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The exocyst, an octameric tethering complex and effector of Rho and Rab GTPases, facilitates polarized secretion in yeast
and animals. Recent evidence implicates three plant homologs of exocyst subunits (SEC3, SEC8, and EXO70A1) in plant cell
morphogenesis. Here, we provide genetic, cell biological, and biochemical evidence that these and other predicted subunits
function together in vivo in Arabidopsis thaliana. Double mutants in exocyst subunits (sec5 exo70A1 and sec8 exo70A1)
show a synergistic defect in etiolated hypocotyl elongation. Mutants in exocyst subunits SEC5, SEC6, SEC8, and SEC15a
show defective pollen germination and pollen tube growth phenotypes. Using antibodies directed against SEC6, SEC8, and
EXO70A1, we demonstrate colocalization of these proteins at the apex of growing tobacco pollen tubes. The SEC3, SEC5,
SEC6, SEC8, SEC10, SEC15a, and EXO70 subunits copurify in a high molecular mass fraction of 900 kD after chromato-
graphic fractionation of an Arabidopsis cell suspension extract. Blue native electrophoresis confirmed the presence of
SEC3, SEC6, SEC8, and EXO70 in high molecular mass complexes. Finally, use of the yeast two-hybrid system revealed
interaction of Arabidopsis SEC3a with EXO70A1, SEC10 with SEC15b, and SEC6 with SEC8. We conclude that the exocyst

functions as a complex in plant cells, where it plays important roles in morphogenesis.

INTRODUCTION

Vesicle traffic both through the eukaryotic endomembrane sys-
tem and to the plasma membrane is facilitated by tethering
factors (reviewed in Sztul and Lupashin, 2006; Cai et al., 2007).
They act as molecular bridges that provide an initial interaction
between the vesicle and its target membrane. This tethering
occurs prior to the pairing of SNARESs (soluble N-ethylmaleimide-
sensitive attachment protein receptors) and the final fusion of
the vesicle with the membrane. In addition to assisting the
positioning of the vesicle at the membrane, tethering factors, in
combination with Rab GTPases (small GTPases of the Ras super-
family), help to determine the specificity of vesicle targeting. Two
general types of tethering factors are recognized: long putative
coiled-coil proteins generally occurring as dimers (e.g., Uso1p
and p115) and large multisubunit protein complexes (e.g., the
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exocyst, COG, GARP, HOPS, TRAPPI, and TRAPPII complexes).
Of these, the targeting and tethering of Golgi-derived secretory
vesicles to the plasma membrane is associated specifically with
the exocyst, an eight-protein complex also known as the Sec6/8
complex.

The cellular role of the exocyst has been extensively studied
in yeast and animals (reviewed in Hsu et al., 2004). In these
eukaryotes, the exocyst is required when physiological or
developmental circumstances demand extensive exocytosis to
support rapid polarized growth, such as budding in Saccharo-
myces cerevisiae (TerBush and Novick, 1995), hyphal tip growth
in Candida albicans (Li et al., 2007), the outgrowth of cultured
neurites (Hazuka et al., 1999; Pommereit and Wouters, 2007),
and membrane trafficking to the leading edge of migrating
mammalian epithelial cells (Rosse et al., 2006; Zuo et al., 2006).

The complex of proteins that make up the exocyst was orig-
inally described in yeast (TerBush et al., 1996), and, based on
sequence homology, the mammalian exocyst was subsequently
characterized (Hsu et al., 1996; Kee et al., 1997). In both yeast
and mammals, the exocyst complex consists of eight subunits:
Sec3, Sec5, Sec6, Sec8, Sec10, Sec15, Exo70, and Exo84 (Hsu
etal., 1996; TerBush et al., 1996; Guo et al., 1999a; Matern et al.,
2001). Molecular masses of exocyst subunits range from 70 to
140 kD, forming an 834- and 743-kD complex in yeast and
mammals, respectively (Hsu et al., 1996; TerBush et al., 1996).



Although overall sequence identity among different exocyst sub-
units is <10%, all subunits are predicted to contain similar heli-
cal bundles assembled into long rod-like domains (Whyte and
Munro, 2001; Dong et al., 2005; Wu et al., 2005; Hamburger et al.,
2006; Sivaram et al., 2006). The predicted rod-like domains have
recently been verified by crystallography for four of the subunits
(reviewed in Munson and Novick, 2006).

Interactions between subunits of the complex in yeast and
mammals have been detected by various methods, including
yeast two-hybrid assays, coimmunoprecipitation, and pull-down
assays (Roth et al., 1998; Guo et al., 1999a, 1999b; Matern et al.,
2001; Vega and Hsu, 2001; Moskalenko et al., 2003; Dong et al.,
2005; Sivaram et al., 2005). Nevertheless, the exocyst structure
and precise mechanism of in vivo exocyst assembly remain
unknown. Since the original discovery that the exocyst is an
effector of the Rab GTPase Sec4p in yeast (Guo et al., 1999b),
several exocyst subunits have been shown to interact with small
GTPases of the Rab, Rho, Arf, and Ral families, which help
regulate exocyst assembly and/or function in yeast and animals
(Adamo et al., 1999; Guo et al., 1999a, 2001; Robinson et al.,
1999; Brymora et al., 2001; Zhang et al., 2001, 2004; Moskalenko
etal., 2002, 2003; Prigent et al., 2003). Thus, the exocyst appears
to play a central role in the mechanism by which small GTPases
regulate vesicle trafficking.

Research investigating the exocyst in plants has only recently
been reported. Systematic surveys of published plant genomes
have identified in silico homologs to all eight exocyst subunits
(Cvrckova et al., 2001; Jurgens and Geldner, 2002; Elias et al.,
2003). Most of the putative plant exocyst genes exist as multiple
copies, compared with the single copies that predominate in
other eukaryotes (Elias et al., 2003; Synek et al., 2006). An
important role of the exocyst in plant morphogenesis is be-
ginning to emerge from research characterizing mutations of
individual plant exocyst components. In maize (Zea mays), a
transposon insertion into a SEC3 homolog results in the roothair-
less1 mutation, which causes the failure of root hairs to elongate
properly (Wen and Schnable, 1994; Wen et al., 2005). Arabidop-
sis exo70A1 mutants exhibit a root hair phenotype that is re-
markably similar to that of the maize roothairless1 mutant. They
also display other defects in cell growth (e.g., hypocotyl elonga-
tion) and reduced cell number (Synek et al., 2006). Arabidopsis
thaliana sec8 mutants demonstrate a defect in the germination
and tip growth of pollen tubes (Cole et al., 2005). Intriguingly,
electron tomographic analysis of cell plate formation during
cytokinesis in Arabidopsis uncovered the existence of 24-nm-
long structures that tether membrane vesicles (Otegui and
Staehelin, 2004; Segui-Simarro et al., 2004). These structures
resemble the mammalian exocyst as observed with the electron
microscope (Hsu et al., 1998). Recently, interaction of a putative
plant exocyst subunit with a small GTPase was demonstrated:
Arabidopsis SECS3 interacts with plant-specific Rho GTPases
(ROPs) via binding to the adaptor protein ICR1 in vivo (Lavy et al.,
2007). These studies implicate plant exocyst components in
polarized growth, a role that mirrors the one demonstrated in
other eukaryotes, but do not demonstrate the existence of the
exocyst as a complex in plants.

Here, we combine data from genetic, cell biological, and
biochemical analyses to provide evidence that the plant exocyst
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subunits work in concert to form a functional complex, essential
in both the sporophyte and the male gametophyte for plant cell
growth. In the pollen tube, our data suggest that the complex is
crucial for maintaining the efficient and tightly focused function-
ing of the growth machinery (termed the localization enhancing
network, self-sustaining [LENS] in Cole and Fowler, 2006) at the
tube tip.

RESULTS

Weak Mutations in Two Exocyst Components Enhance
the exo70A1 Hypocotyl Elongation Defect in
Etiolated Seedlings

Although strong mutant alleles of the two exocyst subunit genes
tested to date cause severe sporophytic (EXO70AT; Synek et al.,
2006) or gametophytic (SECS8; Cole et al., 2005) defects in
Arabidopsis, exocyst subunit mutations without phenotypic ef-
fects have also been isolated. We hypothesized that if a plant
exocyst complex exists in vivo, then combining weak alleles
could produce a phenotype that is more severe than that
observed for each of the individual mutant alleles alone (i.e., a
synergistic effect due to functional interaction). To test this pre-
diction, we evaluated hypocotyl elongation in etiolated Arabi-
dopsis seedlings harboring mutations both in EXO70A1 and in a
second exocyst gene. The exo70A1-1 and -2 mutations are null
alleles that significantly reduce the number and length of hypo-
cotyl cells in etiolated seedlings, resulting in a shortened hypo-
cotyl (Synek et al., 2006) (Figure 1A; P < 0.001). An exo70A1
mutation was combined with either the partially functional sec8-4
allele (Cole et al., 2005; Table 1) or the sec5a-1 allele (likely to be a
null allele for one of the two genes encoding the SEC5 subunit;
see below). In contrast with exo70A1, single mutant homozy-
gotes for either sec8-4 or sec5a-1 do not display an aberrant
phenotype during vegetative development. However, the com-
bination of either of these mutations with a mutation of exo70A1
resulted in a more severe reduction of hypocotyl elongation in
etiolated seedlings than the exo70A1 mutation alone (Figure 1;
P < 0.001 for both combinations). A similar result was obtained
when the second partially functional SEC8 allele (sec8-6) was
combined with exo70A1-2 (see Supplemental Figure 1 online),
arguing that this phenotypic enhancement is due to properties of
the gene products and not of particular alleles. Such synergism
indicates a functional relationship between these putative exo-
cyst complex components.

Exocyst Subunit Mutations Are Transmitted at a Reduced
Rate through the Pollen

Mutants in Arabidopsis SEC8 locus have a gametophytically
expressed pollen defect, resulting in reduced transmission of the
mutant alleles through the male (Cole et al., 2005). We hypoth-
esized that if an exocyst complex functions in the male game-
tophyte, then mutations in other components of the complex
should also have a male-specific transmission defect. To test this
prediction, we focused our genetic studies on those exocyst
genes that appear in the Arabidopsis genome as single copies
(SEC6 and SECS8) or as two-copy genes that are not tandemly
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Figure 1. Mutations in Two Different Exocyst Components Show a
Synergistic Effect on Hypocotyl Elongation in 5-d-Old Etiolated Seedlings.

(A) Comparison of hypocotyl lengths of siblings that differ with respect to
SECb5a and EXO70A1 genotypes. WT denotes plants that are homozy-
gous wild-type or heterozygous for the gene of interest; mm denotes
plants that are homozygous mutants. Shown are data for wild-type
plants (WT WT, n = 76), plants homozygous for the sec5a-1 mutation
alone (mm WT, n = 25), plants homozygous for the exo70A7-1 mutation
alone (WT mm, n = 53), and plants homozygous for both the sec5a-1 and
exo70A17-1 mutations (mm mm, n = 8).

(B) Analogous results for sec8-4 and exo70A1-2 mutations (WT WT,
n =22; mm WT, n = 16; WT mm, n = 33; mm mm, n = 10). Error bars
indicate SE. Inset are photos of representative dark-grown hypocotyls
arranged in the same order of genotypes as in the graphs. Bar = 5 mm.

arranged (SECb5a/b and SEC15a/b). Initially, SEC10 was included
in this list, but bioinformatic analysis along with analyses of
several insertion alleles showed that this locus consists of two
tandemly repeated genes (M. Elias, personal communication).
Transmission frequencies were determined for T-DNA insertion
mutants of exocyst genes SEC6, SEC15a, SEC5a, and SEC5b as

well as for the sec5a-1 secbb-1 double mutant. Each mutant
allele was reciprocally outcrossed to wild-type plants for at least
three generations (Table 1). In each instance, the mutant allele
was transmitted through the female gametophyte at the ex-
pected frequency. However, in outcrosses, neither of the two
independent mutant alleles (for SEC6 and SEC15a) was trans-
mitted through the pollen. Similarly, the secba-1 and sec5b-1
alleles were never transmitted through the pollen together,
although neither single mutation demonstrated a transmission
defect (Table 1), likely reflecting a redundant function for these
genes in pollen.

The transmission defect of the sec6-1 and sec6-2 mutants was
complemented by expression of the wild-type SEC6 coding
sequence driven by the pollen-specific LAT52 promoter (see
Supplemental Figure 2 and Supplemental Table 1 online), as had
been previously demonstrated for sec8-1 and sec8-3 using
LAT52:SECS8 (Cole et al., 2005). RT-PCR assessment of RNA
extracted from plants homozygous for the SEC5a, SEC5b, or
SEC15a mutant alleles indicates that these do not produce full-
length transcripts (see Supplemental Figure 3 online). (The
SEC15a homozygous mutants arose at low frequencies from
unassisted self-crosses of heterozygotes, likely due to de-
creased pollen competition in such crosses [Cole et al., 2005].)
The altered SEC5a, SEC5b, and SEC15a transcripts are pre-
dicted to encode truncated proteins that appear likely to be
functionally impaired. Overall, the genetic evidence demon-
strates that strong mutations in any of four putative complex
components, SEC5, SEC6, SEC8, or SEC15a, result in a similar
severe pollen-specific transmission defect. Furthermore, the
molecular evidence suggests that this phenotype is associated
with null, or near-null, alleles.

Mutations in SEC6, SEC8, SEC15a, and SEC5 Dramatically
Affect Both Pollen Germination and Pollen Tube Growth

We were interested to know if the transmission defect observed
for components of the putative exocyst complex was associated
with similar pollen developmental phenotypes. The male-specific
transmission defect in SEC8 mutants is associated with defects
in pollen germination and pollen tube growth (Cole et al., 2005).
However, limitations in the earlier studies (e.g., no homozygous
plants were available for the most severe SEC8 alleles) prevented
determination of the null phenotype in the pollen tube. To over-
come these limitations, representative alleles for each of the
four exocyst components with transmission defects were
crossed into the quartet1 (qrt1) background. In the qrt7 back-
ground, all four products of a meiosis remain attached to each
other (e.g., exactly two wild-type and two mutant pollen grains
from a heterozygous plant), allowing direct observation of phe-
notypes in severe gametophytic mutants (Preuss et al., 1994;
Johnson-Brousseau and McCormick, 2004).

Staining of mature pollen from plants homozygous for the qrt1
mutation and heterozygous for mutations in SEC6, SEC8, or
SEC15a with 4',6-diamidino-2-phenylindole revealed two sperm
cell nuclei and a vegetative nucleus in each of the pollen grains in
a quartet, and none of the grains showed obvious developmental
defects. This indicates that none of these mutations severely affects
early pollen grain development, including its mitotic divisions.
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Table 1. Outcross Data Indicate That Mutations in Any of the Four Putative Exocyst Genes Evaluated Result in a Pollen-Specific

Transmission Defect

Pollen Donor: +/m

Pollen Donor: +/+

Pollen Recipient: +/+

Pollen Recipient: +/m

Allele n +/+ +/m X2 P n +/+ +/m X2 P
(Expected) 50% 50% 50% 50%
secha-1 86 42% 58% 2.28 NS2 86 47% 53% 0.214 NS
sec5b-1 117 48% 52% 0.42 NS 117 45% 55% 1.034 NS
sec6-1 79 100% 0% 79 <0.0001 82 50% 50% 0.000 NS
sec6-2 88 100% 0% 88 <0.0001 80 48% 53% 0.200 NS
sec8-1° 150 100% 0% 150 <0.0001 157 47% 53% 0.516 NS
sec8-3° 105 100% 0% 105 <0.0001 101 50% 50% 0.010 NS
sec8-4° 577 82% 18% 235.9 <0.0001 157 51% 49% 0.057 NS
sec8-6° 157 69% 31% 221 <0.0001 159 52% 48% 0.308 NS
sec1ba-1 99 100% 0% 99 <0.0001 100 56% 44% 1.440 NS
sec15a-2 62 100% 0% 62 <0.0001 62 44% 56% 1.032 NS

Pollen Donor: +/m;+/m Pollen Donor: +/+; +/+

Pollen Recipient: +/+; +/+ Pollen Recipient: +/m;+/m

(+/+;+/m), (+/+;+/m),
(+/mi+/4), (+/mi+/),

Allele n or (+/+;+/+) -+/m;+/m X2 P n or (+/+;+/+) +/m;+/m X2 P
(Expected) 75% 25% 75% 25%
secha-1 185 99.5% 0.5% 58.6 <0.0001 190 72.6% 27.4% 0.568 NS
secbb-1

2NS, not significantly different from expected.

b Previously published data for sec8 mutant alleles (Cole et al., 2005) are included for comparison.

To assess for a germination defect, pollen from qrt7 plants that
were heterozygous for a mutation in SEC6, SEC8, or SEC15a
was germinated in vitro and compared with the pollen of a grt1
sibling lacking the exocyst mutation. Due to the 2:2 distribution of
the wild type versus mutant, germination of three or four pollen
grains in a quartet from a heterozygote requires the germination
of one or both mutant pollen grains. Thus, a pollen germination
defect would reduce the relative frequency of quartets with three
or four grains germinated. Indeed, we found that the sec6-1,
sec6-2, sec8-1, sec8-3, sec15a-1, and sec15a-2 mutant alleles
were associated with a significant reduction (P < 0.001) in the
percentage of germinating quartets with three or four grains
germinated, compared with their wild-type siblings (mutant
frequencies, 1 to 7%; wild-type frequencies, 10 to 30%; Table
2). Only quartets from heterozygotes harboring the weak sec8-4
allele were not significantly different from the wild type.

Pollen containing mutations of both SEC5 genes was studied
by generating plants that were homozygous for secb5a-1 and
heterozygous for secbb-1 in the qrt1 background. These were
compared with pollen from grt1 siblings that had a mutation
either in only one of the SEC5 genes or in neither. The frequency
of quartets having three and four pollen grains germinating was
not significantly affected by either single mutant (sec5a-1: 18%,
n = 367; sec5b-1: 22%, n = 223; wild type: 23%, n = 635). By
contrast, pollen from plants homozygous for sec5a-1 and hetero-
zygous for secbb-1 demonstrated a severe germination defect,

with only 1.8% of quartets having three or four grains germinated
(Table 2).

These analyses revealed that, although mutation of any of the
four exocyst components dramatically reduced germination,
mutant grains can occasionally produce a pollen tube. Despite
the rarity of such events, the arrangement of pollen into quartets
allowed us to identify a defective phenotype associated with the
mutant pollen tubes by assessing pollen tube length and width in
quartets with at least three germinated grains. In all such cases,
one or (rarely) two aberrant pollen tubes were observed (Figures
2B to 2E). The length and width of the shortest tube in quartets
with three or four germinated grains from mutant heterozygotes
(or sec5a-1 homozygous; sec5b-1 heterozygous plants) and
their corresponding wild-type siblings were determined. For all
four exocyst components, the mutants were associated with
significantly shorter and thicker pollen tubes than the shortest
pollen tubes produced by the wild type (P < 0.001, n =22 to 44 for
each genotype) (Figures 2G and 2H). In addition, mutant pollen
tubes were only 15 to 25% as long as the average wild-type pol-
len tube, whereas the length of the longer tubes in these same
quartets closely resemble the wild type (Figure 2l). The aberrant
pollen tubes were occasionally irregularly shaped (e.g., Figure
2E), with the observed range of shapes similar for all mutations
evaluated. Again, only in sec8-4 quartets were the pollen tubes
morphologically indistinguishable from the wild type (Figures 2F
to 2H). Taken together, these data show that mutation of each of
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Table 2. Percentage of Germinating Quartets with Three or Four
Grains Germinated

Genotype of Pollen Source

Wild Type Heterozygous

Allele n %3or4 n? % 3ord ¥ P
secb5a secbb® 635 23.1 227 1.8 54.51 <0.001
sec6-1 809 12.0 607 4.0 28.66 <0.001
sec6-2 944 20.3 1086 7.4 70.35 <0.001
sec8-1 518 29.7 652 3.1 162.09 <0.001
sec8-3 760 21.7 655 1.2 137.63 <0.001
sec15a-1 606 12.4 972 3.7 42.93 <0.001
sec15a-2 301 10.3 175 1.7 11.72 <0.001
sec8-4 576 13.4 741 11.2 1.43 NS°©

2Number of germinating quartets evaluated.

bThe pollen source for sec5a sec5b was heterozygous for sec5b and
homozygous for sec5a.

©NS, not significantly different from expected (P < 0.05).

four putative exocyst components, SEC6, SEC8, SEC15a, or
SECS5, results in similar developmental defects in both pollen
germination and polarized pollen tube growth.

Colocalization of Exocyst Subunits at the Tip of Growing
Pollen Tubes

Defects in pollen germination and pollen tube growth observed in
Arabidopsis exocyst subunit mutants imply a common function
for these proteins in pollen tube germination and tip growth. If
acting as a complex, all exocyst subunits should show some
overlapping localization in vivo. Subunit localization was inves-
tigated using indirect immunofluorescence in tobacco (Nicotiana
tabacum) pollen tubes, taking advantage of their larger size and
more robust in vitro germination. Mouse polyclonal antibodies
raised against recombinant Arabidopsis proteins SEC6 and
EXO70A1 and a rabbit polyclonal antibody raised against an
Arabidopsis SEC8 peptide all recognized homologs of these
subunits in tobacco (see Supplemental Figure 5B online). Pre-
immune sera for these antibodies showed a very weak homog-
enous background signal lacking any specific pattern (see
Supplemental Figure 4 online).

As predicted, based on a function in pollen tube tip growth, all
three antibodies revealed predominant tip-focused localization
of the exocyst subunits that they recognize (Figure 3). Bright tiny
dots forming a granular pattern could be discerned within the
apical signal. Behind the intense signal at the tip, the staining is
much weaker. However, sparse small spots are also distributed
in the cytoplasm and especially along the plasma membrane
within the entire tube length.

We took advantage of the distinct sources for anti-SEC8
(rabbit) versus anti-EXO70A1 and anti-SEC6 (mouse) and dem-
onstrated colocalization of SEC8 and EXO70 proteins and SEC8
and SECS proteins, respectively, by double labeling (Figures 3G
and 3H). We initially observed that only the SEC6 signal was
visible in the tip of pollen tubes when labeled by both anti-SEC6
and anti-SEC8 simultaneously, even though either antibody
stained the tip when used alone (Figures 3C to 3F). When the

procedure was adjusted such that anti-SEC8 was added first,
followed by the addition of anti-SEC6 1 h later, both labels were
visualized at the pollen tube tip (Figure 3H). One possible
explanation for these observations is that the SEC6 antibody
spatially blocks the epitope recognized by the SEC8 antibody
due to close association of these two components within the
exocyst complex.

When we examined subcellular distribution of SEC6 and SEC8
in germinating tobacco pollen, we observed a maximum of the
signal in the 100,000g pellet fraction (Figure 4) containing all
postnuclear membranes. In both cases, only weak signal was
observed in the cytosolic fraction. Moreover, the signal in-
creased in both cases during the first 60 min of pollen germina-
tion, indicating simultaneous accumulation of exocyst subunits
in the membrane fraction and implying de novo synthesis of
these subunits.

Overall, we conclude that the exocyst subunits SEC6, SECS,
and EXO70 have an overlapping localization pattern predomi-
nantly at the tips of growing pollen tubes. This localization pattern
is consistent with a role indicating their close spatial interaction
to facilitate the intensive exocytosis at that site.

Chromatographic Fractionation Reveals That the Plant
Exocyst Complex Exists as a Biochemical Entity

Shared pollen phenotypes, colocalization at the growing pollen
tube tip, and the synergism of mutations in the reduction of
hypocotyl elongation provide strong, but indirect, evidence that
the exocyst subunits form a functional exocyst complex in plants.
We adapted chromatography methods previously used to suc-
cessfully characterize the exocyst complex in yeast and mam-
malian cells (Hsu et al., 1996; TerBush et al., 2001) to provide
more direct evidence for the existence of the exocyst complex as
a biochemical entity in plant cells. Because an Arabidopsis
suspension culture in its exponential growth phase expresses
exocyst subunit genes at high mRNA levels (see Supplemental
Figure 8 online), this cell type was chosen as a source for exocyst
complex purification. Also, preliminary experiments showed co-
sedimentation of the putative complex with the microsomal
fraction after centrifugation at 100,000g (Figure 4). Therefore,
we used a crude total cell lysate depleted of heavy membranes
but containing microsomes for our chromatographic analyses.
To detect the complex subunits, we used the three antibodies
already described above (anti-EXO70A1, anti-SEC6, and anti-
SECS8) as well as anti-SEC3, anti-SEC5, and anti-SEC15a (see
Supplemental Figure 5A online). Duplication of genes encoding
several of the exocyst subunits in the Arabidopsis genome raises
a question about antibody specificity. Based on high sequence
similarity, we expect that polyclonal antibodies against SEC3
and SEC5 recognize both isoforms of respective subunits.
Because the polyclonal anti-SEC15a was prepared against a
peptide specific for SEC15a, we do not expect cross-reactivity
with SEC15b. Conversely, we have confirmed using an exo70A1
mutant that the EXO70A1 antibody is specific to EXO70A1 (at
least in the sporophyte), as it does not recognize any other
proteins on protein gel blots (see Supplemental Figure 5C online).
We initially performed size exclusion gel chromatography
(SEGC) on a HiLoad SUPERDEX 200 column. When the resultant
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Figure 2. Exocyst Mutants Share a Similar Aberrant Pollen Tube Phenotype.
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Figure 3. Localization of EXO70, SEC6, and SEC8 to the Tip in Tobacco Pollen Tubes by Indirect Immunofluorescence.

anti-SEC8

(A) and (B) Projections of confocal sections labeled by the EXO70A1 antibody. Transverse sections through the pollen tube made by three-dimensional
reconstruction are displayed.

(C) and (D) Projections of confocal sections labeled by the SEC6 antibody.

(E) and (F) Projections of confocal sections labeled by the SEC8 antibody.

(G) Double labeling by mouse EXO70A1 antibody and rabbit SEC8 antibody shows colocalization of these subunits at the tip of pollen tubes.

(H) Double labeling by mouse SEC6 antibody and rabbit SEC8 shows colocalization of these subunits at the tip of pollen tubes.

protein fractions were subjected to SDS-PAGE and protein gel ing specific enrichment of all putative exocyst subunits detected

blotting, most of the exocyst subunits were detected in high
molecular mass fractions. Figure 5A shows that signals of all
polyclonal antibodies form peaks with a maximum in the same
fractions, suggesting a complex size of ~900 kD. These peaks
are well behind the total protein maximum (Figure 5A), suggest-

in these fractions. Incubation of the total lysate with 0.5 M
phosphate in the lysis buffer led to similar results after SEGC,
SDS-PAGE, and protein gel blots, suggesting that the pres-
ence of phosphate does not affect complex stability (data not
shown).

Figure 2. (continued).

(A) to (F) Germinated grt1 pollen from wild-type plants compared with the grt7 pollen from sibling plants mutated in putative exocyst component genes.

Each panel is identified by the genotype of the parent. Bar = 50 pm.
(A) Homozygous wild type with respect to exocyst genes.

(B) Homozygous for sec5a-1 and heterozygous sec5b-1.

(C) Heterozygous for sec6-1.

(D) Heterozygous for sec8-3.

(E) Heterozygous for sec15a-1.

(F) Heterozygous for sec8-4.

(G) to (I) Dimensions of aberrant pollen tubes in grt1 pollen from plants heterozygous for an exocyst mutation compared with pollen tubes in the grt1
pollen from wild-type siblings. Error bars indicate SE.

(G) Widths of aberrant pollen tubes from exocyst mutants (gray) compared with widths of shortest tubes in quartets of wild-type siblings (black).

(H) Lengths of aberrant pollen tubes from exocyst mutants (gray) compared with the lengths of the shortest tubes in quartets of wild-type siblings (black).
() Length of aberrant pollen tubes (gray) and nonaberrant pollen tubes (black) in quartet pollen from plants heterozygous for an exocyst mutation,
relative to the length of all pollen tubes measured in wild-type siblings (n = 76 t0199).



We next employed three-step purification based on the
method described by Hsu et al. (1996) to purify the mammalian
exocyst. We started with high-capacity affinity chromatography
on polyphosphate hydroxyapatite matrix (hydroxyapatite Bio-
Gel) with discontinuous phosphate elution. All fractions were
subjected to SDS-PAGE, protein gel blotting, and analyzed by
anti-SEC6 and anti-SEC8 antibodies. Corresponding fractions
containing both SEC6 and SEC8 were collected and prepared for
the second purification step by dialysis. In the second purifica-
tion step, the dialyzed fractions from the affinity chromatography
were loaded onto an ion exchange chromatography column
(Fractogel EMD-TMAE). All expected subunits of Arabidopsis
exocyst have a calculated pl under 7, with values ranging mostly
between 5.2 and 5.8. Anex resin was then used to isolate the
exocyst complex in the buffer with almost neutral pH. Fractions
containing exocyst antibody signals were eluted with the salt
concentration between 0.35 and 0.42 M. Protein gel blot analysis
of these fractions demonstrated a weakened signal for the SEC5
and especially SEC15a proteins, possibly due to a partial loss of
these subunits during this purification step.

The fractions obtained from ion exchange chromatography
were then subjected to SEGC and protein gel blot analysis to
complete the third step of the purification. Figure 5B shows that
the distribution of the antibody signals demonstrates again
cofractionation of exocyst subunits. All signals had only one
maximum, and this occurred in fractions corresponding to a
molecular mass of 750 kD. Consistent with a smaller mass for the
three-step purified complex, SEC15a could not be detected, and
the SEC5 signal was very weak, requiring substantially longer
exposure time. This observation suggests that some subunits
may form a stable core of the complex, whereas other subunits
(e.g., SEC15a and SECS5) are more loosely associated, at least
under these experimental conditions. Importantly, cofractiona-
tion of five exocyst subunits (SEC3, SEC5, SEC6, SEC8, and
EXO70A1) was maintained through all three steps of purification.

To complement identification of exocyst subunits by protein
gel blot analysis following partial purification, we used liquid
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Figure 4. Accumulation of SEC6 and SEC8 in Germinating Tobacco
Pollen.

N. tabacum (cv Samsun) pollen was incubated in 10% sucrose and
0.01% boric acid for the time periods described. Cytosolic and mem-
brane fractions (100,000g pellet) were loaded on 10% SDS-PAGE, 50 j.g
of total protein per lane, and assayed by protein gel blot analysis using
anti-SEC6 and anti-SEC8 antibodies.
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Figure 5. Cofractionation of Exocyst Subunits in Column Chromatography.

(A) SEGC of total protein extract from Arabidopsis suspension culture.
Shown is the cofractionation of exocyst subunits in SEGC fractions as
detected with exocyst-specific antibodies.

(B) SEGC as the third purification step of the same extract, following
hydroxyapatite affinity chromatography and ion exchange chromatog-
raphy. Shown is the cofractionation of exocyst subunits in high molecular
fractions of SEGC as detected with exocyst-specific antibodies.

Top panels in (A) and (B) show protein gel blot analyses. Columns in
bottom panels of (A) and (B) show relative total protein concentration
measured with a UV detector at 254 nm. MM indicates approximate
middle molecular mass calculated for each 5-mL fraction.
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chromatography electrospray ionization tandem mass spec-
trometry (LC-ESI-MS/MS) to analyze protein bands of expected
molecular masses following the three-step purification (see
Supplemental Figure 6 online). This approach confirmed that
the exocyst-positive fractions (by protein gel blot) contain the
SEC3a, SEC6, and SEC8 subunits. In addition, SEC10 (for which
we had no antibody) was also identified in these fractions (see
Supplemental Table 2 online). Taken together, using a combi-
nation of analytic methods we demonstrated that SEC3, SEC5,
SEC6, SEC8, SEC10, SEC15, and EXO70A1 were components
of the same protein complex (for EXO84, see Discussion).

Blue Native Electrophoresis and the Yeast Two-Hybrid
Assay Provide Independent Support for the
Arabidopsis Exocyst

To confirm data obtained from the chromatographic approach,
we employed two additional methods. First, we used a blue
native PAGE (BN-PAGE) technique that is based on a mild
solubilization in detergent and treatment with the dye Coomassie
Brilliant Blue G 250 (Schagger and von Jagow, 1991; Berghdfer
and Klésgen, 1999; Werhahn and Braun, 2002). After the solu-
bilization with the mild detergent dodecyl-B-b-maltoside (DDM)
in concentrations of total protein to DDM ratio of 1.33 and low
NaCl concentrations (10 and 30 mM), a range of high molecular
mass complexes was detected for four of the five exocyst com-
plex components tested: SEC3, SEC6, SEC8, and EXO70A1
(see Supplemental Figure 7A online). Under the conditions of
higher detergent concentrations (total protein:DDM ratio of 0.67)
and no additional salt, SEC6 and EXO70A1 were predominantly
present in small, rather than in high, molecular complexes (see
Supplemental Figure 7B online). Notably, we observed a well-
defined complex detected only by anti-SEC6 that could repre-
sent SEC6 dimers. By contrast, the SEC3 subunit was still found
in larger complexes under these conditions, although running at
a lower mass than at lower detergent concentrations. Again, this
is consistent with loss of some subunits (e.g., SEC6 and EXO70)
from the complex under certain conditions (see Discussion).

To further support complex formation, the interaction abilities
of one of each type of the expected exocyst subunits were tested
using the yeast two-hybrid assay. We used the GAL4 system,
based on the split GAL4 transcription factor controlling expres-
sion of reporter genes (Figure 6). We found that SEC3a, SEC10,
and EXO84b showed high activation capacity when fused with
the DNA binding domain alone and thus were unsuitable as bait
proteins in this assay; EXO84b also showed promiscuous inter-
actions when fused with the activation domain. However, we
observed three pairs of strongly interacting subunits: EXO70A1/
SEC3a, SEC15b/SEC10, and SEC6/SECS8 (Figure 6). All three
pairs were confirmed by B-galactosidase assay and by the
double auxotrophic marker.

DISCUSSION

In model non-plant eukaryotic cells, such as yeast, Drosophila
melanogaster, mouse, rat, and human, the octameric exocyst
complex facilitates the targeting and tethering of secretory
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Figure 6. Yeast Two-Hybrid Analysis of Pairwise Interactions of Exocyst
Subunits.

(A) Pairwise interaction of all exocyst subunits. Lines and columns
describe fusion forms of exocyst subunits used for transformation. Single
colonies were resuspended in 150 pL of sterile water and dropped on
selective plates, and each drop was 10 pL. Yeast strain AH109 was
grown on -ADE-HIS-LEU-TRP plates at 28°C. Combinations boxed by
white squares also showed positive B-galactosidase activity. BD, the
DNA binding domain; AD, the activation domain.

(B) Strength of interaction compared with a positive control (see Methods).
Single colonies were resuspended in 150 pL of sterile water. Serial
dilutions 1:30, 1:900, and 1:2700 in sterile water were prepared and
dropped on -ADE-HIS-LEU-TRP plates at 28°C, and each drop was 10 pL.

vesicles to the plasma membrane and thereby is integral to
a broad range of physiological processes requiring polarized
exocytosis. Comparative genomic and phylogenetic analysis
across 17 eukaryote genomes suggests that the exocyst, like the
other tethering complexes, is ancient, originating very early in
eukaryotic evolution (Koumandou et al., 2007). The existence of
such a complex in plants has been anticipated by the discovery
that genes orthologous to those encoding the eight exocyst
components in yeast and mammals are present in several plant
genomes and are expressed in Arabidopsis and rice (Oryza



sativa). Here, we have provided biochemical evidence, supported
by genetic analysis, phenotypic observations, and cell biological
experiments, to conclude that the exocyst does indeed function
as a complex in plants. The results of these various approaches,
shown with respect to the putative complex subunits, are sum-
marized in Table 3.

Composition of the Plant Exocyst Complex

Size exclusion gel chromatography revealed copurification in a
high molecular mass fraction of all exocyst subunits for which
antibodies were available, namely, SEC3, SEC5, SEC6, SECS,
SEC15a, and EXO70A1. Mass spectrometry confirmed the
presence of SEC3a, SEC6, and SEC8 in the same high molecular
mass fraction and moreover identified SEC10, for which we did
not have any antibody.

The maxima of all exocyst subunits signals are localized to the
same fraction, corresponding to a molecular mass of ~900 kD.
However, the predicted size of the plant exocyst is 760 kD,
assuming that it contains one member of each subunit, consis-
tent with the characterized exocyst complexes in yeast and
mammals (Hsu et al., 1996; TerBush et al., 1996; Kee et al., 1997).
A similar observation was made in yeast where the molecular
mass of soluble 19.5S particles, later identified as the exocyst
complex, was reported to be between 1000 and 2000 kD,
although the calculated molecular mass was only 834 kD
(Bowser and Novick, 1991; Bowser et al., 1992).

Also, chromatography results indicated the mammalian exo-
cyst to have a molecular mass of 1000 to 1500 kD, compared
with the calculated 743 kD (Yeaman et al., 2004). The difference
between observed and calculated molecular mass could be
explained by association of additional interacting proteins with
the complex. For example, E-cadherin coimmunoprecipitates
with the mammalian exocyst (Yeaman et al., 2004). In Arabidop-
sis, the ICR1 adaptor protein was recently identified to interact
with SEC3, providing a link to activated ROP (Rho of plants)
GTPases (Lavy et al., 2007). Therefore, association of such
proteins with the exocyst during purification is possible. Alter-
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natively, because changes in protein shape can influence both
sedimenatation rate and apparent molecular mass, the larger
size indicated by SEGC may simply be a result of the predicted
rod-like structure of the exocyst (Hsu et al., 1998; reviewed in
Munson and Novick, 2006) inhibiting its mobility through the
pores of the size exclusion matrix. Finally, the plant exocyst
could have more than one member of each subunit or additional,
plant-specific subunit(s). However, the composition of the exo-
cyst and other quatrefoil tethering complexes seems to be highly
conserved in evolution (Whyte and Munro, 2002; Koumandou
et al., 2007).

Use of a three-step purification process (Figure 5B) resulted in
a shift of the exocyst signal maxima toward a lower molecular
mass, indicative of a reduction in the size of the complex. We
hypothesize that some subunits may form a stable core of the
complex that is maintained through the three-step purification,
whereas other subunits are more loosely associated, at least
under these conditions. Consistent with this hypothesis, higher-
salt (0.35 M NaCl) conditions during ion exchange chromatog-
raphy induced the loss of SEC5 and SEC15a, while leaving the
remaining core complex intact. Similarly, results from blue native
electrophoresis demonstrated that increasing detergent con-
centration also destabilizes the complex (see Supplemental
Figure 7B online). The yeast exocyst also shows a molecular
mass decrease under high salt conditions (0.5 M NaCl) at pH 8.0
(Bowser and Novick, 1991). However, unlike the yeast exocyst
(TerBush et al., 2001), the plant exocyst did not demonstrate
complex instability in phosphate buffer or at pH 8.0. A range of
high molecular mass complexes (>500 kD) associated with
exocyst subunits was detected by BN-PAGE, possibly as a
result of both the method used and the dynamics of the exocyst
structure in plant cells. Thus, BN-PAGE provides independent
verification that subunits of the exocyst do form high molecular
mass complexes. Moreover, experiments implied the presence of
a SEC6 dimer, which is consistent with previous observations in
yeast (Sivaram et al., 2005).

Yeast two-hybrid analysis of plant exocyst components re-
vealed strong interactions between SEC3a and EXO70Af1,

Table 3. Summary of Evidence for Inclusion of Various Subunits in a Plant Exocyst Complex

Pollen
Germination Three-Step  Three-Step Interaction
Genetic Male-Specific and Tube Immunolocalization SEGC on Purification; Purification; in Yeast
Interaction in  Transmission ~ Growth at Pollen Crude Protein Protein Two-Hybrid
Subunit Sporophyte  Defect Defect Tube Tip Extract Gel Blot Sequencing BN-PAGE System
SEC3 + + +2 + +2
SEC5a/b  +P e 4o " n
SEC6 + + + + + + + +
SEC8 + + + + + + + + +
SEC10 + +
SEC15a/b + + +d +e
EXO70A1 + + -+ + + +

2SEC3a was identified/used in this experiment.
PInteraction only tested with sec5a mutant.

¢ Double mutants (sec5a sec5b) produce a phenotype different from the wild type; single mutants in either gene are unaffected.

d Polyclonal SEC15a antibody likely recognizes only the SEC15a isoform.

©SEC15b was used in the two-hybrid assay.
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SEC15b and SEC10, and between SEC6 and SEC8. These
pairwise interactions are conserved in both yeast and animals,
although in yeast, the Sec3p-Exo70p and Sec6p-Sec8p inter-
actions were identified using immunoprecipitation or pull-down
assay rather than the two-hybrid assay (Guo et al., 1999a; Matern
et al., 2001; Sivaram et al., 2005). Since SEC3a exocyst subunit
was shown to interact with the activated ROP GTPases via ICR1
adaptor protein (Lavy et al., 2007), it would be necessary to
check not only how promiscuous or specific the SEC3a interac-
tion is with different EXO70s but also whether ICR1-bound
SEC3a is able to bind EXO70. Unfortunately, in the case of
EXO84 subunit, it turned out that in our two-hybrid analysis it
interacted nonspecifically also in controls. We do not have
antibodies against EXO84 subunit yet; however, our preliminary
data from the mutant allele transmission analysis (see bellow)
point to the possibility of pollen transmission defect. We expect
that EXO84 is an exocyst subunit also in plants. The overall
number of two-hybrid interactions identified so far among plant
exocyst subunits in our experiments is similar to those reported
for yeast (Guo et al., 1999a) but lower than those reported for
animals (Matern et al., 2001). The notion of direct interaction
between SEC6 and SEC8 subunits in vivo is further supported by
the finding that the SEC6 antibody blocks the labeling of the
pollen tube tip by the SEC8 antibody, unless anti-SEC8 is added
before anti-SEC6 (Figure 3). Obstruction of the epitope recog-
nized by anti-SEC8 by SEC6 antibody implies that the two
proteins are located in close proximity, perhaps with the SEC8
epitope lying deeper within the exocyst structure.

A prerequisite for the exocyst to function as a complex is the
colocalization of its components to regions of the cell where it is
active (e.g., sites of intensive secretion). We have demonstrated by
indirect immunofluorescence that SEC6, SEC8, and EXO70 all
localize to such a site, the tobacco pollen tube tip, a region of
vigorous polarized exocytosis. Intriguingly, our time-course eval-
uation of SEC6 and SEC8 accumulation in tobacco pollen shows
an increase in both proteins during the first 60 min after germi-
nation (Figure 4). Although we cannot discriminate in this exper-
iment whether the exocyst detected in the pellet fraction is
membrane bound (Yeaman, 2003), our data clearly show simulta-
neous accumulation of SEC6 and SEC8 in germinating tobacco
pollen. This implies a functional link between these two subunits in
polarization of the vegetative cell during pollen grain germination.

It seems that exocyst subunit interactions and complex archi-
tecture differ somewhat between animals and yeast (e.g., Guo
et al.,, 1999a; Matern et al., 2001; Moore et al., 2007). Our data
for Arabidopsis concerning exocyst size, the more labile asso-
ciation of some subunits, and the lack of two-hybrid interactions
reported in yeast and animals support the possibility that the
exocyst complex of land plants has yet another distinct archi-
tecture, perhaps one that allows functional exploitation of the
multiple subunit isoforms (Synek et al., 2006) and adaptor
proteins encoded by plant genomes (Lavy et al., 2007).

Genetic Analyses Imply an Important Role for the Plant
Exocyst in Cell Growth

Yeast null mutants in exocyst genes are nonviable, whereas
temperature-sensitive mutants block exocytosis as manifested

by accumulation of secretory vesicles in the cytoplasm (Novick
et al., 1980; TerBush et al., 1996; Finger and Novick, 1997; Guo
et al., 1999a). The knockout of the Sec5 subunit and depletion of
the Sec10 mRNA in Drosophila resulted in early postembryonic
lethality (Andrews et al., 2002; EauClaire and Guo, 2003; Murthy
et al., 2003). Similarly, mice with a mutant allele for the Sec8
subunit died during an early stage of embryogenesis (Friedrich
et al., 1997). Mutations in both Drosophila and mouse Sec15 led
to developmental defects caused by affected membrane recy-
cling (Jafar-Nejad et al., 2005; Lim et al., 2005; Garrick and
Garrick, 2007).

In plants, genetic analyses of the function of exocyst subunits
SECS3, SEC8, and EXO70A1 were already initiated (Cole et al.,
2005; Wen et al., 2005; Synek et al., 2006). In this report, we
further extended this effort. SEC5, SEC6, SEC8, and SEC15a
subunits were most amenable to genetic analysis not only be-
cause they are encoded by one- or two-copy genes that are not
tandemly duplicated (as are SEC3 and SEC10) but also because
T-DNA insertional lines were available for these loci. Mutations in
any of these four exocyst components result in a similar pollen-
specific transmission defect. By placing the mutant linesinagrt1
background, it was possible to observe that each of these
mutations is associated in vitro with reduced pollen germination
and defective polarized growth of the pollen tube as exemplified
by aberrant short and wide pollen tubes. We previously proposed
that the exocyst is one component of a network of signaling
pathways (the LENS) that acts to focus exocytosis and growth to
the tip of pollen tubes and root hairs (Cole and Fowler, 2006). The
defective polarized growth of the pollen tube associated with
mutations in these four exocyst components supports such a
role for the complex, assuming that when any of its subunits is
disrupted, the entire complex becomes nonfunctional. However,
it should be noted that the aberrant pollen tubes for each of the
four mutated subunits retain some polarity. Among known
pollen mutants, the exocyst-loss phenotype is perhaps most
reminiscent of pollen tubes overexpressing a dominant-negative
mutant ROP GTPase (reviewed in Yang, 2002). Although a
functional connection between ROP and the exocyst has not

Table 4. List of Arabidopsis Mutants Used in This Work

Mutant AGI Code? Line Published in
exo70A1-1 At5g03540  SALK 014826  Synek et al. (2006)
exo70A1-2  At5g03540  SALK_135462 Synek et al. (2006)
secha-1 At1g76850 SALK_ 010127 This work

sec5b-1 At1g21170  SALK_001525  This work

sec6-1 At1g71820 SALK_078235 This work

sec6-2 At1g71820  SALK 072337  This work

sec8-1 At3g10380  SALK_ 057409  Cole et al. (2005)
sec8-3 At3g10380  SALK 026204  Cole et al. (2005)
sec8-4 At3g10380 SALK_118129 Cole et al. (2005)
sec8-6 At3g10380 SALK_ 091118  Cole et al. (2005)
sec15a-1 At3g56640 SALK_006302 This work
sec15a-2 At3g56640  SALK 067498  This work

exo84b At5g49830 GABI_459C01 This work

qrt1 At5g55590 CS8050 Preuss et al. (1994)

2 AGl, Arabidopsis Genome Initiative.




been shown in pollen, the linkage between them in vegetative cell
polarized growth (activated ROP interacts with SEC3 via ICR1;
Lavy et al., 2007) makes this an attractive hypothesis.

The existence of a full octameric exocyst complex functioning
in plant pollen predicts that mutations or silencing of other
exocyst components will demonstrate similar defects. Indeed,
our preliminary analyses have revealed equal distribution of het-
erozygous and wild-type plants in the progeny of self-pollinated
EXO84/ex084b heterozygotes (wild type, 48%; heterozygous,
52%; homozygous 0%; n = 120). Although detailed analysis of
these mutants is in progress, this phenotype seems very likely to
result from a pollen-transmission defect.

The role of the exocyst in plants is not limited to pollen, as
polarly growing root hairs are short in the rth7 mutant, a maize
SEC3 homolog, and in Arabidopsis exo70A1 mutants (Wen and
Schnable, 1994; Wen et al., 2005; Synek et al., 2006). Mutations
in EXO70A1 also display other defects in cell growth (e.g.,
etiolated hypocotyl elongation, stigmatic papillae elongation,
and reduced cell number) (Synek et al., 2006). We used the
exo70AT-related defect in hypocotyl elongation to demonstrate
that mutations in two exocyst components have a synergistic
effect, as would be predicted if the two components are func-
tioning members of the same complex. The observed synergism
of the partially functional alleles, sec8-4, sec8-6, or secba-1, with
an exo70A1 mutant supports a role for the exocyst complex in
sporophytic cell growth.

We also find it noteworthy that the exocyst mutants do not
show two other phenotypes that might have been predicted
based on earlier evidence. Although there is evidence of exocyst-
like structures at the somatic and postmeiotic cell plates in
Arabidopsis (Otegui and Staehelin, 2004; Segui-Simarro et al.,
2004), none of the four strong gametophytic mutants listed in the
above paragraph shows evidence of cytokinetic defects during
pollen development. In addition, none of these mutants is asso-
ciated with transmission defects through the female gameto-
phyte, suggesting that the exocyst does not play an essential role
in its growth or development.

Finally, despite the fact that EXO70A1 appears to be the
predominant EXO70 isoform in Arabidopsis, EXO70A1 is poorly
expressed in pollen and mutations in the gene do not cause a
transmission defect (see Supplemental Figure 8 online; Synek
et al., 2006). EXO70 proliferated into 23 paralogous genes in
Arabidopsis (Elias et al., 2003), so it is highly probable that other
EXO70 isoforms function as genuine components of the exocyst
complex in pollen. Based on analysis of expression data, at least
six EXO70 paralogs are transcriptionally active in pollen (Synek
et al., 2006). While single-copy plant exocyst genes are ex-
pressed in both sporophyte and gametophyte, the multiplied
genes typically are expressed at different levels in different
tissues, with some overlap in expression of paralogs, particularly
of those for EXO70 (Cole et al., 2005; Synek et al., 2006). This
raises the possibility that different plant cells and tissues might
be endowed with different versions of the exocyst, each per-
forming specific functions. Consequently, the plant exocyst may
have evolved distinctive structures and functions compared with
the single complex of fungi and mammals.

Overall, we have demonstrated that an exocyst complex func-
tions in plants, opening the door to investigation of a host of related
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questions. Data available so far hint that we might expect the
involvement of exocyst complex not only in cell growth but also in
cell wall formation, meristem regulation, polar auxin transport, and
general cell defense against pathogen attack.

METHODS

Plant Material and Growth Conditions

Lines of Columbia-0 ecotype of Arabidopsis thaliana with T-DNA inser-
tions and the qrt7 mutant were obtained from the SALK Institute (Alonso
et al., 2003) and GABI-Kat (Rosso et al., 2003). See Table 4 for gene and
line codes. The location of each T-DNA insertion within a gene of interest
was verified by sequencing from each end of the insert. The Arabidopsis
suspension culture was derived from vegetative tissue of the Columbia-0
ecotype. For indirect immunofluorescence experiments on pollen, we
exploited mature pollen of Nicotiana tabacum cv Samsun.

Arabidopsis seeds were surface sterilized, stratified at 4°C for 3to 5 d,
and planted on growth media (1X Murashige and Skoog, 2% [w/v]
sucrose, and vitamins) or soil as previously described (Cole et al., 2005).
Plants were grown in a climate chamber at 22°C under long-day conditions
(16 h of light per day; 7500 Ix), with the exception of dark-grown seedlings
used in hypocotyl elongation experiments. In the hypocotyl elongation
experiments, surface-sterilized, stratified, and plated seeds were placed
in a lighted incubator at 22°C for 2 to 4 h to stimulate germination and
then wrapped in foil, oriented vertically, and placed in a dark box in
the incubator. After 5 d, images of the hypocotyls were captured with
a Moticam 1000 camera attached to a Zeiss Stemi SV 11 dissecting
microscope. Measurement of hypocotyl lengths was performed from the
digital photographs using ImagePro software (MediaCybernetics).

Pollen Germination Experiments

Flowers shedding pollen from Arabidopsis plants of the desired geno-
types were placed in each well of a 96-well plate (one flower per well)
containing 50 pL liquid Arabidopsis pollen germination medium [18%
sucrose, 0.01% boric acid, 2 mM CaCl,, 1 mM Ca(NOg),, and 1 mM
MgSO,, with pH adjusted to 6.5 with KOH]. Each plate was incubated at
22°C overnight. A researcher blind to the genotypic source of the flowers
microscopically screened the plate for wells with >50% of the quartets
showing germinated pollen grains. For these wells, the number of
quartets showing one, two, three, or four pollen grains germinated were
counted, and images of quartets with three or four grains germinated
were captured with a SPOT camera (Diagnostic Instruments) for subse-
quent measurement of pollen tube widths and lengths with ImagePro
software. Staining of ungerminated quartet pollen with 4’,6-diamidino-2-
phenylindole was performed as previously described (Cole et al., 2005).

Antibody Preparation

Polyclonal mouse anti-At SEC3a, anti-At SEC5a, and anti-At EXO70A1
were raised against full-length proteins expressed in Escherichia coli. The
anti-At SEC3a antibody was affinity purified on Ni-NTA agarose accord-
ing to the manufacturer’s protocol (Qiagen). Polyclonal mouse anti-At
SEC6 antibody was prepared against truncated At SEC6A protein (At
SEC6 cDNA cleaved by BamHI and religated).

Polyclonal anti-At SEC8 was raised by synthesis of a peptide
(C-LREELARIDESWAAA) corresponding to amino acids 16 to 30 of the
predicted Arabidopsis protein, conjugation of the peptide to KLH via the
N-terminal Cys (C), immunization of rabbits using a standard protocol,
and affinity purification of the antibody against the peptide on a column
(Genemed Synthesis). Polyclonal anti-At SEC15a was raised against a
peptide (CZ-TAKKKSMDMLKKRLKEFN) corresponding to amino acids
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772 to 789 (the C terminus) of the predicted Arabidopsis protein, which
was conjugated to KLH via the N-terminal Cys (C), with the aminocaproic
acid (Z) serving as a spacer between the Cys/KLH and SEC15a sequence.
Chickens were immunized using a standard protocol, and the antibody
was affinity purified against the peptide on a column (Aves Labs).

Indirect Immunofluorescence of Pollen Tubes

Tobacco pollen was cultivated in tobacco pollen germination medium Il
(10% sucrose and 0.01% H3zBO3) for 1 h and then fixed with 3.7%
formaldehyde in PEM (50 mM PIPES, 5 mM EGTA, and 5 mM MgSOQy,, pH
6.9) containing 10% sucrose for 1 h (equal volumes of double-concen-
trated fixation solution and pollen suspension were mixed together). All
steps were performed at room temperature unless otherwise specified.
After two rinses with PEM and one rinse with PEM/PBS (1:1), pollen was
treated with a cell wall-degrading enzyme mix (0.3% cellulase, 0.3%
pectinase, and 0.05% pectolyase in PBS) for 20 min. After Tween 20 was
added to a final concentration of 0.05%, this preparation was incubated
for 10 min. After incubation in 1% BSA in PBS for 30 min, specimens were
processed as follows: (1) overnight incubation with primary antibody
(mouse anti-SEC8, anti-EXO70A1, and anti-tubulin DM1 [Sigma-Aldrich],
or rabbit anti-SEC8, respectively) in PBS containing 1% BSA at 4°C; (2)
three rinses in PBS for 10 min; (3) 1-h incubation with FITC-conjugated
sheep anti-mouse antibody (Sigma-Aldrich) or TexasRed-conjugated
donkey anti-rabbit antibody (Santa Cruz Biotechnology), both diluted
1:150; (4) three rinses in PBS for 10 min. Finally, pollen was mounted into
antifade mounting medium (50% glycerol with 0.1% p-phenylenediamine
in PBS) and observed using an Olympus BX51 fluorescence microscope
and a Zeiss LSM 5 Duo confocal laser scanning microscope. The anti-
tubulin antibody served as a positive control for the labeling procedure,
revealing a pattern of tubulin cytoskeleton typical for tobacco pollen tubes
(see Supplemental Figure 3 online).

Chromatographic Purification
Hydroxyapatite Chromatography

Seven-day-old Arabidopsis suspension culture cells (90 g) were ground in
liquid nitrogen with a mortar and pestle. Then, 1 mL of Sec6/8 buffer (20
mM HEPES, pH 6.8, 150 mM NaCl, 1 mM EDTA, 1 mM DTT, and 0.5%
Tween 20) supplemented with 1X protease inhibitor cocktail (Sigma-
Aldrich) per 1 g of the fresh weight was added and grinded again. The total
lysate was sequentially centrifuged at 5000g, 10 min, and 30,000g, 30 min
at 4°C. Supernatant was then supplemented with 110 mM sodium
phosphate (final concentration) and applied to 25 mL hydroxyapatite
column (Bio-Rad), which was equilibrated with Sec6/8 buffer supple-
mented with 110 mM sodium phosphate at room temperature (flow rate
24 mL/h). The column was washed with 70 mL of wash buffer (0.15 M
sodium phosphate, pH 7.4, 0.15 M NaCl, and 1 mM DTT), and elution was
done in 10 5-mL steps using wash buffer with a sodium phosphate
concentration varying between 0.2 and 0.65 M, pH 7.4. Fractions
containing exocyst subunits (protein gel blot analysis) were pooled and
dialyzed twice against 1 liter of 20 mM Tris, pH 6.8, 100 mM NaCl, 0.2 mM
EDTA, and 0.5 mM DTT.

lon Exchange Chromatography

Dialyzed hydroxyapatite fractions were diluted with the equal volume of
20 mM Tris, pH 6.8, and loaded on the 3-mL Fractogel EMD TMAE (S)
column (Merck) equilibrated with 10 mL of 20 mM Tris, pH 6.8, 50 mM
NaCl, and 1 mM DTT. The column was then washed with 20 mL of
equilibration buffer and eluted with 3 mL fractions containing 150 to 450
mM NaCl (50 mM increment) in equilibration buffer. All was done at 4°C
using flow rate of 24 mL/min.

SEGC

Pooled ion exchange chromatography fractions containing exocyst sub-
units or 80 mg of total protein (in one-step analysis) were applied on an
equilibrated (Sec6/8 buffer) Superdex300 HiLoad 26/60 column (Phar-
macia) at 4°C with a flow rate 60 mL/min. Protein concentration in eluate
was measured with a UV detector (254 nm). Five-milliliter fractions were
taken and assayed by protein gel blot analysis.

Protein Gel Blot Analysis

A volume of the sample containing ~30 g of total protein was acetone
precipitated and loaded on 10% SDS-PAGE. Proteins were transferred to
a nitrocellulose membrane and blocked overnight with 5% nonfat dry milk
in TBS (50 mM Tris-Cl, pH 7.4, and 150 mM NaCl). Primary antibody
dilutions in TBS supplemented with 0.5% Tween 20 were as follows:
polyclonal mouse anti-At SEC3a, 1:500; polyclonal mouse anti-At SEC5a,
1:1500; polyclonal mouse anti-At SEC6, 1:1000; polyclonal rabbit anti-At
SECS, 1:500; polyclonal chicken anti-At SEC15a, 1:500. Appropriate sec-
ondary horseradish peroxidase—conjugated antibodies were applied fol-
lowed by chemiluminescent ECL detection (SuperSignal; Amersham).

Nano-LC-ESI-MS/MS Mass Spectrometry Analysis

Protein bands were excised from the SDS-PAGE gel in the expected area
visible after Coomassie Brilliant Blue staining after the last step (i.e.,
SEGC fractionation) of the three-step procedure. Excised proteins were
digested directly in the gel using trypsin (porcine, sequencing grade,
modified; Promega) overnight at 37°C. Reversed-phase nano-LC-MS/MS
was performed using an Ultimate nanoflow LC system (Dionex/LC
Packings) containing the components Famos (autosampler), Switchos
(loading pump and switching valves), and Ultimate (separation pump and
UV detector). The LC system was coupled to a QSTAR Pulsar i Hybrid
QgTOF mass spectrometer (Applied Biosystems/MDS Sciex) equipped
with a nanoelectrospray ion source (Column Adapter [ADPC-PRQO] and
distal coated SilicaTips [FS360-20-10-D-20]; New Objective).

Briefly, the tryptic peptide mixtures were autosampled at a flow rate of
30 pl/min in 0.1% aqueous trifluoroacetic acid and desalted on a
PepMap C18 trapping cartridge (LC Packings). The trapped peptides
were eluted and separated on the analytical column (75 pmi.d. X 15cm;
PepMap C18; LC Packings) using a linear gradient of 7 to 50% solvent B
(acetonitrile 84% [v/v] in 0.1% [v/v] formic acid) for 27 min at a flow rate of
220 nL/min and ionized by an applied voltage of 2200 kV to the emitter.

The mass spectrometer was operated in data-dependent acquisition
mode to automatically switch between MS and MS/MS. Survey MS
spectra were acquired for 1.5 s, and the three most intense ions (doubly or
triply charged) were isolated and sequentially fragmented for 1.5 s by low-
energy collision-induced dissociation. All MS and MS/MS spectra were
acquired with the Q2-pulsing function switched on and optimized for
enhanced transmission of ions in the MS (m/z 400 to 1000) and MS/MS
(m/z 75 to 1300) mass ranges.

Proteins were identified by correlating the ESI-MS/MS spectra with the
NCBI.nr-protein sequence database Viridiplantae (green plants) as of 07/
25/07 using the MOWSE algorithm as implemented in the MS search
engine MASCOT (Matrix Science; Perkins et al., 1999). All results from
two-dimensional electrophoresis and MS and all search results were
stored in a LIMS database (Proteinscape 1.3; Bruker Daltonics).

Blue Native Electrophoresis

Five-day-old Arabidopsis cell suspension culture cells (100 mg) were
ground in liquid nitrogen to a fine powder, and protein extraction was
performed using 100 pL of solubilization buffer (0.5 mM EDTA, 500 mM
aminohexanoic acid, 50 mM BisTris, 2 mM PMSF, and protease inhibitor



cocktail [Sigma-Aldrich]) supplied with either 10, 30, or 100 mM NaCl and
0.5 or 1% DDM (Fluka). Additionally, an extraction with no salt added and
a ratio of proteins to DDM 0.67 and 1.33 was performed. The protein
concentration was determined by the Lowry method (Bio-Rad Dc Protein
Assay). Protein samples of ~300 g were loaded onto 6 to 10% gradient
BN-PAGE (6 X 8 cm) gels at 4°C under constant current of 3.5 to 7 mA for
2 to 3 h (Eubel et al., 2005). A mixture of thyroglobulin (670 kD; Sigma-
Aldrich) and ferritine (440 kD; Sigma-Aldrich) was used as the marker.
Additionally, the plant green tissue extract was used as a marker with
distinct chlorophyll binding complexes of ~600 and 150 kD. The indi-
vidual lanes were cut out, incubated for 30 min with 2% SDS and 2%
B-mercaptoethanol, and placed on the top of the 12% SDS-PAGE and
assayed by protein gel blot analysis.

Yeast Two-Hybrid System

The yeast two-hybrid screening employed the MATCHMAKER GAL4 Two-
Hybrid System 3 (Clontech), and all procedures followed the manufac-
turer’s protocols. The yeast strain AH109 (MATa, trp1-109, leu2-3, 112,
ura3-52, his3-200, gal4A, gal80A, LYS2::GAL1yas-GALT1a74a-HIS3, MEL1,
GALZUAs-GALZTATA-ADEZ, URA3.'.'MEI_1UA3-MEL1TATA-I3CZ) was step-
wise transformed with all possible combinations of exocyst subunits
(SEC3a, SEC5a, SEC6, SEC8, SEC10, SEC15b, EXO70A1, and EXO84b),
fused either with the GAL4 DNA binding domain (pGBKT7vector) or with the
GAL4 activation domain (0GADTY7 vector). Yeast were grown on -LEU-TRP
selective media and then transferred both to -ADE-HIS-LEU-TRP selective
media and to filter paper for the 3-galactosidase assay. Murine p53 (binding
domain) and SV40 large T-antigen (activation domain), provided by the kit
manufacturer, were used as a positive control, and a combination of empty
pGBKT7 and pGADT7 vectors was used as a negative control. Only
combinations positive in 3-galactosidase assay and growing on -ADE-HIS-
LEU-TRP selective media were accepted as true interactors.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data
libraries under following accession numbers. Arabidopsis Genome Initiative
codes for Arabidopsis loci are also provided in parentheses: At SEC3a,
NM 103648.2 (At1g47550); At SEC3b, NM 103649.2 (At1g47560); At
SECb5a, AF 479278.1 (At1g76850); At SEC5b, NM 101971.2 (At1g21170);
At SEC6, AF 479279.1 (At1g71820); At SEC8, NM 111873.3 (At3g10380); At
SEC10, AF 479280.1 (At5g12370); At SEC15a, NM 115523.1 (At3g56640);
At SEC15b, NM 116468.3 (At4g02350); At EXO70A1, NM 120434.4
(At5g03540); At EXO84a, NM 100913.1 (At1g10385); At EXO84b,
NM124361.4 (At5g49830); At EXO84c, NM 100892.2 (At1g10180); At
QRT1,NM 124941.2 (At5g55590). See also Table 4 for a list of Arabidopsis
Genome Initiative locus identifiers, germplasm identification numbers, and
references for mutant lines used in this study.
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