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Membrane trafficking maintains the organization of the eukaryotic cell and delivers cargo proteins to their subcellular
destinations, such as sites of action or degradation. The formation of membrane vesicles requires the activation of the ADP-
ribosylation factor ARF GTPase by the SEC7 domain of ARF guanine-nucleotide exchange factors (ARF-GEFs), resulting in the
recruitment of coat proteins by GTP-bound ARFs. In vitro exchange assays were done with monomeric proteins, although
ARF-GEFs form dimers in vivo. This feature is conserved across eukaryotes, although its biological significance is unknown.
Here, we demonstrate the proximity of ARF1cGTPs in vivo by fluorescence resonance energy transfer-fluorescence lifetime
imaging microscopy, mediated through coordinated activation by dimers of Arabidopsis (Arabidopsis thaliana) ARF-GEF
GNOM, which is involved in polar recycling of the auxin transporter PIN-FORMED1. Mutational disruption of ARF1 spacing
interfered with ARF1-dependent trafficking but not with coat protein recruitment. A mutation impairing the interaction of one
of the two SEC7 domains of the GNOM ARF-GEF dimer with its ARF1 substrate reduced the efficiency of coordinated ARF1
activation. Our results suggest a model of coordinated activation-dependent membrane insertion of ARF1cGTP molecules
required for coated membrane vesicle formation. Considering the evolutionary conservation of ARFs and ARF-GEFs, this
initial regulatory step of membrane trafficking might well occur in eukaryotes in general.

INTRODUCTION

Activation of the small GTPase ARF1 by guanine-nucleotide ex-
change factors (ARF-GEFs) plays a pivotal role inmembrane traffic
across eukaryotes (Donaldson and Jackson, 2011). GDP-bound
ARF1 interacts with the catalytic SEC7 domain of ARF-GEFs on
donor membranes, resulting in GDP-GTP exchange on ARF1 and
the insertionof itsmyristoylatedN-terminalhasp into themembrane
(Casanova, 2007; Anders andJürgens, 2008;Bui et al., 2009).GTP-
bound ARF1 interacts with coat proteins involved in vesicle for-
mation and cargo recruitment (D’Souza-Schorey and Chavrier,
2006; Gillingham and Munro, 2007; Singh and Jürgens, 2018). In
vitro studies revealed the formation, in a cross-linker-dependent
fashion, of ARF1cGTP dimers that are required for the scission of
membrane vesicles from donor membranes (Beck et al., 2008,
2011). ARF1 dimer formation was disrupted by the Tyr-35-to-Ala
(Y35A) substitution, which reduced the yield of vesicle formation
dramatically invitroand failed tocomplement the lethalityof thearf1
arf2 double mutant in yeast (Saccharomyces cerevisiae), carrying

deletions in the two yeast Arf1 paralogs (Beck et al., 2008). The
vesicle scission defects observed in vitrowere largely overcomeby
chemical cross-linking of ARF1-Y35A variants (Beck et al., 2011).
Whether or not ARF1 dimers exist in vivo and how they might form
has however not been addressed. In this context, it might be rel-
evant to consider the role of ARF-GEFs in ARF1 activation. Large
ARF-GEFs such as human Golgi-specific brefeldin A-resistance
factor1 (GBF1) or Arabidopsis (Arabidopsis thaliana) GNOM have
a stereotypic domain organization, including an N-terminal di-
merization (DCB) domain (Casanova, 2007; Anders et al., 2008; Bui
et al., 2009). The DCB domain can interact with another DCB do-
main and with at least one other ARF-GEF domain (Grebe et al.,
2000;Ramaenetal., 2007;Anderset al., 2008).Althoughconserved
across eukaryotes, the biological significance of ARF-GEF di-
merization is not known. Our results presented here suggest that
ARF-GEF dimers generate ARF1cGTP proteins spaced in close
proximity on the target membrane during the activation process,
promoting productive vesicle formation.

RESULTS AND DISCUSSION

In Vivo Occurrence and Biological Significance of Closely
Spaced ARF1 GTPases

We tested wild-type ARF1 (ARF1A1C; gene identifier At2g47170)
and two ARF1 variants, the activation-deficient ARF1-T31N and
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the hydrolysis-deficient ARF1-Q71L (Dascher and Balch, 1994;
Singhet al., 2018), for their interactionwith endogenousARF1by
coimmunoprecipitation (Figure 1; for an overview of mutant
proteins, see Supplemental Figure 1). We generated stable
transgenic lines in the wild-type Columbia (Col-0) background
that expressed ARF1, ARF1-T31N, or ARF1-Q71L in an
estradiol-inducible fashion. Both ARF1-T31N and ARF1-Q71L
coprecipitated endogenous ARF1, although wild-type ARF1
failed to do so (Figure 1A). These results suggested a transient
and/or weak interaction between wild-type ARF1 proteins.
Coimmunoprecipitation revealed that ARF1-T31N strongly in-
teracted with the ARF-GEF GNOM but ARF1-Q71L did not
(Figure1A), revealing their qualitativelydifferent interactions: two
activation-deficient ARF1 molecules (caused by the T31N
substitution)might be bridgedby eachARF-GEFdimer, whereas
activated ARF1 molecules (stabilized by the Q71L substitution)
might interact independently of ARF-GEF. We also generated
transgenicArabidopsis lines in theCol-0backgroundexpressing
an engineered homolog of the reported dimerization-deficient
ARF1-Y35Amutant (see Introduction; Beck et al., 2008, 2011). In
coimmunoprecipitation experiments with seedling extracts,
ARF1-Y35A-YFP associated with ARF-GEF GNOM but only
weaklywith endogenous ARF1 and thus behaved essentially like
wild-type ARF1 (Figure 1B). Cell fractionation indicated that
GNOMdimers are constitutive, since they were detected in both
the S100 cytosolic fraction and the P100 membrane fraction
(Figure 1C). By contrast, we detected no interaction between
GNOM and ARF1 in either fraction. The P100 fraction had to be
solubilized harshly for the subsequent coimmunoprecipitation
experiment, which might have abolished any transient in-
teraction of ARF1 with GNOM. We therefore attempted to sta-
bilize the ARF1-GNOM interaction by pretreatment with (and
continued exposure to) the fungal toxin brefeldin A (BFA), which

causes abortive ARF1cARF-GEF complexes by inhibiting the
GDP-GTP exchange reaction (Peyroche et al., 1999; Robineau
et al., 2000; Geldner et al., 2003). BFA treatment did reveal an
interaction between ARF1 and GNOM in the P100 fraction but
not in the S100 fraction, supporting the view that two
ARF1cGDPs are bridged by each GNOM dimer present on the
membrane (Figure 1D).
To assess the presumed interaction among ARF1cGTPs in

a different way, we performed FRET-FLIM (fluorescence reso-
nance energy transfer-fluorescence lifetime imaging micros-
copy) measurements on transgenic Arabidopsis lines
coexpressing YFP- and RFP-tagged versions of the ARF1 var-
iants under the control of the estradiol-inducible promoter.
FRET-FLIM effects are known to depend on the close physical
proximity of the proteins involved (Bücherl et al., 2014). If the
proteins involved are <10 nm apart, the fluorescence lifetime of
the donor (YFP) will be reduced by energy transfer to the ac-
ceptor (RFP). Our measurements suggested an interaction be-
tween ARF1-Q71L proteins in seedling root cells, which was
prevented when combined with the Y35A mutation (Figures 1E
and1F).Bycontrast, theARF1-T31Nvariant showedonly a slight
lifetime reduction in the same FRET-FLIM assay. Furthermore,
this mild effect was not suppressed by the Y35A mutation
(Figure1F). In conclusion, theseexperiments strongly suggested
the close proximity (<10 nm) of ARF1cGTP proteins on the
membrane where these ARF1 molecules had been activated by
ARF-GEF dimers.
To examine the biological significance of closely spaced

membrane-inserted ARF1cGTP molecules, we analyzed the
ability of ARF1-Y35A to rescue the secretion of a-amylase from
tobacco (Nicotiana tabacum) protoplasts that had been blocked
by the expression of the ARF1-T31N variant (Figures 2A and 2B).
Increasing amounts of cotransfected wild-type ARF1 plasmid
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Figure 1. In Vivo Interactions between ARF-GEF and ARF1.

(A) to (D)Coimmunoprecipitation experimentswith protein extracts fromArabidopsis seedlings treatedwith 20mMestradiol for 7 h. IP, immunoprecipitate;
M, molecular mass markers (sizes in kD); T, total. Antibodies are indicated on the right; ARF1-YFP fusion (asterisk) and endogenous ARF1 (arrow) were
detected with anti-ARF1 antiserum.
(A)and (B) InteractionofYFP-taggedwild-typeandmutant formsofARF1 (T31N,Q71L,andY35A)with endogenousARF1andARF-GEFGNOM(anti-SEC7
antiserum). Col-0 was used as a negative control.
(C) and (D) Cell fractionation followed by coimmunoprecipitation in the absence (C) or presence (D) of 50 mM BFA. Subcellular fractionation and im-
munoprecipitation of GNOM-Myc from seedlings expressing double-taggedGNOM (GN-Myc andGN-HA) was performed using a-Myc-agarose beads on
S10 (in thecaseof control immunoprecipitate), S100 (IPS100), and solubilizedP100 (IPP100) followedby immunoblot analysiswith anti-Myc, anti-HA, and anti-
ARF1 antisera. A transgenic line expressing only GN-HA was used as a negative control. S10, supernatant of 10,000g centrifugation; S100 and P100,
supernatant (cytosol) and solubilized pellet (membrane fraction) of 100,000g centrifugation.
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DNA overcame the inhibition imposed by ARF1-T31N. By con-
trast, cotransfection of protoplasts with comparable amounts of
ARF1-Y35A plasmid DNA largely failed to restore a-amylase
secretion to the same levels as wild-type ARF1 (Figure 2A). In
addition, strong expression of ARF1-Y35A interfered with
a-amylase secretion on its own (Figure 2B). Thus, close proximity
of ARF1 proteins inserted into the membrane appears necessary
for ARF1-dependent membrane trafficking. We also analyzed the
consequences of ARF1-Y35A overexpression in seedling root
cells at the ultrastructural level (Figures 2C and 2D; Supplemental
Figure 2). ARF1-Y35A disrupted the organization of the Golgi/
trans-Golgi network, resulting in strings of interconnected mem-
brane vesicles of variable sizes, whereas overexpression of wild-
typeARF1proteinonlycausedaslightbendingofGolgi stacks.That
both the Golgi and trans-Golgi network were affected is consistent
with the localization of ARF1-YFP to these subcellular compart-
ments, as detected with gold-labeled anti-GFP antibodies (Singh
et al., 2018). However, overexpression of ARF1-Y35A did not in-
terfere with membrane recruitment of the coatomer (COPI) subunit
gCOP (Figure 2E), suggesting that interaction with effectors might
not be impaired. In conclusion, close proximity of ARF1cGTP
proteins is essential for membrane trafficking.

Coordinated Activation of Two ARF1 Molecules by GNOM
Dimers at the Membrane

How are ARF1cGTP molecules inserted close to each other into
the membrane? Closely spaced insertion may require a chaper-
one, and an obvious candidate is the activating ARF-GEF, which
itself forms dimers (Figures 1C and 1D; Ramaen et al., 2007;
Anders et al., 2008). In the case of human GBF1, ARF1cGDP
binding by ARF-GEF involves the C-terminal loop after helix J
(loop>J) of the SEC7 domain, as demonstrated by specific mu-
tations that interfere with ARF1 binding (Lowery et al., 2011). We
introduced homologous mutations into Arabidopsis GNOM to
generateGN-loop>J(3A)mutant protein (Figure 3A). Toassess the
biological consequences of the GN-loop>J(3A) mutation, we
analyzed the phenotypes of plants expressing theGN-loop>J(3A)
mutant protein in various gnommutant backgrounds (Figures 3B
to 3G). The GN-loop>J(3A) mutant protein displayed some re-
sidual activity, as it partially rescued the gnom-sgt deletion that
spansGNOM and four adjacent genes on either side (Figures 3B
and 3E). Interestingly, GN-loop>J(3A) mutant protein exhibited
the same incomplete rescue on the stronggnom alleles emb30-
1 and B4049, which are functionally equivalent to complete
loss-of-function alleles but can complement each other in the
trans-heterozygous state (Figure 3E; Supplemental Figure 1;
Busch et al., 1996; Anders et al., 2008). gnommutant seedlings
partially rescued by the GN-loop>J(3A) mutant protein were

phenotypically similar to theweak allele gnomR5 (Geldner et al.,
2004). While gnomR5 encodes a C-terminally truncated GNOM
protein that accumulated to reduced levels compared with the
wild type, the GN-loop>J(3A) mutant protein appeared to ac-
cumulate at about wild-type levels, as determined with an
antibody raised against GNOM (Figures 3F and 3G). To assess
the accumulation of the GN-loop>J(3A)-Myc mutant protein
relative to GNOM-Myc protein, which rescues the gnom-sgt
deletion mutant, we then probed the protein extracts with an
anti-Myc antibody (Figures 3H and 3I). Although accumulating
at a higher level than the rescuing GNOM-Myc protein, the GN-
loop>J(3A)-Myc mutant protein failed to rescue the gnom-sgt
deletionmutant, suggesting aprimarydefect in protein function
rather than protein or RNA stability (Figures 3H and 3I). A more
detailed phenotypic analysis of partially rescued seedlings
revealed gnomR5-like defects in cotyledon vasculature, lateral
root initiation, and primary root growth, regardless of the gnom
mutant background (Figures 4A to 4C). In the wild-type
background, GN-loop>J(3A) had no noticeable phenotypic
effects: primary root growth, root gravitropic responses, and
BFA sensitivity were all normal (Figures 4C and 4D). Much later
during development, plants bearing the GN-loop>J(3A) con-
struct had twisted rosette leaves, similar to emb30/B4049 trans-
heterozygousplants,butsubsequently theygrewtoanormalheight
during flowering (Figure 5). In conclusion, the GN-loop>J(3A) mu-
tant protein retains some residual activity but also has a funda-
mental defect that cannot be rescued by the complementing gnom
alleles emb30-1 and B4049.
Because the human ARF-GEF GBF1 displayed impaired ARF1

binding when carrying a J-loop mutation (Lowery et al., 2011), we
tested ARF1-GNOM interactions in the context of the GN-
loop>J(3A) mutant using coimmunoprecipitation assays. ARF1-
YFP was coimmunoprecipitated with Myc-tagged wild-type
GNOM protein but not with the Myc-tagged GN-loop>J(3A)
mutant protein, using either anti-GFP or anti-Myc beads (Figures
6A and 6B). This compromised interaction between GN-loop>-
J(3A) and ARF1cGDP was consistent with a mutant phenotype
corresponding to a low level of ARF-GEF activity for GNOM, as
described above (Figures 3B to 3G and 4). The residual activity of
the GN-loop>J(3A) mutant protein suggested that its strongly
reduced interaction with ARF1 might be below the detection limit
of the assay. We therefore attempted to stabilize the presumed
interaction between mutant ARF-GEF and ARF1 by using trans-
genic seedlings that expressed activation-deficient ARF1-T31N-
YFP in an estradiol-inducible manner, as the T31N mutation
blocks the GDP-GTP exchange (Dascher and Balch, 1994). This
experimental modification allowed the detection of an interaction
between the GN-loop>J(3A) protein and ARF1 in the coimmu-
noprecipitation assay (Figure6C). This result suggested thatARF1

Figure 1. (continued).

(E) and (F) FRET-FLIM analysis of wild-type and mutant ARF1-ARF1 interactions. Arabidopsis seedlings were treated with 20 mM estradiol for 4 h before
FRET-FLIManalysis. Data are shownas boxplots of donor lifetimes (in ns) pooled from two to three independent experiments for each sample.Medians are
shownascenter lines, notches indicate 95%confidence intervals, andTukeywhiskers indicate 1.53 the interquantile range. ExemplaryPvalues (two-tailed
t test assuming equal variances, a 5 0.05; *, two-tailed t test assuming unequal variances, a 5 0.05) are indicated in the graph. d, difference of median
between experimental and control values shown as percentage of the control value. For raw data and statistics, see the Supplemental Data Set.
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Figure 2. Biological Consequences of ARF1-Y35A Overexpression.

(A)and (B)Secretionofa-amylase fromtobaccoprotoplasts inhibitedbyARF1-TN (T31N)was restoredbyoverexpressionofwild-typeARF1 (ARF1-WT)but
not ARF1-Y35A (ARF1-YA; [A]) and impairedbyARF1-YA comparedwithARF1-WT (B). ForARF1-WTandARF1-YA, 12, 24, and48mgof plasmidDNAwas
used for transformation. For all ARF1-TN-containing samples, 1 mg of DNA was transformed. All samples were cotransfected with a constant amount of
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bindingwas impaired but theGN-loop>J(3A) protein was still able
to carry out the GDP-GTP exchange, consistent with the partial
rescue of the gnom-sgt deletion.

The fungal toxin BFA inhibits the exchange reaction and
therefore stabilizes abortive complexes of ARF-GEF and
ARF1cGDP on endomembranes (Figure 1D; Geldner et al., 2003;
Mossessova et al., 2003; Renault et al., 2003). Treating seedling
roots with BFA resulted in colocalization of GNOM and ARF1 in
endosomal membrane aggregates called BFA compartments
(Figure 6D;Geldner et al., 2003).Bycontrast, colocalizationofGN-
loop>J(3A) with ARF1 in BFA compartments was strongly re-
duced, thus resembling that of the engineered BFA-resistant
GNOM-M696L variant in ARF1-positive BFA compartments
(Figure 6D). This result left one open question: is the membrane
association of GN-loop>J(3A) reduced, or is the diminished
BFA response due to impaired ARF1 binding?Cell fractionation
of seedling extracts demonstrated that the GN-loop>J(3A)
mutant protein partitioned between the cytosol and the
membrane fraction like wild-type GNOM protein (Figures 6E
and 6F). The membrane association of GNOM requires in-
teraction between its DCB domain and the complementary
fragment called DDCB, which does not occur in the membrane
association-deficient mutant protein GNOM(B4049; Anders
et al., 2008). A yeast two-hybrid assay to test for interaction
between DCB and DDCB was positive when the DDCB domain
carried the GN-loop>J(3A) mutation, similar to the DCB-DDCB
interaction seen for wild-type GNOM and unlike GNOM(B4049)
(Figure 7). In conclusion, several lines of evidence suggest that
the GN-loop>J(3A) mutant protein exhibits normal membrane
associationactivity and that its insensitivity toBFA is consistent
with reduced ARF1 binding.

Like other ARF-GEFs, GNOM forms dimers (Figures 1C and
1D; Grebe et al., 2000; Anders et al., 2008). Coimmunopreci-
pitation with anti-Myc or anti-GFP beads revealed that Myc-
taggedGN-loop>J(3A)mutant protein candimerizewithGNOM-
GFP protein (Figure 8A). However, endogenous ARF1 was only
detected in the precipitate of anti-GFP beads but not in the
precipitate of anti-Myc beads, which suggested that hetero-
dimers consisting of one wild-type GNOM and one GN-loop>-
J(3A) mutant molecule failed to interact with ARF1, much the
same way as GN-loop>J(3A) homodimers did not detectably
interact with ARF1 (Figures 8A and 8B; compare with Figures 4A
to 4C). This puzzling result is however consistent with the ob-
servation that the accumulation of the GN-loop>J(3A) mutant
protein failed to rescue both emb30-1 and B4049 gnom alleles,
as described above (Figures 3 and 4; Supplemental Figure 1;
Anders et al., 2008). These results suggest that a strong

interaction between ARF1 and its exchange factor requires the
simultaneous binding of two ARF1cGDP molecules by the two
SEC7 domains of the ARF-GEF dimer.

A Model for the Generation of Close-Proximity,
Membrane-Associated ARF1 GTPases by Coordinated
Activation by ARF-GEF Dimers

We propose the following model to explain how membrane-
associated ARF1 GTPases are brought in close proximity to
form membrane vesicles (Figure 9). Cytosolic GDP-bound ARF1
molecules exist as monomers. They interact with membrane-
associated ARF-GEF dimers, with the loop after helix J of the
SEC7 domain playing a critical role for ARF1 binding. Productive
complex formation requires cooperativity (i.e., simultaneous in-
teraction of two ARF1cGDP molecules with the two SEC7 do-
mains of an ARF-GEF dimer). As a consequence, two adjacent
ARF1 molecules undergo a conformational change, resulting in
GDP-GTP exchange and the insertion of the myristoylated N
terminusof the twoARF1cGTPmolecules into themembrane, less
than 10 nm apart, since they were bridged by the same ARF-GEF
dimer (Figure 9A). Onemight speculate that wild-type ARF1cGTP
molecules might only form weakly interacting homodimers that
may not be readily detected by typical protein extraction proce-
dures, especially since there is a large excess of cytosolic
ARF1cGDP (Figure 1C). This possibility is supported in vitro by the
rescue of the vesicle scission defect normally caused by the
ARF1-Y35A variant by forced chemical cross-linking (Beck et al.,
2011). Alternatively, the close proximity of coordinately activated
ARF1 GTPases might be stabilized by spatial constraints of in-
teracting coat protein complexes. Regardless of whether or not
ARF1cGTP proteins form dimers, the close proximity of
ARF1cGTP proteins is biologically relevant: reducing the effi-
ciency of the coordinated activation by ARF-GEF dimers of wild-
typeGNOMandmutantGN-loop>J(3A) interferedwithmembrane
trafficking, asdidaltering theproximity ofARF1proteinsdue to the
Y35A substitution (Figure 9B). Whether the primary defect entails
abnormal coat lattice formation and/or impaired scission of
membrane vesicles remains to be determined, although the latter
agrees with previous in vitro studies (Beck et al., 2011; Arakel and
Schwappach, 2018). In the normal course of events, following
vesicle scission, GTPase activation protein (GAP)-assisted hy-
drolysis of GTP would alter the conformation of ARF1, thereby
disrupting the close proximity and releasing monomeric
ARF1cGDP back into the cytosol (Figure 9A). Considering the
conservation of the overall domain organization of large ARF-
GEFs (Casanova, 2007; Bui et al., 2009), it is highly likely that

Figure 2. (continued).

a-amylase reporter plasmid. Error bars depict SD of two independent experiments. Bottom panels show antibody detection of GFP linked to ARF1 ex-
pression. Control, a-amylase reporter plasmid only.
(C)and (D)Electronmicroscopyanalysis of epidermal cells at the upper endof the seedling rootmeristemexpressingARF1-YFP (C)orARF1-Y35A-YFP (D)
in response to 10 mMestradiol for 4 h. Arrowheads, bent Golgi stacks; asterisk, cluster of interconnectedmembrane vesicles; arrows, Golgi remnants. See
also Supplemental Figure 2. Bars 5 500 nm.
(E) Immunostaining of the COPI subunit gCOP in seedling root cells expressing ARF1-YFP, ARF1-Y35A-YFP, or ARF1-Y35A-Q71L-YFP in response to 20
mM estradiol for 4 h. ARF1 variant (green), gCOP (magenta), and merged images with 49,6-diamidino-2-phenylindole-stained nuclei (blue) are shown.
Colocalization of ARF1 and gCOP in regions of interest (yellow lines) are shown as line intensity profiles. Bars 5 5 mm.
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Figure 3. Rescue Activity of GN-loop>J(3A)-Myc in gnom-sgt Deletion and Other gnom Mutants.

(A) Ala substitution sites (red boxes) in the loop after helix J (loop>J) of the SEC7 domain of human GBF1 (Lowery et al., 2011), human BIG2 (Lowery et al.,
2011), and Arabidopsis GNOM. In GN-loop>J(3A) mutant protein, amino acid residues 744 to 747 (EIRT) are replaced by AARA.
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cooperative ARF1binding byARF-GEFdimers as amechanismof
forming active ARF1 proteins arranged in close proximity on the
donor membrane applies to eukaryotes in general.

METHODS

Plant Material, Genotyping, and Growth Conditions

Arabidopsis (Arabidopsis thaliana) plants were grown in constant light (Osram
L18W/840 cool-white lamps; 200 mmol m22 s21) at 23°C and 40% humidity in
growthchambersonsoiloragarplates.Previouslypublishedlinesthatwereused
in this studyareas follows: thestronggnommutant allelesB4049andemb30-1,
thetrans-complementingB4049/emb30-1heterozygote(Buschetal.,1996),and
the weak allele gnomR5 (Geldner et al., 2004), as well as transgenic lines ex-
pressingGNOM-Myc,BFA-resistantGNOM-M696L-Myc, orGNOM-GFP from
theGNOMpromoter (Geldneretal.,2003),ARF1-YFPfromtheRPS5Apromoter,
and ARF1-T31N-YFP and ARF1-Q71L-YFP from an estradiol-inducible pro-
moter system (Singh et al., 2018).

There are six Arabidopsis genes encoding ARF1 proteins with at least
98% identity (Singh et al., 2018). The ARF1 protein under study here and
used for generating the antiserum was ARF1A1C (gene identifier
At2g47170). For simplicity, we have designated ARF1A1C as ARF1 in the
text. It should be noted, however, that the antiserum also detects the other
five proteins ARFA1B to ARFA1F (Singh et al., 2018).

For the gnom-sgt mutant, the Ds-induced sgt allele was generated
during an Ac-Ds mutagenesis experiment and isolated for its gnom-like
mutant phenotype (insertion line SGT2467; Kumaran et al., 1999). The
deletion on chromosome 1 eliminates nine genes from At1g13940 (59 end
ofDs) toAt1g14020 (39endofDs), includingGNOM (At1g13980;Figure3B).

For genotyping, we used the following primers (listed in Figure 3 and
Supplemental Table1).PrimersN.A.2121N.A.213andN.A.2101N.A.211
generate a PCR product of 270 bp in the gnom-sgt mutant background.
Primers S.R.2641S.R.263were used to confirm the presence of theMyc-
taggedGNOM transgene (expected sizes, 373 bp forwild-typeGNOM and
496 bp for theMyc-taggedGNOM ). This primer pair will not amplify gnom-
sgt. Primers M.E.N.64 and M.E.N.66 were used to detect the presence of
the B4049 mutation in B4049/1 heterozygous seedlings; they generate
a PCR product of 535 bp only for the B4049 allele, whereas the wild-type
allelewill give noproduct. The complementary primer pairM.E.N.65 andM.
E.N.66 will however amplify a PCR product specifically for the wild-type
allele and not the B4049 allele (expected size, 535 bp).

Genotyping for the emb30-1 allele was performed in two steps. First,
aGNOMPCRproduct of 2496 bp that includes the emb30-1mutation was
amplified with primers S.R.361 S.R.87. This PCR product was then used
as a template for a second PCR reaction with primers S.R.36 1 S.R.37 to
yield a 357-bpproduct (for bothwild-type and emb30-1 alleles), whichwas
then digested with the restriction enzymeHinfI to distinguish the emb30-1
mutant allele from theGNOMwild-type allele in the segregating emb30/1
population (expected restriction patterns: wild-type allele, 193, 65, 47, 32,
and 20 bp; emb30-1 allele, 193, 97, 47, and 20 bp).

Binary Vector Constructs, Generation of Transgenic Plants,
and Crosses

To generate the loop>J(3A) mutation, we changed amino acid residues 744,
745, and747 [EI(R)T] toAla (AARA)bysite-directedmutagenesis.Mutagenesis
PCR was performed on the genomic fragment GNXbaIwt-Myc (Geldner et al.,
2003) in pBluescript, using the primers Loop>J(3A) sense and Loop>J(3A) rev.

The GNpro:GN-loop>J(3A)XbaI-Myc fragment was cloned at the XbaI
restriction site into the pGreenII(Bar) binary vector, introduced into Agro-
bacterium tumefaciens strain GV3101 (carrying resistance genes for tetra-
cycline, rifampicin, and gentamicin), and transformed into Arabidopsis
accessionCol-0.Primary transformantswereselectedonsoil on thebasis of
resistance to glufosinate spraying. Four different transgenic lines showed
good expression, and two were chosen for further analysis.

GN-loop>J(3A)-Myc #5 was crossed into the sgt,B4049, and emb30-1
backgrounds and analyzed for complementation. For coimmunoprecipi-
tation analysis, GN-loop>J(3A)-Myc was crossed with RPS5Apro:ARF1-
YFP or ESTpro:ARF1-T31N-YFP, and GN-loop>J(3A)-Myc (sgt hetero-
zygous background) was crossed with GNOM-GFP.

To generate an estradiol-inducible variant of wild-type ARF1-YFP, we
used a modified b-estradiol-inducible pMDC7 vector in which the UBIQ-
UITIN10promoter replaced theoriginal 35Spromoter todriveexpressionof
the XVE chimeric transcription factor (Singh et al., 2018). We performed
site-directed mutagenesis on pENTRY-ARF1-T31N-YFP (Singh et al.,
2018), using the ARF1 primer combination ARFA1C-WT-MUT-S and
ARFA1C-WT-MUT-AS to generate pENTRY-ARF1-YFP, which was sub-
sequently introduced into the UBQ10pro:XVE;LexApro:(Gene Of Interest)
vector.

The Y35A mutation was introduced into pENTRY-ARF1-YFP, pENTRY-
ARF1-TN-YFP, and pENTRY-ARF1-QL-YFP by site-directed mutagenesis
using theARF1primersARFA1C-Y35A-MUT-SandARFA1C-Y35A-MUT-AS.

Figure 3. (continued).

(B)Diagramof a 50-kb genomic segment of chromosome 1displayingGNOM and adjacent genes (arrows run 59 to 39 along each gene). TheGNOM gene is
highlighted inblue. Thestraddling37-kbdeletion (namedgnom-sgt) encompassingGNOMandeightflankinggenes is indicatedbya red line (Kumaranet al.,
1999). End points of the deletion are indicated by bp numbers of the first and last genes.
(C) and (D) Primer combinations for genotyping seedlings to detect the gnom-sgt deletion (C) or the endogenous GNOM gene and a GNOM transgene
encoding a C-terminally tagged protein (D). The lines below the three primer combinations indicate the approximate sizes of the PCR products in bp.
(E)Wild-type seedlings (Col-0), gnom-sgt seedlings (sgt), and gnom-sgt seedlings bearing theGN-loop>J(3A)-Myc transgene. The weak gnomR5 allele is
shown for comparison. Note the partial rescue of exchange-deficient gnom seedlings (emb30-1) or membrane association-deficient gnom seedlings
(B4049) by the GN-loop>J(3A)-Myc transgene. Bars 5 2.5 mm.
(F) and (G)GNOMprotein levels in wild type (Col-0), gnomR5, gnom-sgt deletion (sgt), andGNOM transgenic lines bearingGNOM-myc (GN-Myc) andGN-
loop>J(3A) [J(3A)-Myc; in the Col-0 background] detected by anti-SEC7 domain antiserum. Loading control (lower panel) consisted of unstripped
membrane reprobed with anti-SYP132 (SYNTAXIN OF PLANTS132) antiserum. (F) shows immunoblot analysis. M, molecular mass markers. The arrow
indicates a GNOM band at 165 kD; the asterisk indicates a truncated GNOM protein in gnomR5 at 155 kD. (G) shows normalized protein levels of the
immunoblot shown in (F). GNOM from GN-myc was set to 1.
(H) and (I)Myc-tagged GNOM protein levels inGNOM-Myc andGN-loop>J(3A) [J(3A)-Myc] transgenic seedlings (in the Col-0 background) detected with
anti-Mycantibody.Loadingcontrol (lowerpanel) consistedofunstrippedmembrane reprobedwithanti-SYP132antiserum. (H)shows immunoblotanalysis.
M, molecular mass markers. (I) shows normalized protein levels of the immunoblot shown in (H). GNOM from GN-myc was set to 1.
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Figure 4. Seedling Phenotypes of gnom Mutants Bearing the GN-loop>J(3A)-Myc Transgene.

(A) Vascular tissue differentiation in cotyledon. Bars 5 500 mm.
(B) Lateral root initiation. Bars 5 50 mm.
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TogenerateRFP-taggedARF1variants, theRFPcodingsequence (with
an added 59 AvrII restriction site) was PCR-amplified and cloned into

pDONR221 (Invitrogen), generating a pENTRY clone. The RFP gene and

part of the kanamycin resistance gene from the pENTRY clone were then

introduced as AvrII-SspI restriction fragments into the YFP-tagged ARF1

pENTRY clones mentioned above, thereby replacing the YFP tag. The

differentARF1 fragmentswere then introduced intoamodifiedb-estradiol-

inducible pMDC7 vector by Gateway LR reaction (Singh et al., 2018).

All reagents,mutants, and transgenic linesused in this studyare listed in
Supplemental Table 2.

Cloning of Constructs for Transient Expression in Protoplasts

The coding sequences for ARF1, ARF1-T31N, and ARF1-Y35A were
PCR-amplified from pENTRY clones mentioned above by using primers
NheI-ARFA1C-S and BamHI-Stop-ARFA1C-AS. PCR-amplified ARF1

Figure 4. (continued).

(C)Primary root length (inmm).Dataareshownasmeans6 SD. n5numberof seedlingsanalyzed. J(3A),GN-loop>J(3A) in thewild-typebackgroundor in the
different gnom mutant genotypes indicated (sgt, emb30-1, and B4049).
(D) Root gravitropism in seedlings treated with 5 mM BFA and untreated control seedlings.
GN-loop>J(3A)-myc [J(3A)] in the wild-type background behaves like Col-0 or GN-myc. Col-0, the wild type; gnomR5, weak gnom allele; J(3A), GN-
loop>J(3A) in the wild-type background; sgt, gnom-sgt deletion; emb30-1, catalytically defective GNOMemb30; B4049, membrane-association-defective
GNOMB4049;GNOM-Myc,GNOM-Myc transgene;GNOM-ML-Myc, engineeredBFA-resistantGNOM-M696L; J(3A)-Myc,GN-loop>J(3A)-Myc transgene.

Figure 5. Developmental Phenotypes of Wild-Type Plants Expressing GN-loop>J(3A)-Myc.

(A) Rosette stage. Col-0, the wild type. Note the slightly twisted rosettes of trans-heterozygous plants bearing the nearly fully trans-complementing gnom
alleles emb30-1 and B4049 and of the GN-loop>J(3A)-Myc transgene in Col-0 (two transgenic lines #5 and #8).
(B) Plants after the onset of flowering (same genotypes as in [A]). Note the nearly normal stature of GN-loop>J(3A)-Myc transgenic plants.
Bars 5 2 cm.
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Figure 6. ARF-GEF GN-loop>J(3A) Mutant Protein: Interaction with ARF1, Subcellular Localization, and Membrane Association.

(A) to (C)Coimmunoprecipitation fromArabidopsis seedling extracts. Nodetectable interaction of endogenousARF1 (A)or YFP-taggedARF1 (B)withGN-
loop>J(3A)-Myc comparedwith theGNOM-Mycwild-type control was seen following immunoprecipitationwith anti-Myc beads (A) or anti-GFP beads (B).
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fragments were introduced into pFK059 (Singh et al., 2018) at the NheI
and BamHI restriction sites.

Physiological Tests

For primary root growth assays, we transferred 50 5-d-old seedlings to agar
platescontaininghalf-strengthMurashigeandSkoog (MS)agarmediumwith
1% (w/v) Suc and 10 mM BFA for 24 h. We analyzed seedling root growth
using ImageJ software.Wemeasured thegravitropic responseof 505-d-old
seedlings by ImageJ software after transferring seedlings to 10 mM BFA
plates and rotating them by 135° for 24 h. We scored lateral root primordia
formationafter transferring7-d-oldseedlings for3don20mMnaphthylacetic
acid (NAA)-containing half-strength MS medium with 1% (w/v) Suc agar
plates and clearing the roots (Geldner et al., 2004). To examine the vascu-
lature of 7- to10-d-oldcotyledons,weagitatedseedlings for several hours in
a 3:1 (v/v) ethanol:acetic acid solution at room temperature (Geldner et al.,
2004). Light microscopy images were taken with an Axiophot microscope
(Zeiss) and Axiocam and AxioVision_4 software (Zeiss). Image size,
brightness, andcontrastwere adjusted inPhotoshopCS3software (Adobe).

Yeast Two-Hybrid Interaction Assays

AssayandconstructsofGNOM-DCB(aminoacids1 to246),GNOM-DDCB
(amino acids 232 to 1451), and GNOM-DDCB(B4049) (amino acids 232 to
1451; G579R) were as described (Grebe et al., 2000; Anders et al., 2008).
GNOM-DDCB(J(3A)) was generated by site-directed mutagenesis using
primers mentioned above.

Quantitative Transport Assays

Tobacco (Nicotiana tabacum) protoplasts were prepared and transfected
by electroporation as previously described (Künzl et al., 2016). Approxi-
mately 2.53 106 protoplastswere used for transformation per sample. The
protoplast samples were transfected with a constant amount of reporter
plasmid DNA (10 to 20 mg, depending on the experiment) coding for
a-amylase (Bubecketal., 2008), inaddition to theamountsofARF1effector
plasmids indicated in Figures 2A and 2B. Harvesting and analysis of
mediumand cell samples aswell as calculation of the secretion indexwere
performed as described (Bubeck et al., 2008). ARF1 protein accumulation
levels were confirmed indirectly by the detection of GFP. Both ARF1 and
GFP coding sequences are placed under the control of the bidirectional
mas promoter (consisting of a mas19 part and a mas29 part) on the same
plasmid, with mas19 directing GFP expression and mas29 directing ARF1
expression in a ratio of 1:10.

Whole-Mount Immunofluorescence Staining

Four- to 6-d-old seedlings were incubated on 24-well cell culture plates for
1 h in 50 mM BFA (Invitrogen, Thermo Fisher Scientific) containing liquid
growth medium (half-strength MS medium and 1% [w/v] Suc, pH 5.8) at

23°C and then fixed for 1 h in 4% (w/v) formaldehyde in microtubule-
stabilizing buffer at room temperature.Whole-mount immunofluorescence
staining was performedmanually as described (Lauber et al., 1997) or with
an InsituPro machine (Intavis; Müller et al., 1998). All antibodies were di-
luted in 13PBS. The following antiserawere used for immunofluorescence
staining: mouse anti-c-MycmAb 9E10 (Santa Cruz Biotechnology) diluted
1:600; rabbit anti-ARF1 (Agrisera) diluted 1:1000; rabbit anti-AtgCOP
(Agrisera) diluted 1:1000; anti-mouse Alexa488 (Invitrogen) and anti-
rabbit CY3 (Dianova)-conjugated secondary antibodies diluted 1:600.
Nuclei were stained with 49,6-diamidino-2-phenylindole (1:600 dilution).

Confocal Microscopy and Processing of Images

Fluorescence images were acquired on a Leica confocal laser scanning
microscope (TCS-SP2orSP8) usinga633water-immersionobjective and
Leica software. We also used a Zeiss confocal laser scanning microscope
(LSM880) in Airy Scan mode with Zeiss software. Overlays and contrast/
brightness adjustments of images were performed in Adobe Photoshop
CS3 software. Intensity line profilingwas performedwith the Leica or Zeiss
software.

FRET-FLIM Analysis

Four- to 5-d-old seedlings were incubated for 4 to 6 h in liquid growth
medium (half-strength MS medium with 1% [w/v] Suc) containing 20 mM
estradiol. FRET-FLIMmeasurementswere performed on a Leica TCS-SP8
confocalmicroscope upgradedwith the rapidFLIMsystem fromPicoquant
(TimeHarp 260 time-correlated single-photon counting module). YFP was
excited with a pulsed 470-nm diode laser (LDHPC470B) with a 40-MHz
pulse frequency. Emission was recorded at 495 to 550 nm by a HyD SMD
detector until reaching a count of 1000 photons per pixel. We analyzed the
resulting data using the SymPhoTime software. An n-exponential re-
convolution with a monoexponential decay function was used to fit the
time-correlated single-photon counting histograms against a measured
instrumental response function (Fäßler and Pimpl, 2017; Mehlhorn et al.,
2018). Box plots of measured fluorescence lifetimes were generated using
the web tool tyerslab (http://boxplot.tyerslab.com; Spitzer et al., 2014).
Statistical significancewascalculated using a two-sample Student’s t test.
Measurementswere taken fromat leastfivedifferent seedlings inepidermal
cells near the differentiation zone of the root.

Electron Microscopy Analysis

Four- to 5-d-old ARF1-YFP and ARF1-Y35A-YFP seedlings were in-
cubated in liquid growth medium (half-strength MSmedium with 1% [w/v]
Suc) containing 10 mM estradiol for 4 h. For ultrastructural analysis, 1- to
1.5-mm-long seedling root tips were high-pressure frozen, freeze-
substituted in acetone containing 2.5% (w/v) OsO4, and embedded in
epoxy resin. Ultrathin sections were stained with uranyl acetate and lead
citrate and viewed with a Jeol JEM-1400plus transmission electron

Figure 6. (continued).

In (C), activation-deficient ARF1-T31N-YFP yielded coimmunoprecipitation signal of GN-loop>J(3A)-Myc following immunoprecipitation with anti-GFP
beads. Col-0, the wild-type control; IP, immunoprecipitate; M, molecular weight markers; T, total extract.
(D) Immunostaining of BFA-treated seedling roots. GNOM colocalized with ARF1 whereas GN-loop>J(3A) essentially behaved like engineered BFA-
resistant GNOM-M696L, not accumulating on the ARF1-positive endomembrane. Line scans are indicated with green lines.
(E)and (F)Cell fractionation reveals comparablepartitioningbetweencytosol andmembraneof theMyc-taggedGNOMwild type (GN) andMyc-taggedGN-
loop>J(3A)mutantprotein [J(3A)]. (E)shows immunoblotswithantisera indicatedon the right (controls: calnexin [asterisk]5membraneprotein [Huangetal.,
1993]; aleurain 5 soluble protein [Holwerda et al., 1990]). M, molecular mass markers. (F) shows the quantitation of anti-Myc signal intensities in the
immunoblot shown in (E). Total extracts were set to 1. T, total extract; S10 and P10, supernatant and pellet of 10,000g centrifugation; S100 and P100*,
supernatant and washed pellet of 100,000g centrifugation.
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microscope at 120 kV accelerating voltage. For more information, see
Singh et al. (2018).

Subcellular Fractionation

Two grams of plant material was ground in liquid nitrogen and suspended
1:1 in extraction buffer (50mMTris, pH7.5, 150mMNaCl, 1mMEDTA, and

1mMPMSF) supplementedwithprotease inhibitors (cOmpleteEDTA-free;
Roche). Of the total cell lysates, 100mLwas taken as total fraction (T). Then

cell lysateswere cleared by centrifugation at 10,000g for 10min at 4°C and

100 mL of supernatant (S10) was saved for further analysis. The pellet was

dissolved in 1 mL of extraction buffer and 100 mL was frozen (P10). After

a 100,000g centrifugation at 4°C for 1 h, 100 mL of supernatant (S100) was

stored and the pellet was dissolved in 200mL of extraction buffer, of which

Figure 7. Y2H Assay for DCB-DDCB Interaction of GN-loop>J(3A).

(A) b-Galactosidase activity staining. Unlike gnom-B4049 (negative control; lower left), GN-loop>J(3A) [J(3A)] displayed DCB-DDCB interaction (upper
right). Upper left, the GNOM wild type (positive control); lower right, empty vector control. See also Grebe et al. (2000) and Anders et al. (2008).
(B) and (C) Protein levels derived from the constructs used for the interaction assay (protein extracts from circled colonies in [B] detected by immunoblot
analysis with specific antisera indicated on the right): (B) LexA (DNAbinding domain) fused toDDCBdomains of GNOMwild-type (GNOM) andmutant GN-
loop>J(3A) [J(3A)] and GNOM-B4049 (B4049) proteins; (C) HA-tagged transactivation domain fused with the DCB domain of GNOM (DCB-HA).
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100mLwasstored (P100*). A total of 25mLof53Laemmli bufferwasadded
to 100-mL samples.

Subcellular fractionation for coimmunoprecipitation was performed as
above with a few modifications. After grinding, powdered plant material
was suspended in 23 volume of extraction buffer and centrifuged at
10,000g for 15 min at 4°C. The supernatant (S10) was subjected to one
100,000g centrifugation at 4°C for 1 h. The supernatant (S100) was sup-
plemented with Triton X-100 to a final concentration of 1% (v/v) and used
for coimmunoprecipitation studies. The pellet (P100) was dissolved by
sonication inextractionbuffer containing1%(v/v)TritonX-100andused for
coimmunoprecipitation.

Coimmunoprecipitation Analysis

The immunoprecipitation protocol was modified from Singh et al. (2014).
Three to 5 g of 8- to 10-d-old Arabidopsis seedlings was homogenized 1:1
in lysis buffer (50 mM Tris, pH 7.5, 150 mM NaCl, and 1 mM EDTA) sup-
plemented with protease inhibitors (cOmplete EDTA-free; Roche) and
containing 1% (v/v) Triton X-100. Seedlings bearing estradiol-inducible
ARF1-YFP, ARF1-Y35A-YFP, ARF1-T31N-YFP, or ARF1-Q71L-YFPwere
incubated in 20 mM estradiol-containing liquid half-strength MS medium
with 1% (w/v) Suc for 7 h. For immunoprecipitation, anti-Myc-agarose
beads (Sigma-Aldrich) or GFP-Trap beads (Chromotek) were incubated

Figure 8. ARF1 Binding by ARF-GEF Dimers.

(A)CoimmunoprecipitationofGNOM-GFPandGN-loop>J(3A)-Myc fromseedling extractswith either anti-GFPor anti-Mycbeads reveals the interactionof
GFP-taggedGNOMwild-type with GN-loop>J(3A)-Mycmutant protein and the lack of ARF1 binding by the GNOMheterodimer. Precipitates were probed
with anti-GFP, anti-ARF1, and anti-Myc antisera. Percentages indicate the amount of protein bound to beads relative to total input. IP, immunoprecipitate;
M, molecular mass markers; T, total extract; UB, unbound..
(B) Diagram of expected coimmunoprecipitation results showing precipitated GNOM dimers and ARF1. Tags are as follows: green 5 GNOM-GFP (wild
type); red5 GN-loop>J(3A)-Myc (mutant); gray5GNOM-Myc (wild type); no tag5 endogenous GNOM. Percentages indicate the relative amount of the
different GNOM homomeric and heteromeric proteins bound to beads.
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with theplantextractsat4°C for2.5h.Beadswere thenwashed twoto three
timeswithwashbuffer (50mMTris, pH7.5, 150mMNaCl, and1mMEDTA)
containing 0.1% (v/v) Triton X-100 and two to three timeswithout Triton X-
100-containing buffer. Bound proteins were eluted by boiling the beads in
23Laemmli buffer at 95°C for 5min. Toperform immunoprecipitation in the
presence of BFA, Arabidopsis seedlings were treated with 50 mM BFA for
2hbeforehomogenization. In addition, thesameconcentrationofBFAwas
maintained during all subsequent steps of immunoprecipitation.

SDS-PAGE and Immunoblot Analysis

SDS-PAGE and immunoblotting onto PVDF membranes (Millipore) were
performed as described (Lauber et al. 1997). All antibodies were diluted in
5% (w/v) milk/13 Tris-buffered saline 1 0.1% (v/v) Tween 20. Antibodies
and dilutions were as follows: mouse anti-c-Myc mAb 9E10 (Santa Cruz
Biotechnology) 1:1000, mouse anti-GFP (Roche) 1:2500, rabbit anti-
calnexin (Agrisera) 1:2000, rabbit anti-AALP (anti-aleurain; Holwerda

et al., 1990 [a gift from Inhwan Hwang]) 1:1000, rabbit anti-ARF1 (Agrisera)
1:2500, rabbit anti-SEC7 (Steinmannet al., 1999) 1:2500,mouse anti-LexA
(Santa Cruz Biotechnology) 1:1000, POD-conjugated anti-HA (Roche)
1:4000, anti-mouse (Sigma-Aldrich) or anti-rabbit peroxidase-conjugated
(MerckMillipore) or alkaline phosphatase-conjugated antibodies (Jackson
Immuno Research) 1:10,000. Detection was performed with the BM-
chemiluminescence blotting substrate (Roche) and FusionFx7 imaging
system (PeqLab). Image assembly was performed in Adobe Photoshop
CS3, and Image Studio Lite Software (https://www.licor.com/bio/image-
studio-lite/) was used for quantification of relative protein amounts.

Accession Numbers

The sequences of the genes described here can be obtained from TAIR
using the following gene identifiers: ARF1 (ARF1A1C; At2g47170),GNOM
(At1g13980), and gCOP (At4g34450).

Figure 9. Close Proximity of ARF1cGTP Proteins Activated by ARF-GEF Dimers (Model).

(A)Activation-hydrolysis cycle of ARF1GTPases. TwoARF1cGDPproteins are each simultaneously activated bymembrane-associatedARF-GEFdimers,
resulting in the insertion of ARF1cGTP proteins into themembrane less than 10 nm apart. GTP hydrolysis, facilitated by GTPase-activating protein (ARF1-
GAP), releases ARF1cGDP proteins from the membrane back into the cytosol.
(B)Closely spacedmembrane-associated ARF1cGTP proteins required for coat assembly and/or scission ofmembrane vesicles. In the top row, wild-type
ARF-GEF dimers generate ARF1cGTPs in close proximity through simultaneous GDP-GTP exchange at themembrane. In themiddle row, GN-loop>J(3A)
mutant protein strongly reduces the efficiency of simultaneous ARF1 activation. Most ARF1cGDPs are immediately released into the cytosol (arrows),
whereas only some are activated to form ARF1cGTPs inserted close to each other into the membrane (dashed arrow), which results in strongly reduced
frequencyof vesicle formation. In thebottom row, twoARF1-Y35Aproteinseacharecoordinately activatedbyARF-GEFdimersbut fail toestablish theclose
proximity of ARF1cGTP proteins required for normal coat assembly and/or vesicle scission (marked by the red X). The asterisk indicates uncertainty about
the effects of the Y35A substitution in regard to hypothetical weak and transient interaction of ARF1cGTPs with each other and/or interaction with the
regularly arranged coat protein complexes.
Question marks in (A) and (B) indicate uncertainty about the nature of the close spacing of ARF1cGTPs following activation by ARF-GEF dimers (e.g.,
hypothetical transient dimers based on weak interactions and/or stabilization by interaction with the regularly arranged coat protein complexes).
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Supplemental Data

Supplemental Figure 1. Overview of mutant variants of ARF-GEF
GNOM and ARF1 used in this study.

Supplemental Figure 2. Range of ultrastructural phenotypes of ARF1-
Y35A-YFP expressing seedlings.

Supplemental Table 1. Primers used in this study.

Supplemental Table 2. Reagents, mutants and transgenic lines used.

Supplemental Data Set. Raw data and statistics of FRET-FLIM
analysis presented in Figure 1E and 1F.
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