeast and mammalian
cells with Rab proteins of known functions suggested that we
could extrapolate from these experiments to help understand
the roles of Yptl0p and Yptllp.

A sequence analysis of YptlOp suggested an endocytic
function for YptlOp since it clusters with Rab protein se-
quences of known endocytic function in global Rab se-
quence space. The pattern of Yptl0Op localization in HeLa
cells was very similar to that reported for Rab34 in mouse
10T1/2 fibroblasts (56); however, we saw no significant lo-
calization to the Golgi apparatus, another reported local-
ization of Rab34 (62), or with EEA1. As with Rab34 (56),
the association with membrane ruffles was markedly in-
creased when cells were stimulated with the phorbol ester
PMA. Our phylogenetic analysis shows that Ypt10p is clos-
est to the Rab20 sequences from vertebrates. Rab20 has
been reported to be localized to apical-dense tubules, en-
docytic structures underlying the apical surfaces of polar-
ized epithelial cells (40). We propose that the major local-
ization of YptlOp and its orthologs, such as Rab20, is in
endocytic structures, where it functions in plasma membrane re-
modeling.

Together, the bioinformatics and localization of, and
functional observations of the effect of, ypt71A suggest a role
for Yptllp in the biosynthetic secretory pathway in the
control of ER inheritance. Myo4p and Yptllp are likely to
work in parallel pathways to act synergistically in the trans-
port of the ER membrane to the bud cortex, although other
explanations are possible. Interestingly, even in cells with
the most-severe defects, some ER membrane was always
seen at the bud cortex, suggesting that ypt/I/A and myo4A
cells are not totally deficient in ER inheritance and that a
third pathway exists, perhaps under the control of Sec8p
(48). Yptllp has been reported to cause defects in mito-
chondrial inheritance (6, 30); our work demonstrates a lo-
calization of Yptllp on the ER and a role for Yptllp in ER
inheritance. Many cell types show a close apposition of the
ER with mitochondria (5, 19, 42, 43); one explanation to
reconcile these two observations would be that the mito-
chondrial inheritance defect of ypt11A cells is a consequence
of their failure to inherit ER.

Mechanism of Rab protein localization. A characteristic fea-
ture of a Rab protein is its steady-state localization to the
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TABLE 1. Average fluorescence intensity ratio of
Sec61p-GFP and Hmglp-GFP markers

Bud/mother
Marker ratio
(mean * SE)
Sec61p-GFP
Wild type 1.11 = 0.035
PPEITA ettt s 0.90 = 0.038
myod4A ............. 0.99 + 0.038
YPELTA YO .ot 0.88 = 0.023
Hmglp-GFP
Wild type 1.17 = 0.06
yptlIA ... 0.96 = 0.055
IIYOFI ottt 0.81 = 0.03

yptl11A myo4A 0.51 = 0.023

cytosolic surface of a particular subcellular membrane. Our
results reveal fundamental similarities between divergent spe-
cies, underlying conservation of the basic mechanism of Rab
membrane localization. Each Rab protein has a unique local-
ization mediated in part by COOH-terminal hypervariable se-
quences that lie just prior to the site of double geranylgerany-
lation (2, 9). The machinery that decodes these signals is not
well understood, with one exception, which is the participation
of Rab-GDI. Rab-GDI forms a cytosolic heterodimer with Rab
proteins, and it is this complex that is the substrate for mem-
brane recruitment of Rab proteins, although it is not known
whether Rab-GDI is an active or a passive player in this pro-
cess. We show here that mammalian Rab-GDI can functionally
substitute for its S. cerevisiae counterpart, demonstrating that
the essential function of Rab-GDI, a known component of the
Rab membrane recruitment mechanism, is conserved from
yeast to humans. The functional compensation could be seen
only when the mammalian protein was expressed at high levels.
Higher-level expression may be needed to engage in critical
protein-protein interactions, which have coevolved with the
yeast Rab-GDI. These protein interactions may relate to how
mammalian Rab-GDI associates with Rab proteins or other
proteins that regulate GDI activity, such as GDI displacement
factors or Rab recycling factors (45, 50), whose molecular
identity in S. cerevisiae remain undefined. Mammalian Rab-
GDJ, like yeast Rab-GDI, has the capability of interacting with
a wide range of Rab proteins; therefore, the first possibility
(that the reduced performance of mammalian Rab-GDI in
yeast cells is due to compromises in Rab protein interaction)
may be less likely. If this is the case, a screen to uncover alleles
that allow mammalian Rab-GDI to functionally substitute for
yeast Rab-GDI at regular expression levels may identify regu-
lators of Rab-GDI function.

Methodology and implications for large-scale applications.
Global localization analyses of the proteome have relied on

Representative pictures are shown for each genotype. (B) Wild-type, myo4A, ypt11A, and myo4A yptl1IA cells expressing Secolp-GFP were
photographed as described for panel A. Images were processed as for panel A, with a representative picture shown for each genotype. (C and D)
Pictures shown in panel A (C) or B (D) were analyzed using Image J 1.29 software (http://rsb.info.nih.gov/ij). Four sets of data were extracted from
the photographs: the intensity signal of the bud cortex, the intensity signal of the mother cortex, the area of the bud, and the area of the mother.
Each dot represents one cell and is the ratio of the intensity of the bud cortex/intensity of the mother cortex over the area of the bud/the area of
the mother. The experiment was repeated three times, and only one of the experiments is represented in the graph; the tendencies were similar
in all three experiments. Table 1 shows a summary quantification of the data set.
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FIG. 9. Functional replacement of SEC19/GDII with mammalian
Rab-GDI. (A) secI9-1 suppression. sec19-1 cells were transformed
with the following plasmids: (1) empty vector, (2) mammalian Rab-
GDI, (3) SEC19/GDII-positive control, as indicated before testing for
growth on the permissive and restrictive temperature on yeast-peptone
medium containing 1.5% raffinose with 0.5% galactose. (B) Ability of
mammalian Rab-GDI constructs to serve as the sole source of yeast
SEC19/GDI1. GDIIA cells were transformed with constructs as indi-
cated before testing for growth on 5-FOA-containing plates with either
glucose or galactose as a carbon source. These constructs are indicated
in the plate schematic.
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COOH-terminal tagging (29, 34). In the case of Rab proteins,
COOH-terminal tagging destroys protein localization due to
the destruction of the prenylation motif at the COOH termi-
nus of the protein that is a prerequisite for membrane associ-
ation. In this study, we investigated the function and localiza-
tion of the yeast genomic complement of Rab proteins tagged
at the NH, terminus. While GFP-tagged Rabs have been
widely used as organelle markers, it is not clear whether Rab
proteins retain functionality when tagged with this marker. In
general, the localization patterns of genome-integrated, single-
copy constructs and centromeric plasmid-borne constructs
were identical and also in good agreement, where known, with
published data derived from immunofluorescence-labeling
protocols. Our results demonstrate that the GFP tag can be
used to provide insights into the localization of Rab proteins
and can also be used with a high degree of confidence that
the resulting constructs possess authentic and nearly au-
thentic wild-type function. For instance, GFP-tagged Sec4p
and GFP-tagged Yptlp were able to function as the sole
cellular sources of these essential genes in the presence of a
deleted wild-type gene (Fig. 2). However, these results also
suggest that some Rab proteins (e.g., Yptlp, out of the
seven tested here) are more sensitive to the GFP tag than
others and that, even when replacing an essential gene with
the GFP-tagged version, we cannot discount the possibility
that there is some compromise in fitness that is not apparent
in an otherwise wild-type cell.

In summary, our systematic genome-wide investigation dem-
onstrates the conservation of Rab localization between yeast
and mammalian cells. These data underscore the importance
of correct Rab protein localization for the regulation and or-
ganization of membrane traffic and demonstrate the utility of
S. cerevisiae for the elucidation of pathways and mechanisms
for Rab protein localization by revealing a novel function for
Yptllp in ER inheritance.
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