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The Ubiquitin-Related Protein RUB1 and Auxin
Response in Arabidopsis

J. C. del Pozo, C. Timpte,* S. Tan, J. Callis, M. Estellet

The AXR1 (auxin-resistant) protein, which has features of the ubiquitin-activating enzyme
E1, is required for normal response to the plant hormone auxin in Arabidopsis thaliana.
ECR1 functions together with AXR1 to activate members of the RUB/NEDDS8 family of
ubiquitin-related proteins. Extracts from mutant seedlings lacking AXR1 did not promote
formation of the RUB-ECR1 thiolester, indicating that AXR1 is the major activity in this
tissue. AXR1 was localized primarily to the nucleus of dividing and elongating cells,
suggesting that the targets of RUB modification are nuclear. These results indicate that
auxin response depends on RUB modification of one or more nuclear proteins.

Plant growth and development depends on
the coordinated action of several phytohor-
mones. One of these hormones, indole-3-
acetic acid (IAA or auxin), has been impli-
cated in the control of diverse developmen-
tal processes (1). Auxin regulates these pro-
cesses by promoting changes in cell division
and cell elongation (2). Recessive muta-
tions in the AXRI gene result in decreased
auxin response, including reduced auxin-
induced gene transcription (3). A screen for
suppressors of the axrl phenotype resulted
in identification of the SARI gene. By ge-
netic criteria, SARI acts downstream of
AXRI1 (4). Mutations in another gene,
TIR1, also result in a defect in auxin re-
sponse (5). Genetic studies indicate that
AXRI and TIRI function in the same or
overlapping pathways.

The molecular characterization of AXRI
and TIRI implicates the ubiquitin pathway
in auxin response. AXRI encodes a protein
related to the NH,-terminal half of the
ubiquitin-activating enzyme, El (6), and
proteins related to AXR1 can be found in
yeast and mammals (7). Despite extensive
similarity with El, all lack the active-site
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cysteine required for thiolester bond forma-
tion with ubiquitin. TIRI encodes an F-box
protein related to yeast Grrlp and human
SKP2 (5). F-box proteins have been shown
to function in a ubiquitin-ligase complex
(E3) called the SCF (for Skpl Cdc53 F-
box). These results suggest that auxin re-
sponse is mediated by ubiquitin or a ubig-
uitin-like protein modification.

Ubiquitin (UBQ) is one of the most
conserved proteins among eukaryotes. Co-
valent attachment of UBQ to other pro-
teins targets them for degradation by the
26S proteosome (8). UBQ is activated by
El in an adenosine 5’-triphosphate (ATP)-
dependent reaction in which a thiolester
bond is formed between the COOH-termi-
nus of UBQ and a cysteine within the E1l
enzyme. The UBQ moiety is transferred to a
cysteine residue on a UBQ-conjugating en-
zyme (E2). Finally, UBQ is covalently at-
tached to a target protein by an isopeptide
linkage directly from the E2 or by a UBQ-
protein ligase such as the SCF (9).

Two conserved families of UBQ-related
proteins (Smt3p/SUMO and RUB/NEDDS)
have also been identified (10). In Saccharo-
myces cerevisiae, activation of Smt3p is per-
formed by the El-like heterodimer Aoslp/
Uba2p rather than E1 (I1). Aoslp is a
member of the AXR1 family, while Uba2p
is similar to the COOH-terminal half of E1
and contains the active-site cysteine.
Smt3p is conjugated in vivo to other pro-
teins, but these targets are yet to be identi-
fied (11). A protein related to Smt3p in
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humans, called SUMO-1, is covalently at-
tached to the RanGAP1 (12) and PML
proteins (13). This posttranslational modi-
fication affects the subcellular localization
of these proteins rather than their metabol-
ic stability.

Another member of the AXR1 family,
yeast Enr2p, is required for Rublp (for “re-
lated to ubiquitin”) conjugation to the cell-
cycle protein Cdc53p (14). Enr2p functions
as a second bipartite activating enzyme,
together with Uba3p (14)

Because several RUB genes have been
identified in Arabidopsis thaliana (15), we
investigateéd whether AXR1 was required
for RUB activation. Through homology
with Uba2p, we identified an expressed se-
quence tag (EST) from Arabidopsis that en-
codes a 55-kD protein (ECR1) related to
the COOH-terminus of the El enzyme.
Based on similarity to Uba2p and Uba3p,
ECR1 contains a possible active-site cys-
teine at position 215 (Fig. 1A). The ECRI
gene was mapped, using the recombinant
inbred (RI) lines (16), to position 7.4 on
chromosome 5, between CHS and g4560
(Fig. 1B). When recombinant AXR1 and
ECR1 were mixed and incubated with ra-
diolabeled RUB1 and ATP (17), a species
of 65 kD size was observed (Fig. 2). This
product was destroyed upon incubation
with the reducing agent dithiothreitol
(DTT) indicating that formation of the la-
beled complex involves a thiolester bond
(Fig. 2). No thiolester products were gener-
ated when either AXR1 or ECR1 were
omitted from the reaction. To investigate
the specificity of the AXRI-ECRI1 het-
erodimer, we determined if UBQ and
NEDDS, a mouse protein with 84% identity
to RUBI, could form a thiolester bond with
ECR1. We found that AXR-ECR1 was ca-
pable of activating NEDDS8 (Fig. 2), but not
UBQ (18). To determine whether the thi-
olester bond is formed with AXR1 or ECR1,
we used a glutathione S-transferase (GST)-
ECR1 fusion protein in the thiolester assay.
In this reaction, the DT T-sensitive product
was detected at a size of ~85 kD (Fig. 2),
indicating that the thiolester bond is
formed between the COOH-terminus of
RUBI and ECR1. Furthermore, ECR1 mu-
tants in which Cys?!® was replaced with Ala
were unable to activate RUB1 or NEDD8
(Fig. 2). This suggests that Cys®' forms the
thiolester bond with the COOH-terminus
of RUBL. On the other hand, the axrl-3
mutation, which replaces the Cys!** with
Ala, also prevents thiolester formation be-
tween ECR1 and the RUB/NEDDS pro-
teins (Fig. 2). This missense mutation in
the AXRI gene results in reduced auxin
responses in the axrl-3 plants, confirming
that the auxin defect is related to a decrease
in RUB activation (6).
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To investigate RUB activation in vari-
ous auxin response mutants, we developed
an in vitro RUBI activation assay (19).
When radiolabeled RUB1 was incubated
with total protein extract from wild-type,
axrl-12 (4), tir]-9 (6), sarl-1 (5), or axrl-12
sarl-1 double mutant plants, two DTT-sen-
sitive products at ~50 and 65 kD were
detected in wild-type, tirl-9, and sarl-1 ex-
tracts, but not in axrl-12 and axrl-12 sarl-1
extracts (Fig. 3A). The 65-kD product is
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likely the ECRI1 protein conjugated to one
molecule of RUBI, and the 50-kD protein
could be either an E2-RUBI1 or E3-RUB1
thiolester. To confirm that these products
were AXR1-dependent, recombinant AXR1
protein was added to axrl-12 protein ex-
tract. This resulted in the reappearance of
the DT T-sensitive 65- and 50-kD products
(Fig. 3B). These results suggest that AXR1
is responsible for the majority of RUBI
activation, at least in seedlings. Further, our
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Fig. 1. ECR1 (GenBank AF051135) is related to yeast Uba2p (GenBank U32274) and Uba3p (EMBL

Y16891) (24

). (A) Alignment of ECR1 with Uba2p and YPROG66W. Boxed residues are identical. The

conserved active-site cysteine is indicated with an asterisk. (B) Map position of ECR1 on chromosome 5.
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Fig. 2. Conjugation of
RUB1 and NEDDS8 with
ECR1. Radiolabeled
RUB1 or NEDD8 was in-
cubated with recombi-
nant AXR1 and ECR1 in
a thiolester reaction (77).
The reaction was termi-
nated with SDS loading
buffer in the absence or
presence of DTT. The
position of molecular
size markers is indicated
beside the gel. The ar-
row indicates the ECR1-
RUB1 or ECR1-NEDDS8
complex at ~65 kD. Ra-
diolabeled RUB1 was in-
cubated with the recom-
binant GST-ECR1 pro-

AXR1-GST AXR1-ECR1 AXR1-ECR1

AXR1-ECR1 ECR1 €215 C154

o0
o]
(=1
u
=z

tein in a thiolester assay. The asterisk indicates the DT T-sensitive product GST-ECR1-RUB at 85 kD.
Replacement of Cys?'® in ECR1 or Cys'5% in AXR1 with Ala were performed with the Stratagene direct
mutagenesis kit. Neither AXR1-ECR1-C215 nor AXR1-C154-ECR1 heterodimers were able to form any

DTT-sensitive product.

Fig. 3. RUB1-thiolester for- g

mation in protein extracts is
dependent on AXR1. (A) Ra-
diolabeled RUB1 was incu-
bated with total plant protein

from mutants as described kD !
125—

(79). Arrows indicate two
RUB1 thiolester adducts
that were destroyed with
DTT incubation (78). Free
RUB1 protein ran off the gel.
(B) Total protein extract from
axr1-12 mutant plants was
incubated with RUB1. The
biochemical phenotype (thi-
olester adducts at 50 and 65
kD) was restored when in-
creasing amounts of recom-

'\f» B
y“;l’ ’Q‘\v} axrl-12
s A
& o ot o' )

A

50—

binant AXR1 were supplied to the thiolester reaction.

Fig. 4. AXR1 is located in the
nucleus. Sections of 5-day-old
Arabidopsis  seedlings were
used for immunolocalization of
AXR1 protein by the method de-
scribed (20). (A) Wild-type sec-
tions were labeled with AXR1
antiserum, which  detected
AXR1 protein in the nuclei of
shoot meristem (sm) and ex-
panding cotyledon (c) cells. (B)
Higher magnification of expand-
ing cotyledon cells showing the
nuclear localization of AXR1.
The identity of the nuclei in these
sections was confirmed by
staining with 4',6'-diamidino-2-
phenylindole (78). (C) No stain
was observed with preimmune
serum on wild-type sections. (D)
Sections from an axr7-12 plant
were labeled with AXR1 antiser-
um. The axr1-12 mutation intro-
duces a stop codon in the exon
11 of the AXR17 gene (6). AXR1

antiserum did not detect this truncated protein. Bars represent 100 um in (A), (C), and (D), and 20 pm

in (B).
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results show that the sarl-1 suppressor does
not act by restoring RUB activation in axrl
plants. This indicates that sarl acts to by-
pass the effects of the axr]l mutation and is
consistent with downstream function for
SARI (4).

In addition to the DTT-sensitive prod-
ucts described above, we also observed a
broad DTT-resistant band of labeled pro-
tein migrating above the free RUBI (Fig. 2
and Fig. 3, A and B). When the reaction
was performed in the presence of
[¢-32P]ATP and unlabeled RUBI, a labeled
protein of this size was evident on the gel
(18). This labeled protein was not pres-
ent when the reaction was done with
[y-*PIATP. This result argues strongly that
the smaller product is RUB1-adenosine 5'-
monophosphate, an intermediate in RUB1
activation. Several other high molecular
weight DTT-resistant products were also
observed upon prolonged exposure. These
proteins are likely to be RUB1 conjugates,
indicating that the plant extracts are also
capable of isopeptide bond formation be-
tween RUBI and target proteins (18).

Analysis of AXRI genes expression by in
situ hybridization indicate that AXRI ex-
pression is restricted to dividing and elon-
gating cells (18). To determine the cellular
location of AXR1, tissue sections of Arabi-
dopsis seedlings were treated with AXR1
antiserum (20). Staining was associated pri-
marily with the nuclei of dividing and ex-
panding cells (Fig. 4, A and B). This stain-
ing was not detected in wild-type sections
treated with preimmune serum or axrl-12
mutant sections treated with AXR1 antiser-
um, which indicates that the AXR1 anti-
serum is specific (Fig. 4, C and D).

On the basis of these results, we propose
that auxin response is mediated, at least in
part, through modification of one or more
proteins by RUBI or a related protein. The
nuclear localization of AXR1 suggests that
these targets are probably nuclear proteins,
which is consistent with studies in mamma-
lian cells which show that most NEDDS§-
modified proteins are nuclear (21). Because
the RUB/NEDDS8 protein is conserved
among the three eukaryotic kingdoms, it
seems likely that RUB/NEDDS8 modifica-
tion will have an important regulatory func-
tion in all eukaryotes. In support of this, a
human homolog of AXR1 called APP-BP1
interacts with the cytoplasmic domain of
the amyloid precursor protein (APP), sug-
gesting a role in APP function (7). In ad-
dition, a temperature-sensitive hamster cell
line called ts41 carries a mutation in a
hamster homolog of AXRI called SMCI
(22). Mutations in SMCI result in a com-
plex cell-cycle defect at the nonpermissive
temperature (22). Further studies will be
required to determine the biochemical
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function of RUB/NEDD8 modification in
both plant and animal systems.

In yeast, the most abundant Rublp-
modified protein is Cdc53p (14). Genetic
evidence suggests that Rublp modification
regulates the activity of SCF®4*, the E3
responsible for conjugation of UBQ to the
CDK inhibitor Siclp at the G;-to-S phase
transition. It is possible that RUBI has a
similar function in plant cells. For example,
the Arabidopsis F-box protein TIR1 may be
part of an SCF complex that is required for
the degradation of negative regulators of
auxin response. RUBI may modify the ac-
tivity of this SCF, perhaps in response to
auxin (23). A homolog of CDC53 exists in
Arabidopsis, and it will be interesting to see
if CDC53 is a target of RUB1 conjugation
in plants.
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Close Contacts with the Endoplasmic Reticulum
as Determinants of Mitochondrial Ca®*
Responses
Rosario Rizzuto,* Paolo Pinton, Walter Carrington,

Frederic S. Fay,t Kevin E. Fogarty, Lawrence M. Lifshitz,
Richard A. Tuft, Tullio Pozzan

The spatial relation between mitochondria and endoplasmic reticulum (ER) in living HeLa
cells was analyzed at high resolution in three dimensions with two differently colored,
specifically targeted green fluorescent proteins. Numerous close contacts were ob-
served between these organelles, and mitochondria in situ formed a largely intercon-
nected, dynamic network. A Ca2*-sensitive photoprotein targeted to the outer face of
the inner mitochondrial membrane showed that, upon opening of the inositol 1,4,5-
triphosphate (IP,;)-gated channels of the ER, the mitochondrial surface was exposed to
a higher concentration of Ca?* than was the bulk cytosol. These results emphasize the
importance of cell architecture and the distribution of organelles in regulation of Ca2™*

signaling.

Upon physiological stimulation with IP;-
generating agonists, mitochondria undergo
an increase in the concentration of Ca>™ in
the matrix ([Ca?*]_) (1), well in the range
of the Ca’" sensitivity of the matrix dehy-
drogenases (2). This process, besides play-
ing a direct role in the control of organelle
function, may contribute to the modula-
tion of the cytosolic Ca?" concentration
([Ca**].), by buffering [Ca**]_ (3) or influ-
encing its spatiotemporal pattern (4). The
accumulation of Ca’* by mitochondria is
rapid, despite the low affinity of their trans-
port mechanisms (5). Because mitochon-
dria might respond to microdomains of high
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[Ca?*] that were generated in their proxim-
ity by the opening of the IP;-gated channels
(1), we conducted high-resolution imaging
of mitochondria and of their relation with
the intracellular Ca?* store (the ER). We
directly monitored the [Ca?*] sensed by the
mitochondrial Ca?" uptake systems by us-
ing a targeted aequorin chimera.

The combined use of green fluorescent
protein (GFP) chimeras with distinct spec-
tral and targeting properties allows identifi-
cation of two different subcellular structures
in living cells (6). We expressed the S65T
GFP mutant targeted to mitochondria
[mtGFP(S65T)] (6) in HeLa cells (7) and
used a high-speed imaging system that al-
lows a three-dimensional (3D) fluorescence
image of high resolution to be obtained
from computationally deblurred optical sec-
tions (8). The 3D images, derived from
image stacks taken at 30-s intervals with a
60X objective (pixel size 133 nm), revealed
that mitochondria form a largely intercon-
nected “tubular” network that undergoes
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