4300 to 3500 calendar yr B.C. (10), a finding
that is consistent with our pollen data.

A single Manihot sp. pollen grain found in
SAV4 dates to about 4600 calendar yr B.C. The
surface morphology and large size (at least 150
wm) of the grain (Fig. 4C) indicate that it is
probably from domesticated manioc (Manihot
esculentum), although the species cannot be
positively identified from the pollen. Manioc is
an insect-pollinated plant, and its pollen is rare
in sediments. Thus, either the discovery of
Manihot sp. at San Andrés was fortuitous, or
abundant stands of Manihot sp. were growing
close to the site. Its occurrence correlates with
the period of maximum burning and land clear-
ance by farmers at San Andrés.

By about 3400 calendar yr B.C., the barrier
beach and lagoon system had migrated north-
ward, and the lagoon began to fill with sand,
silt, and clay typical of distributary channel
levees in the Grijalva deltaic system (5). Floral
and faunal data from all excavations and cores
confirm that the levee bordered a brackish es-
tuary. Present were brackish gastropods (Nas-
sarius vibex and Nerita reclivata), marsh clam
(Rangia cuneata), oysters (Ostrea sp.), garfish
(Lepisosteus spp.), and manatee (Trichechus
manatus), as well as abundant red mangrove.
Radiocarbon analyses (Table 1) confirm that
over 3 m of estuary sediment accumulated be-
tween 3400 and 2400 calendar yr B.C..

Human activity at San Andrés continued
during estuarine deposition. The fauna noted
above, except the gastropods, are mostly human
food refuse. Domestic dog bones (Canis famil-
iaris) are also present. Seeds and rind fragments
from wild plant foods of the family Cucurbita-
ceae were recovered, including Cionosicyos
macranthus, which was dated by accelerator
mass spectrometry (AMS) to 2465 calendar yr
B.C. (intercept date). Maize pollen is common
throughout the estuary horizon in the SAV2 and
SAV3 cores. Near the end of this estuarine
occupation, ca. 2500 calendar yr B.C., the small
Zea sp. pollen disappears (morphologically
modern maize pollen remains), and domesticat-
ed sunflower (Helianthus annuus) appears. A
sunflower seed and a sunflower fruit were AMS
dated to 2667 calendar yr B.C. and 2548 calen-
dar yr B.C,, respectively (intercept dates) ( Table
1). These are the earliest known examples of a
fully domesticated sunflower (/7). This discov-
ery suggests that the theories pertaining to the
origin of the domesticated sunflower in the east-
em United States (/2) now need revision. Cot-
ton (Gossypium sp.) pollen also appears ca.
2500 calendar yr B.C. in the SAV2 core. Its
appearance with other indicators of increased
agricultural activity suggests domestication, al-
though this interpretation cannot be confirmed
from the pollen alone, and wild Gossypium sp.
does occur in the Gulf Coast region farther to
the east (/3).

The earliest direct (AMS) dates on maize
cobs in Mexico are ca. 4300 calendar yr B.C.
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(5400 yr B.P.) from highland Oaxaca (/4).
Analyses of these fully domesticated maize cobs
and similar early cobs from highland Tehuacan
confirm that domestication must have occurred
before 4000 calendar yr B.C. (10). Our pollen
evidence from Tabasco suggests that initial
maize domestication occurred at least 1000
years earlier (i.e., before 5000 calendar yr
B.C.). The occurrence of Manihot sp. at San
Andrés indicates indirect contact with farmers
in the Amazon basin, where DNA evidence
suggests that manioc was domesticated (/5).
Such an early appearance of maize and
manioc in lowland Tabasco adds support for
the proposed origin of New World agriculture
in a humid tropical setting, and for the early
exchange of cultigens between Mesoamerica
and lowland regions of Central and South
America (14, 16, 17).
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Role of Rab9 GTPase in
Facilitating Receptor
Recruitment by TIP47

Kate S. Carroll, John Hanna, Iris Simon,* Jeff Krise, Pierre Barbero,
Suzanne R. Pfeffert

Mannose 6-phosphate receptors (MPRs) deliver lysosomal hydrolases from the
Golgi to endosomes and then return to the Golgi complex. TIP47 recognizes the
cytoplasmic domains of MPRs and is required for endosome-to-Golgi transport.
Here we show that TIP47 also bound directly to the Rab9 guanosine triphos-
phatase (GTPase) in its active, GTP-bound conformation. Moreover, Rab9 in-
creased the affinity of TIP47 for its cargo. A functional Rab9 binding site was
required for TIP47 stimulation of MPR transport in vivo. Thus, a cytosolic cargo
selection device may be selectively recruited onto a specific organelle, and
vesicle budding might be coupled to the presence of an active Rab GTPase.

Mannose 6-phosphate receptors (MPRs) de-
liver newly synthesized lysosomal hydrolases
from the Golgi complex to prelysosomes and
then return to the trans-Golgi network (TGN)
to pick up more cargo (1, 2). Export of MPRs
from the Golgi is mediated by the AP-1
adaptor complex, which binds MPR cytoplas-
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mic domains and recruits these receptors into
clathrin-coated vesicles. MPR transport from
endosomes to the Golgi is mediated by a
protein named TIP47 (tail-interacting protein
of 47 kD) that binds to a different signal in
MPR cytoplasmic domains and is required
for their recycling to the Golgi both in vitro
and in vivo (3). Finally, MPR endocytosis is
mediated by the AP-2 clathrin adaptor at the
plasma membrane (/, 2).

A fundamental question in cell biology is
how a single receptor is recognized by differ-
ent transport machineries depending on its
intracellular location. One possibility is that
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organelle-specific proteins corecruit cytoso-
lic, cargo-packaging proteins to a particular
organelle. Because Rab proteins are located
on distinct membrane-bound compartments,
we tested the possibility that TIP47 was re-
cruited selectively onto late endosomes be-
cause of the combined presence of both a
specific Rab GTPase and MPR cytoplasmic
domains.

The Rab9 GTPase is localized predomi-
nantly to late endosomes, and like TIP47, it is
also required for MPR transport from endo-
somes to the Golgi complex (4, 5). We first

REPORTS

Rab9. Partially purified, cytosolic TIP47 (6)
bound to His-tagged Rab9-GTP in preference
to His-tagged Rab9-GDP (Fig. 1A). Binding
was specific: addition of a twofold excess of
Rab9 protein that was not tagged with His
could compete for binding, whereas excess
untagged Rab7 GTPase could not (8). Rab7 is
the closest relative of Rab9 [57% identical (4,
9)] and functions in late endosome fusion
(10), a process that does not appear to involve
TIP47.

To ensure that the binding of cytosolic
TIP47 to Rab9 was direct, we repeated the
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Fig. 1. TIP47 binds Rab9-GTP specifically. (A) His-Rab9 wild-type (50 w.g; “Rab9-GDP") or His-Rab9
Q66L (50 g “Rab9-GTP") was incubated in the presence of either 5 uM GDP or GTP, respectively,
with highly enriched cytosolic TIP47 for 2 hours at room temperature in binding buffer (25 mM Tris
pH 7.5, 150 mM NaCl, 5 mM MgCl,, 12 mM imidazole). Ni-NTA-agarose slurry (35 wl, Pharmacia)
was added for 30 min; beads were collected, washed 3 times with 1.5 ml buffer + 0.1% CHAPS,
eluted with 100 mM EDTA, and analyzed by SDS—polyacrylamide gel electrophoresis (12%). TIP47
was detected by immunoblot analysis. Where indicated, non-His-tagged, Rab9 wild-type (100 pg)
or Rab7 (100 pg) proteins were included with His-Rab9-GTP in the reactions (+ XS Rab9, +XS
Rab7). (B) TIP47 polypeptide recognizes Rab9-GTP. Rab9 protein was preincubated with 50 wM
GDP or GTPyS for 80 min. Pure, recombinant His-TIP47 (100 nM) in 50 uM nucleotide, 10 pg/ml
bovine serum albumin (BSA), was then added for 60 min at 37°C. Complexes were analyzed by
immunoblot using antibodies against Rab9. (C) TIP47 residues 152 to 187 are necessary for Rab9
binding. Proteins were purified and binding determined as in (B); constructs ‘B’ and ‘C’ comprise
residues 152 to 434 or 188 to 434, respectively, and are fully active in MPR binding. (D) TIP47
binding to endosome membranes is dependent on membrane-bound Rab9. Endosome-enriched
membranes were pretreated with pure bovine brain GDI to remove Rab9 as described (78). Binding
of recombinant TIP47 (50 nM) was then determined by incubation with 3 pg membranes, in 0.1
mg/ml BSA and 0.1 mM GTPyS for 5 min at 37°C. The amount of bound TIP47 or membrane-
associated Rab9 was determined by immunoblot. The pairs of bars shown reflect reactions
containing membranes pretreated with 0, 100, 120, or 160 pg/ml GDI for 5 min at 37°C.

TIP47 protein. Recombinant, His-tagged
TIP47 bound directly to Rab9 and showed
some preference for the GTP-bound form of
the Rab9 GTPase (Fig. 1B). Indeed, binding
studies using NH,-terminal truncations re-
vealed that TIP47 residues 152 to 187 were
important for Rab9 binding (Fig. 1C). These
residues are distinct from those that make up
the MPR cytoplasmic domain binding site
near TIP47’s COOH-terminus (3).

If membrane-associated, native Rab9 is
important for TIP47-membrane association,
TIP47 binding capacity should decrease if
Rab9 is depleted from membranes. To de-
plete Rab9, we used Rab GDI, which binds
prenylated Rabs under specific conditions
and removes them from membranes (/7).
Significant amounts of TIP47 bound to endo-
some-enriched membranes (Fig. 1D). After a
brief pretreatment with increasing amounts of
purified Rab GDI, the level of Rab9 present
on the membranes could be decreased signif-
icantly. Concomitantly, TIP47 binding capac-
ity was also decreased (Fig. 1D). Under con-
ditions where we could deplete membranes of
all detectable Rab9, a fraction of TIP47 re-
mained membrane-associated. It is likely that
the remaining protein was associated with
endosomes via its interaction with MPR cy-
toplasmic domains (3).

We next tested whether recombinant
TIP47 could interact concomitantly with the
cytoplasmic domain of the cation-indepen-
dent (CI-) MPR and Rab9. Recombinant
TIP47 was retained on glutathione-Sepharose
by its direct interaction with the cytoplasmic
domain of the CI-MPR [fused to glutathione-
S-transferase (GST), Fig. 2A]. Rab9 does not
bind the CI-MPR. However, if a ternary com-
plex formed between the CI-MPR, TIP47,
and Rab9, Rab9 would be retained on the
glutathione-Sepharose resin in a TIP47-de-
pendent manner. Indeed, Rab9 bound to im-
mobilized CI-MPR only in the presence of
TIP47 in a concentration-dependent manner
(Fig. 2A). Thus TIP47 formed a ternary com-
plex linking the CI-MPR and Rab9.

Quantitative evaluation of this immuno-
blot data (Fig. 2B) revealed that TIP47 bound
more tightly to the CI-MPR cytoplasmic do-
main when Rab9 was present. The data were
fit to a curve corresponding to an apparent K,
of 0.3 uM, a value that is one-third that
obtained for TIP47:MPR interaction in the
absence of Rab9 [1 uM (7)]. This difference
was confirmed using an entirely different so-
lution-binding assay using fluorescently la-
beled TIP47 (Fig. 2C). Thus, Rab9 enhanced
the interaction of TIP47 with the CI-MPR at
least threefold.

Conversely, the CI-MPR also enhanced
the association of TIP47 and Rab9. As ex-
pected, in the absence of the CI-MPR cyto-
plasmic domain, Rab9 bound to His-tagged
TIP47 (Fig. 3A). Moreover, the amount of
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Rab9 that was bound to TIP47 increased
significantly upon addition of increasing
amounts of the CI-MPR cytoplasmic domain
(Fig. 3A). The presence of Rab9 in the eluted
complexes was absolutely dependent on the
presence of TIP47. Thus both Rab9 and the
CI-MPR cytoplasmic domain enhanced each
other’s interaction with TIP47.

Because TIP47 is likely to be involved in
transport vesicle formation, it was possible
that TIP47 recruited Rab9 into transport ves-
icles coupled with its conversion to an active,
GTP-bound form. However, nucleotide dis-
sociation, as monitored by the ability of Rab9
to bind GTPy3°S after GDP release, was
unchanged in the presence of TIP47. Thus,
cytosolic TIP47 does not appear to be a nu-
cleotide exchange rate-enhancer for Rab9.

TIP47 function in vivo required TIP47’s
capacity to bind Rab9 efficiently. When
TIP47 residues Ser'®”ValVal were mutated to
Ala'®’AlaAla, the ability of recombinant
TIP47 to bind Rab9 in vitro was decreased to
about one-fifth (Fig. 3B). Cells transfected
with wild-type TIP47, but not mutant TIP47,
showed an increase in transport of MPRs
from endosomes to the TGN (/2, 13); indeed,
the mutant was inhibitory at comparable ex-
pression levels.

TIP47 represents a Rab9 effector that
binds with preference to Rab9-GTP. Further-
more, the binding of Rab9 enhances the in-
teraction of TIP47 with MPR cytoplasmic
domains. Thus, Rab9 is likely to enhance the
endosome-recruitment of TIP47 as well as
the cargo capture process.

We have shown that Rab9 increases the
affinity of TIP47 for the CI-MPR: the K,
decreases from 1 wM to 300 nM. This
modulation may be critical for TIP47 func-
tion. TIP47 binds to the CI-MPR with an
affinity of 1 wM (7). Given its presence in
cytosol at ~300 nM, if TIP47 used only the
MPR for membrane binding, ~10% would
be membrane-associated, but without any
organelle specificity. Using Rab9 as an or-
ganelle-specific coreceptor, the K, for
TIP47 binding to MPRs decreases to the
cytosolic concentration of TIP47. In this
scenario, 50% of TIP47 should be mem-
brane-associated, and all of that should be
associated with endosomes; this is close to
the ratio we observe (3). Thus, an endo-
some-specific Rab protein triggers the or-
ganelle-specific recruitment of TIP47 that
might otherwise bind MPRs when they are
present in other compartments. In addition,
the low intrinsic affinity of TIP47 for
MPRs also decreases its binding to MPRs
located in compartments where the recep-
tors should interact with other cargo selec-
tion devices.

Because Rab9-GTP enhances TIP47 en-
dosome association and cargo binding, it ap-
pears to function during transport vesicle for-
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Fig. 2. (A) TIP47 binds both CI-MPR and Rab9 in a ternary complex. GST-CI-MPR (100 nM) was
mixed with TIP47 in binding buffer without imidazole plus 100 uM GTP, 10 pg/ml BSA;
reactions also contained Rab9 (100 nM) in 300 p.l. Binding was for 60 min at 37°C. Complexes
were collected after addition of 40 .l glutathione-Sepharose (50% slurry) for 30 min at 20°C,
3 washes, and two elutions with 50 ul, 20 mM glutathione. The amount of bound Rab9 and
TIP47 was determined by immunoblot followed by densitometric scanning. Blots in the lower
panel were scanned to yield the upper panel curves. (B) Rab9 enhances TIP47:MPR interaction.
Data from (A) were fit to a binding isotherm to obtain a K, estimate of 0.3 uM (filled circles).
These data are compared with values obtained in the absence of Rab9 (averages of triplicates,
open circles) using a fluorescence assay (7), which fit a curve corresponding to K, = 1 uM. (C)
Fluorescent TIP47 binding assay. Reactions contained: Texas Red TIP47 (10 nM active protein),
1.5 wM Rab9 (where indicated), 100 uM GTP, and increasing amounts of GST-CI-MPR in 50 mM
Hepes, 150 mM KCl, 1 mM MgCl, 10% glycerol, 0.6 mg/ml BSA (7). Reactions were at 37°C for
60 min; glutathione-Sepharose slurry was added for another 30 min at room temperature.
Resin was washed with 1 ml buffer and eluted in 0.5 ml, 20 mM glutathione. Backgrounds were
not subtracted and are accounted for in the curve fits.

Fig. 3. (A) CI-MPR en- A B
hances Rab9-TIP47 inter-
actions. Reactions con-
tained 100 nM His-TIP47,
100 nM Rabs, 10 pg/ml
BSA, 100 uM GTP, and in-
creasing amounts of GST-
CI-MPR. Binding was for
60 min at 37°C; complex-
es were collected using
Ni-NTA resin followed by
immunoblot analysis. (B)
TIP47 Ala'®AlaAla mu-
tant binds poorly to Rab9.
Rab9 bound to purified, recombinant TIP47 wild-type (wt) or
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mation. In addition, GTP-bearing Rabs re-
cruit cytosolic docking factors to the surfaces
of transport vesicles to facilitatt SNARE
pairing before fusion (/4, /5). Thus Rabs are
likely to function in both vesicle formation
and docking (16, 17).

Our data support a model in which Rab9
facilitates the recruitment of TIP47 onto
MPR-containing endosomes, rather than onto
other membrane-bound compartments that
may also contain MPRs. Rab9 is likely to

stimulate cargo capture by enhancing the af-
finity with which TIP47 binds to receptor
cargo. After vesicle formation, Rab9 may
also participate in the process by which trans-
port vesicles dock with their specific, corre-
sponding target.
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A GDP/GTP Exchange Factor
Involved in Linking a Spatial
Landmark to Cell Polarity

Pil Jung Kang, Anthony Sanson, Bongyong Lee, Hay-Oak Park*

In both animal and yeast cells, signaling pathways involving small guanosine
triphosphatases (GTPases) regulate polarized organization of the actin cy-
toskeleton. In the budding yeast Saccharomyces cerevisiae, the Ras-like GTPase
Bud1/Rsr1 and its guanosine 5’-diphosphate (GDP)/guanosine 5’'-triphosphate
(GTP) exchange factor Bud5 are involved in the selection of a specific site for
growth, thus determining cell polarity. We found that Bud5 is localized at the
cell division site and the presumptive bud site. Its localization is dependent on
potential cellular landmarks, such as Bud3 and Axl2/Bud10 in haploid cells and
Bud8 and Bud?9 in diploid cells. Bud5 also physically interacts with Axl2/Bud10,
a transmembrane glycoprotein, suggesting that a receptor-like transmembrane
protein recruits a GDP/GTP exchange factor to connect an intrinsic spatial signal

to oriented cell growth.

Yeast cells undergo oriented cell division by
choosing a specific bud site on the cell cortex.
Haploid a and « cells bud in an axial pattern in
which both mother and daughter cells select a
bud site immediately adjacent to their previous
division site. Diploid a/a cells bud in a bipolar
pattern: Mother cells select a bud site adjacent to
their daughter or on the opposite end of the cell,
whereas daughter cells always choose a bud site
directed away from their mother (/-3). The
axial pattern appears to depend on a transient
cortical marker that may involve proteins such
as septins, Bud3, Bud4, and AxI2 (4—12). The
bipolar budding pattern appears to depend on
persistent markers that are deposited at both
poles of the cell. The genes that are specifically
required for the bipolar pattern may encode or
regulate the bipolar cortical cues (4, 13). A key
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issue in understanding the mechanism of polar-
ity establishment is to determine how these po-
tential landmarks are linked to the intracellular
signaling pathways. A likely candidate that links
these spatial cues to polarity establishment is the
Budl GTPase module, which is composed of
Budl, its GTPase-activating protein (GAP)
Bud2, and BudS5 (3, 4, 14—18). These proteins
are required for both axial and bipolar budding
patterns.

To examine Bud5 localization, we used a
functional chromosomal BUDS-GFP (GFP,
green fluorescent protein) fusion. Several as-
pects of the Bud5-GFP localization in haploid a
and a cells were notable (Fig. 1A) (19). Bud5-
GFP was present in a small patch in unbudded
cells. After bud emergence, Bud5-GFP local-
ized throughout the periphery of the bud. As the
bud continued to grow, the BudS5-GFP signal at
the bud periphery diminished, and the signal
was observed as a double ring encircling the
mother-bud neck. Following cytokinesis, a sin-
gle ring of Bud5-GFP persisted in both mother
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and newly born daughter cells. The Bud5-GFP
ring then disappeared, and Bud5-GFP concen-
trated in a patch at the incipient bud site. Cal-
cofluor staining of bud scars confirmed that the
ring of Bud5-GFP localized at the division site
and a new patch of Bud5-GFP appeared next to
the previous division site (Fig. 1 A). Thus, Bud5-
GFP localized to the cell division site and the
presumptive bud site, and its localization
changed over the cell cycle. The localization of
Bud5-GFP in haploid cells overlapped exten-
sively with that of AxI2 throughout the cell
cycle and also with those of Bud3 and Bud4
during M and early G, phases (5-7, 12), sug-
gesting that Bud5 may interact with these axial-
specific components.

To examine whether localization of Bud5
was required for proper bud site selection, we
determined the localization of Bud5-GFP and
the budding pattern of haploid cells overex-
pressing BUDS5-GFP from a multicopy plas-
mid. Bud5-GFP was often found at random
locations in the cell periphery and also in the
cytoplasm (Fig. 1B). These cells also exhib-
ited partial random budding (20), suggesting
that localization of Bud5 is important for
proper bud site selection.

Diploid a/a cells exhibit bipolar budding, as
opposed to axial budding, and BudS-GFP re-
vealed distinct localization patterns in a/a cells,
particularly during G, and M phases (Fig. 1C)
(19). Before bud emergence, Bud5-GFP was
present at both poles: as a ring at one pole and in
a small patch at the opposite pole. After bud
emergence, Bud5-GFP localized throughout the
periphery of the bud, as seen in haploid cells. At
a later stage of the cell cycle, Bud5-GFP local-
ized at the neck and at one or both poles of
mother cell and bud, whereas a small percentage
of cells showed a Bud5-GFP signal only at the
neck. Such patterns of BudS5-GFP localization
were not observed in haploid cells. Thus, local-
ization of BudS to the potential bud site in a/o
cells before the G, phase was likely to contrib-
ute to the bipolar budding pattern of these cells.
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