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The exocyst complex regulates the last steps of exocytosis, which
is essential to organisms across kingdoms. In humans, its dysfunc-
tion is correlated with several significant diseases, such as diabetes
and cancer progression. Investigation of the dynamic regulation of
the evolutionarily conserved exocyst-related processes using mu-
tants in genetically tractable organisms such as Arabidopsis thaliana
is limited by the lethality or the severity of phenotypes. We discov-
ered that the small molecule Endosidin2 (ES2) binds to the EXO70
(exocyst component of 70 kDa) subunit of the exocyst complex,
resulting in inhibition of exocytosis and endosomal recycling in both
plant and human cells and enhancement of plant vacuolar trafficking.
An EXO70 protein with a C-terminal truncation results in dominant
ES2 resistance, uncovering possible distinct regulatory roles for the
N terminus of the protein. This study not only provides a valuable
tool in studying exocytosis regulation but also offers a potentially
new target for drugs aimed at addressing human disease.

endosidin2 | exocytosis | exocyst | EXO70

he EXO70 (exocyst component of 70 kDa) protein is a com-

ponent of the evolutionarily conserved octameric exocyst
complex that tethers post-Golgi vesicles to the plasma membrane
before SNARE-mediated membrane fusion (1). As an important
component of the exocyst complex that mediates exocytosis, EXO70
regulates, for example, neurite outgrowth, epithelial cell polarity
establishment, cell motility, and cell morphogenesis in animal
cells (2-6). In plants, EXO70 proteins participate in polarized
pollen tube growth, root hair growth, deposition of cell wall ma-
terial, cell plate initiation and maturation, defense, and autophagy
(7-12). In humans, EXO70 mediates the trafficking of the glucose
transporter Glut4 to the plasma membrane that is stimulated by
insulin and involved in the development of diabetes (13). A
specific isoform of human EXO70 is also involved in cancer cell
invasion (13-15). Endosidin2 (ES2) was identified from a plant-
based chemical screen as an inhibitor of trafficking. We demon-
strate that the target of ES2 is the EXO70 subunit of the exocyst
and that ES2 is active in plants and mammalian systems. Signifi-
cantly, no inhibitor of the exocyst complex has been reported, yet
such compounds could be important for understanding the basic
mechanisms of exocyst-mediated processes, for modifying se-
cretion in biotechnological applications, and for the develop-
ment of potential new drugs with higher affinity and more potent
activity to control exocyst-related diseases.

Results

ES2 Inhibits Trafficking to the Plasma Membrane. ES2 is a previously
identified plant endomembrane trafficking disruptor (Fig. 14)
that inhibits polarized growth of pollen tubes in a dose-dependent
manner (Fig. S1 A and B) (16). Arabidopsis seedlings grown on
media containing ES2 have shorter roots and fewer and shorter
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root hairs and are less sensitive to gravity stimulation (Fig. S1 C-G).
ES2 disrupted the trafficking of proteins that are actively re-
cycled between the plasma membrane and endosomes, such as
the brassinosteroid receptor (BRI1) and the auxin transporters
PINFORMEDI1 (PIN1) and PIN2 after short time treatment (2 h)
(Fig. S24) (16, 17). Although ES2 was originally identified from
the same phenotype cluster as bioactive compounds ES1 and
ES3, it did not target the same proteins as ES1 and ES3 because it
did not induce aggregation of trans-Golgi network marker SYP61
compared with ES1 and did not affect ROP6 localization com-
pared with ES3, respectively (Fig. S24) (16, 17). ES2 also did not
affect the localization of cellular markers such as HDEL:GFP
[endoplasmic reticulum (ER)], GOT1p:YFP (Golgi), SYP22: YFP
[tonoplast and prevacuolar compartment (PVC)], PGP4:GFP
(plasma membrane), or PIP2a:GFP (plasma membrane) (Fig. S2B).

We further explored ES2 effects at the cellular level using GFP-
tagged PIN2 protein because it is known to traffic to the plasma
membrane, endosomes, and vacuoles (18-21). Short term ES2
treatment reduced the amount of the plasma membrane-localized
PIN2 compared with control seedlings, as shown by a fluorescence
intensity plot profile in time-lapse images of PIN2:GFP seedlings
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Fig. 1. ES2 inhibits trafficking to the plasma membrane, and trafficking to
the vacuole is increased as a consequence in Arabidopsis. (A) ES2 molecular
structure. (B) Time course images of PIN2 localization in root epidermal cells
treated with 0.5% DMSO at time 0 (Top) and time 120 min (Bottom) under
normal light conditions. The lines in the cross-section of the images show the
location of plot profile shown in C. (C) Plot profile of the lines shown in
images in B. The fluorescence intensity along the line at time 0 is shown in
red, and that along the line at time 120 min is shown in green. B and C show
that the fluorescence intensity of PIN2 at the plasma membrane is not sig-
nificantly altered over a time course of 2 h. (D) Time course images of PIN2
localization in root epidermal cells treated with 40 uM ES2 at time 0 (Top)
and time 120 min (Bottom) under normal light conditions. The lines in the
cross-section of the images show the location of the plot profile shown in E.
(E) Plot profile of the lines shown in images in D. The fluorescence intensity
along the line at time 0 is shown in red, and that along the line at time
120 min is shown in green. D and E show that the fluorescence intensity of
PIN2 at the plasma membrane is reduced after 2 h of ES2 treatment. (F) PIN2
trafficking to the vacuole is increased after ES2 treatment. Images show root
cells from PIN2::PIN2:GFP seedlings treated with 0.5% DMSO (Left) or 40 uM
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treated with DMSO or ES2 (Fig. 1 B-E). The mean fluorescence
intensity of total plasma membrane-localized PIN2:GFP in seedlings
treated with ES2 (90.6 + 13.7, mean + SD, n = 30) was significantly
lower than that in seedlings treated with DMSO (1183 + 17.9,
mean + SD, n = 30) (P < 0.05). When we performed ES2 treatment
of PIN2::PIN2:GFP-expressing seedlings in the dark to inhibit
vacuolar-localized GFP fusion protein degradation (22), we found
an increased amount of GFP fluorescence in the vacuoles compared
with the control (Fig. 1F). The results indicated that ES2 treat-
ment inhibited trafficking to the plasma membrane, and, as a con-
sequence, the trafficking to the vacuole for degradation is enhanced.

The feret diameter of PIN2-localized compartments observed
from fluorescence confocal microscope images upon ES2 treat-
ment under light conditions was 1.18 + 0.47 pm (mean + SD, n =
391, from 107 cells of 11 seedlings), with a maximum feret diameter
of 2.9 pm and a minimal feret diameter of 0.4 pm (Fig. 1G). Size
distribution of ES2-induced PIN2 agglomerations indicates that
they are very different from known brefeldin A (BFA)-induced
agglomerations resulting from abnormal trafficking at the Golgi.
PIN2 vacuolar trafficking involves the retromer complex, including
its component Sorting Nexin1 that colocalizes with ARA7/RabF2b
endosomes (19, 20). We found that, in seedlings expressing both
PIN2::PIN2:GFP and ARA7/RabF2b:mRFP, the ES2 treatment
induced PIN2 accumulation in the ARA7/RabF2b endosomal
compartments (Fig. 1H). We manually examined 338 PIN2 ag-
glomerations from roots of 12 seedlings treated with ES2 and found
that all of these agglomerations had partial or complete colocali-
zation with ARA7/RabF2b-labeled late endosomes/PVC. Accumu-
lation of PIN2 in ARA7/RabF2b-positive compartments was
consistent with our observation that ES2 reduced PIN2 plasma
membrane localization and that PIN2 trafficking to the vacuole
is increased.

We next examined whether a reduced quantity of PIN2 at the
plasma membrane was a result of reduced PIN2 recycling. The
PIN2::PIN2:GFP seedlings grown on normal media were treated
with BFA for 2 h and then permitted to recover in liquid media
containing either ES2 or DMSO for another 1.5 h before im-
aging. We found that the disappearance of BFA bodies in ES2-
treated seedlings showed a significant delay in comparison with
the DMSO containing media (Fig. 1 I and J), indicating that ES2
treatment reduced PIN2 recycling through endosomes. Similar
delayed PIN2 recycling has been observed in mutants that are
defective in exocytosis (23).

The ES2 molecule contains an N-acyl hydrazone group at its
core and could have the propensity for hydrolysis to 3-fluo-
robenzohydrazide and 4-hydroxy-3-iodo-5-methoxybenzaldehyde
in aqueous solution (Fig. S34). To confirm whether ES2 is stable
in our system, we tested the stability of ES2 in a water solution
using "H NMR analysis. We collected "H NMR spectra of ES2 at
different time points over a course of 1 wk and observed no hy-
drolysis products under these conditions (Fig. S3B). In addition, we
tested the activity of the two possible ES2 hydrolysis products in
inducing PIN2 localization in late endosomal compartments. We

ES2 (Right) for 2 h in the dark. (G) Box plot showing the size distribution of
PIN2 agglomerations after ES2 treatment. (H) ES2-induced PIN2 agglomera-
tions colocalize with ARA7/RabF2b. (Top) Images from PIN2::PIN2:GFP;ARA7/
RabF2b:mRFP root cells treated with 0.5% DMSO, showing GFP channel, mRFP
channel, and merged channel from Left to Right. (Bottom) Images from PIN2::
PIN2:GFP;ARA7/RabF2b:mRFP root cells treated with 40 pM ES2, showing GFP
channel, mRFP channel, and merged channel from Left to Right. (/) ES2 reduces
recycling efficiency of BFA-induced PIN2-positive membrane aggregates. (Left)
PIN2 localization after BFA treatment. (Middle) PIN2 localization after 90 min
of recovery in normal 0.5x MS media. (Right) PIN2 localization after 90 min of
recovery in 0.5x MS media containing 40 pM ES2. Arrows show the residual
PIN2 aggregates. (J) Quantification of cells containing BFA compartments after
recovery in media containing DMSO or ES2. (Scale bars: 10 pm.)
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Fig. 2. ES2 interacts with the EXO70A1 subunit of the exocyst complex. (A-E) Structure and bioactivity of ES2 and its synthesized analogs. Top are the
structures and Bottom are the PIN2 localization after treatment with 40 pM of corresponding analogs. Bio-688 (C, active) and Bio-680 (E, inactive) were used in
pull-down assays. (Scale bars: 10 pm.) (F) Western blot detection of EXO70A1 in the resin from the pull-down assays using anti-EXO70A1 antibody. Lane 1, 1%
of the input sample; lane 2, resin from the Bio-688 sample; lane 3, resin from the Bio-680 sample; lane 4, resin from the free Biotin sample. (G) DARTS assay
shows that ES2 protects EXO70A1, but not actin, from degradation. (Top) Western blot of DARTS samples treated with different concentrations of pronase
using anti-EXO70A1 and anti-actin antibodies. The chart at the Bottom shows the signal intensity ratio between ES2 and DMSO using antibodies against
EXO70A1 and actin under different dilutions of pronase. At 10,000 and 3,000 dilutions, EXO70A1 protein was obviously protected from degradation by ES2.
The error bars represent SEs of two independent experiments. (H) Coomassie staining of purified EXO70A1 protein (amino acid 75 to end) used for STD-NMR
experiments. (/) ES2 'H assignment and the spectra of STD-NMR using purified EXO70A1 protein and ES2. Red, green, and blue colors represent off resonance,
on resonance, and different spectrum, respectively. The arrow indicates a spectral peak from the buffer component present in the sample. The signal from the
buffer is not present in the different spectrum. (J) STD-NMR binding curves of EXO70A1 titrated with different concentrations of ES2 (red) and analog8 (blue).
Red circles represent STD amplification factors of ES2 H1 through H7 dosed with ES2. Blue squares represent STD amplification factors of analog8 H2a, H2b,
and CH3 dosed with analog8. Solid lines represent the nonlinear fit curves, and the dotted lines represent the 95% confidence interval of the fit.
(K) Thermophoresis binding curves of NT-647—-labeled EXO70A1 titrated with different concentrations of ES2 (red) and analog8 (blue). Red circles and blue
squares represent normalized fluorescence of EXO70A1 dosed with ES2 and analog8, respectively, from each replicate experiment. Solid lines represent the
nonlinear fit curves, and the dotted lines around the fit represent the 95% confidence interval of the fit.
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Table 1. ES2 'H NMR chemical shifts

Hy o

Hs Hr
Hy Hy

Hs

ES2 "H chemical shifts, d(ppm)

Number DMSO-d, D,0
1 7.70 7.49
2 7.45 7.29
3 7.59 7.46
4 7.76 7.55
5 8.29 8.06
6 7.61 7.59
7 7.33 7.33
NH 10.09 NA
CH3 3.89 3.79
OH NA NA

NA, not available; ppm, parts per million.

found PIN2 localization at the plasma membrane after we treated
PIN2::PIN2:GFP seedlings with 40 pM 3-fluorobenzohydrazide or
4-hydroxy-3-iodo-5-methoxybenzaldehyde for 2 h, similar to what
we observed in the DMSO control, but significantly different from
the intracellular localization pattern in ES2 treated samples (Fig.
S3 C-F). These data showed that ES2 is a stable compound under
aqueous solution and that the induced trafficking phenotypes are
not due to any in situ hydrolysis byproducts.

Overall, we concluded that ES2 reduced trafficking to the
plasma membrane and that protein trafficking to the vacuole is
increased as a consequence. This observation suggests a possible
mechanism to regulate the dynamics of vesicle trafficking.

EXO70A1 Is a Cellular Target of ES2. Structure-activity relationship
(SAR) analysis was performed to identify moieties in ES2 that
were dispensable for its activity based on the induction of PIN2
localization in agglomerations (Fig. 24 and Fig. S4). We found that
the iodine in the molecule was necessary for its activity whereas the
benzoic ring with the fluorine could accommodate different atoms
while maintaining activity. To generate analogs with biotin to fa-
cilitate target identification, we synthesized new active and inactive
analogs with an amine group in the benzoic ring with the fluorine
named analog-688 (Ana-688) and analog-680 (Ana-680), as active
and inactive analogs, respectively (Fig. 2 B and D). These two an-
alogs were further modified to produce biotinylated molecules using
the amine group and named Bio-688 and Bio-680, respectively (Fig.
2 C and E) (see SI Materials and Methods for schemes and Dataset
S1 for characterization of synthesized compounds). Ana-688 and
Bio-688 induced PIN2 agglomerations after short-term treatment
whereas Ana-680 and Bio-680 did not, indicating they could be used
as active analogs and inactive analogs, respectively.

Bio-688 and Bio-680 were coupled to streptavidin agarose,
resulting in active and inactive matrices, respectively, which were
incubated with Arabidopsis cell extracts. Proteins bound to the
active and inactive matrices were eluted by ES2, and the eluted
fractions were analyzed using mass spectrometry (MS). Although
the peptide abundance in the elution fractions was low (Dataset
S2), we detected a peptide from Arabidopsis EXO70G2, which
belongs to the EXO70 family in Arabidopsis that is involved in
exocytosis, from the active matrix but not the inactive matrix
elution. EXO70G2 belongs to the EXO70 family that has 23
members in Arabidopsis divided into subclasses A to H (7, 24,

E44 | www.pnas.org/cgi/doi/10.1073/pnas.1521248112

25). EXO70A1, which shares 24% amino acid sequence identity
with that of EXO70G2, is a member of the EXO70 family that
has been well-studied, and there are resources available for us to
do further investigation. We then took other approaches to test for
possible interaction between ES2 and EXO70 proteins in Arabi-
dopsis. Using an available EXO70 antibody, we further tested the
presence of a close paralog EXO70A1 on the matrix by Western
blot (Fig. 2F) (7-9, 23, 26). The intensity of the Western blot bands
indicated that the Bio-688 matrix was more potent in pulling down
EXO70Al, in comparison with the Bio-680 matrix and biotin
controls, indicating that EXO70AL1 interacted more strongly with
the active ES2 analog compared with the inactive analog.

We took a relatively new approach for chemical target iden-
tification called drug affinity responsive target stability (DARTS)
to test the interaction between ES2 and EXO70A1 (27). The
DARTS approach was developed based on the observation that
some proteins are protected from degradation by proteases when
bound to the ligand (27). We incubated an Arabidopsis protein
extract with ES2 or DMSO and then digested with different
concentrations of proteases. After normalizing EXO70A1 pro-
tein Western blot band intensity against that of the actin internal
control, we found that the degradation of EXO70A1 was sig-
nificantly protected by ES2 compared with actin, which was de-
tected on the same blotting membrane at protease dilutions of
1:3,000 and 1:10,000 (Fig. 2G). We further expressed and puri-
fied the EXO70AL1 protein from Escherichia coli and tested for
its interaction with ES2, using saturation-transfer difference NMR
(STD-NMR) (28). EXO70A1 amino acid residues 75-638 were
used for STD-NMR due to the instability of the full-length protein
(Fig. 2H). The 'H assignments of ES2 in DMSO-d, were de-
termined from gCOSY (gradient correlation spectroscopy) and
gNOESY (gradient nuclear overhauser effect spectroscopy)
spectral analysis (Fig. S5 4 and B and Table 1). Assignments in
D,0 were made by comparison with the 1D spectrum recorded in
DMSO-ds. To determine the optimum saturation time, an STD
build-up curve was generated using 400 pM ES2 and 20 pM
EXO70A1 samples (Fig. S6C). The build-up curve (Fig. 2I) clearly
indicated that there was direct interaction between ES2 and
EXO70A1. The 'H spectral peak from an unrelated molecule
showed no interaction with EXO70A1 (Fig. 2/, arrow). Based on
the results from the build-up curve, all further STD-NMR mea-
surements were taken using a 2-s saturation time. We titrated
EXO70A1 with different concentrations of ES2 in an STD-NMR
experiment, and the STD amplification factor was calculated as a
function of ES2 concentration (Fig. 2/). The dissociation constant
(Kq) of the EXO70A1 and ES2 interaction using STD-NMR was
400 + 170 pM and the B,x was 12.9 + 2.74 (Table 2). We also
performed the 'H assignments of ES2 analog8 (Table S1 and Fig.
S5D), an inactive analog, and studied the interaction between
analog8 and EXO70Al using STD-NMR. The calculated STD
amplification factors did not show a significant increase, with el-
evated concentrations of analog8 (Fig. 27). This result confirmed
that the detected interaction between ES2 and EXO70AL1 using
STD-NMR is not due to random interaction of any small molecule
with EXO70A1 protein.

Table 2. Nonlinear fit summary of ES2 binding curves using
STD-NMR and MST

MST
STD

Parameters EXO70A1 EXO70A1 EXO70A1-L596A;1613A
Bmax HM (mean + SE) 12.9 + 2.74 176 + 26.9 96.9 + 16.9
h 1.21 £ 0.297 1.73 + 0.436 4.13 +2.85
K4, pM (mean + SE) 400 + 170 253 + 63.6 252 + 50.6
R square, % 90.2 81.7 46.5

Zhang et al.
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Fig. 3. EXO70A1 N-terminal peptide contributes to ES2 resistance. (A) Het-
erozygous mutant allele of exo70A1-3 displays resistance to ES2. (B) WT
seedlings from EXO70A1 heterozygous progeny expressing PIN2::PIN2:GFP
treated with 40 pM ES2 for 2 h. (C) Heterozygous seedlings from EXO70A1
heterozygous progeny expressing PIN2::PIN2:GFP treated with 40 pM ES2 for
2 h. (D) Heterozygous mutant allele of exo70A7-3 (n = 370 cells from 16
seedlings) has smaller PIN2 agglomerations compared with WT seedlings
(n = 241 cells from 12 seedlings) in the same segregating population (P <
0.001). (E) Heterozygous mutant allele of exo70A1-3 (n = 370 cells from 16
seedlings) has fewer numbers of PIN2 agglomerations compared with WT
seedlings (n = 241 cells from 12 seedlings) in the same population (P < 0.001).
(F) Diagram showing the EXO70A1 gene organization and the location of
the T-DNA insertion in the exo70A1-3 allele. The arrows mark locations and
orientations of the primers used for allele characterization in G. (G) RT-PCR
shows that T-DNA insertion causes accumulation of truncated EXO70A1
mRNA in homozygous exo70A1-3 seedlings. EXO70A1 mRNA sequence 3’ of
the T-DNA insertion site was not detected. (H) MS spectra of extracted ion
chromatograms of m/z 756.43,3+ for the peptide spanning amino acids 90-
109 of EXO70A1 from protein gel bands of WT or exo70A1-3. The EXO70A1
N-terminal peptide (amino acids 90-109) was detected in the 70-kDa region
but not the 25-kDa region from WT plants; the same peptide was detected in
the 25-kDa region but not the 70-kDa region from exo70A7-3 homozygous
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To further confirm results from STD-NMR, we used the
technique of microscale thermophoresis (MST) to quantify the
dissociation constant for the complex of ES2 (titrant) with
EXO70AL (target molecule). This method observes the motion
of molecules in response to a temperature gradient (29-31).
Thermophoresis is characterized by monitoring the time-
dependent fluorescence, referred to as a time trace, of a labeled
target molecule in a small zone subject to localized heating by an
infrared laser (30). Multiple time traces were acquired for serial
dilutions of a binding partner. Because binding of the titrant with
the target molecule results in a change of mass, charge, or hy-
dration entropy, the complex exhibits different thermophoretic
behavior from the target molecule alone (29, 31). Plotting the
thermophoretic effect as a function of titrant concentration pre-
sents dose-dependent behavior. From the dose-responsive curve,
we calculated a Ky of 253 + 63.5 pM for the interaction of ES2
with EXO70A1. Although the mean value from MST is lower than
the K4 from STD-NMR, the results are not significantly different
with a 95% level of confidence. This result suggests a micromolar
affinity for the binding of ES2 to EXO70A1 consistent between
binding assays based on different physical principles (Table 2).
Moreover, when MST is performed for the interaction of a neg-
ative control, analog8, with EXO70A1, we observed no change in
thermophoretic behavior as expected (Fig. 2K).

We concluded from these different assays that ES2 interacted
with EXO70AL in vitro, suggesting that it could be a target in vivo.

The Expression of EX0O70A1 N Terminus Results in Desensitization to
ES2. To investigate the relationship between ES2 and the EXO70
gene family at the genetic level, we tested root growth phenotypes
of available exo70 mutants as listed in Table S2, in the presence of
ES2. None of the 24 mutants that we tested displayed significant
differences in response to ES2 compared with WT, except one.
Heterozygous seedlings of T-DNA (transfer DNA) insertion al-
lele exo7041-3 (SALK_026036C) showed resistance to ES2 in
root growth (Fig. 34). To study the response of T-DNA insertion
mutant plants to ES2 at the cellular level, we crossed PIN2::PIN2:
GFP with ex07041-3 heterozygous plants. The F3 population
from an F2 seedling that was homozygous for PIN2::PIN2:GFP
and heterozygous for T-DNA insertion was used to study the dif-
ference between WT plants and exo7041-3 heterozygous plants.
Upon ES2 treatment, heterozygous T-DNA insertion mutant
seedlings showed smaller and fewer PIN2 agglomerations com-
pared with WT seedlings from the same segregating population
(Fig. 3 B-E). Although heterozygous exo7041-3 seedlings had
normal growth at the seedling stage, the plants had retarded
growth after bolting, more shoot stems, reduced seed yield, and
abnormal flower development (Fig. S64). Homozygous exo7041-3
seedlings had severe growth phenotypes that included arrested root
growth and abnormal root meristem organization and were seed-
ling lethal (Fig. S6B), similar to previously characterized exo70A41-1
and exo70A1-2 mutant alleles, but were more severe (7). The more
severe phenotypes in exo70A41-3 homozygous plants were reported
previously, and it was not understood why this T-DNA insertion

plants. (/) Transgenic plants that express EXO70A1 N-terminal peptide
(amino acids 1-231) are less sensitive to ES2 in root elongation. The trans-
genic plants have longer roots in comparison with the PIN2::PIN2:GFP line on
20 pM ES2 plates. (J) The ratio of root growth on 30 pM ES2 relative to 0.5%
DMSO in different genotypes at different time points after being trans-
ferred. Col, exo70A1-3 heterozygous and EXO70A1N seeds were grown on
1/2 MS agar plates for 3 d, and the seedlings were then transferred to 1/2 MS
agar plates containing 0.5% DMSO or 30 uM ES2. The absolute root growth
of each seedling after transfer was calculated at different time points. The
ratio of root growth on 30 pM ES2 relative to the root growth on DMSO was
calculated for each genotype at each time point. The * represents a signif-
icant difference to Col in t test (P < 0.05). (Scale bars: B and C, 10 um.)
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Fig. 4. ES2 inhibits EXO70A1 dynamics in Arabidopsis root cells. (A) EXO70A1
has a polar localization pattern on the outer lateral side of the root epidermal
cells in the transition zone, and this pattern is altered by ES2 treatment. Lo-
calization of EXO70A1 in the transition zone after 2 h or 4 h of treatment with
DMSO (Top) or ES2 (Bottom) was shown. (B) Plot profiles of fluorescence in-
tensity across the yellow lines in DMSO-treated sample as shown in A. (C) Plot
profile of fluorescence intensity across the red line in ES2-treated sample as
shown in A. (D) Images of fluorescence recovery after photobleaching (FRAP)
analysis in root hair cells treated with 0.05% DMSO (Top) or 4 uM ES2 (Bottom).
Pre-bleach represents the fluorescence before photo bleaching. Pb represents
the time point of post-bleach recovery. The yellow shapes in Prebleach images
indicate the regions that were manually selected for photo bleaching. (E) Plot
of relative fluorescence intensity to prebleaching at different time points in
ES2-treated and control cells shown in D. (Scale bars: 10 pm.)

line caused the severe phenotypes (32). We decided to further
characterize this allele to find out the linkage between T-DNA
insertion in EXO70A41 and ES2 resistance. We analyzed the
homozygous mutant at the transcription level and found that it
accumulated the 5’ end of the EXO70A41 mRNA upstream of the
T-DNA insertion site whereas the 3’ end of mRNA downstream
of the T-DNA insertion was not detected (Fig. 3 F and G). We
suspected that this mutation resulted in dominant resistance due
to the truncated mRNA encoding a stably accumulated N-terminal
peptide that caused the severe phenotypic defect in exo7041-3. In
contrast, exo70A1-1 and -2 were reported as null and knockdown
alleles that exhibit a milder phenotype (7). This observation led us
to characterize the mutant allele at the protein level.

The expected mass of the truncated peptide was ~25 kDa, with
231 amino acids. Because the anti-EXO70A1 antibodies did not
recognize the N-terminal region of EXO70A1, we took advan-
tage of mass spectrometry analysis. We first surveyed the E. coli-
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Fig. 5. ES2 targets EXO70 to inhibit exocytosis in mammalian cells. (A) ES2
treatment inhibits the recycling of transferrin in Hela cells. Time course
images of Hela cells transformed with Alexa488-transferrin that were
chased in the presence of DMSO (Top) or ES2 (Bottom). (B) The amount of
transferrin retained in cells after 30 min and 90 min of chasing at 37 °C
relative to that after 5 min chasing in corresponding DMSO- or ES2-treated
cells. The error bars represent SD from three independent experiments. One
hundred cells were analyzed per experiment. *P < 0.05 by paired two-
sample t test. (C) ES2 inhibits plasma membrane localization of GFP-rEXO70
in HelLa cells. Upon ES2 treatment, GFP-rEXO70 is accumulated in in-
tracellular compartments (Right). (D) Coomassie blue staining of purified rat
EXO70 protein (left lane) used for STD-NMR experiment. (E) The spectra
of the STD-NMR experiment show interaction between ES2 and rEXO70A1.
The off-resonance spectrum, the on-resonance spectrum, and the different
spectrum are shown in red, green, and blue, respectively. The arrow indicates
a spectral peak from the buffer component that does not show in the dif-
ferent spectrum. (Scale bars: 10 pm.)
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Fig. 6. EXO70A1 amino acids L596 and 1613 participate in interaction with
ES2. (A) Structure of EXO70A1. The structure is divided into three domains:
N-terminal domain (blue), C-terminal domain (green), and middle domain (cyan).
(B) Structural superposition of EXO70A1 with mEXO70. (C) Conformation of
the EXO70A1-ES2 complex from docking simulation. ES2 (magenta) fits in the
cavity that is formed by several amino acids (cyan). The two yellow circles
highlight the two amino acids L596 and 1613 that were mutated to A as shown
in D. (D) Conformation of the EXO70A1-L596A;1613A-ES2 complex from docking
simulation. With the two mutations at L596 and 1613, ES2 conformation is
changed in comparison with the WT EXO70A1 protein. (E) STD-NMR profiles of
EXO70A1 (Bottom) and EXO70A1-L596A;1613A (Top) with ES2 when using the
same concentrations of protein and ES2. The spectra are presented in the
same scale. The integrity of an individual STD-NMR spectrum is less in reactions
with mutant protein in comparison with the reactions using a WT protein.
(F) The ratio of STD-NMR spectral integrity of different protons in ES2 between
EXO70A1-L596A;1613A and EXO70A1 shown in E. In the EXO70A1-L596A;
1613A mutant protein, the integrities of the STD-NMR spectral peaks in ES2
are reduced to about 20% of the WT EXO70A1 protein. (G) Thermophoresis
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expressed EXO70A1 protein with nano-LC/MS/MS (liquid
chromatography/mass spectrometry/mass spectrometry) and
identified a peptide ion from its N-terminal region (amino acids
90-109) with strong signal intensity (Fig. S7). Using this peptide ion
with known m/z, charge state, and retention time as the finger-
print for EXO70A1, we then analyzed plant proteins derived
from WT and the T-DNA line. We analyzed SDS gel bands with
approximate masses of 70 kDa and 25 kDa, respectively, from
both the WT and exo7041-3 mutant using nano-LC/MS (the
system was confirmed with no background after blank injection).
It was found that the amino acid 90-109 fingerprint was detected
in WT 70-kDa and exo7041-3 25-kDa samples (Fig. 3H), in-
dicating that the exo70A41-3 allele accumulates a truncated peptide
in planta that might be responsible for the ES2 resistance. To test
the contribution of the truncated peptide to the growth resistance
of the exo70A1-3 mutant, we expressed EXO70A1 amino acids 1-
231 in WT plants under the Cauliflower Mosaic Virus 35S pro-
moter and then analyzed the effect of ES2 on the transgenic lines.
Homozygous transgenic lines expressing the N terminus of
EXO70A1 showed partial resistance to ES2 in root growth when
grown on media containing lower concentrations of ES2 (Fig.
3I). We also found resistance to ES2 when exo7041-3 hetero-
zygous seedlings or EXO70A1 N terminus expression seedlings
were transferred from normal media to ES2-containing media
(Fig. 37). Reproduction of ES2 resistance in transgenic lines
confirmed the linkage between EXO70A1 N terminus expression
and ES2 resistance. Similar to exo70A41-3 heterozygous plants, plants
expressing the N-terminal truncated peptide displayed normal
growth at the seedling stage in the absence of ES2, but retarded
growth, small stature, reduced seed yield, and flower develop-
ment defects after bolting on soil (Fig. S8). Thus, we concluded
that the EXO70A1 N-terminal peptide was sufficient to induce
dominant ES2 resistance in plants, and this observation con-
firmed in planta that EXO70A1 was a target of ES2. This ob-
servation also suggested that the exocyst could be an important
site for controlling the dynamics between recycling to the plasma
membrane and vacuole targeting and that the N-terminal
domain probably served distinct roles in exocyst regulation.
Heterozygous exo70A1-3 plants show developmental pheno-
types in later stages of plant development, which is similar to the
EXO70A1 N-terminal peptide expression line. This observation
may also reflect the regulatory roles of the EXO70Al
N-terminal domain and the contribution of EXO70A1 to different
stages of plant development. Although further investigation is
needed to understand the underlying cellular mechanisms for the
roles of the EXO70A1 N terminus region in regulating exocytosis
and in plant development, the genetic resistance in the mutant and
transgenic lines confirms the linkage between ES2 and exocyst
regulation at the genetic level.

ES2 Inhibits Cellular Dynamics of EX070A1. To discover whether
ES2 inhibited EXO70 cellular dynamics directly, we examined
the cellular localization of GFP-tagged EXO70A1 (GFP:EXO70A1)
in Arabidopsis root cells upon ES2 treatment. GFP:EXO70A1
showed plasma membrane localization with distinct polarized
maximum at the outer lateral side of root epidermal cells in the
root tip (Fig. 44, white arrows). We found that, upon ES2
treatment, the polarized localization pattern of EXO70A1 was
lost (Fig. 4 A-C). Plot of fluorescence intensity across the root
transition zone in DMSO-treated control seedlings revealed high

binding curves of NT-647-labeled purified EXO70A1 and EXO70A1-L596A;
1613A titrated with different concentrations of ES2. Red circles and blue
squares represent the normalized fluorescence of EXO70A1 and EXO70A1-
L596A;1613A, respectively, in each triplicate experiment. Solid lines represent
the nonlinear fit curves, and the dotted lines around the fit curve represent
the 95% confidence interval of the fit.
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Table 3. Data collection and refinement statistics

Data collection and statistics EXO70A1(Se-MET)

Data collection
Space group
Cell dimensions

P2,242,

a, b cA 55.1, 72.1, 327.9

a, b g° 90, 90, 90
Wavelength 0.9774
Resolution, A 50.0-3.40 (3.52-3.40)*
Reym OF Rinerge 0.097(0.404)
I/sl 19.7(3.3)
Completeness, % 99.9(99.7)
Redundancy 4.6(4.3)

Refinement

Resolution, A 48.5-3.40
No. of reflections 34,418
Ruwork/Réree 0.312/0.337
No. of atoms

Protein 5,886
B-factors

Protein 116.1
rmsd

Bond lengths, A 0.010

Bond angles, ° 1.497
Ramachandran plot

Favored regions, % 94.0

Allowed regions, % 5.8

Outliers, % 0.2

*Values in parentheses are for the highest resolution shell.

fluorescence intensity in the outside layer of the root epidermal
cells (Fig. 4B). After 2 h of 40 pM ES2 treatment, the lateral
polarity of EXO70A1 was changed, as reflected by reduced
fluorescence intensity at the outside layer of root epidermal
cells (Fig. 4C). The mean fluorescence intensity of lateral GFP:
EXO70AL1 in ES2-treated seedlings (32.0 + 12.2, mean + SD,
n = 10) was significantly lower than DMSO control seedlings
(88.1 + 18.6, mean + SD, n = 10) (P < 0.05). However, the
lateral polarity pattern of two other exocyst components, EXO84
and SECS, was not affected (Fig. S94, white arrows). In root hair
cells, where active exocytosis is required for polarized growth
(33, 34), it was found that, upon ES2 treatment, the fluorescence
recovery of GFP:EXO70A1 after photobleaching was signifi-
cantly slower compared with control cells (Fig. 4D). The maximum
fluorescence recovery was more than 80% of the prebleached in-
tensity within 3 min in control cells whereas the fluorescence re-
covery was limited to 20% of the prebleached level at the same
time in cells treated with ES2 (Fig. 4F). This result indicated that
ES2 significantly inhibited the cellular dynamics of EXO70AL1 in
root hair cells as well. The fact that ES2 strongly interfered with
EXO70AL1 localization without perturbing two other exocyst sub-
units further supported that, in planta, EXO70A1 was a target of
ES2. The specificity of mislocalization suggests that the mecha-
nism of EXO70AL lateral plasma membrane targeting is distinct
from that of other exocyst components. Furthermore, EXO70A1
may dissociate from the complex independently from other
subunits, indicating that the maintenance of its lateral polarity
may be distinct (assuming that EXO84, SEC8, and EXO70A1
are part of the exocyst while at the lateral plasma membrane).
Furthermore only lateral polarity was affected (not isolateral
localization), indicating that EXO70A1 lateral polarity is distinct.

ES2 Targets EXO70 to Inhibit Recycling in Mammalian Cells. Due to

the evolutionary conservation of the composition and function of
the exocyst complex, we were interested in investigating whether

E48 | www.pnas.org/cgi/doi/10.1073/pnas.1521248112

ES2 can target EXO70 in other systems. We examined whether
ES2 would affect exocytosis in human cells using the transferrin
(Tfn) recycling assay, which measures the recycling of endocy-
tosed transferrin to the plasma membrane. The assay has been
commonly used to study protein trafficking to the plasma mem-
brane. After treatment with DMSO as a control or ES2 for 1 h,
the cells were pulsed with Tfn-AlexaFluor488 on ice for 5 min
and chased with complete media to track Tfn trafficking over
time. Most of the Tfn was exocytosed after a 90-min chase in
cells treated with DMSO (Fig. 54). However, Tfn accumulated
markedly at the protrusion sites of cells treated with ES2, in-
dicating that exocytosis was reduced. Comparison of the ratio of
Ttfn retention at 30 min and 90 min after chasing with that of
5 min after chasing in DMSO- and ES2-treated cells indicated
reduced Tfn trafficking in ES2-treated cells (Fig. 5B). To test
whether the reduced exocytosis in mammalian cells was related
to EXO70 as in plants, we tested the localization of GFP-tagged
rat EXO70 (rEXO70) protein after ES2 treatment. We found
that ES2 treatment induced the accumulation of EXO70 vesicles
near the plasma membrane (Fig. 5C). A similar effect was ob-
served for human EXO70 isoform2 and isoform5 proteins upon
ES2 treatment (Fig. S9B). These vesicles may suggest a block of
vesicle tethering and fusion with plasma membrane. To test di-
rect interaction between ES2 and rEXO70, we purified E. coli-
expressed rEXO70 (Fig. 5D) and performed an STD-NMR
experiment. The interaction between ES2 and rEXO70 was
confirmed by the presence of saturation energy transfer (Fig. SE).
These data confirm that ES2 directly targets EXO70 in vivo to
inhibit exocytosis in mammalian cells as well as in plants. It further
indicates that, in human cells, ES2 can target multiple isoforms
of EXO70, resulting in misregulation of exocytosis.

The fact that plant and mammalian EXO70 proteins are tar-
gets of ES2 suggests structural similarity. To better understand
the structural basis for the conservation of the altered regulation
of EXO70A1 by ES2, we crystallized Arabidopsis EXO70A1 and
determined its structure at 3.1-A resolution. The crystal structure
of EXO70A1 revealed that it adopted an elongated architecture
resembling that previously observed for yeast (35, 36) and mouse
EXO70 (mEXO70) (37). We were able to trace 17 a-helices in
the structure, which were further divided into three domains
based on interdomain hinge points and the overall arrangement
of helices: N-terminal (75-379), C-terminal (511-629), and mid-
dle (380-510) connecting the N- and C-terminal domains (Fig.
6A4) (36). The relative conformations of the three domains in
EXO70A1 and mEXO70 were similar, except for a slight dif-
ference in the orientation of the N-terminal domain. Superposition
of the middle C-terminal domains of EXO70A1 and mEXO70
gave a root mean square deviation (rmsd) of 1.59 A on 147 Ca
atoms (Fig. 6B). We were able to trace all of the helices in the final
structure, except that a number of loops connecting the helices
were missing due to poor electron density. The statistics for the
X-ray diffraction data and structure are summarized in Table 3. Such
a high structural similarity suggested that, despite low sequence
identity (32% in middle C-terminal domains), the biochemical
functions of plant and mammalian EXO70 proteins were most
likely conserved. This result supported our conclusion that ES2
targets EXO70 in plants and three mammals (rats, humans, and,
probably, mice).

With an available crystal structure of EXO70A1, a molecular
docking tool, Autodock, was applied to predict possible ES2
binding sites of the EXO70AL, by fixing the protein and allowing
ES2 to freely bind to several potential pockets of the EXO70A1.
We decided to use molecular docking to predict possible ES2
binding sites on EXO70A1. Using Autodock (38), we found one
possible binding pocket located at the C terminus of EXO70AL.
The binding cavity was principally composed of the hydrophobic
amino acids Y592, 1596, K597, P601, R598, 1613, and T616 (Fig.
6C). The conformation of ES2 can fit well in the C-terminal
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pocket of the WT EXO70A1 protein. The fluorine-containing
aromatic ring of ES2 locates in the cavity created by P601, R598,
and K597 main chains. The iodine-containing aromatic ring is
surrounded by hydrophobic sidechains of several residues, in-
cluding 1613, L596, Y592, and T616. When we performed the
docking with mutations of L596 and 1613 to Ala, the binding
pocket became larger because of the missing of 1613 and L.596
sidechains. However, in this case, the ES2 conformation couldn’t
fit the pocket properly (Fig. 6D). Although the iodine-containing
aromatic ring remained deeply in the pocket and formed interac-
tions with A613, fewer interactions between the fluoride-containing
aromatic ring and Y592/A596 were shown. In addition, in contrast
to WT EXO70A1, the L596A and 1613A mutations resulted in
missing attractions between the ES2 and P601, R598, and T616,
which would generate higher binding free energy and a weaker
ligand-binding mode. To confirm that the predicted pocket plays
a role in ES2 binding, we mutated amino acids L596 and 1613 to
Alanine (L596A;I613A) and tested for the binding activity of
mutant protein to ES2 using STD-NMR. We found that, under
the same protein and ES2 concentrations, L596A;1613A had less
binding to ES2, which was reflected by reduced STD-NMR in-
tegral integrity (Fig. 6 E and F and Fig. S10 A and B). This
observation was consistent with the prediction that L596 and
1613 participate in interaction with ES2 although the mutations
did not completely abolish the interaction between EXO70A1
and ES2. We also compared the thermophoretic mobility of
EXO70A1 and EXO70A1-L596A;1613A when titrated with ES2
(Fig. 6G). Although the maximal thermophoretic mobility was
lower for the mutated protein than for EXO70A1, the K, of 252
+ 50.6 for the interaction of ES2 with EXO70A1-L596A;1613A
is not significantly different at a 95% level of confidence than the
K4 for ES2 with EXO70A1 (Table 2). Despite this result, the
nonlinear fit for the interaction of ES2 with EXO70A1 is more
robust with an R-squared of 81.7% than for the interaction of
ES2 with EXO70A1-L596A;1613A, with an R-squared of 46.5%.
This observation suggested that amino acids L596 and 1613 were
not essential for binding of ES2 but may interact with binding
site residues and indirectly affect the local binding microenvi-
ronment. Amino acids L1596 and 1613 are conserved between
Arabidopsis EXO70A1 and mammalian EXO70 proteins (Fig.
S10C), explaining why ES2 could interact with both Arabidopsis
EXO70A1 and rat EXO70.

Discussion

In summary, the previously unidentified small molecule ES2
directly interacts with and inhibits the dynamics of the evolu-
tionarily conserved EXO70 proteins to reduce exocytosis in
plants and mammals and enhance plant vacuolar trafficking.
Expression of the EXO70A1 N terminus in WT plants partially
overcomes the effects of ES2, indicating that this region might
positively regulate plasma membrane docking of the full-length
protein. Despite the high divergence in their primary protein
structure, plant and mammalian EXO70 proteins share an evo-
lutionarily conserved structure that likely permits ES2 to target
EXOT70 proteins in plants and humans. This result is the first re-
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port, to our knowledge, of the structure of a plant EXO70 sub-
unit. The similarities in 3D structure strongly support a
conservation of exocyst function and functional sites during
evolution. Despite these new details, it is unclear how the exocyst
is integrated within the context of the endomembrane trafficking
system in multicellular organisms. In Arabidopsis, there are 23
genes encoding EXO70 isoforms, more than in mammals or
yeast. Most of these isoforms are poorly defined in terms of
function. Our result in human cells is powerful in that it indicates
that ES2 will probably target many EXO70 isoforms and shows
the power of chemical genomics in addressing genetic re-
dundancy. It also indicates that, by using a high content, cell
biology-based pollen screen for modulators of endomembrane
trafficking, we have found a molecule that will permit us to in-
vestigate the basic functional domains of EXO70. Although be-
yond the scope of this study, the functional roles of the
N-terminal and C-terminal domains now can be investigated in
more detail to understand the regulation of exocyst-related
vesicle transport processes, especially the dynamics and regula-
tion of trafficking toward the vacuole or plasma membrane,
which are altered by ES2. The structure of EXO70A1 will also be
of value in further modeling the ES2 binding site.

This approach may also provide a new avenue toward novel
drugs. To date, we are not aware of any small molecules that
target the exocyst; thus, this discovery presents a novel drug target.
It also allows further development of similar drugs with higher
affinity to EXO70, with stronger drug activity in controlling exo-
cytosis. The exact role of the exocyst in human diseases requires
further investigation. It may be possible to increase the potency
and modify the isoform specificity of ES2 or similar molecules
targeting EXO70 to control EXO70-related human diseases, such
as cancer cell invasions and diabetes, which involves glucose
transport. Although the sequence identity between plant EXO70s
and yeast EXO70 is lower than that of mammalian cells, we found
that 1613 is conserved between plant and yeast EXO70s. It is
possible that ES2 can target yeast EXO70 as well and thus can be
a potential tool in fungal pathogen manipulation.

Materials and Methods

DARTS and STD-NMR assays were developed from published protocols (39,
40). The EXO70A1 protein was expressed in E. coli and purified for STD-NMR,
MST, and crystallization experiments. The sources of Arabidopsis transgenic
lines and the detailed methods are listed in SI Materials and Methods.

Dataset S1 contains information on 'H, '3C, and "°F NMR spectra of the
synthesized compounds, and Dataset S2 contains information on the pep-
tides detected from the pull-down assay using biotin-tagged analogs com-
bined with mass spectrometry analysis.
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