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Membrane traffic along the endocytic and exocytic pathways relies
on the appropriate localization and activation of a series of
different Rab GTPases. Rabs are activated by specific guanine
nucleotide exchange factors (GEFs) and inactivated by GTPase-
activating proteins (GAPs). GEF cascades, in which one Rab in its
GTP-bound form recruits the GEF that activates the next Rab along
the pathway, can account for the sequential activation of a series
of Rabs, but it does not explain how the first Rab is inactivated
after the next Rab has been activated. We present evidence for a
counter-current GAP cascade that serves to restrict the spatial and
temporal overlap of 2 Rabs, Ypt1p and Ypt32p, on the exocytic
pathway in Saccharomyces cerevisiae. We show that Gyp1p, a GAP
for Ypt1p, specifically interacts with Ypt32p, and that this inter-
action is important for the localization and stability of Gyp1p.
Moreover, we demonstrate that, in WT cells, Ypt1p compartments
are converted over time into Ypt32p compartments, whereas in
gyp1� cells there is a significant increase in compartments con-
taining both proteins that reflects a slower transition from Ypt1p
to Ypt32p. GEF cascades working in concert with counter-current
GAP cascades could generate a programmed series of Rab conver-
sions responsible for regulating the choreography of membrane
traffic.

Golgi � membrane traffic � organelle

Rab proteins are guanine nucleotide-dependent molecular
switches that are active when bound to GTP and inactive

when bound to GDP. The cycle of nucleotide binding and
hydrolysis is coupled to a cycle of membrane association and
dissociation (1–3). Each Rab exhibits a distinctive pattern of
subcellular localization (3, 4). By recruiting a unique set of
effectors, they each regulate membrane traffic into or out of the
compartments with which they are associated (1). Several ex-
amples of Rab guanine nucleotide exchange factor (GEF)
cascades have been described in which one Rab, in its GTP-
bound state, recruits the GEF that activates the next Rab along
the pathway (5, 6). Although this mechanism could lead to the
sequential activation of a series of Rab proteins along a mem-
brane traffic pathway, we have proposed that Rab GTPase-
activating protein (GAP) cascades work in a counter-current
fashion with Rab GEF cascades to complete the Rab conversions
(1) [supporting information (SI) Fig. S1 A and B]. The Rab GAP
cascade model postulates that the activation of one Rab will
serve to recruit the GAP that inactivates the preceding Rab on
a membrane traffic pathway, thereby limiting the extent of
overlap between adjacent Rab domains on a transport pathway.

The Rab GAP cascade model offers several testable predic-
tions: first, the GAP for the upstream Rab should bind to the
GTP-bound form of the downstream Rab, but not stimulate its
GTPase activity. Second, the interaction with the downstream
Rab should serve to recruit the GAP to the compartment
marked by that Rab. Third, the GAP should act to limit the
overlap between the 2 Rabs. To test these predictions, we chose
to analyze the interaction of the GAP, Gyp1p, with the Rabs,
Ypt32p and Ypt1p. Ypt32p is the closest yeast homologue of
mammalian Rab11 (7, 8). It resides primarily on the very late

compartments of the Golgi, where it regulates the export of
secretory cargo and recycled plasma membrane constituents (7,
9). Ypt1p is associated with the Golgi, where it regulates
endoplasmic reticulum (ER) to Golgi and intra-Golgi traffic, as
well as traffic from the endosome to the Golgi (10, 11). Gyp1p
is also associated with the Golgi, and phenotypic, genetic, and
kinetic studies indicate that Gyp1p acts at that site to down-
regulate Ypt1p by stimulating its GTPase activity (12–15). In
contrast, Gyp1p shows no stimulation of the GTPase activity of
Ypt32p (16, 17). The findings presented herein establish that
Gyp1p acts in a GAP cascade that limits the overlap between
Ypt1p and Ypt32p on the yeast secretory pathway.

Results
To test for an interaction between Gyp1p and Ypt32p we initially
used the yeast 2-hybrid system. A positive interaction with GYP1
was observed in cells expressing the hydrolysis-deficient, YPT32-
Q72L allele (YTP32-GTP; Fig. 1A, boxed panel). No interaction
was observed in cells expressing YPT1 or the hydrolysis-deficient
YPT1-Q67L allele (Fig. 1 A) reflecting the low affinity (�200
�M) that this GAP has for its bona fide substrate (15). Further-
more, GYP1 showed an interaction with the YPT32-Q72L allele
and not with YPT32-S27N, an allele that is thought to mimic the
GDP-bound form (Fig. 1B), suggesting that Gyp1p preferentially
binds to Ypt32-GTP bound. We also observed a positive inter-
action between GYP1 and the Q72L allele of YPT31, a yeast Rab
that is 72% identical to, and functionally redundant with, YPT32
(Fig. S2 A). To corroborate the yeast 2-hybrid results and to
define the Ypt32p-binding site on Gyp1p, we performed pull-
down experiments from yeast lysates using various Gyp1p con-
structs (Fig. 1C). The pull-down experiments confirmed that
Gyp1p specifically interacts with Ypt32p and not with Ypt1p or
Sec4p, and demonstrated that the interaction is confined to the
amino-terminal portion of Gyp1p (Fig. 1D; GST-N-Gyp1 vs.
GST-C-Gyp1). We observed the same specific interaction be-
tween Gyp1p and Ypt32p when we performed in vitro binding
experiments using the GST-Gyp1 constructs and purified
Ypt32p loaded with the non-hydrolyzable analogue GTP�S (Fig.
S2B). These results demonstrate that Gyp1p specifically and
directly interacts with active Ypt32p and that the interaction is
through a region distinct from the catalytic TBC domain.

The GAP cascade model predicts that the interaction of
Gyp1p and Ypt32p would be critical for the recruitment of
Gyp1p to the appropriate membrane compartment. It has been
previously reported that Gyp1p localizes to the Golgi apparatus
(12), as does at least a portion of Ypt32p (7, 9), consistent with
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the proposed relationship. To determine the role of Ypt32p in
the localization of Gyp1p, we expressed and analyzed a func-
tional GFP-Gyp1p construct in a yeast strain that contains only
a temperature-sensitive allele of ypt32 (ypt32ts) and lacks the
functionally redundant YPT31 gene (9). We observed a decrease
in fluorescent puncta, as predicted, but also an obvious reduction
in total GFP-Gyp1p fluorescent signal in ypt32ts cells compared
with WT cells, even at the permissive temperature (Fig. 2A).
Quantification of the GFP-Gyp1p signal demonstrated that
ypt32ts cells had 2.7-fold less total GFP-Gyp1p signal than WT
cells [WT, 25.7 fluorescence arbitrary units (a.u.)/�m2 � 12;
ypt32ts, 9.4 fluorescence a.u./�m2 � 3.3; n � 40 for each; P �
0.001; t test]. The difference in GFP-Gyp1p signal between WT
and ypt32ts cells was even more dramatic (4.8-fold) following an
incubation of the cells at 37 °C, reflecting an increase of the
GFP-Gyp1p signal in WT cells, but not in ypt32ts cells (WT, 37.8
fluorescence a.u./�m2 � 12 and ypt32ts, 7.9 fluorescence a.u./
�m2 � 3.3). Analysis of GFP-Gyp1 protein levels at the per-
missive temperature showed that ypt32ts cells had less GFP-
Gyp1p than WT cells (Fig. 2B), demonstrating that the reduction
in GFP-Gyp1p fluorescent signal was caused by a reduction in
Gyp1p levels. The levels of 2 other Golgi-associated proteins,
Ypt1p and Gos1p, were not reduced in ypt32ts cells (Fig. 2B).
Moreover, Gyp1p was less stable after cycloheximide treatment
in ypt32ts cells relative to WT cells (Fig. S3). The reduced level
and stability of Gyp1p in ypt32ts cells were restored by expression
of a WT copy of YPT32 (Fig. 2C, GFP-YPT32 lane; and Fig. S3),
demonstrating that these changes are related to the partial loss
of Ypt32p function. Interestingly, similar results have been

reported in ypt32ts cells for Rcy1p, another interacting partner
of Ypt32p (18).

To further explore the importance of the Ypt32p interaction
for Gyp1p recruitment, we analyzed the localization of GFP-
Gyp1p and GFP-C-Gyp1p, a truncation that lacks the amino-
terminal region required for interaction with Ypt32p, but retains
the catalytic TBC domain. GFP-C-Gyp1 did not exhibit the
punctate localization observed in cells expressing GFP-Gyp1p
(Fig. 2D). To verify that the changes in GFP-C-Gyp1p localiza-
tion were associated with changes in the membrane association
of the protein, we analyzed the sub-cellular fractionation pattern
of GFP-Gyp1p and GFP-C-Gyp1p by differential centrifugation
(Fig. 2E). The ratio of soluble to membrane-bound GFP-C-Gyp1
was 1.5, compared with 0.25 for GFP-Gyp1p (Fig. 2F), demon-
strating that GFP-C-Gyp1p preferentially accumulates in the
cytosol. Analysis of control proteins Gos1p (membrane protein)
or Adh1p (cytosolic protein) confirmed that the separation of
membranes and cytosol was effective in this experiment (Fig.
2E). This change in the subcellular fractionation of GFP-C-
Gyp1p corroborated the change we observed in its localization,
and together demonstrate the importance of the Ypt32p inter-
action for the recruitment of Gyp1p.

Gyp1p localization to the Golgi apparatus had been previously
demonstrated by co-localization with a Golgi marker (12). Ypt1p
and Ypt32p had also been localized to the Golgi, where they play
important roles in traffic into and out of this structure (7–10, 19).

Fig. 1. Gyp1p specifically interacts with active Ypt32p. (A) A yeast 2-hybrid
assay between GYP1 and YPT32, YPT1 or the hydrolysis-deficient YPT32-Q72L,
and YPT1-Q67L alleles. Growth on solid medium lacking leucine/tryptophan
(LW) indicates the presence of the plasmids, growth on solid medium lacking
leucine/tryptophan/histidine � 10 mM 3-AT (3-AT) indicates a positive 2-hy-
brid interaction (boxed panel). (B) Yeast 2-hybrid analysis between GYP1 and
YPT32 mutant alleles that mimic GDP- (YPT32-S27N) or GTP- (YPT32-Q72L)
bound states. Growth on solid medium lacking leucine/tryptophan/histidine �
10 mM 3-AT medium indicates a positive 2-hybrid interaction. (C) Diagrams of
the GST-Gyp1 construct that were used for the in vitro binding experiment in
D. The GAP catalytic domain (TBC) of Gyp1p is shown. (D) Lysates of yeast
strains over-expressing HA-Ypt32p, HA-Ypt1p, or HA-Sec4p were incubated
with the various GST-Gyp1 fusion proteins shown in C. Lanes 1 and 2 represent
duplicates of the binding reactions. Binding was detected by Western blot
using antibodies specific to each GTPase. A 2% input of yeast total lysate was
run for each GTPase. Ponceau S staining of one of the membranes shows the
presence of the various GST-Gyps constructs. (E) Western blot against HA to
detect the level of expression of each HA-Ypts on the lysates used for the
binding experiments.

Fig. 2. Gyp1p levels and localization depend on its interaction with func-
tional Ypt32p. (A) GFP-Gyp1p localization in WT (NY2772) and ypt32ts
(NY2773) cells at 25 °C. (B) GFP-HA-Gyp1p levels in total protein lysates from
WT or ypt32ts (2 independent samples) detected by immunoblotting for the
HA epitope. A Ypt1p immunoblot is shown as loading control. (C) Immuno-
blotting for HA to analyze the levels of mCherry-HA-Gyp1p (CH-HA-Gyp1) in
WT (NY2775) cells, ypt32ts (NY2776) cells, or ypt32ts cells expressing func-
tional GFP-YPT32 (NY2777). (D) A Gyp1p construct lacking the Ypt32p-
interaction region (GFP-C-Gyp1p; NY2774) is mis-localized in comparison to
the localization of full-length Gyp1p (GFP-Gyp1p) in WT cells. (Scale bar, 5 �m
in A and D.) (E) Subcellular fractionation of GFP-Gyp1p and GFP-C-Gyp1p. TL
lane represents 2% of the total protein lysate that was fractionated. P13 and
P100 represent the membrane-bound fractions obtained after 10,000 � g and
100,000 � g centrifugations, respectively. S100 represents the soluble fraction
obtained after the 100,000 � g centrifugation. An equal amount of sample
was loaded for each fraction. Immunoblotting for GFP was used to detect
GFP-Gyp1p or GFP-C-Gyp1p. Immunoblots for Gos1p (membrane) and Adh1p
(cytosolic) are shown as controls. (F) Quantification of the data shown in E.
Image acquisition data are provided in SI Methods.
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Nonetheless, the yeast Golgi is a complex and dynamic structure
with individual cisterna constantly maturing through the loss of
early markers and the acquisition of late Golgi markers (20, 21),
and therefore more detailed analysis was needed to establish the
spatial and temporal relationships of these proteins. Our pre-
diction, based on the interaction of Ypt32p and Gyp1p, was that
Gyp1p should co-localize more extensively with Ypt32p than
with Ypt1p. To evaluate the degree of co-localization of Gyp1p
with Ypt32p or Ypt1p in live cells, we tagged them at their
N-termini with GFP or mCherry (CH) fluorescent proteins. We
established that these fluorescently tagged Rab proteins were
functional by rescuing the corresponding temperature-sensitive
strains (Fig. S4A). Both CH-Ypt1p and GFP-Ypt32p were
over-expressed relative to the endogenous proteins to acquire
images with the shortest possible exposure times (Fig. S4B). As
predicted, we observed a higher degree of co-localization be-
tween GFP-Ypt32p and CH-Gyp1p than between GFP-Gyp1p
and CH-Ypt1p (Fig. 3 A and B, yellow spots labeled with arrows).
Analysis of the percentage of co-localization between the pro-
teins showed that Gyp1p co-localized twice as well with Ypt32p
compared with Ypt1p (Fig. 3C), demonstrating that Gyp1p
preferentially resides in compartments containing Ypt32p.

The Rab GAP cascade model predicts that Ypt32p and Ypt1p
would show a low degree of co-localization because recruitment
of Gyp1p to a membrane compartment by Ypt32p would lead to
inactivation and loss of Ypt1p from that compartment. Although
Ypt1p and Ypt32p exhibit a superficially similar pattern of
punctate localization (7–10), there has been no reported analysis
of co-localization. We analyzed the co-localization of Ypt1p and
Ypt32p in WT cells, and more importantly, in gyp1 cells, where
we expect a higher degree of co-localization as a result of a lack
of Ypt1p inactivation. We observed that approximately 25% of
CH-Ypt1p- and GFP-Ypt32p-containing compartments showed
co-localization in WT cells (Fig. 3 D and F). However, in gyp1
cells, we observed 55% co-localization (Fig. 3 E and F). Fur-
thermore, we observed a similar twofold increase in the degree
of co-localization between the Ypt1p-effector Cog3p (22) and
the trans-Golgi network marker Sec7p in gyp1 cells (Fig. S5). The
increase in the overlap between CH-Ypt1p and GFP-Ypt32p
observed in gyp1 cells demonstrates the role of Gyp1p in defining
a boundary between Ypt1p and Ypt32p at the late Golgi. We also
analyzed cells lacking GYP8, as Gyp8p has also been shown to
have GAP activity with Ypt1p in vitro (23); however, we did not
observe any change in the percentage of co-localization of
CH-Ypt1p and GFP-Ypt32p in gyp8 cells compared with WT.
Furthermore, gyp1gyp8 double mutant cells did not show any
increase in co-localization compared with gyp1 cells (Fig. S6),
demonstrating that the increase in co-localization is solely a
result of the loss of Gyp1p. Gyp8p may act to down-regulate
another Rab in vivo or it may define a boundary between Ypt1p
and a Rab other than Ypt32p (see Discussion).

We considered 2 possible mechanisms to explain the increase in
Ypt1p-Ypt32p co-localization in gyp1 cells: either, in the absence of
Gyp1p, both Rabs accumulate in static, abnormal membrane
compartments; or the increase in co-localization is related to a delay
in the removal of Ypt1p after Ypt32p has been recruited to the
compartment. To distinguish between these mechanisms, we per-
formed 3D time-lapse microscopy. This type of analysis has been
recently used to establish that, in budding yeast, individual Golgi
cisternae mature by losing early markers and acquiring late markers
(20, 21). Based on the roles that Ypt1p and Ypt32p play in
membrane traffic through the Golgi, the maturation of individual
Golgi cisternae in yeast, and the low level of co-localization we
observed between Ypt1p and Ypt32p in WT cells, we anticipated
that Ypt1p compartments would be converted to Ypt32p compart-
ments in a time-dependent manner.

Fast sequential acquisition of images in the z axis for fluo-
rescent proteins and 3D visualization with Imaris software

(Bitplane) allowed us to spatially resolve the fluorescent signal
of individual compartments over time. Quantification demon-
strated that WT and gyp1 cells had a similar number of Ypt1p

Fig. 3. Co-localization of Gyp1p with Ypt32p and the role of Gyp1p in limiting
co-localization of Ypt1p and Ypt32p. (A) Fluorescent images of gyp1 cells ex-
pressing GFP-Ytp32p and CH-Gyp1p (NY2778). Merged fluorescent images were
superimposedwith thebright-field image (LowerRight) to showthecell contour.
Arrows indicate spots where GFP-Ypt32p and CH-Gyp1p co-localized (yellow
spots). (B) Fluorescent images from gyp1 cells expressing GFP-Gyp1p and CH-
Ypt1p (NY2779). Arrow indicates a spot with co-localized GFP-Gyp1p and CH-
Ypt1p. (C) Bar graph shows the percentage of co-localization of the following
proteins: GFP-Ypt32p spots containing CH-Gyp1p signal (cyan bar), CH-Gyp1p
spots containing GFP-Ypt32p signal (magenta bar), GFP-Gyp1p spots containing
CH-Ypt1p(whitebar),andCH-Ypt1pspotscontainingGFP-Gyp1p(graybar;�100
cells, 2–5 spots/cell, error bar indicates SD); **P � 0.001 (t test) between Gyp1p/
Ypt32p and Gyp1p/Ypt1p. (D) Fluorescent images of WT cells expressing GFP-
Ypt32p and CH-Ypt1p (NY2780). Arrow indicates a spot with both GFP-Ypt32p
and CH-Ypt1p. (E) Fluorescent images of gyp1 cells expressing GFP-Ytp32p and
CH-Ypt1p (NY2781). Arrows indicate spots in which GFP-Ypt32p and CH-Gyp1p
co-localize. (F) Bar graph shows the percentage of compartments in which GFP-
Ypt32p and CH-Ypt1p (cyan bars) co-localize, or compartments in which CH-
Ypt1p and GFP-Ypt32p (magenta bars) co-localize in WT and gyp1 cells (�100
cells, 2–5 spots/cell, error bar indicates SD); **P � 0.001 (t test) between WT and
gyp1. (Scale bar, 5 �m.) Image acquisition data are provided in SI Methods.
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and Ypt32p structures, and the principle difference between
these cells resides in the fraction of compartments showing
co-localization (white bars, Fig. S7 A and B).

In WT cells, analysis of changes in the fluorescent signals of
individual compartments demonstrated that CH-Ypt1p com-
partments are converted to GFP-Ypt32p compartments in a
time-dependent manner (Fig. 4A, arrows; and Movies S1 and
S2). To better illustrate this transition, we cropped the images to
show specific compartments during a representative time series
(Fig. 4A and Fig. S8A). From a total of 26 CH-Ypt1p compart-
ments observed on the first frame of the 3 movies captured for
WT, we analyzed the changes in total f luorescent signal of 18
compartments (69%). Of these 18 compartments, we observed
that 16 (89%) completed the transition from CH-Ypt1p to
GFP-Ypt32p. Approximately 30% of the compartments were
not included in the analysis because they appeared to undergo
either fission or fusion during the time course or were too close
to others to resolve as individual compartments.

Analysis of changes in the fluorescent signals in gyp1 cells
revealed an extended period of concurrent labeling of individual
compartments by both CH-Ypt1p and GFP-Ypt32p (Fig. 4C,
arrows; Movies S3 and S4; and Fig. S8B) relative to WT cells.
From a total of 40 CH-Ypt1p compartments observed on the
first frame of the 3 movies captured for gyp1 cells, we analyzed
the changes in total f luorescent signal of 24 compartments
(60%). However, from the 24 compartments analyzed in gyp1
cells, we observed only 8 (33%) that completed the transition
from CH-Ypt1p to GFP-Ypt32p. The remainder of the com-
partments showed a prolonged presence of both fluorescent
signals throughout the analysis.

To better illustrate and quantify the difference in the Ypt1p-
to-Ypt32p transition between WT and gyp1 compartments, we
aligned the time course of each compartment trace based on the
time at which the CH-Ytp1p and GFP-Ytp32p signals became
equal (50% total signal, time 0 on Fig. 4 B and D). After the
transition point was established for each trace, the percentages
of total signal before and after the transition point were grouped
and averaged to generate the averaged traces shown on Fig. 4 B
and D (n � 16 spots for each graph). The averaged trace for the
WT compartments (Fig. 4B) clearly demonstrated that, 25

seconds before the transition point, the compartments were
predominantly labeled with CH-Ypt1p, and 14 seconds after the
transition point, the compartments became predominantly la-
beled with GFP-Ypt32p. Conversely, for gyp1 compartments, the
averaged trace (Fig. 4D) shows that, 25 seconds before the
transition point, the compartments were predominantly labeled
with CH-Ypt1p, but 30 seconds after the transition point, the
compartments still showed similar levels of labeling for both
protein signals. The gyp1 compartments became predominantly
labeled with GFP-Ypt32p only after 64 seconds, which is 4.5-fold
longer than the WT compartments (Fig. S8C, n � 13 for each
graph). This analysis demonstrates that the increase in the
co-localization of Ypt1p and Ypt32p observed in gyp1 cells is a
result of the increase in time needed for the Ypt1p to Ypt32p
conversion. This, in turn, is caused by the failure to inactivate and
extract Ypt1p.

Discussion
In principle, a Rab GAP cascade, working in a counter-current
fashion with a Rab GEF cascade, could form a self-organizing
system that generates a programmed switch in Rab association
over time. By recruiting a new set of effectors, this would lead
to a change in the functionality of the membrane. Our data
establish that Gyp1p is the central component of a Rab GAP
cascade mechanism that is needed to maintain the spatial and
temporal boundary between Ypt1p and Ypt32p domains on
Golgi compartments in yeast. Loss of Gyp1p leads to a blurring
of the Ypt1p and Ypt32p domains and hence a mixing of
functions that are normally separated in space and time.

Our live cell imaging studies are generally consistent with the
cisternal maturation (20, 21) model of Golgi function in as much
as individual compartments that were initially labeled with
CH-Ypt1p typically transitioned over time to become labeled
with GFP-Ypt32p. However, close examination suggests that
other processes may contribute as well. Golgi compartments
were seen to be dynamic, undergoing a certain amount of fission
and fusion. In some cases (30%), a Ypt32p compartment ap-
peared to fuse to a Ypt1p compartment to yield a mixed
compartment or a mixed compartment appeared to undergo
segregation and fission to yield separate Ypt1p and Ypt32p

Fig. 4. Three-dimensional time-lapse fluorescence microscopy demonstrates the conversion of a Ypt1p compartment to a Ypt32p compartment. (A) Images
from Movie S1 demonstrate conversion of a CH-Ypt1p compartment to a GFP-Ypt32p compartment (arrows) in WT cells (NY2780). Numbers indicate the time
in seconds relative to the frame where the percent of total signal was 50% (i.e., time 0). White spots represent the co-localization between CH-Ypt1p and
GFP-Ypt32p. (B) Averaged trace of CH-Ypt1p and GFP-Ypt32p signals in WT cells (n � 16, error bars indicate SD); **P � 0.001 (t test) between Ypt1p and Ypt32p
signals. (C) Images from Movie S3 demonstrate conversion of a CH-Ypt1p compartment to a GFP-Ypt32p compartment (arrows) in gyp1 cells (NY2781). (D)
Averaged trace of CH-Ypt1p and GFP-Ypt32p signals in gyp1 cells (n � 18, error bars indicate SD); *P � 0.007 (t test) between Ypt1p and Ypt32p signals. (Scale
bar, 5 �m.) Image acquisition data are provided in SI Methods.
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compartments. Nonetheless, our data clearly indicate that
Gyp1p is needed to restrict the overlap between these 2 Rabs, be
it a temporal or spatial restriction.

The loss of Gyp1p function results in several trafficking
defects, including a partial defect in the sorting of carboxypep-
tidase Y (CPY) from the Golgi to the vacuole (12) and defects
in the recycling of the exocytic vSNARE Snc1p and the lipophilic
dye FM4–64 (14). These defects appear to be the result of an
excessive level of activated Ypt1p, as overexpression of Ypt1p
exaggerates each of the trafficking defects of a gyp1� strain,
leading to lethality. Conversely, a partial loss of function muta-
tion in ypt1 suppresses the growth and trafficking defects of a
gyp1� strain. Furthermore, the gyp1� trafficking defects can be
largely mimicked by a ypt1 allele deficient in GTP hydrolysis (12,
14). The effects of the loss of Gyp1p on trafficking may relate to
a role for Ypt1p and one of its effectors, the conserved oligo-
meric Golgi (COG) complex, in transport from the endosome to
the Golgi (22). We show here that, in gyp1� cells, the distribution
of Cog3p is shifted toward that of Sec7p, marking the trans-Golgi
network. This shift in COG localization may affect the recycling
to the cell surface. The CPY mis-sorting defect is most likely an
indirect effect of a block in recycling of the CPY receptor Vps10p
from the endosome back to the Golgi (14). Synthetic lethality has
been observed between gyp1� and a large number of other
mutations, including many that affect components of the Golgi
apparatus (13, 14). Thus, the disorganization of the Golgi that
results from the loss of Gyp1p antagonizes mutants already
deficient in some other aspect of Golgi function.

Although we have shown that a Rab GAP cascade helps define
the boundary between 2 different Rab domains midway through the
exocytic pathway, and one could potentially extrapolate this mech-
anism to the boundaries between other Rabs, it is interesting to
contemplate how Rabs are inactivated at the extreme ends of the
pathway. Sec4p, the final Rab on the yeast secretory pathway, is
inactivated by either of 2 closely related Rab GAPs, Msb3p and
Msb4p (24). They are recruited to the plasma membrane, not by
binding to a downstream Rab as there is no Rab downstream of
Sec4p, but to Cdc42p, a GTPase of the Rho family that serves to
establish polarity at the cell cortex (25). At the other end of the
secretory pathway, yet another mechanism may be used to recruit
a Rab GAP. Gyp8p and its human homologue, TBC1D20, have
been implicated in the down regulation of Ypt1p and its homo-
logue, Rab1, respectively (23, 26). However, unlike Gyp1p,
TBC1D20 is predominantly associated with the ER, rather than the
Golgi (26). This is consistent with our observation that the loss of
Gyp8p had no effect on the extent of overlap between Ypt1p and
Ypt32p within the Golgi. The localization of TBC1D20 is mediated,
not by binding another Rab, but through its interaction with a
reticulon, a multi-spanning membrane protein found only in the
reticulated regions of the ER (26). Thus, TBC1D20 may serve to
restrict Rab1 from certain sub-domains of the ER at the very start
of the secretory pathway. Understanding the choreography of
membrane traffic by Rab proteins will require the identification of
all the relevant GEFs and GAPs and clarification of the various
mechanisms by which they are spatially and temporally regulated.

Methods
Yeast strains and plasmids used for this work are described in SI Methods and
Tables S1 and S2.

Ypt32p Pull-Down Assay from Yeast Lysates with Bacterially Purified GST-Gyp1.
Yeast strains expressing HA-YPT1, HA-YPT32, or HA-SEC4 from the inducible
GAL1/10 promoter (NY1706, NY1708, and NY1710) (27) were used. The strains
were grown overnight in YP � 2% raffinose at 25 °C. After the cultures

reached an absorbance of approximately 1 to 1.5 (Abs600 nm), 2% galactose was
added and the cultures were incubated for 4 h at 25 °C. Twenty-five Abs units
from each culture were withdrawn, centrifuged, washed with 1.2 M sorbitol
� 10 mM NaN3, and stored at -80 °C. The cell pellets were resuspended with
750 �L of ice-cold lysis buffer (1� PBS solution, 0.1% Triton X-100, and 1 mM
DTT) containing a mixture of protease inhibitors (no EDTA; Roche) and PMSF.
Zirconia beads were added to three fourths of the volume and the cells were
broken using a bead beater for 3 min at 4 °C. The lysates were centrifuged at
13,000 � g for 10 min at 4 °C. Equal volumes of the lysates were used for a
Western blot with an HA antibody to detect the level of expression of each
HA-tagged protein after the induction (Fig. 1E). A total of 25 �L from each
lysate were used in 200 �L binding reactions. Approximately 200 nM of the
purified GST constructs bound to GSH beads (between 2 and 5 �L of beads
from each construct � 5 to 8 �L of GSH empty beads) were used per reaction.
The binding buffer contained: 1� PBS solution, 1 mg/mL BSA, 1 mM DTT, 1 mM
MgCl2, and 0.1% Triton X-100. The binding reactions were done at room
temperature for 1 h on a rotation plate. Each reaction was washed 5 times with
binding buffer (without BSA), and the beads were resuspended in 15 �L of
wash buffer � 15 �L of 2� loading buffer. The proteins were eluted by boiling
the samples for 5 min. Half of each reaction was run on a 12% SDS/PAGE,
transferred, and blotted using polyclonal antibodies specific for each of the
GTPases.

In Vivo Fluorescence Microscopy and Co-Localization Analysis. Fluorescence
microscopy images were acquired on a Yokagawa spinning disc confocal micros-
copysystem(PerkinElmer).Thesystemwasmountedontoaninvertedmicroscope
(IX71; Olympus) equipped with a 1 kb � 1 kb electron multiplying CCD camera
(Hamamatsu Photonics), which was controlled by Ultraview ERS software
(PerkinElmer). Cells were imaged with a 100 � 1.4 NA oil phase objective, yielding
a pixel size of 87 nm. Excitation of GFP or mCherry was achieved using 488-nm
argon and 568-nm argon/krypton lasers, respectively (Melles Griot). Cells were
grown in synthetic defined (SD) media to an absorbance of 0.3 to 0.6 (Abs600 nm),
washedandconcentratedwithfreshSDmedia,andincubatedonice.Toavoidcell
movement and to have cells in a similar plane during microscopy, the cells were
mounted on microscope slides containing a dried 1% low melt agarose pad
dissolved in SD medium. For each sample, a z-stack of 14 to 16 slices was gener-
ated, with optical sections spaced 400 nm apart. Before analysis, each optical
section was digitally enhanced as described in SI Methods. For presentation and
co-localization analysis, we used the maximum intensity projection of 4-middle
slices for each stack. The percentage of co-localization between GFP and mCherry
signal was calculated on a pixel-by-pixel basis using the co-localization threshold
plug-infromMacBiophotonics ImageJ,whichgeneratesascatter-plotof thepixel
intensities tocalculatethethresholdforeachchannel (28).Thescatter-plot is then
used to calculate the number of co-localized pixels and their intensities. To
calculatethepercentageofco-localization,weusedthesumof intensitiesgreater
than the threshold that showed co-localization divided by the sum of intensities
greater than the threshold of the respective channel that did not co-localize.

Four-Dimensional Videomicroscopy. For 4-dimensional imaging (i.e., 3D plus
time), we used the same microscope and conditions as described earlier.
Movies of 450 seconds duration were made for each strain expressing GFP-
Ypt32p and mCherry-Ypt1p, with time points acquired every 2.8 sec (i.e., 160
time points). We alternated acquisition of the red and green fluorescent
signals. For each time point, a z-stack consisting of 9 to 10 optical sections was
generated, with optical sections spaced 350 nm apart. Each optical section was
digitally enhanced as described in SI Methods before fluorescence intensity
analysis. The digitally enhanced images were up-loaded into Imaris software
(Bitplane) for 3D visualization, co-localization analysis, and 3D surface gen-
eration, and to track the changes in signal intensity (i.e., sum intensity) for
each channel during the time course. The 3D surface generation for each
channel is described in SI Methods. The movies were made with Volocity
software.
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