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Amino acids serve as transport forms for organic nitrogen in the plant, and multiple transport steps are involved in cellular
import and export. While the nature of the export mechanism is unknown, overexpression of GLUTAMINE DUMPER1 (GDU1)
in Arabidopsis (Arabidopsis thaliana) led to increased amino acid export. To gain insight into GDU1’s role, we searched for
ethyl-methanesulfonate suppressor mutants and performed yeast-two-hybrid screens. Both methods uncovered the same gene,
LOSS OF GDU2 (LOG2), which encodes a RING-type E3 ubiquitin ligase. The interaction between LOG2 and GDU1 was
confirmed by glutathione S-transferase pull-down, in vitro ubiquitination, and in planta coimmunoprecipitation experiments.
Confocal microscopy and subcellular fractionation indicated that LOG2 and GDU1 both localized to membranes and were
enriched at the plasma membrane. LOG2 expression overlapped with GDU1 in the xylem and phloem tissues of Arabidopsis.
The GDUI1 protein encoded by the previously characterized intragenic suppressor mutant log1-1, with an arginine in place of a
conserved glycine, failed to interact in the multiple assays, suggesting that the GdulD phenotype requires the interaction of
GDU1 with LOG2. This hypothesis was supported by suppression of the GdulD phenotype after reduction of LOG2 expression
using either artificial microRNAs or a LOG2 T-DNA insertion. Altogether, in accordance with the emerging bulk of data
showing membrane protein regulation via ubiquitination, these data suggest that the interaction of GDU1 and the ubiquitin

ligase LOG2 plays a significant role in the regulation of amino acid export from plant cells.

Amino acids are the main form of organic nitrogen
transported in the xylem and the phloem in plants
(Peoples and Gifford, 1990). Besides a role in nitrogen
transfer between plant organs, amino acids are impor-
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tant to coordinate shoot and root metabolism in re-
sponse to environmental conditions. Cycling of amino
acids between shoots and roots, successively trans-
ported by the phloem and the xylem, has been pro-
posed to carry information about the nitrogen status of
roots or shoots to the other organ system. In particular,
amino acids have been shown to inhibit root nitrate
uptake, adjusting inorganic nitrogen uptake to shoot
demand (Miller et al., 2007).

Amino acid cycling involves successive transfers
across the plasma membrane from symplasm (phloem
and cytosol) to apoplasm (xylem and cell wall) and
vice versa. Because membranes are fairly impermeable
to these solutes, both import and export are catalyzed
by integral membrane proteins. Identified in early
physiological studies (Li and Bush, 1990, 1992), amino
acid importers are proton gradient-dependent trans-
porters with broad amino acid specificities (Tegeder
and Rentsch, 2010). In stark contrast to importers,
molecular mechanisms of plasma membrane amino
acid export remain largely unknown. While export
across the plasma membrane has been measured at the
physiological level (Secor and Schrader, 1984; De Jong
et al.,, 1997; Lesuffleur and Cliquet, 2010), no trans-
porter has yet been identified that mediates this pro-
cess (for review, see Okumoto and Pilot, 2011). The first
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cloned plant amino acid exporter, GAMMA
AMINO BUTYRIC ACID PERMEASE (GABP), me-
diates y-aminobutyrate transport from the cytosol to
the mitochondrion (Diindar and Bush, 2009; Michaeli
et al., 2011). Because of its localization at the mito-
chondrial membrane, GABP is not expected to medi-
ate amino acid export at the plasma membrane.

The first gene suggested to be involved in plasma
membrane amino acid export is GLUTAMINE DUMPER]1
(GDU1). The gdul-1D mutant, which overexpresses
GDU1, was isolated in an activation-tag screen for
plants with altered hydathode function. gdul-1D ex-
hibited high free amino acid content in the phloem,
xylem, and guttation stream, leading to GIn crystalli-
zation at the hydathodes (Pilot et al., 2004). The GdulD
phenotype also entailed plant size reduction, consti-
tutive necrotic lesions, and resistance to toxic concen-
trations of amino acids (Pilot et al., 2004; Pratelli and
Pilot, 2007; Liu et al., 2010). gdu1-1D was later found to
constitutively export amino acids from plant cells
(Pratelli et al., 2010). GDU1 encodes a small protein
with a single transmembrane domain. Paralogs are
found in Arabidopsis (Arabidopsis thaliana; named
GDU2-GDU?7), and homologs are present in higher
and lower plant genomes (Pratelli and Pilot, 2006). The
physiological function of the GDU family is unknown,
but overexpression of any GDU gene causes pheno-
types reminiscent of GdulD (Pratelli et al., 2010).
Apart from the membrane domain, GDU proteins
also share a VIMAG domain (representing the amino
acids Val-lle-Met-Ala-Gly). The log1-1 allele of GDU1
(GDUlGlOOR, in which the VIMAG Gly is mutated to
Arg) was shown to suppress the GdulD phenotype
(Pratelli and Pilot, 2006), suggesting that the VIMAG
domain is essential for GDU1 function. The molecular
basis for this suppression was not determined.

In spite of its effect on amino acid export, the
predicted structure of GDU1 makes it unlikely to be
a transporter (Pilot et al., 2004), and it had been
suggested that GDU1 could be a transporter subunit
(Pratelli et al., 2010) by analogy to mammalian heter-
omeric amino acid transporters (Palacin et al., 2005).
Small, single transmembrane domain proteins have
also been shown to be involved in the organization of
large membrane protein complexes (for review, see
Zickermann et al., 2010). Finding interacting partners
of GDUL, therefore, is a necessary step to gain insight
about its role. To this end, we performed yeast two-
hybrid and ethyl-methanesulfonate (EMS) suppres-
sion screens. We report here that both of these
approaches uncovered the same RING-type ubiqui-
tin E3 ligase, subsequently named LOSS OF GDU2
(LOG2). In a survey of Arabidopsis RING finger-
containing E3s, LOG2 was shown to exhibit in vitro E3
activity, but the biological function of LOG2 was not
investigated in that study (Stone et al., 2005).

E3 ligases facilitate the covalent attachment of the
small protein ubiquitin to other proteins (ubiquitina-
tion). Ubiquitination is an efficient and highly specific
mechanism by which intracellular protein activity,
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localization, and/or stability are governed in eukaryotes.
Following ATP-dependent activation by ubiquitin-
activating enzyme (UBA or E1) and transthioester-
ification to an ubiquitin-conjugating enzyme (UBC or
E2), substrate ubiquitination is catalyzed by E3 ubig-
uitin ligases (E3s; Deshaies and Joazeiro, 2009). E3s
bind protein substrates and E2 ubiquitin thioesters in
a conformation that facilitates ubiquitin transfer to
substrates. In the case of RING-type E3s, the RING
domain enables interaction with E2s (Joazeiro et al.,
1999). In addition to promoting nuclear and cytosolic
protein degradation via the 265 proteasome, ubiquiti-
nation by E3s can also regulate plasma membrane
protein abundance via lysosomal/vacuolar proteolysis
(Komander, 2009; Léon and Haguenauer-Tsapis, 2009).

Here, we report that the ubiquitin ligase LOG2
interacts with GDUL in vitro and in planta and that
reduction of LOG2 expression suppresses the GdulD
phenotype. In addition, the previously described log1-1
mutation abolishes GDU1 interaction with LOG2. Al-
together, these data support a model whereby LOG2
and its interaction with GDU1 are required for the
increased amino acid export observed upon GDUI
overexpression.

RESULTS

GDUT1 Interacts with LOG2, a RING
Domain-Containing Protein

The physiological consequences of GDUI overex-
pression have been studied extensively, but the mech-
anism by which GDU1 activates amino acid efflux
remains unclear. GDU1 is unlikely to be a transporter;
thus, it must interact with other proteins to activate
efflux. A screen for interacting proteins was performed
using a yeast two-hybrid strategy, in which the region
C terminal to the putative transmembrane domain of
GDUT1 (¢cGDU1; amino acids 61-158) was used as bait
against an Arabidopsis cDNA library. Three clones,
whose inserts contained partial open reading frames
of genes At3¢09770 and At5g03200 (Supplemental Fig.
S1, A and C), were shown to restore yeast prototrophy
when coexpressed with ¢cGDU1 in the yeast two-
hybrid screen. At3g09770 and At5¢03200 encode mem-
bers of the same subfamily of RING finger ubiquitin E3
ligases (Kraft et al., 2005; Stone et al., 2005). At3g09770
and At5g03200 were named LOG2 (see below) and
LOG2-LIKE UBIQUITIN LIGASE1 (LUL1), respec-
tively. The three other paralogs were designated
LUL2 (At3g53410), LUL3 (At5¢19080), and LUL4
(At306140). Full-length LOG2 and LUL1 also inter-
acted with cGDUTI in the yeast two-hybrid assay (Fig.
1A). Yeast coexpressing LUL1 and cGDU1 grew slower
than yeast coexpressing LOG2 and ¢cGDU1, while the
proteins were expressed at similar levels (data not
shown). This observation was consistent with the
activity of the lacZ reporter gene. B-Galactosidase
activity of yeast cells was 0.14 * 0.13 nmol o-nitro
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Figure 1. Interaction assays between GDU family members and the E3 ubiquitin ligases of the LOG2 family. A, yeast two-hybrid
interaction of the cytosolic domain of the GDU proteins (cGDU) with LOG2 and LULs. The panels show swapping of inserts
between the bait (pGBT9) and prey (pACT2) plasmids. Yeast coexpressing the protein pairs were grown for 4 d on medium
selecting for protein interaction, lacking Leu, Trp, adenine, and His. All yeast grew on a medium lacking Leu and Trp, selecting
for the plasmids only (data not shown). B, GST pull-down (PD) assay of flag-cGDUT1 or flag-cGDU1%'% with GST-LOG2, GST-
LUL1, or GST alone. Top, pulled-down samples; middle, cGDU input; bottom, GST protein input. Arrowheads indicate GST
(approximately 27 kD) or full-length GST-tagged LOG2 and LUL1. C, Coimmunoprecipitation (IP) assay after the expression of
GDU1 or GDU1°"R and mLOG2 or mLOG28'?¥ in transiently infiltrated N. benthamiana leaves. Top, Myc coimmunopre-
cipitation samples probed with a-HA (H); middle, Myc coimmunoprecipitation samples probed with a-Myc (M); bottom, HA-
protein input. Asterisks and diamonds indicate LOG2 and GDUT1 proteins, respectively. Numbers on the right in B and C indicate
molecular mass in kD. ORF, Open reading frame; WB, western blot.

phenol (ONP) h™' 0.1077 cells when ¢cGDU1 was
coexpressed with LUL1 and 3.02 = 0.18 nmol ONP
h™' 0.1077 cells when coexpressed with LOG2, sug-
gesting that the interaction between cGDU1 with
LUL1 was weaker compared with that of LOG2.

In addition to the presence of a C-terminal C3HC4
RING finger domain and a predicted N-terminal
myristoylation site (see below), the five LOG2 sub-
family members contain a functionally uncharacter-
ized region N terminal to the RING finger that was
previously designated Domain Associated with
RING2 (DAR?2; Supplemental Fig. S1C; Stone et al.,
2005). LOG2-like genes are present in the genomes of
diverse taxa, including monocots, lower plants, and
mammals, but surprisingly not in fungi. While LOG2
function has not been studied in plants, the mam-
malian homolog MAHOGUNIN RING FINGER1
(MGRN1) plays an unclear role in the down-regulation
of melanocortin signaling and the maturation of en-
dosomes (He et al., 2003; Kim et al., 2007; Cooray et al.,
2011). MGRN1 contains a large C-terminal domain not
found in plant LOG2/LUL proteins (Supplemental
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Fig. S1C) that seems to play an important role in
endosomal trafficking (Kim et al., 2007), suggesting
divergence in function from plant LOG2/LULs.

The interaction of cGDU1 with LOG2 and LUL1 was
tested by glutathione S-transferase (GST) in vitro pull-
down assays. The interaction of GST-LOG2 with
c¢GDU1 was the only one to be detected (Fig. 1B, top
panel, lane 2), indicating that cGDU1 binds directly to
LOG2 and more strongly to LOG2 than to LUL1 in this
assay. The interaction between GDU1 and LOG2 was
then tested in planta using proteins transiently ex-
pressed in Nicotiana benthamiana leaves. Wild-type
LOG2 was expressed at levels too low to be suitable
for coimmunoprecipitation experiments (data not
shown). Hypothesizing that autoubiquitination may
contribute to protein instability, we generated a LOG2
mutant with a catalytically inactive RING domain
(LOGZCC354+357AA, called mLOG2; see below and Fig.
2C), which could successfully be expressed at high
levels. Full-length GDU1 and mLOG2 with C-terminal
Myc or hemagglutinin (HA) tags were then coex-
pressed in N. benthamiana leaves, and the Myc-fused
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protein was immunoprecipitated. Independent of which
protein contained the Myc epitope tag, GDU1 and
mLOG2 coimmunoprecipitated (Fig. 1C, lanes 1 and 3),
showing that the interactions detected by yeast two-
hybrid and in vitro assays are observed in planta as well.

The GDU1-LOG?2 Interaction Is Affected by a Suppressor
Mutation in GDU1

It had previously been reported that the EMS-
generated logl-1 mutant, corresponding to a G100R
substitution in the VIMAG motif of GDU1, suppresses
multiple features of the GdulD phenotype (Pratelli
and Pilot, 2006, 2007). Although the C-terminal do-
mains of the seven Arabidopsis GDUs show limited
sequence conservation outside the VIMAG domain, all
c¢GDUs could interact with LOG2 in yeast, and most
could interact with LUL1 (Fig. 1A). This suggested that
the interaction with LOG2 is mediated through the
VIMAG domain. To test the hypothesis that the G100R
mutation alters the interaction with LOG2, the inter-
actions of cGDU1'"R (log1-1) and A-cGDUT1 (in which
the whole VIMAG domain has been deleted) with
LOG2 and LULs were tested using the yeast two-
hybrid system. While these mutations did not alter
protein abundance (data not shown), neither logl-1
nor A-cGDU1 could interact with LOG2 or LUL1
(Fig. 1A). Consistent with these results, flag-tagged
cGDU1“!® failed to interact with GST-LOG2 in a GST
pull-down assay (Fég. 1B, lane 5), and coimmunopre-
cipitation of GDU1“"® and mLOG2 expressed in N.
benthamiana was greatly reduced (Fig. 1C, lanes 5 and
6). These data indicate that the GDU1-LOG?2 interac-
tion requires the conserved VIMAG domain of GDU1
and that the suppression of the GdulD phenotype
observed in log1-1 plants (Pratelli and Pilot, 2006) may
result from the loss of interaction with LOG2.

¢GDUs Interact with LOG2 and LUL Proteins

To systematically characterize interactions between
the LOG2/LUL and GDU families, yeast two-hybrid
assays were conducted between the C-terminal do-
mains of all Arabidopsis GDUs and LOG2/LUL pro-
teins. In contrast to LOG2, cGDU-LUL interactions
were typically specific for a pair of bait-prey combi-
nations (Fig. 1A). LUL2 and LUL3 interactions were
observed only for cGDU2 or cGDU3, and LUL4 did not
interact with any ¢cGDU. As expected, deletion of the
VIMAG motif from cGDU1 abolished all LUL interac-
tions. The interaction between GDU and LOG2-like
proteins appears to be facilitated by the VIMAG motif
of the GDUs and a conserved domain among LOG2
homologs (most likely DAR2; see below).

LOG2/LULs Exhibit E3 Ligase Activity, but cGDU1 Is
Ubiquitinated Exclusively by LOG2 in Vitro

LOG2 had previously been shown to polymerize
ubiquitin in vitro (Stone et al., 2005). To examine the E3
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activities of the LOG2 paralogs, GST fusions of LOG2
and LUL1 to -4 were expressed in Escherichia coli,
purified, and assayed with ubiquitin pathway proteins
(E2, E1, and ubiquitin). Mirroring previously published
results with LOG2 (Kraft et al., 2005; Stone et al., 2005),
LUL1 to -4 were active, forming high-M, ubiquitinated
proteins in the presence of all ubiquitin pathway
components, while omission of the E2 prevented their
production (Fig. 2A).

Only the proteins demonstrated to interact with
GDUI1 (i.e. LOG2 and LUL1 [Fig. 1]) were tested for
ubiquitination of cGDU1 using in vitro assays. Only
LOG2 could ubiquitinate ¢cGDU1 above the back-
ground of the E3 reaction (Fig. 2B). Substitution to
Ala of two zinc-coordinating Cys residues (mLOG2) or
an Ile residue in the RING domain (LOG2"*'4) was
previously described for other RING E3s to abolish E3
activity or hinder association with E2s, respectively
(Lorick et al., 1999; Brzovic et al., 2003). As predicted,
these modifications of LOG2 led to abolished or com-
promised c¢cGDU1 ubiquitination, respectively (Fig.
2C). Interestingly, truncation of the nonconserved
125-amino acid region N terminal to DAR2 did not
impede ¢cGDU1 ubiquitination by LOG2 (Fig. 2C).
cGDU1“' (10g1-1) was then assayed with or without
LOG2-V5-Hisg in the presence of ubiquitin pathway
components. While ¢cGDU1 formed ladders in the
presence of LOG2, only weak monoubiquitination of
cGDU1%""R was observed (Fig. 2D). These data show
that the decreased interaction of cGDU1%""® with
LOG?2 (Fig. 1B) results in decreased in vitro ubiquiti-
nation of cGDU1'"® and suggest that the specificity
determinants of the GDU1-LOG?2 interaction lie in the
DAR?2 of LOG2.

Similar to GDU1, LOG2 Is Expressed in the Vasculature

The interaction between GDU1 and LOG2, con-
firmed so far in vitro and after coexpression in planta,
is physiologically relevant only if the two proteins are
expressed in the same cell types. To investigate LOG2
expression pattern, the LOG2 promoter region fused to
the coding sequence of the uidA gene from E. coli,
encoding GUS, was introduced into the Arabidopsis
genome. GUS activity was detected in vascular tissues
of roots, leaves, and stems (Fig. 3, A-D), and more
precisely in both phloem and xylem parenchyma cells,
as revealed by stem cross-sections (Fig. 3C). The LOG2
promoter was active in all shoot cells: a light back-
ground staining appeared in leaves and in nonvascu-
lar parenchyma cells of the stems (Fig. 3, A and C).
Examination of lightly stained plants showed that this
background staining did not result from diffusion of
the product of the histochemical reaction out of the
vascular tissues (data not shown). The presence of
staining in roots up to the division zone indicated that
the LOG2 promoter is active in the root phloem (Fig.
3D). Interestingly, the LOG2 promoter was only active
in cells from the root stele and root tip; even with
longer reaction time, no staining could be observed in
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Figure 2. Ubiquitin ligase activity tests of LOG2 and LULs. A, In vitro
ubiquitination assay of GST-LOG2 and GST-LUL1 to -4 visualized with
an anti-ubiquitin antibody. —E2 and —E3, Omission of ubiquitin-
conjugating enzyme (E2) and the indicated ubiquitin ligase (E3) from
the assay, respectively; T, all ubiquitin pathway components were
present in the assay. B, In vitro ubiquitination assay of flag-cGDU1 by
GST-LOG2, GST-LUL1, or no added E3, visualized with anti-flag
antibody. C, In vitro ubiquitination assay of flag-cGU1 by truncated
and mutant forms of GST-LOG2. AN, LOG2 truncation lacking amino
acids N terminal to DAR2; M, LOG2CC*34A (RING-dead); I-A,
LOG2"*?™ (RING-E2 interaction impaired). D, In vitro ubiquitination
assay of either flag-cGDU1 or flag-cGDU1¢""® by LOG2-V5. The
arrowhead indicates nonubiquitinated flag-cGDUT1; the pound symbol
indicates ubiquitinated flag-cGDU1. Numbers on the left indicate
molecular mass in kD. WT, Wild type.

the cortex and epidermis (Fig. 3, D and E). In repro-
ductive organs, strong GUS activity was detected in
the style, connective tissue, and the base of the flower
(Fig. 3, F and G), which persisted along the develop-
ment of the silique (data not shown). Finally, the LOG2
promoter was active in pollen grains (Fig. 3H). The
observed expression pattern is in good agreement with
quantitative reverse transcription (RT)-PCR results
(Supplemental Fig. S2), the AtGenExpress data set
(Schmid et al., 2005), and the Arabidopsis Gene Ex-
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pression Database (Cartwright et al., 2009), where
stronger expression was detected in vasculature-rich
tissues (stems), pollen, columella, and phloem and
xylem cells (data not shown). The expression pattern
of LOG2 largely overlaps with that of GDU1, shown to
be expressed in the vasculature of roots, stems, and
petioles (Pilot et al., 2004).

GDU1 and LOG2 Localize to Microsomes and Are
Enriched in the Plasma Membrane

GDUI1 is predicted to be a single-pass transmem-
brane domain protein (Pilot et al., 2004). In order to
interact with GDU1, LOG2 needs to be recruited to the
same membrane(s). Confocal imaging of Arabidopsis
protoplasts transiently expressing GDU1-GFP had
suggested that GDU1 was targeted to the plasma
membrane (Pilot et al., 2004). We created transgenic

Figure 3. LOG2 promoter-GUS analysis. A, Rosette. B, Leaf. C, Stem
cross-section. D and E, Root. F, Flower. G, Stamen. H, Pollen grain.
Con, Connective; Ph, phloem; St, style; Xy, xylem.
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Arabidopsis that overexpressed Myc-tagged GDU1
under the control of the cauliflower mosaic virus
(CaMV) 355 promoter. One line, designated 35S-
GDU1-Myc, showed stable expression of GDU1-Myc
over several generations and recapitulated the smaller
leaf size and overaccumulation of amino acids seen in
the activation-tagged gdul-1D line (Supplemental Fig.
53; Supplemental Table S1). To examine the subcellular
localization of GDUI, rosette leaf proteins were frac-
tionated into cytosolic and total microsome fractions,
after which total microsomes were further processed
into plasma membrane-depleted vesicles (PDVs) and
plasma membrane-enriched vesicles (PEVs). GDU1-
Myc was highly enriched in the microsomal fraction
compared with the soluble fraction, confirming mem-
brane localization (Fig. 4A, lanes 1 and 2). Similar to

GDU1 Interacts with the Ubiquitin Ligase LOG2

the plasma membrane-localized PMA2 used as a con-
trol (Dambly and Boutry, 2001; Elmore and Coaker,
2011), GDU1 was enriched in PEVs compared with
PDVs (Fig. 4A, lanes 3 and 4), indicating enrichment at
the plasma membrane. Consistent with these results,
GDU1-GFP transiently expressed in N. benthamiana
epidermal cells localized at the plasma membrane and
in small dots (Fig. 5A), which could be labeled with the
endosome marker FYVE-GFP (Voigt et al., 2005; Fig.
5B). Limited overlap was found with fluorescent
markers specific to the Golgi apparatus, and no local-
ization could be detected in mitochondria, chloro-
plasts, the endoplasmic reticulum, lysosomes, or the
cytosol (data not shown).

To explore the membrane association of GDU]I,
microsomes from 355-GDU1-Myc leaves were isolated
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Figure 4. Analysis of membrane localization and the association of GDU1 and LOG2. A and C, Subcellular fractionation of
transgenic Arabidopsis expressing GDU1-Myc (A) or LOG2-HA (C). The fractionation of plasma membrane-localized PMA2 in
respective preparations is shown at the bottom. CYT, Cytosolic fraction; TM, total microsomes. B, Sensitivity of microsomal
GDU1-Myc expressed in Arabidopsis to 1 m NaCl, 0.1 m Na,CO;, pH 11.5, or 1% (v/v) Triton X-100. P, Pellet; S, supernatant. D,
Subcellular fractionation of LOG2-HA and LOG2“*A-HA after transient expression in N. benthamiana. E, Sensitivity of
microsomal LOG2 and LOG2°** to 1 m NaCl, 0.1 m Na,CO,, pH 11.5, or 1% (v/v) Triton X-100 after transient expression in N.
benthamiana. F, In vitro transcription/translation assay reactions incubated with either [3H]myristic acid (left) or [*H]Leu (right)
using plasmids expressing either wild-type LOG2 or LOG®*A. G, Coimmunoprecipitation (IP) after transient expression of
GDUT-HA (H) and mLOG2-Myc or mLOG2%?*-Myc (M) in N. benthamiana leaves using an anti-Myc antibody. Top, Myc
coimmunoprecipitation samples probed with a-HA; middle, Myc coimmunoprecipitation samples probed with a-Myc; bottom,
HA-protein input. Asterisks and arrowheads indicate LOG2 and GDU1 proteins, respectively. Numbers on the right indicate

molecular mass in kD.
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Figure 5. Subcellular localization of GDU1, LOG2, and LOG2 vari-
ants. All proteins were transiently expressed in N. benthamiana epi-
dermis cells. Images are maximum projections of optical sections of the
abaxial side of cells, obtained by confocal microscopy. A, Localization
of GDU1-GFP protein. B, Colocalization of GDU1-GFP and FYVE-RFP,
an endosome marker. C, Localization of mLOG2-GFP, mLOG2%A-
GFP, and mLOG2R'?K.GFP. D, Colocalization of mLOG®?** with cyto-
solic mCherry. E, Change of localization of GDU1-GFP when coex-
pressed with mLOG2-mCherry. The middle cell (arrow) expressed
mLOG2-mCherry at a low level, while the two lateral cells expressed
mLOG2-mCherry at higher levels. All three cells expressed GDU1-
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and treated with NaCl, alkaline sodium carbonate, or
Triton X-100 detergent (i.e. reagents that extract periph-
eral, lumenal, or integral membrane proteins, respec-
tively; Santoni et al., 1999; Rolland et al., 2006). GDU1
was retained in the microsomal pellet after incubation
with salt or base, whereas it was solubilized by the
detergent (Fig. 4B). In accordance with earlier charac-
terizations of protein-membrane interactions (Santoni
et al., 1999; Rolland et al., 2006), this result indicates that
GDUI1 is an integral membrane protein.

LOG2 was found to interact directly with cGDU1 in
vitro (Fig. 1B) and to coimmunoprecipitate with GDU1
in planta (Fig. 1C), but unlike GDU1, LOG2 lacks a
predicted transmembrane domain. To determine
whether LOG2 is membrane associated, microsomes,
PDVs, and PEVs were prepared from Arabidopsis
stably expressing LOG2-HA under the control of the
CaMV 35S promoter (Fig. 4C) or after transient ex-
pression in N. benthamiana leaves (Fig. 4D, left). Mir-
roring the localization profile of GDU1, LOG2 was
found primarily in the total microsomal fraction and
enriched in PEVs. In accordance with these data,
expression in N. benthamiana epidermal cells of
LOG2-GFP led to a continuous fluorescence at the
cell periphery, suggesting plasma membrane localiza-
tion (Fig. 5C, left). This pattern was identical to the
pattern obtained with BRI1, a known plasma membrane
protein (Friedrichsen et al., 2000; Supplemental Fig. S4).
Microsomal LOG2-Myc expressed in N. benthamiana
was, like GDUI, resistant to NaCl, but some protein
was released with alkaline sodium carbonate and Triton
X-100 detergent, indicating a weaker association with
the membrane than GDU1 (Fig. 4E, left).

Myristoylation of LOG2 Is Important for Its Membrane
Localization and the GDU1-LOG2 Interaction

We reasoned that the membrane association of
LOG2 could result from covalent lipid modifications
such as myristoylation, prenylation, or palmitoyla-
tion. Myristoylator (Bologna et al., 2004) and The
MYR Predictor (http://mendel.imp.ac.at/myristate/
SUPLpredictor.htm) predicted N-myristoylation sites
for LOG2 and LUL1-4. Moreover, in vitro myristoyla-
tion of LUL1 was recently demonstrated (Yamauchi
et al., 2010). To experimentally verify that LOG2 could
be myristoylated, LOG2 and the corresponding G2A
mutant (bearing a substitution known to inhibit
N-terminal myristoylation; Gordon et al., 1991)
were expressed in rabbit reticulocyte lysate-coupled
transcr1pt10n—translat10n systems in the presence of
B H]myristic acid or [PH]Leu. These lysates contain the
enzymes necessary for myristoylation (Heuckeroth
et al., 1988). Both proteins were expressed at similar
levels, and LOGZ 1ncorp0rated [PH]myristic acid. As
expected, LOG2%** was not myristoylated (Fig. 4F).

GFP. The central fluorescence of the middle cell is potentially due to
internal reflection. Bars = 20 um (A), 5 um (B) or 10 um (C to E).
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Similar to LUL1 and LOG2, LUL3 was also myristoy-
lated in a Gly-2-dependent manner (Supplemental Fig.
S5), suggesting that all LOG2-like proteins are myr-
istoylated in planta.

To determine whether myristoylation affects LOG2
localization in planta, plasma membrane vesicles were
prepared from N. benthamiana transiently expressing
mLOG2-HA or mLOG2**-HA. While both proteins
were found primarily in the microsomal fraction,
mLOG2%** was depleted from PEVs compared with
wild-type mLOG2 (Fig. 4D), suggesting that LOG2
myristoylation is important for localization to the
plasma membrane. Extraction of mLOG2°** with
sodium carbonate and Triton X-100 was markedly
enhanced compared with mLOG2 (Fig. 4E), showing
that the G2A mutation reduced the strength of binding
to the membrane. While wild-type LOG2-GFP located
exclusively at the plasma membrane in N. benthamiana,
LOG2*-GFP also localized in the cytoplasm (Fig. 5C,
middle). In accordance with biochemical data (Fig.
4D), the fluorescence pattern of LOG2“**-GFP over-
lapped extensively with cytosolic mCherry (Fig. 5D),
suggesting that suppression of myristoylation prevented
a fraction of LOG2 from being anchored to the
membrane.

To assess the effect of the G2A mutation on the
GDU1-LOG2 interaction in planta, GDU1-HA was
coexpressed with mLOG2-Myc or mLOG2**-Myc in
N. benthamiana, and Myc-tagged proteins were immu-
noprecipitated as in Figure 1C. GDU1 coimmunopre-
cipitated with less efficiency with mLOG2°** than
mLOG2 (Fig. 4G), indicating that myristoylation en-
hances the LOG2 interaction with GDU1 in planta. The
localization of the LOG2-GDU1 interaction was fur-
ther studied by expressing in N. benthamiana mLOG2
and GDU1 fused to mCherry and GFP, respectively.
LOG2-expressing Agrobacterium strains were infiltrated
at low density, leading to heterogeneous expression in
the epidermis, while GDU1-expressing Agrobacterium
was infiltrated at a density enabling expression in all
cells. GDU1 localized at the plasma membrane and in
endosomes in cells expressing mLOG2 at low levels
(Fig. 5E, middle cell) but mainly at the plasma mem-
brane in cells expressing mLOG2 at higher levels
(Fig. 5E, lateral cells). This change in localization
pattern suggests that the interaction of LOG2 and
GDU1 stabilized GDU1 localization at the plasma
membrane.

T-DNA Disruption of LOG2 Suppresses the GdulD
Phenotype Conferred by GDU1 Overexpression

The observation that disruption of the LOG2-GDU1
interaction by the logl-1 mutation suppresses the
GdulD phenotype (Pratelli and Pilot, 2006) suggested
that LOG2 is involved in the pathway altered by GDU1
overexpression. To test this hypothesis, gdul-1D was
crossed with a plant carrying a T-DNA insertion (log2-2)
in the first intron of LOG2 (Supplemental Fig. S1B).
Reduction of LOG2 wild-type mRNA in the homozy-
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gous log2-2 mutant was confirmed by RT-PCR (Supple-
mental Fig. 56). In log2-2 gdul-1D double homozygous
plants, GDUI mRNA levels remained unaffected by the
log2-2 mutation (Supplemental Figs. S7, A and B, and
S8C). Five-week-old log2-2 and wild-type plants had
similar rosette sizes, while as previously observed, gdul-
1D individuals exhibited characteristically smaller
rosettes (Fig. 6A). In contrast to gdul-1D segregants,
gdul-1D log2-2 double mutant plants developed rosettes
similar in size to wild type (Fig. 6A) and grew to normal
height (data not shown), indicating suppression of the
GdulD growth phenotype in the log2-2 background.

A gdu1-1D
log2-2

gdut-1D  WT

FREORI
R )

gdu1-1D

Figure 6. Suppression of the Gdu1D phenotype by T-DNA insertion in
the LOG2 gene. A, gdul-1D was crossed to plants harboring a T-DNA
in the first intron of LOG2 (log2-2). Five-week old F3 plants were
recovered from F2 parents with the indicated genotypes. B, gdu-1D,
log2-2, and log2-2 gdu1-1D seeds were sown on medium containing
10 mm of the indicated amino acid or no added amino acid (top left
plate). Each plate is oriented with quadrants as shown in the model
above. Clockwise from top left: the wild type (WT), gdul-1D, log2-2,
and log2-2 gdu1-1D double homozygote. Experiments were repeated
three or more times with 25 seeds from each line. Representative
images are shown.

1635



Pratelli et al.

A
B
. No addition )
n
._Eg B 5
ERE »
82
5% s
59 . "
g8 s
@2
o . $ °
$ oot
gdu1-1D
. Leu
n
L E » n
$¢
o *
5% hd =i
c 0o
S99 i E
o5 :
ag * il
o, |
S eF2d P L eF ey P
gdu1-1D gdu1-1D

WT  355-GDU1-Myc 249B  249A

D

\%
& L& s
Phenotype N C‘P \6@ &S\ \é\ \5@

a-Myc e e —
45
10 EGDU‘.‘
< 3 |OLoG2
§cg:>10
£S5 102
-
-gE101.
s 3
GRS
x 100 1 o= |__
107y F « @ o o
: 5 2 3 2 3
O 9O & o N

amiRNA b
358-GDU1-Myc
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gdul-1D plants have been shown to be more tolerant
to toxic concentrations of amino acids compared with
the wild type (Pratelli and Pilot, 2007). To determine
whether this other aspect of the GdulD phenotype is
suppressed in the gdu-1D log2-2 double mutant, the
susceptibilities of wild type, log2-2, gdul-1D, and gdul-
1D log2-2 seedlings to 10 mm Phe, Met, and Leu were
compared. Wild-type, log2-2 and gdul-1D log2-2 plants
did not grow in the presence of these amino acids,
while most gdul-1D plants developed green cotyle-
dons (Fig. 6B). The phenotype of the soil-grown plants
and amino acid tolerance assays indicate that the loss
of LOG2 expression suppresses all characterized as-
pects of the GdulD phenotype.

Expression of Artificial MicroRNA Targeting LOG2
Suppressed the GdulD Phenotype

Of the available T-DNA insertion lines, only the
log2-2 T-DNA was found to repress LOG2 transcript
accumulation. To confirm the results obtained with the
log2-2 line, four artificial microRNAs (amiRNAa, -b, -c,
and -d) directed against the LOG2 transcript were
created (Supplemental Fig. S1B). The amiRNAs were
expressed in the gdul-1D line under the control of the
cassava vein mosaic virus (CsVMYV) promoter (Verdaguer
et al., 1998), a viral promoter of activity comparable to
that of the CaMV 35S. The CsVMYV promoter was used
to avoid silencing of GDU1, driven in gdul-1D by the
35S enhancer. Similar results were obtained with
amiRNA expression as seen with the log2-2 mutation
in the gdul-1D background. Transformants created
using LOG2-amiRNAa and -b had a phenotype similar
to wild-type plants in the T2 generation at the ex-
pected 75% ratio (Fig. 7A). This phenotypic change
occurred while GDU1 transcripts remained at levels
similar to the progenitor line (Supplemental Fig. S8A).
Amino acid tolerance to Leu, Phe, and Met was tested
for five lines (three from LOG2-amiRNAa and two from

A, Phenotypic segregation on soil of T2 plants expressing LOG2-amiRNA
in the gdul-1D background. Bar = 5 cm. B, Growth of seedlings
expressing one of two LOG2-amiRNAs in the gdul-1D background
was assessed for the presence of green, expanded cotyledons after 14 d
of growth on 10 mm Met, Leu, and Phe. Error bars represent sp. Asterisks
indicate significant differences from gdul-1D alone (—) on the same
medium (t test with Bonferroni correction for multiple comparisons;
P < 0.01). Experiments were repeated three or more times with 25
seeds from each line. C, Phenotype of plants overexpressing LOG2-
miRNAD in the 355-GDU1-Myc background. D, For each line over-
expressing LOG2-miRNAb in the 355-GDU1-Myc background, the
phenotype of about 10 progeny was recorded (WT, wild type; Inter.,
intermediate between Gdu1D and the wild type), GDUT protein levels
were estimated by western blotting using an anti-Myc antibody (top),
and GDUT and LOG2 mRNA contents were measured by quantitative
RT-PCR. Accumulation is expressed relative to the levels in the wild
type (Col-7), and error bars represent the results of two independent
experiments. CTRL, Control (355-GDU1-Myc background only, no
amiRNA present). [See online article for color version of this figure.]
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Figure 8. Analysis of the effect of the log2-1 mutation on LOG2 protein
properties. A, Complementation of the log2-1 mutation. A wild-type
(WT) genomic fragment (8,511-bp Xhol-Pstl from bacterial artificial
chromosome F11F8) was cloned into a hygromycin resistance-conferring
binary vector and inserted into the genome of the log2-1 gdul-5D
double mutant. GDUT mRNA content was estimated by quantitative
RT-PCR and is given as the double difference between the gPCR cycle
threshold (Ct) of GDUT and Actin2 mRNAs obtained in the wild type
and the mutants (AACY). Errors bars are from two biological replicates.
B, GST-LOG2 and GST-LOG2R'?f ubiquitination assays without sub-

Plant Physiol. Vol. 158, 2012

GDU1 Interacts with the Ubiquitin Ligase LOG2

LOG2-amiRNAD). The tolerance of the transformants
was intermediate between gdu1-1D and the wild type,
with lines a2 and b3 showing almost wild-type suscep-
tibility on Leu and Phe (Fig. 7B; Supplemental Fig. S8B).

While the expression of LOG2-directed amiRNAs did
suppress the GdulD phenotype, it was not resolved if
the suppression affected GDU1 protein content. The
355-GDU1-Myc line (see above) was used to probe
GDUI1 protein accumulation in a parallel experiment.
amiRNAb was expressed in the 355-GDU1-Myc line.
Similar to the above results, expression of LOG2-
amiRNAb in 355-GDU1-Myc suppressed the GdulD
phenotype in most of the transformants. Four inde-
pendent transformation lines (lines 249A to -D) were
chosen and studied for GDU1-Myc protein accumula-
tion, LOG2 and GDUI mRNA contents, and amino
acid levels. Lines 249A and -D exhibited a mild GdulD
phenotype, while lines 249B and -C showed wild-type
morphology (Fig. 7C). Expression of LOG2-amiRNADb
led to an 80% decrease in LOG2 mRNA in the four
lines (Fig. 7D). GDU1 mRNA content was not signif-
icantly changed compared with the untransformed
control, with about 5,000-fold overaccumulation com-
pared with the wild type (Fig. 7D). Amino acid con-
tents were reduced in the suppressed lines but were
not equivalent to those in the wild type (Supplemental
Table S1). Significantly, GDU1-Myc protein content
was only slightly increased by the expression of LOG2-
amiRNAb (Fig. 7D).

An R12K Substitution in LOG2 Suppresses the GdulD
Phenotype but Not the GDU1-LOG2 Interaction

A suppressor mutation, log2-1, was isolated in the
same screening that led to the isolation of the log1-1
mutation (Pratelli and Pilot, 2006; Fig. 8A; Supple-
mental Text S1). Analyses of phenotypic segregation
after crosses of log2-1 with the wild type and the gdu1l-
5D parental line validated the hypothesis that log2-1 is
a single recessive mutation, independent of the log1-1
mutation (Supplemental Text S1). Positional cloning of
log2-1 showed that the mutation was very close to the
LOG2 gene (Supplemental Fig. S9). Sequencing of the
LOG2 gene in log2-1 revealed the presence of a G-to-A
mutation 35 bp after the ATG, leading to an Arg-to-Lys
mutation (R12K; Supplemental Fig. S1B). Transforma-
tion of the log2-1 ¢gdu1-5D double mutant by a genomic
fragment containing the wild-type LOG2 gene com-
plemented the log2-1 mutation. This complementation
proved that suppression of the GdulD phenotype in

strate. C, GST pull-down assay using flag-cGDU1 and GST-LOG2 or GST-
LOG2%?% D, Yeast two-hybrid interaction assay of LOG2R'** with
cGDUT1, cGDUT®'® or AcGDUT. E, In vitro ubiquitination assay
with LOG2-V5 or LOG2R'?%-v5 and flag-cGDU1. F, GDU1-Myc accu-
mulation in 355-GDU1-Myc and the 35S5-GDU1-Myc log2-1 double
mutant. Lane 1, Wild type; lane 2, 355-GDU1-Myc; lane 3, 355-GDU1-
Myc log2-1. Numbers on the side of western blots indicate molecular
mass in kD. [See online article for color version of this figure.]
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the log2-1 gdul-5D double mutant resulted from the
R12K mutation in LOG2 (Fig. 8A).

The fact that log2-1 is recessive suggested a loss-of-
function mutation, but, despite extensive trials, no
difference in functional properties has been found to
date between LOG2"'* and LOG2: the R12K mutation
did not impair the ubiquitin ligase activity of the
protein (Fig. 8B) or the ability to ubiquitinate cGDU1
in vitro (Fig. 8E). In addition, yeast two-hybrid, GST
pull-down, and in planta coimmunoprecipitation as-
says showed that LOG2*'* interacted with GDU1
very similarly to LOG2 (Figs. 1C and 8, C and D).
LOG2R#*_GFP also localized to the plasma membrane
like wild-type LOG2-GFP in transiently transformed
N. benthamiana leaves (Fig. 5C, right). The R12K mu-
tation had no effect on GDU1-Myc accumulation when
log2-1 was introduced into the 355-GDU1-Myc line
(Fig. 8F). Leading to significant suppression of the
GdulD phenotype with no detectable effect on the
LOG2-GDUL1 interaction, the nature of the defect in
LOG2"* is currently unknown.

DISCUSSION
LOG2 Is Necessary for the GdulD Phenotype

The GDU1 protein has been suggested to be in-
volved directly or indirectly in the control of amino
acid export, potentially interacting with an amino acid
exporter (Pilot et al., 2004; Pratelli et al., 2010). Parallel
attempts at characterizing GDU1 function using EMS
suppressor and yeast two-hybrid screens led to the
isolation of LOG2, an E3 ubiquitin ligase. Subsequent
biochemical analyses showed that LOG2 and GDU1
interacted in in vitro pull-down and in planta coim-
munoprecipitation assays (Figs. 1, B and C, and 2B).
We also establish here the functional significance of
this interaction in multiple assays. Previous character-
ization of the logl-1 suppressor allele (GDU1“'"F)
validated the relevance of the conserved GDU VIMAG
motif (Pratelli and Pilot, 2006), but the molecular
mechanism of the suppressor effect was not explained.
When tested by yeast two-hybrid, GST pull-down, in
planta coimmunoprecipitation, and in vitro ubiquiti-
nation assays, the logl-1 mutation diminished the
interaction between LOG2 and GDU1 (Figs. 1, A-C,
and 2D, respectively). This indicated that the pheno-
typic suppression conferred by the log1-1 allele could
result from impaired interaction with LOG2. Genetic
interaction assays with plants affected in LOG2 ex-
pression further support this conclusion. Reduction of
the GdulD phenotype was observed in three inde-
pendent genetic contexts: in gdul-1D plants homozy-
gous for the log2-2 T-DNA (Fig. 6), upon expression of
LOG2-directed amiRNAs in either gdul-1D or 35S-
GDU1-Myc backgrounds (Fig. 7), and in gdul-5D
plants homozygous for the log2-1 loss-of-function
allele (LOG2R™X; Fig. 8). The nature of phenotypic
suppression was similar in all three cases: plant size
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increased (Figs. 6A, 7, A and C, and 8A), amino acid
sensitivity decreased (Figs. 6B and 7B; Supplemental Fig.
S8B), and amino acid accumulation decreased (Supple-
mental Table S1). Notably, the suppression effects
observed in multiple LOG2 mutation/GDUI overexpres-
sor combinations reinforce the hypothesis that LOG2 is
necessary for the development of the GdulD phe-
notype upon GDUI overexpression. These findings
presage a role for LOG2 in amino acid homeostasis.

Localization of LOG2 and GDUT1 at the
Plasma Membrane

LOG2 and GDU1 were found almost exclusively in
the microsomal membrane fraction and were particu-
larly enriched at the plasma membrane. GDU1 was
previously postulated to be an integral membrane
protein (Pratelli and Pilot, 2006), and the sensitivity of
GDUL1 to a high-ionic-strength buffer, high pH, and
detergent, typical of integral membrane proteins, con-
firmed this hypothesis (Fig. 5B). Although LOG2 is not
predicted to contain a membrane-spanning domain,
LOG2 could be myristoylated in vitro (Fig. 4F), a lipid
modification that can anchor otherwise cytosolic pro-
teins to membranes (Resh, 1999). Inhibition of LOG2
myristoylation did not completely abolish membrane
association per se, as most LOG25%A still partitioned
into microsomes (Fig. 4, D and E). However, LOG2¢%A
was significantly depleted from plasma membrane-
enriched vesicles (Fig. 4D), its association with micro-
somes was markedly more sensitive to extraction (Fig.
4E), and the fluorescence signal of C-terminally GFP-
tagged LOG2 was no longer confined to the plasma
membrane (Fig. 5C, left and center panels). Possible
reasons for the partial membrane retention of LOG2%**
include its ability to bind to integral membrane proteins
and/or the presence of an N-terminal poly-Arg tract
(Supplemental Fig. S1C). Polybasic regions can facilitate
the binding of soluble proteins to the negatively charged
intracellular leaflets of lipid bilayers via electrostatic
interactions (Murray et al., 1998). However, other lipid
modifications or undetected reentrant loops could ac-
count for persistent membrane anchoring. The observed
weakened in planta interaction between GDU1 and
LOG2%** (Fig. 4G) hints that myristoylation may poten-
tiate the interaction of LOG2 with GDU1, possibly by
shifting LOG2 into the same membrane microdomains
as GDU1.

Role of LOG2 with Respect to GDU1

Multiple tagged forms of LOG2 ubiquitinated
c¢GDU1 (Fig. 2, B-D), an observation consistent with
the possibility that GDU1 is a substrate of LOG2 in
vivo. Polyubiquitination will often destine a substrate
protein for degradation, either via the 26S proteasome
or, in the case of many mammalian and yeast plasma
membrane proteins, the vacuole or lysosome upon
endocytosis (Jehn et al., 2002; Korolchuk et al., 2010).
Such ubiquitin ligases are thus negative regulators of
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the activity of the substrate protein. Our data do not
support the hypothesis that LOG2 negatively regulates
GDU1. Mutations that inhibit GDU1 (log1-1) association
with LOG2, or that eliminate LOG2 (log2-2), would be
expected to enhance the GdulD phenotype if LOG2 were
a negative regulator of GDU1. However, the opposite
was observed: in a GDUI overexpression background,
log1-1 and log2-1 homozygotes are phenotypically wild
type (Pratelli and Pilot, 2006; Fig. 8A). GDU1 protein
overaccumulation does not cause the GdulD phenotype
in the absence of LOG2 or when GDUI1 is unable to
interact with LOG2. In conclusion, LOG2 appears to be a
required component of the pathway affected by GDU1
overexpression.

Our data are consistent with a model in which either
LOG2 activates GDU1 via ubiquitination or GDU1 acts
as an adaptor protein for LOG2 to recognize an uniden-
tified substrate (for review, see Woelk et al., 2007; Léon
and Haguenauer-Tsapis, 2009). Examples for both
hypotheses in other systems have been reported. In
mammals, activation of a kinase in the inflammatory
response requires its monoubiquitination (Hinz et al,,
2010). Plasma membrane-associated E3 ligase adaptors
have also been described. For instance, the adaptor Grb2
binds to the RING E3 c-Cbl and facilitates its association
with activated plasma membrane epidermal growth
factor receptor in mammals, resulting in ubiquitination
of the latter (Huang and Sorkin, 2005). Similar E3
adaptors have also been described in yeast (Léon and
Haguenauer-Tsapis, 2009).

LOG2-Associated Proteins Probably Contribute to
Amino Acid Export

By analogy to mammalian heteromeric amino acid
transporters (Palacin et al., 2005), GDU1 has been hy-
pothesized to be a subunit of an amino acid exporter
(Pilot et al., 2004; Pratelli et al., 2010). One viable
hypothesis is that GDU1 overexpression alters the local-
ization of an unknown amino exporter through a LOG2-
dependent pathway, either by promoting the degradation
of a yet-to-be-identified negative regulator of the ex-
porter or by directly influencing the movement of the
transporter to the cell surface. The log2-1 mutation
suppresses the GdulD phenotype without discernibly
affecting its subcellular localization, ubiquitin ligase
activity, or interaction with GDU1 (Figs. 5C, right panel,
and 8, B-D). It is possible that this mutation alters the
recognition/interaction with as-yet-undiscovered LOG2
substrate(s). While an Arg-to-Lys mutation is often
regarded as conservative, Lys residues are common sites
of modification such as acetylation, methylation, and
ubiquitination. Modification of Lys-12 of LOG2*'** could
disrupt interactions between LOG28'** and its substrate
(s) or other interacting proteins, leading to suppression
of the GdulD phenotype. This hypothesis suggests that
all the proteins involved in the GDU1 pathway are not
discovered. The identification of these proteins and their
role in membrane protein trafficking or amino acid
export will be the subject of further investigations.
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MATERIALS AND METHODS
Plant Lines, Transformations, and Crosses

Transgenic Arabidopsis (Arabidopsis thaliana; ecotypes Columbia-0 [Col-0]
and Col-7) plants were procured via the floral dip method (Clough and Bent,
1998) using Agrobacterium tumefaciens GV3101 (pMP90). Seed harboring the
log2-2 T-DNA (Syngenta Arabidopsis Insertion Library accession 729_A08;
Sessions et al., 2002) was obtained from the Arabidopsis Biological Resource
Center. gdul-1D l0g2-2 double homozygote plants were identified in the F2
generation of a cross between gdul-1D pollen and log2-2 ovules via PCR of
genomic DNA (for primer sequences, see Supplemental Table S2). Phenotypic
analyses of gdul-1D log2-2 and gdul1-1D amiRNA-LOG2 double mutant plants
were performed on homozygous F3 and T4 individuals, respectively (except
for segregation of the GDUI overexpression phenotype of gdul-1D amiRNA-
LOG2 double mutant plants on soil, which was carried out on T2 individuals).
355-GDU1-Myc log2-1 double homozygotes were identified in the F2 generation
of a cross between the pollen of the log2-1 single mutant, obtained from a cross of
the log2-1 gdul-5D double mutant with Col-7, and 355-GDU1-Myc ovules via
analysis of antibiotic resistance and phenotype. For transient expression, leaves
of 5-week-old Nicotiana benthamiana plants were infiltrated with a suspension of
A. tumefaciens carrying constructs of interest according to Batoko et al. (2000). To
assess amino acid sensitivity, surface-sterilized seeds were sown on agar plates
comprising 1X Murashige and Skoog salts (Murashige and Skoog, 1962), 1% (w/v)
Suc, 2.5 mm MES, 0.5 g mL ™" pyroxidine-Cl, 0.1 ug mL™! myoinositol, 0.8%
(w/v) BactoAgar (BD Biosciences), pH 5.7, and 10 mm amino acids. Plants
were grown for 14 d in an incubator (24 h of light, 50 umol m 2571, 22°C).

Cloning and Constructs

Primer sequences used for cloning and site-directed mutagenesis are listed
in Supplemental Table S2. For the yeast two-hybrid screen, the region
encoding the C-terminal domain of GDU1 (residues 61-158) was cloned into
pGBKT7 or pGBT9 (Clontech) using specific primers and the EcoRI and PstI
sites. For the yeast two-hybrid interaction matrix, cDNAs encoding the
C-terminal soluble part of the GDUs and the full sequences of LOG2 and
LULs were amplified by PCR with primers containing the attB Gateway
sequences, cloned into pPDONRZeo (Invitrogen), sequenced, and transferred
into pACT2 and pGBT9 vectors, which were previously made Gateway
compatible by insertion of the Gateway cassette (R. Pratelli and G. Pilot,
unpublished data). To obtain GST- and V5-tagged LOG2 and LULY1, the coding
sequences were amplified by PCR, cloned into pDONR201 (Invitrogen) using
the Gateway technology, and recombined into pDEST15 and pET-DEST42
(Invitrogen), respectively. flag-cGDU1 was produced similarly with the des-
tination vector pEAK?2 (Kraft, 2007). Site-directed mutagenesis was performed
with the QuikChange kit (Stratagene) to create RING-dead LOG2 (LOG255
CS7AA, mLOG2) RING-weak LOG2 (LOG2*'4), and myristoylation-inhibited
LOG2 (LOG2%%4). For the in vitro myristoylation assay, LOG2 was recombined
into pEXP2 and pET-DEST42 (Invitrogen). GFP and mCherry fusion con-
structs were created by Gateway cloning into pPPWGTkan and pPWMTkan,
derivatives of pJHA212K (Yoo et al., 2005), where the Gateway cassette was
inserted between the CaMV 35S promoter and the eGFP or mCherry coding
sequence (R. Pratelli and G. Pilot, unpublished data). The HA fusion construct
used for Arabidopsis transformation was obtained by Gateway cloning into
pGWBI14 (Nakagawa et al., 2007). HA and Myc fusions used for transient
assays in N. benthamiana were obtained using vectors similar to pPPWGTkan,
where a double HA tag or a triple Myc tag replaced the eGFP. The GDU1
VIMAG domain was deleted by cloning next to each other in pBluescript two
PCR fragments corresponding to the regions upstream and downstream of the
domain and sharing an EcoRI site at the exact place of the VIMAG domain.
The resulting construct was used as a template for PCR toward Gateway
cloning into pDONR221 (Invitrogen). amiRNAs were designed following the
guidelines found in WMD3 (http:/ /wmd3.weigelworld.org/; Schwab et al.,
2010). The primers corresponding to pRS300 (Schwab et al., 2010) used for
amplification of the miRNAs contained the Gateway attB sites. The final PCR
fragment was cloned into pDONRZeo (Invitrogen), sequenced, and trans-
ferred into the pSWsNkan binary vector, another derivative of pfJHA212K (Yoo
et al., 2005, R. Pratelli and G. Pilot, unpublished data), between the CsVMV
promoter (Verdaguer et al., 1998) and the terminator of the small subunit of the
Rubisco from pea (Pisum sativum; accession no. X00806). For log2-1 comple-
mentation, a Xhol-PstI 8.5-kb genomic DNA fragment from bacterial artificial
chromosome F11F8 containing the wild-type LOG2 gene was cloned into the
pTkan binary vector, a derivative of pJHA212K.
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Yeast Two-Hybrid Screening and Interaction Assays

For screening, the bait plasmids were cointroduced along with an
Arabidopsis cell cDNA library (Németh et al., 1998) into yeast strain AH109
(Clontech) using the TRAFO protocol (Gietz and Schiestl, 2007). About 2
million transformants were selected on SC medium lacking Leu, Trp, His, and
adenine (2% Glc, 6.7 g L! yeast nitrogen base without amino acid [BD
Biosciences], pH 6.3, and dropout amino acid mix). Plasmids were extracted
from the colonies displaying auxotrophy for the four amino acids and
introduced back into yeast together with the cGDU1 construct. The inserts
of the eight plasmids restoring yeast growth on selective medium were then
sequenced. For interaction matrices, yeast strains AH109 (MATa) and Y187
(MATa) were transformed as described above with the prey and bait vectors,
respectively, and selected on medium lacking Trp or Leu. Several colonies
were scrapped and resuspended together in 250 uL of water. Prey-bait pairs
were mixed together (10 uL of each suspension and 50 uL of water), and 5 uL
was spotted on YPDA (1% [w/V] yeast extract, 2% [w/v] bacto peptone, 2%
[w/v] Glc, 80 mg L~ ! adenine, and 1.5% agar) for mating. After overnight
growth at 30°C, the cell spots were scrapped and resuspended in 100 uL of
water, and 5 uL was spotted on SC medium lacking Trp and Leu. After growth
at 30°C for 2 d, the spots were scrapped and resuspended in 100 uL of water,
and 5 uL. was spotted on SC medium lacking Trp, Leu, adenine, and His.
Growth was assessed after 2, 3, and 6 d to identify positive interactions.
B-Galactosidase activity of yeast was measured using a protocol obtained
from Clontech (manual no. PT3024-1). Briefly, cells grown to an optical density
at 600 nm of 0.5 were harvested by centrifugation, resuspended in 100 mm
Na,HPO,, pH 7, 10 mm KCl, 1 mm MgSO,, and 5 mm B-mercaptoethanol (Z
buffer), and subjected to three freeze-thaw cycles in liquid N, and at 37°C. The
broken cell suspension (100 L) was added to 900 uL of 800 ug mL ™ ortho-
nitrophenyl-g-galactoside in Z buffer and incubated for several hours at 37°C.
The reaction was stopped by the addition of 400 uL of 1 M Na,CO;, and optical
density at 420 nm was measured.

Recombinant Protein Expression and Purification

GST-, V5-Hisy-, and Hisg-flag fusion proteins were expressed in BL21-
pLysS Escherichia coli essentially as described by Kraft et al. (2005) with a few
modifications. The lysis buffer comprised 50 mm Tris-HCI, pH 7.5, 500 mm
NaCl, 1 mm dithiothreitol (DTT), 0.1% (v/v) Nonidet P-40, and 0.5X Complete
Protease Inhibitors (Roche Diagnostics) for GST-tagged proteins and was
supplemented with 20 mm imidazole for His-tagged proteins. Cells were lysed
by sonication. For GST proteins, glutathione bead slurries were brought to
20% (v/v) glycerol after the final wash, flash frozen in liquid nitrogen, and
stored at —80°C. His-tagged proteins were eluted from nickel Sepharose
beads, brought to 20% glycerol, and flash frozen. His.-flag-cGDU1 was
purified likewise, except that buffers contained 50 mm K,HPO,-KH,PO,, pH
5.75, in place of Tris-HCIL. To further purify ¢cGDUI, eluted protein was
centrifuged through a 30-kD NMWL Amicon concentrator (Millipore), and
the eluate was concentrated and buffer exchanged in a 5-kD NMWL Amicon
concentrator with 50 mm K,HPO,-KH,PO,, pH 5.75, 150 mm KCl, 1 mm DTT,
0.1% Nonidet P-40, and 0.5X Complete Protease Inhibitors. The final retentate
was brought to 20% glycerol and flash frozen.

GST Pull-Down Assays

In vitro pull-downs were performed as described by Gilkerson et al. (2009)
with the following differences: GST proteins on beads were washed once in 50
mwm Tris-HCl, pH 7.5, 300 mm NaCl, 1 mm DTT, 1% (v/v) Nonidet P-40, and
0.5X Complete Protease Inhibitors (wash buffer) prior to being mixed with a
soluble prey protein in 400 uL of wash buffer and incubated at 4°C for 2 h.
Proteins were eluted by suspending beads in 60 uL of elution buffer (wash
buffer + 50 mm glutathione) and shaking at 4°C for 15 min.

Ubiquitination Assays

In vitro ubiquitination assays were conducted essentially according to Hsia
and Callis (2010) with slight modifications: 4 ug of bovine ubiquitin (Sigma-
Aldrich), approximately 2 ug of GST- or V5-His,-LOG2, and approximately
1.5 ug of Hiss-flag-cGDU1 were used. Reactions were quenched with 10 uL of
5X Laemmli sample buffer (200 mm Tris, pH 6.8, 32% [v/v] glycerol, 6.4% [w /V]
SDS, 0.32% [w /v] bromophenol blue, and 200 mm DTT), boiled for 5 min, and
separated via SDS-PAGE. Proteins were visualized by western blot using
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anti-flag-linked horseradish peroxidase (Sigma-Aldrich) and anti-GST (Santa
Cruz Biotechnology) according to the manufacturers’ recommendations or
anti-ubiquitin antibodies. Anti-ubiquitin antibodies were raised against bo-
vine full-length ubiquitin prepared according to Haas and Bright (1985) by
Aves Labs, affinity purified, and used at 1:5,000 dilution.

In Planta Coimmunoprecipitation Assay

Proteins were transiently expressed in N. benthamiana leaves. Three days
after infiltration, 500 mg of leaves was ground with 1.5 mL of extraction buffer
on ice (50 mm Tris-HCl, pH 7.3, 150 mm NaCl, 10 mm MgCl,, 0.5% Nonidet
P-40, 10 mm DTT, and 1X Complete Protease Inhibitors). Homogenate was
centrifuged at 10,000¢ and 4°C for 15 min. The supernatant was filtered
through several layers of Miracloth (EMD Biochemicals) and quantitated
using the Bradford assay (Fermentas). Proteins were coimmunoprecipitated
use the ProFound c-Myc Tag IP/Co-IP Kit (Pierce): 3 mg of proteins was
placed on a rotary wheel overnight at 4°C in a coimmunoprecipitation spin
column with cMyc-agarose; after washing, the proteins were eluted three
times with 10 uL of the supplied elution buffer and neutralized by 1.5 uL of
1 m Tris, pH 9.5. One microliter of coimmunoprecipitation eluate and 10 ug of
total proteins were analyzed by SDS-PAGE (4%-12% polyacrylamide MES gel;
Invitrogen) and western blotting. Proteins were transferred on a nitrocellulose
membrane (GE Healthcare) and detected using anti-cMyc (clone A-14; Santa
Cruz; 1:10,000) or anti-HA (clone 3F10; Roche Diagnostics; 1:5,000) primary
antibodies, anti-rabbit or anti-rat (Thermo Scientific) secondary antibodies,
and the ECL-Plus western-blotting detection system (GE Healthcare).

Subcellular Fractionation

Endomembranes were prepared from Arabidopsis and N. benthamiana
according to Liu et al. (2009) with the following modifications: 5 to 30 g of 8-d-
old Arabidopsis seedlings, 5-week-old Arabidopsis rosette leaves, or N.
benthamiana leaves 3 d after infiltration were homogenized with a Waring
blender in 60 mL of homogenization buffer (50 mm MOPS-KOH, pH 6.8, 5 mm
EDTA, 0.33 M Suc, 2 mm ascorbic acid, 1.5 mm DTT, 0.5 mm phenylmethylsul-
fonyl fluoride, and 0.2% [w/v] polyvinylpolypyrrolidone). The sensitivity of
GDU1 or LOG2 membrane association to detergent, salt, and pH was
examined as described by Phan et al. (2008) with a 1-h incubation on ice.
PEVs and PDVs were purified from total microsomes according to Larsson
etal. (1994): upper phases 4 and 5 were combined to afford PEVs, while lower
phase 1 was extracted five times with fresh upper phase to afford PDVs.
Plasma membrane enrichment and depletion were qualitatively assessed with
the a-PMAZ2 antibody (M. Boutry, Université Catholique de Louvain). Protein
concentration was assessed by the Bradford or bicinchoninic acid protein
assays.

Localization of Expression and Imaging

About 3 kb of the region upstream from LOG2 ATG was amplified by PCR
and cloned using BamHI and Pstl in pUTkan (Pratelli et al., 2010). GUS
histochemical staining was performed as described (Pratelli et al., 2010). N.
benthamiana epidermis cells were visualized with the Zeiss LSM510 META
confocal system on an Axio Observer.Z1 microscope using a C-Apochromat
40X water-immersion, numerical aperture 1.2 objective (Carl Zeiss), a 488-nm
argon multiline gas laser, and a 543-nm helium-neon gas laser, with band-pass
505 to 550 and long-pass 560 emission filters, respectively. Serial images were
captured and processed by the Zen 2009 software (Carl Zeiss) using maximal
projection.

Nucleic Acid Isolation and PCR

Genomic DNA was extracted from Arabidopsis plants using the
cetyl-trimethyl-ammonium bromide method (Murray and Thompson, 1980).
Total RNA was extracted either with the RNeasy kit (Qiagen) or by 1 mL of TRI
Reagent (Sigma-Aldrich). cDNAs were synthesized using the SuperScript III
system (Invitrogen) according to the manufacturer’s instructions. For quan-
titative PCR, the efficiency-calibrated method was implemented (Pfaffl, 2001).
Five microliters of primer mix (1 um each) and 5 uL of the RT product (made from
2 ug of total RNA) diluted 50 times were mixed with 10 uL of 2X SYBR Green
PCR Master Mix (Applied Biosystems) and subjected to the following cycles:
50°C for 2 min, 95°C for 10 min, followed by 40 times at 95°C for 15 s, 55°C for
15 s, and 72°C for 1 min (in a 7300 Real Time PCR System; Applied Biosystems).
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Amino Acid Quantitation

Tissues were frozen in liquid nitrogen, freeze dried, weighed, and ground
with three 3-mm glass beads in an Ultramat Amalgamator (SDI, Inc.). Amino
acids were extracted from the dry powder by 200 uL of 10 mm HCl and 200 uL
of chloroform. After vortexing for 2 min, the solution was centrifuged for 5
min at 16,000, and 150 uL of the supernatant was dried under vacuum. The
dried extract was solubilized in 500 uL of 50% acetonitrile in water and 0.05%
heptafluorobutyric acid, and the metabolites were separated by ion-pairing
liquid chromatography and analyzed by mass spectrometry (Supplemental
Text S2).

The locus numbers of the genes studied in this article are as follows: GDU1,
Atdg31730,GDU2, Atdg25760; GDU3, At5g57685; GDU4, At2g24762; GDUS,
At5g24920; GDUS6, At3g30725; GDU7, At5g38770; LOG2, At3g09770; LULI,
At5g03200; LUL2, At3g53410; LUL3, At5g19080; LUL4, At3g06140.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Structure and alignment of LOG2 and LUL1
proteins.

Supplemental Figure S2. Accumulation of LOG2 mRNA in the organs of
the plant.

Supplemental Figure S3. Phenotype of the 355-GDU1-Myc line.

Supplemental Figure S4. Co-localization of mLOG2 and BRIl in N.
benthamiana epidermis cells.

Supplemental Figure S5. LUL3 can be myristoylated in vitro.

Supplemental Figure S6. Suppression of wild type LOG2 transcript
accumulation in log2-2.

Supplemental Figure S7. GDUI transcript accumulation in a gdul-1D
log2-2 double mutant.

Supplemental Figure S8. GDUI transcript accumulation and amino acid
sensitivity phenotypes of gdul-1D plants overexpressing the LOG2-
amiRNA.

Supplemental Figure S9. Positional cloning of log2-1.

Supplemental Table S1. Free amino acid content of plants overexpressing
LOG2-amiRNA.

Supplemental Table S2. Sequence of the oligonucleotides used for this
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Supplemental Text S1. EMS mutagenesis and positional cloning.
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