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The gene PRT1 of Arabidopsis, encoding a 45-kD protein with two RING finger domains, is essential for the degradation of
F-dihydrofolate reductase, a model substrate of the N-end rule pathway of protein degradation. We have determined the
function of PRT1 by expression in yeast (Saccharomyces cerevisiae). PRT1 can act as a ubiquitin protein ligase in the
heterologous host. The identified substrates of PRT1 have an aromatic residue at their amino-terminus, indicating that PRT1
mediates degradation of N-end rule substrates with aromatic termini but not of those with aliphatic or basic amino-termini.
Expression of model substrates in mutant and wild-type plants confirmed this substrate specificity. A ligase activity
exclusively devoted to aromatic amino-termini of the N-end rule pathway is apparently unique to plants. The results
presented also imply that other known substrates of the plant N-end rule pathway are ubiquitylated by one or more different

ubiquitin protein ligases.

Covalent addition of ubiquitin to cellular proteins
is of central importance for protein turnover in eu-
karyotes (Hershko and Ciechanover, 1998; Pickart,
2001; Weissman, 2001). Ubiquitin-activating enzyme
E1 forms a thioester to bind and activate free ubig-
uitin at its carboxyl-terminal Gly residue. Ubiquitin-
conjugating enzymes (UBCs) E2 accept activated
ubiquitin from E1 and, usually supported by ubig-
uitin protein ligases E3, are able to transfer ubiquitin
to substrates by formation of Gly-Lys isopeptide
bonds. Substrate proteins with four or more ubig-
uitin moieties bound to the substrate in the form of a
Gly-76-Lys-48 multi-ubiquitin chain are recognized
by the large protease complex, proteasome, and de-
graded to short peptides, with release of ubiquitin for
further cycles of ubiquitylation. Both E2 and E3 en-
zymes occur as gene families, probably to serve a
multiplicity of different substrates. Plants have par-
ticularly large gene families of E2 and E3 proteins
(Bachmair et al.,, 2001; Vierstra, 2003). One might
speculate that the range of substrates in plants is
correspondingly diverse.

One conserved pathway of ubiquitin-dependent
proteolysis is the N-end rule pathway. This pathway
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is apparently universal. The components that medi-
ate substrate recognition and degradation, however,
may well differ between phyla. The pathway has
been used as a model for studying ubiquitin-
dependent proteolysis. Most studies have concen-
trated on bakers’ yeast (Saccharomyces cerevisiae; Var-
shavsky, 1996). Recently, components of the
mammalian N-end rule pathway were also charac-
terized on the molecular level (Grigoryev et al., 1996;
Kwon et al., 1998). Existence of the N-end rule path-
way in plants can be inferred from previously pub-
lished data from our group and from others (Bach-
mair et al., 1993; Worley et al., 1998).

The degradation signal (degron) of the N-end rule
pathway is a bulky first amino acid. Amino-termini
with unacetylated bulky, but not with small or acety-
lated first residues, are recognized as a signal for
ubiquitylation, which leads to the metabolic destabi-
lization of the substrate by proteasomal degradation
(Varshavsky, 1996, 2000). Although most proteins are
synthesized starting with Met, the enzyme Met ami-
nopeptidase cleaves off the start Met if—but only
if—the second residue does not have a bulky side
chain (Bradshaw et al., 1998). Frequently, Met cleav-
age is followed by acetylation (Polevoda and Sher-
man, 2003). These canonical processing events gen-
erate the bulk of cellular proteins that are not
substrates of the N-end rule pathway. Clearly, a cell
must possess other pathways that confer a different
processing pattern onto a distinct subset of cellular
proteins. Among these are processing events by en-
doproteolytic cleavage to generate substrates for the
N-end rule pathway. Recently, the endoprotease

1360 Plant Physiology, November 2003, Vol. 133, pp. 1360-1366, www.plantphysiol.org © 2003 American Society of Plant Biologists



p-Gal activity in transformed yeast

0.5- cells

0.4 1 ubr1 A yeast strain
& transformed with
B o34 vector w/o insert
5 o
[}
£ 021
° = ubr1 A yeast strain

0.1 transformed with

‘ PRT1gene

“Met Pro Arg His Leu Phe Tyr Trp

amino-terminal amino acid of test

protein p-Galactosidase
Figure 1. PRTT1 influences the amount of B-galactosidase test protein
with amino acid X (one or three letter code) as a first amino acid
residue (X-Bgal) present in yeast cells lacking Ubr1, the ubiquitin
protein ligase of the yeast N-end rule. A set of X-Bgal test proteins
with primary destabilizing amino-terminal residues according to the
yeast N-end rule (Arg, His, Leu, Phe, Tyr, and Trp), one metabolically
stable (Met-B-gal), and one metabolically unstable (ub-Pro-g-gal)
control protein were assayed by enzyme activity measurements.
N-end rule substrates with aromatic amino-termini (Phe, Tyr, and
Trp) but not with the hydrophobic Leu or with basic residues (Arg or
His) have significantly reduced steady-state levels in the presence of
PRTT.

Espl of yeast, a protein with homologs in all eu-
karyotes, was identified as such a processing pro-
tease (Rao et al., 2001).

Biological functions of the N-end rule pathway
have been identified in fungi, animals, and plants. In
yeast, the N-end rule pathway regulates peptide im-
port (Turner et al., 2000). In mice (Mus musculus),
N-end rule components are necessary for normal
spatial memory, for cardiovascular development,
and for embryogenesis (Kwon et al., 2000, 2001,
2002). In plants, the pathway has been implicated in
senescence (Yoshida et al., 2002). We have analyzed
the N-end rule pathway in Arabidopsis (Bachmair et
al., 1993; Potuschak et al., 1998). PRT1, a component
of the plant N-end rule pathway that was isolated by
positional cloning, turned out to be dissimilar to the
components of the well-known yeast N-end rule
pathway or to any other gene from yeast. In this
work, we investigate the biochemical function of
PRT1 by expression in yeast and by assessment of
substrate specificity in the plant. We find that PRT1 is
a ubiquitin protein ligase acting on proteins with
aromatic amino-termini, covering a fraction of the
destabilizing residues known for the plant N-end
rule. We also demonstrate that Arabidopsis has at
least one additional ubiquitin protein ligase active in
the N-end rule pathway.

RESULTS

PRT1 of Arabidopsis was isolated by positional
cloning (Potuschak et al., 1998). Arabidopsis plants
with mutation in the PRT1 gene are unable to de-
grade F-dihydrofolate reductase (DHFR), a model
substrate of the N-end rule pathway. Database com-
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parison with the genome of yeast indicates that bak-
ers’ yeast does not have an ortholog to this gene. The
highest similarity is found to the DNA repair gene
RAD18. However, this similarity is largely limited to
the RING finger domain of RAD18, which mediates
interaction with a UBC (Ulrich and Jentsch, 2000). A
direct test of functional similarity by expression of
PRT1 in a rad18 yeast mutant indicated that the plant
gene cannot complement the radiation sensitivity
phenotype of a rad18 mutant (data not shown).

In one series of experiments, we expressed PRT1 in
a yeast strain devoid of UBR1, the ubiquitin ligase of
the yeast N-end rule pathway (Bartel et al., 1990). We
found that yeast cells expressing PRT1 from a plas-
mid had a significantly lowered steady-state level of
F-Bgal, a model substrate of the yeast N-end rule
pathway that is metabolically stable in #br1A mutants
(Figs. 1 and 2). This finding is suggestive of a role for
PRT1 in degradation of N-end rule substrates. To
rule out the possibility that selection of F-Bgal occurs
by a structure or sequence element other than the
amino-terminal residue, we tested whether the
steady-state level of test proteins with other amino-
terminal residues is also changed in ubrlA PRT1
yeast cells as compared with ubr1A cells. We find that
PRT1 lowers the concentration of proteins with an
aromatic amino-terminus. Remarkably, Bgal test pro-
teins with aliphatic hydrophobic or basic amino-
terminal residues are unchanged in their concentra-
tion (Fig. 1).

The lowered steady-state concentration is due to
metabolic instability because pulse chase experi-
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Figure 2. PRT1 directs degradation of an F-B-gal test protein in yeast.
Pulse chase experiments followed by immunoprecipitation of F-B-gal
protein, electrophoretic separation, and detection by fluorography
indicated that a decreased F-B-gal steady-state level is caused by
metabolic instability. Lanes 1 to 3, Wild-type (UBRT1) yeast cells were
used to indicate metabolic instability of F-B-gal. Lanes 4 to 6, Ex-
pression of PRTT1 in yeast cells with disrupted UBRT1 results in insta-
bility of F-B-gal. Lanes 7 to 9, Yeast cells without UBR1 (and without
PRTT) cannot degrade F-B-gal. Left, Positions of M, marker bands.
Dot, Position of mature F-B-gal on the gel. Asterisk, Metabolically
stable B-gal fragment that is formed in yeast as a side product.

1361



Stary et al.

UBR1 PRT1

® F-ggal

— 111

L

— 73

1 2

Figure 3. UBRT of yeast and PRT1 of Arabidopsis mediate degrada-
tion of the F-B-gal test protein in yeast with differences in multi-
ubiquitylated intermediates. Immunoprecipitation of radioactively
labeled F-B-gal protein from wild-type yeast cells (lane 1) or from
cells without UBRT that express PRT1 (ubrfA PRT1 cells, lane 2)
indicates that the ladder of multi-ubiquitylated species is more in-
tense in ubr1A PRTT cells. Furthermore, a few higher M, species
(square dots to the left) are not visible in ubrTA PRTT cells. Dot to the
right, Position of mature F-B-gal on the gel; asterisk, stable B-gal
fragment. M, marker bands are shown to the right. Thin and dashed
line to the right, Position of ubiquitylated F-B-gal species.

ments demonstrate a short half-life of F-Bgal in the
ubrlA PRT1 yeast strain but not in the ubrIA yeast
strain without the PRT1 gene (Fig. 2). The fact that
UBR1 is the (only) recognition component of the
yeast N-end rule and, thus, contains a binding site for
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the bulky first amino acid residue of the F-Bgal test
protein and initiates its degradation suggests that
PRT1 also contains a binding site for the test protein
and mediates its degradation.

Long exposure of a fluorogram with immunopre-
cipitate from ubr1A PRT1 yeast cells shows a charac-
teristic “ladder” of bands that indicates involvement
of ubiquitin in PRT1-mediated degradation of F-Bgal
(Figs. 2 and 3). The presence of two RING finger
domains in PRT1 (Potuschak et al., 1998) suggests
that this protein can interact with UBC(s). Interest-
ingly, some bands of the F-Bgal ubiquitylation ladder
differ either in intensity or in position from those
observed in the UBR1 wild-type yeast strain. The
overall increase in the steady-state level of ubiquitin
ladder bands in the ubr1A PRT1 yeast strain could be
explained by less efficient channeling of the ubiqui-
tylated substrate protein to the proteasome (Ubrl
apparently delivers ubiquitylated substrates -effi-
ciently by direct binding to the proteasome, a prop-
erty that might not be shared by PRTI1; Xie and
Varshavsky, 2000). Taken together, these data
strongly suggest that PRT1 is a ubiquitin protein
ligase.

The binding of hydrophobic amino-termini to
UBR1 can be inhibited by dipeptides with a hydro-
phobic first residue (Baker and Varshavsky, 1991).
We find that aromatic, but not hydrophobic aliphatic,
or basic amino acid methyl esters, are good in vivo
inhibitors of PRT1 when expressed in ubrlA yeast
cells (Fig. 4). This finding is another indication that
PRT1 is a recognition element of the plant N-end rule
pathway, and it confirms the specificity of PRT1 for
exclusively the aromatic amino-termini of the N-end
rule pathway.

We wanted to confirm the in planta relevance of
the PRT1 substrate specificity determined in yeast.

Inhibition of PRT1 by O-Methyl amino
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Figure 4. Activity of PRTT is inhibited by O-methyl esters of desta-
bilizing amino acids. Enzyme activity measurements similar to those
of Figure 1 were carried out after growth of yeast cells in the presence
of Phe-O-methyl ester, Trp-O-methyl ester, Leu-O-methyl ester, and
Arg-O-methyl ester. Only those methyl esters which correspond to an
amino-terminus destabilized by PRT7 expression can inhibit the
degradation process.
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Figure 5. Degradation of model substrates in PRTT and prt1 plants.
Plants transformed with UPR constructs were used for protein extrac-
tion from leaves. Test proteins were detected by western blotting
using antibody directed against HA epitope tags. Odd-numbered
lanes, PRTT genotype (plus sign above lanes); even-numbered lanes,
prt1 mutant genotype (minus sign above lanes). A single dot denotes
the stable reference protein, and a double dot indicates position of
the test protein. Asterisk, Metabolically stable fragment generated
from unstable test proteins as side products. The test proteins are
M-DHFR (“M,” lanes 1 and 2), F-DHFR (“F,” lanes 3 and 4), L-DHFR
(“L,” lanes 5 and 6), and R-DHFR (“R,” lanes 7 and 8). Lane 9, Extract
from untransformed plant. M, marker sizes are indicated to the right.
For further explanations, see text.

To that end, we made ubiquitin protein reference
(UPR) constructs (Varshavsky, 2000) for Arabidopsis.
A single transgene-encoded polypeptide is probably
cotranslationally cleaved into two proteins. One pro-
tein is the metabolically stable reference protein. The
other protein carries a potential degradation signal.
Its metabolic stability can be determined by compar-
ing steady-state levels of test and reference protein.
Test proteins used in Figure 5 carry N-end rule de-
grons. They differ from the N-end rule substrates
used in previous work (Bachmair et al., 1993; Potus-
chak et al., 1998) by a carboxyl-terminal extension
that makes their size more easily distinguishable
from the reference protein on western blots. When
using antibodies against the HA epitope for detec-
tion, the larger test polypeptide stains with 3-fold
intensity due to three repeats of the epitope, com-
pared with one such epitope in the reference protein.

Expression of the UPR construct M-DHFR in wild-
type and in prt] mutant Arabidopsis plants allows
the detection of two bands on a western blot with HA
antibody, the larger band being about 3 times as
intense as the smaller one (Fig. 5, lanes 1 and 2). The
ratio between test protein and reference protein is the
same both in wild type and in the prt1 mutant, con-
sistent with the previous finding that M-DHFR is
metabolically stable in both genotypes (Potuschak et
al., 1998). In contrast, expression of R-DHFR from a
UPR construct does not allow detection of the larger
(R-DHEFR) band (Fig. 5, lanes 7 and 8). This indicates
fast turnover. Instead, lanes from R-DHFR-
expressing plants have bands with a mobility inter-
mediate between M-DHFR and the reference band,
which are probably cleavage products of R-DHFR
with amino-terminal truncation. Again, there is no
obvious difference between wild type and prtI mu-
tant related to stability of R-DHFR, supporting the
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notion that a ubiquitin protein ligase distinct from
PRT1 is instrumental in degradation of R-DHFR. As
expected, we see a difference between the protein
pattern of wild-type and prt1 plants when UPR con-
struct F-DHEFR is expressed (Fig. 5, lanes 3 and 4).
F-DHEFR is unstable in wild-type cells; therefore, the
detected protein pattern closely resembles the
R-DHEFR lane. prt1 mutant cells, on the other hand,
do not degrade F-DHFR, and the ensuing protein
pattern resembles the M-DHFR lane of wild-type and
mutant plants. To further characterize PRT1, we also
expressed L-DHFR in plants. Wild-type plants appar-
ently degrade this protein at a slower rate than
R-DHFR or F-DHFR. Therefore, a weak band of
L-DHEFR can be visualized with HA antibody (Fig. 5,
lane 5). Interestingly, in prtl plants, degradation of
L-DHEFR is not only unimpeded, but it is actually
increased compared with wild-type plants, suggest-
ing that the PRT1 protein negatively influences
L-DHEFR degradation (Fig. 5, lane 6). Taken together,
these data support the notion that the substrate spec-
ificity of PRT1 observed in yeast reflects the in planta
specificity and that PRT1 is not the only ubiquitin
protein ligase operating in the Arabidopsis N-end
rule pathway.

DISCUSSION

In this work, we characterize PRT1, a component of
the plant N-end rule pathway. Substrates for degra-
dation by the N-end rule pathway are recognized
by a bulky first amino acid (see introduction; Var-
shavsky, 1996). PRT1 was isolated previously by
positional cloning, using a mutant with a transgene-
dependent phenotype as a basis for gene
identification (Bachmair et al., 1993; Potuschak et al.,
1998). At the time of its isolation, the genetic data
were the only connection of the PRT1 reading frame
to protein turnover. However, we have noticed that
similar to PRT1, a considerable number of proteins
involved in ubiquitylation processes contain a so-
called RING finger domain (Potuschak et al., 1998;
for review, see Joazeiro and Weissman, 2000). RING
finger domains have since been found to interact
with UBCs and define a superfamily of ubiquitin
protein ligases (Bachmair et al., 2001; Pickart, 2001;
Weissman, 2001). In the work presented here, we
show that PRT1 is a ubiquitin protein ligase. This
conclusion is based on the following data. First, PRT1
can functionally replace a ubiquitin protein ligase of
yeast, Ubrl (Fig. 1). Second, protein substrates that
are destabilized by expression of PRT1 in yeast show
a characteristic ladder of higher M, bands indicative
of ubiquitin conjugation (Figs. 2 and 3). Third, mu-
tations in the PRT1 gene cause specific stabilization
of certain N-end rule substrates in plants (Fig. 5).

The finding that PRT1 can replace Ubrl of yeast is
somewhat surprising, considering the small size of
PRT1 of Arabidopsis compared with Ubrl (approxi-
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mately 45 versus 220 kD). Moreover, apart from a
RING finger domain, there is no obvious sequence
similarity between the two proteins. Because of the
size difference, it may not come as a surprise that
PRT1 can replace Ubrl’s function only for a subset of
the N-end rule substrates known in yeast. Ubrl has a
binding site for all hydrophobic residues and, in
addition, another binding site for basic amino-
termini. The experiments presented demonstrate that
PRT1 can only ubiquitylate proteins with aromatic
first residues (Figs. 2, 3, and 5). However, it is unclear
whether PRT1 can catalyze multi-ubiquitylation of
substrate proteins. Our data do not rule out the pos-
sibility that PRT1 catalyzes mono-ubiquitylation and
that other ubiquitin protein ligases, presumably
those of the UFD pathway (Johnson et al., 1992, 1995)
attach additional ubiquitin moieties to build the
multi-ubiquitin chain recognized by the proteasome.
Examples for such an E3/E4 relationship among dif-
ferent ubiquitin ligases are known from fungi and
from animals (Koegl et al., 1999; Grossman et al.,
2003).

Substrate binding by the yeast ubiquitin protein
ligase Ubrl can be inhibited by the presence of dipep-
tides (Baker and Varshavsky, 1991). Binding of small
peptides has a biological function in regulation of
peptide import (Turner et al.,, 2000). We find that
PRT1 activity can be inhibited by methyl esters of
Phe and Trp but not by methyl esters of other amino
acids such as Leu or Arg (Fig. 4). The choice of
methyl esters over dipeptides was motivated largely
by technical considerations (dipeptides are not trans-
ported into yeast cells in a ubrIA mutant). Although
this specific inhibition of PRT1 does not imply a
biological function in plants, it is a further proof that
PRT1 has a binding site for aromatic residues and,
therefore, that it recognizes substrates by their
amino-termini.

In addition to the two RING finger domains, PRT1
contains another Zn**-binding domain, a so-called
77 domain. This domain can mediate protein-protein
interactions (Anderson et al., 1996; Ponting et al.,
1996; Cariou et al., 2002). Therefore, the ZZ domain
could be involved in binding of the N-end rule de-
gron, in oligomerization, or in binding of another
protein.

The restricted substrate range of PRT1 as compared
with Ubrl raised the question of whether the N-end
rule of plants is restricted to aromatic residues as
amino-terminal degradation signals. Previous exper-
iments presented elsewhere (Schlogelhofer and Bach-
mair, 2002) and additional findings by others (Wor-
ley et al., 1998) indicate that the plant N-end rule
does at least include basic amino-termini. Experi-
ments shown in Figure 5 directly address this ques-
tion by expression of different model substrates in
wild-type versus prtl mutant plants. These experi-
ments confirm the data obtained by heterologous
expression of PRT1 in yeast. A model substrate with
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Arg as first residue is metabolically unstable in both
wild-type and mutant plants. In contrast, Phe as a
first residue results in a protein that is stable in
mutant plants but unstable in wild-type plants. An-
other construct expressed a test protein with Leu as
first residue. Interestingly, although the L-DHFR test
protein is apparently of intermediary stability in
wild-type leaves, it is actually less stable in the prt1
mutant. A possible interpretation of the decreased
half-life of L-DHFR in mutant plants is that PRT1 has
a second function as regulator of a Leu-specific ligase
activity. However, this issue needs further clarifica-
tion. In summary, we conclude that PRT1 is specific
for aromatic amino-termini and that Arabidopsis
contains at least one additional ubiquitin protein li-
gase that works in the N-end rule pathway.

Interestingly, the Arabidopsis genome encodes a
protein with similarity to UBR1, At5g02300. This hy-
pothetical reading frame has similarity to the amino-
terminal one-half of UBR1 and is located next to a
reading frame annotated as CER3, which has similar-
ity to the carboxyl-terminal one-half of UBR1. There-
fore, it is possible that the two genes can be cotrans-
cribed to give one protein with similarity to UBR1
over its entire length. Experiments to understand
these facets are under way. Because Arabidopsis prtl
mutants are entirely deficient in degradation of
F-DHEFR (Potuschak et al., 1998; Fig. 5), we would
expect that any additional N-end rule ubiquitin pro-
tein ligase of Arabidopsis does not recognize aro-
matic amino-termini.

Taken together, our data indicate that PRT1 is one
of at least two ubiquitin protein ligases of the plant
N-end rule pathway and has specificity for aromatic
amino-termini. Therefore, the existing data are con-
sistent with increasing complexity of the N-end rule
pathway in metazoans.

MATERIALS AND METHODS

Microbial Strains, Plant Lines,
Growth, and Transformation

Escherichia coli strain DH5« (supE44 AlacU169 [®80lacZAM15] hsdR17
recAl endA1 gyrA96 thil relAl) was used for DNA manipulations. Agrobac-
terium tumefaciens C58C1pCV2260 was used in plant transformation. Yeast
(Saccharomyces cerevisiae) strains K700 (MATa ade2-1 trpl-1 can1-100 leu2-
3,112 his3-11,15 ura3-52 GAL™; a kind gift from Kim Nasmyth, Research
Institute of Molecular Pathology, Vienna), BBY47 (Bartel et al., 1990), and
SS13  (MATa trpl-1 his3-A200 leu2,3-112  wura3-52 canl-100 GAL™
ubr1-A1::LEU2; segregant from cross K700 X BBY47) were used in this work.
Arabidopsis ecotype Columbia-0 was used for in planta experiments. Plant
transformation was carried out by the infiltration method (Bechthold et al.,
1993; G. Cardon, personal communication). Yeast growth and transforma-
tion were carried out as described by Kaiser et al. (1994).

Vector Constructs

A yeast vector for expression of PRT1 was made in the following way:
Yeast expression vector pMA91 (Mellor et al., 1983), which contains, be-
tween two HindIlI sites, promoter and terminator of yeast phosphoglycerate
kinase separated by a unique Bg/II site, was modified by insertion of an Ndel
linker (CCATATGG; New England Biolabs, Frankfurt) into the Bg/II site. A
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HindIII fragment with promoter and terminator from this vector was cloned
into YCplac22 (Gietz and Sugino, 1988) to give vector YCplac22+. Using
PCR, the 5" region of the PRT1 cDNA was modified to contain an Ndel site
at the start codon. An Ndel fragment, containing the PRT1 reading frame
from the introduced Ndel site to a naturally occurring Ndel site 22 nucleo-
tides downstream of the stop codon, was inserted in sense orientation into
YCplac22+ to give YCplac22-PRT1.

Vectors for expression of X-Bgal substrate proteins were described pre-
viously (Bachmair et al., 1986).

Vectors to express UPR constructs in plants were made in the following
way: A DHFR containing EcoRI-Agel (end filled in using Klenow enzyme)
fragment from plasmid pRc/dUb-X-nsP4-bgal (Lévy et al., 1996; a kind gift
of Dr. Frédéric Lévy, Ludwig Institute for Cancer Research, Epalinges,
Switzerland) was inserted between EcoRI and Smal sites of pSK. Using
oligonucleotides, a part of the translation-enhancing Omega sequence from
tobacco mosaic virus was inserted into EcoRI-Xhol-digested vector to give
plasmid pSKDHFRo2. Using primer oligonucleotides TGC TCT AGA CGG
GTC GAC TCC TTC TGA ATG TTG T and CCG CTC GAG ATG CAG ATT
TTC GTC AAG ACT, a PCR fragment was generated with plasmid pRc/
dUb-X-nsP4-bgal as a template. After digestion with Xbal and Xhol, the
fragment was inserted into Sall- and Xbal-digested vector pPSKDHFRo2 to
give plasmid pSKDU. A fragment was amplified from Arabidopsis RNA by
reverse transcriptase-PCR, containing part of the SUMO1 (At4g26840) read-
ing frame. In this fragment, the last 10 amino acids of SUMOL are replaced
by Ser, followed by a stop codon and an Xbal site. After cloning into an
appropriate vector, the amino-terminus of the SUMO reading frame was
extended by a fragment containing a Kpnl site, followed by three HA
epitope tags. An Nrul-Kpnl fragment from vector pRc/dUb-X-nsP4-bgal that
contains the DHFR sequence was linked between the Kpnl site at the
beginning of the extended SUMOI1 reading frame and a unique Smal site of
the vector to give plasmid pDHFRSUMO. An Sall linker (New England
Biolabs) was inserted into the SnaBI site of pDHFRSUMO to give plasmid
pDHFRSUMOSal. This plasmid was digested with Sall and BstXI, and
Sall-BstXI fragments as contained in constructs M-DHFR and F-DHFR (Po-
tuschak et al.,, 1998) were inserted. The ensuing plasmids, pUFDS and
pUMDS, contained a short segment from ubiquitin joined to Phe and Met,
respectively, followed by an oligo-Gly and lacI extension and DHFR-SUMO.
An Sall-Xbal fragment from pUFDS and pUMDS, respectively, was inserted
into Sall-Xbal-digested vector pSKDU to give pUPR-F and pUPR-M, respec-
tively. In these constructs, a single open reading frame codes for murine
DHFR c¢DNA followed by one HA epitope tag, followed by variant yeast
ubiquitin with the changes D52G and K48R. The ubiquitin sequence is
followed by amino acids Phe or Met, respectively, and by an oligo-Gly
extended lacl fragment, fused to DHFR sequence identical to the amino-
terminal sequence, followed by three HA epitope tags. The construct ends
with the SUMO domain. pUPR-M was digested with Sall and Bg/II, and
double-stranded oligonucleotides were inserted to change the Met to an Arg
(codon AGA) and a Leu residue (codon CTT) to give pUPR-R and pUPR-L,
respectively. Xhol-Xbal fragments from pUPR-F, -M, -R, and -L were in-
serted into Xbal-Xhol-digested vector pHi (Schlogelhofer and Bachmair,
2002) to give vectors pHiUPR-F, -M, -R, and -L.

Protein Analysis

Yeast pulse chase experiments were performed as described (Bachmair et
al., 1986), except that Complete mini protease inhibitor tablets (Roche,
Vienna) plus 20 pg mL ™! Pepstatin A were used for inhibiton of proteases,
and no SDS was used during washing of immunoprecipitates. Monoclonal
mouse anti-B-galactosidase antibody (Promega, Mannheim, Germany) was
used for immunoprecipitation.

To analyze plant protein extracts, 5 mg of fresh leaf material was col-
lected in a 1.5 mL reaction tube and frozen in liquid nitrogen. Two hundred
microliters of prewarmed (37°) extraction buffer (50 mm Tris-Cl [pH 6.8], 4%
[w/v] SDS, and 10% [v/v] B-mercaptoethanol) was added, and the samples
were ground to a fine powder. After homogenization, samples were centri-
fuged (10,000 rpm for 1 min). The supernatant was transferred, heated to
95°C, and centrifuged at 14,000 rpm for 10 min. The supernatant was mixed
with 1 volume 2X Laemmli sample buffer (50% [v/v] glycerol, 20 mm
dithiothreitol, 2% [w/v] SDS, 125 mm Tris-Cl [pH 6.8], and 0.003% [w/Vv]
bromphenol blue) and frozen for storage. Samples were heated to 55°C for
10 min before loading for SDS-PAGE (10% [w/v] acrylamide; Mini-Protean
Cell, Bio-Rad, Munich). After electrophoresis, the gel was shaken at room
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temperature for 40 min in transfer solution (190 mm Gly, 25 mm Tris, 20%
[v/v] methanol, and 0.05% [v/v] SDS). Transfer to Immobilon-P membrane
(Millipore, Eschborn, Germany) was carried out in transfer solution at 100 V
for 1.5 h (Transblot apparatus; Bio-Rad). After transfer, the membrane was
incubated for 2 X 10 min in 1X alkaline NaCl-Tris buffer (ANT) (150 mm
NaCl, 50 mm Tris-Cl [pH 8.0], and 0.002% [v/v] NaN3), and 1.5 h in blocking
solution (1X ANT/20% [v/v] newborn calf serum) at room temperature.
The first antibody incubation (1:3,000 [v/v] in blocking solution; rat anti-HA
monoclonal antibody, Roche, Mannheim, Germany) was carried out over-
night at 4°C. Thereafter, the membrane was washed 4 X 15 min with 1X
ANT/0.05% (v/v) Tween 20 at room temperature, rinsed briefly with 1X
ANT, and incubated with the second antibody (1:1,000 [v/v] in blocking
solution; goat anti-rat IgG coupled to alkaline phosphatase, Sigma-Aldrich,
Taufkirchen, Germany) for 2 h at room temperature. After further washing
(3 X 15 min with 1X ANT/0.05% [v/v] Tween 20), the membrane was
stained as recommended for the secondary antibody.

B-Galactosidase Activity Determination

A preculture of the B-galactosidase-expressing yeast strain was grown for
2 to 3 d in dropout medium containing 2% (w/v) raffinose as sole carbon
source. For induction of B-galactosidase expression, the preculture was
diluted approximately 1:30 (v/v) in Gal-containing medium.
B-galactosidase activity was measured by the rate of ortho-nitrophenyl
B-p-galactopyranoside cleavage in permeabilized cells (Kaiser et al., 1994)
and normalized to equal cell numbers. Results of at least three independent
assays were used to determine the sp of the mean (95% confidence interval).

Inhibition of the N-End Rule Pathway by Amino
Acid Derivatives

A preculture of yeast strain SS13 expressing PRT1 and an F-Bgal sub-
strate under the control of a Gal-inducible promoter was grown in raffinose
dropout medium for 1 d. The preculture was diluted 1:20 (v/v) in Gal
dropout medium containing either 10 mm phenylananine O-methyl ester, 10
mwm Trp O-methyl ester, 10 mm Leu O-methyl ester, or 10 mm Arg O-methyl
ester and was incubated at 30°C for 5 h. Thereafter, cells were harvested for
B-galactosidase activity determination.
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