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SHORT COMMUNICATION

Expression of Arabidopsis TOL genes
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A strict control of abundance and localization of plasma membrane proteins is essential for plants to be able to
respond quickly and accurately to a changing environment. The proteins responsible for the initial recognition and
concentration of ubiquitinated plasma membrane proteins destined for degradation, are well characterized in mam-
mals and yeast,' yet no clear orthologs were found in plants.? Recently, we have identified a family of proteins in
higher plants, which function in vacuolar targeting and subsequent degradation of ubiquitinated plasma membrane

proteins®* termed TOM1-like (TOL) proteins.

We show here an expression analysis of the 9 different 7OLs
by RT-PCR. For further more detailed expression analysis, we
generated and examined reporter constructs for 2 family mem-
bers. Overall, visualization of TOL expression points toward
overlapping but also distinct individual function of the TOLs.

Due to their sessile lifestyle higher plants have evolved
a plethora of mechanisms to be able to respond quickly and
accurately to a varying, often stressful environment. Plasma
membrane proteins, involved in perception of external stimuli
as well as in transport processes, are of particular importance
as they act at the interface between cellular compartment and
the outside, and are therefore subjected to a tight regulation of
localization and activity. A key function in sorting processes for
the homeostatic regulation of plasma membrane proteins has
been attributed to their ubiquitination.” Cargo ubiquitination
functions as regulator of endocytosis and vesicular trafficking
toward the vacuole for degradation. Proteins are targeted to
and sorted at vesicles via interactions of their ubiquitin moi-
eties and different ubiquitin binding proteins.’®” This process
is controlled by an evolutionary conserved, multi-subunit com-
plexes termed the Endosomal Sorting Complex Required for
Transport (ESCRT).>1°

In plants, the ESCRT machinery is generally well conserved,
with the exception of the ESCRT-0, constituted of 2 subunits,
responsible for the initial targeting and concentration of the
ubiquitinated cargo and the recruitment of the downstream
ESCRT machinery.*"" We have recently identified a family of 9
proteins termed TOLs, with a similar domain structure to the
ESCRT-0, as they contain an N-terminal VHS (Vps27, Hrs,
and STAM) domain followed by a GAT (GGAs and TOM)
domain, and demonstrated their crucial function in vacuolar
targeting and subsequent degradation of ubiquitinated plasma
membrane proteins.® According to our findings, members of
the TOL protein family can be considered as a plane-specific
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functional substitute for the ESCRT-0° in the initial target-
ing of ubiquitinated plasma membrane proteins destined for
degradation.

Phylogenetic analyses revealed that plant TOLs diverged
from their animal and fungal counterparts, before the latter
kingdoms evolved ESCRT-0 subunits and further proteins with
a similar VHS-GAT domain structure, like the TOM1 (tar-
get of myb) adaptor proteins and the GGAs (Golgi-localized,
y-ear-containing Arf binding proteins).'*'® Unlike metazoa and
fungi, plant genomes encode for a disproportionally large num-
ber of these VHS-GAT domain-containing proteins, exem-
plified by 9 TOL family members in Arabidopsis thaliana.*
Redundant but also divergent functions of these different TOL
family members are quite likely, as several double and higher
order mutants of zo/ T-DNA deletion lines have no apparent
phenotype, while combinations of other #o/ loss-of-function
alleles are quite detrimental to the plant.? In addition, expres-
sion profiles from publicly available gene and protein expression
data sets show overlapping but also distinct expression patterns
for different members of the 7OL family."

To characterize expression of all TOL genes in planta, we
investigated their transcription by generating ¢cDNAs from
different plant tissues followed by gene-specific RT-PCR after
normalization to tubulin.® 7TOL-specific transcripts were
detectable in most organs tested, demonstrating that TOL fam-
ily members are expressed ubiquitously in most adult organs,
including roots, stem, leaves (rosette and cauline), flowers, and
siliques as well as in seedlings 5 days after germination (Fig. 1).
The observed expression pattern is in agreement with the pro-
posed high degree of functional redundancies within this gene
family.> An interesting exception was 7OLS8, with an almost
exclusive expression in siliques and flowers of adult plants.
Homozygous single T-DNA insertion mutants for all loci are
viable and show no obvious phenotype.? Yet, 2 double-mutant
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Figure 1. Expression analysis of TOLs. Expression of 9 TOLs in differ-
ent tissues. RT-PCR performed on cDNA, derived from adult plants for
the siliques, flowers, cauline leaves, and stems, from plants 13 days
after germination (DAG) for the rosette leaves and roots or 5 DAG total
seedlings. A TOL-specific fragment is detectable in most tissues tested.
Tubulin was used as an internal standard.

combinations, which both include the mutant #/8 locus
(tol5—1/tol8—1 and tol7-1/tol8—1), could not be obtained as
homozygotes and showed aborted seed development.” Both,
TOL5 and TOL7, also have a more pronounced expression in
either of these 2 organs (Fig. 1). This might reflect a distinct
function of 7OLS in flowers and siliques, which, in combina-
tion with 7OL5 and/or TOL7, might specify early events in
plant development.

For further analysis of 7OL expression in a developmental
and tissue-specific context, a set of promoter reporter constructs,
with a fragment containing 2 kb upstream region of the TOLI
or TOL5 coding region fused to glucuronidase (GUS) was gener-
ated (TOL1p::GUS; TOL5p::GUS). These constructs were trans-
formed into wild type Arabidopsis as described in ref 16. The
analysis of the resulting transgenic lines showed that 7OLI and
TOL5 are strongly expressed in leaves and in stamen (Fig. 2A
and D, data not shown for T7OL5p::GUS). Additionally, GUS
assays revealed locally restricted expression in flower abscission
zones after organ shed (Fig. 2B), which persisted late into silique
maturation. Furthermore, GUS-staining revealed pronounced
signals in roots of 7OLIp::GUS and TOL5p::GUS plantlets,
while comparably weaker staining was observed in the shoot por-
tions (Fig. 2C and E for TOLIp::GUS;? for TOL5p::GUS), with

GUS activity strongest in the meristematic zones of the root apex
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Table 1. Oligonucleotides used in this study

Name Sequence 5'-3' Purpose
TOL1RT-f1 CCAGTGAACT TCGCTACCTA CC RT-PCRTOL1
TOL1-d GGGTTTGTTC ATCTCCTCAT AC RT-PCRTOL1
TOM-L 10 RT-u GCTGAAGACT GGTGGAGC RT-PCRTOL2
TOL2-d TGGTGGAAAA CAGGAAGATA AG RT-PCRTOL2
TOL3-u GCTCAGGCAA CTGCATCAG RT-PCRTOL3
TOL3-d CGGTATTGGA GTGGGAGCTG RT-PCRTOL3
TOL4RT-f1 GCATGTGCAG AAAGGGCTAC RT-PCRTOL4
TOLART-r1 CAACGAAGCCTGAATAGCAG C RT-PCRTOL4
TOL5-u CCTACGCTTG TGAAGATAG RT-PCRTOL5
TOM-L 31-RT-d GCCTCGATGT CATGACGAG RT-PCRTOLS
TOL6-u GTGGATATTT TCCCTCTGGA CC RT-PCRTOL6
TOL6-d GCGACGGTGG CTGTTGATAA AG RT-PCRTOL6
TOL7RT-f1 CTCTCAATTC TAATCGCTG RT-PCRTOL7
TOL7RT-r1 GCTCTTGGTA TGCCCAGTTG RT-PCRTOL7
TOMI40-u GGCTTACTAG TAGAACTTC RT-PCRTOL8
TOMI40-63RT-d GGATACCTTG TCGAAGGACC RT-PCRTOL8
TOL9RT-f1 CCTCAGTGGC GATGATCTTG RT-PCRTOL9
TOM-L-760-RT1-d GGTTTCAGGC CAAGTGACCT TG RT-PCRTOL9

prTOL1f GAGCTCGGTG ATATGGGTAG GCAG Cloning

prTOL1r CCCGGGGCTG ATACTCAAAA ACCTG Cloning

(Fig. 2C).? The expression of GUS-reporters, driven by either the
TOLI or TOL5 promoter did not show large discrepancies, once
more indicative of their potential functional redundancies. One
exception was a pronounced staining in the shoot apical meri-
stem of transgenic 7OLIp::GUS, not detectable in TOL5p::GUS
plantlets, possibly indicative of a functional diversification.
Here, we performed a crude expression analysis of members
of the Arabidopsis TOL gene family, which function as poten-
tial substitutes for the elusive ESCRT-0 in plants.? Taking into
account the considerable expansion of the 7OL gene families in

L1 it would not be sur-

plants, compared with other eukaryotes,
prising to find several redundancies, as well as unique functions
of the TOLs. Indeed, analysis of the expression pattern of the
TOLs revealed that some TOLs, like TOLS, are highly specific to
certain organs, where they might perform a plant specific func-
tion, while others are expressed ubiquitously. This could reflect
the involvement of different TOLs in different steps of protein
sorting, which would explain the absence of other VHS-GAT
domain subfamilies in plant genomes. While some TOL pro-
teins seemingly mimic ESCRT-0 functions required for cargo
degradation in conjunction with the ESCRT complex,® oth-
ers might be required for further cargo sorting steps at endo-
somes, the Golgi, the TGN or the PM or potentially might have
acquired even additional, plant-specific functions. The data pre-
sented here should thus serve as a first impulse to allow us to
speculate about the function of TOLs in different pathways of
the distinctive endosomal system of plants. (Table 1)
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Figure 2. Expression and Localization of prTOL-GUS. (A-E) GUS activity A

in TOL1p::GUS plants. For this construct, approximately 2 kb upstream
of the TOLT ORF was amplified with primers prTOL1f/prTOL1r, ligated
via Sacl/Xmal into pPZP-GUS' and confirmed by sequencing. (A)
Stamen of the inflorescences (adult plant) (B) Floral abscission zone (C)
Primary root meristem (5 DAG) (D) Rosette leave (E) Shoot apical meri-
stem (5DAG). Scale bar: (A, B, E) =2 mm (C, D) = 200pm
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