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Abstract The key feature of tomato RNase LX localised solely
outside the vacuole is the C-terminal peptide HDEF which is very
similar to known endoplasmic reticulum (ER) retention signals.
For functional testing of the ER-targeting ability of HDEF,
different constructs including the complete RNase LX, two
truncated forms without HDEF and the truncated chitinase FB7-
1vvVTP C-terminally flanked by HDEF, were expressed in
Saccharomyces cerevisiae. The majority of RNase and chitinase,
both containing HDEF, accumulates within the ER. However,
the truncated constructs without the peptide are released into the
medium. We provide compelling evidence that peptide HDEF at
the C-terminus of secretory plant proteins is a new ER retention
signal in yeast and most likely in plants.
z 1998 Federation of European Biochemical Societies.
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1. Introduction

The secretory pathway provides a common route for both
proteins destined to be secreted and proteins that reside in the
various organelles of the pathway itself. The ability to dis-
criminate between di¡erent protein populations requires spe-
ci¢c recognition and sorting mechanisms to ensure correct
compartmental localisation along this pathway [1]. One of
the largest organelles and the ¢rst in the secretory pathway
of eukaryotic cells is the endoplasmic reticulum (ER) [2]. Pro-
teins that reside in the ER carry speci¢c C-terminal retention
signals. It has been shown that both KDEL and HDEL pep-
tide motifs retain proteins in the ER of animal cells as well as
of yeast (Saccharomyces cerevisiae) and plant cells [3^5]. De-
tailed studies using reporter proteins fused to di¡erent peptide
extensions have revealed that the amino acids EL (Glu-Leu)
seem to be essential for ER localisation [6^8]. But very re-
cently, a Ca2�-binding protein from mouse heart was isolated
that is located in the ER and that carries as its most C-ter-
minal amino acid phenylalanine instead of the leucine residue
[9].

Retention of ER-resident proteins is thought to be the re-
sult of a continuous recycling process (retrograde transport)
that is mediated by speci¢c receptors, regulatory proteins and
vesicles [10]. Fundamental processes associated with the endo-
membrane system are conserved between plants, mammals
and yeasts. For many biological questions it is therefore pos-
sible to switch from one model system to another and conduct
complementary experiments [11].

In cultivated tomato cells and plants (Lycopersicon esculen-
tum Mill.), two RNase genes were characterised that are in-
duced after the onset of phosphate starvation [12^17]. Cell
fractionation and localisation studies revealed that the main
intracellular enzyme activity, designated RNase LX, was ex-
clusively found in microsomal fractions and was excluded
from isolated and highly puri¢ed vacuoles [14]. The cDNA
sequence contains an N-terminal secretory signal sequence
of 24 amino acids conferring the co-translational transport
into the endoplasmic reticulum [16]. By comparing the RNase
LX protein sequence with those of homologous, but secreted
RNases, it became obvious that RNase LX carries a unique
sequence STNDDHDEF at its C-terminus [16]. Surprisingly,
the most terminal amino acids HDEF are very similar to
known ER retention signals. Taking into account the local-
isation of RNase LX in microsomal fractions, we suggest that
the C-terminal peptide sequence can act as an ER retention
signal. To prove this assumption we expressed di¡erent re-
porter protein constructs with and without the putative C-
terminal signal peptide in yeast (S. cerevisiae) and analysed
the ¢nal intra- or extracellular destination of protein con-
structs.

2. Materials and methods

2.1. Cultivation of yeast strains
S. cerevisiae strain INVSC2 (MATa his3-D1 ura3-52, Invitrogen)

was cultivated in SD medium with either 1% D-glucose or 1% D-gal-
actose at 30³C [18]. For induction experiments cells grown on SD
medium with D-glucose for 24 h were harvested by sedimentation
and resuspended in SD medium supplemented with D-galactose for
4^144 h.

2.2. Construction of vectors and transformation procedure
Using the RNase LX gene described by [16] and the chitinase gene

FB7-1 [19] as templates, modi¢ed or truncated constructs were ampli-
¢ed by in vitro mutagenesis (Fig. 1). To amplify RNase sequences the
sense primer was used in combination with di¡erent reverse primers
resulting in the wild-type RNase construct LX and those with modi-
¢ed C-terminal sequences, designated LXv4 and LXv9, missing the
last four and nine amino acids, respectively. Oligonucleotides are giv-
en in the 5P to 3P direction (restriction enzyme sites are written in bold,
initiation and stop codons are underlined):

To synthesise the truncated chitinase construct FB7-
1vVTP+HDEF, the sense primer CGGGATCCCGGGATGAGG-
CTTTGTAAATTCACAGCT and the antisense primer TTAAAATT-
CATCATGATTTCCAAAAGACCTCTGGTTGCC were used. The
antisense primer is homologous to C-terminal sequences preceding
the vacuolar targeting peptide (VTP) and is fused to 12 nucleotides
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LXs AAGCTTATGAAATCTCAAAAAAAATTGTTG;
LXas GGATCCTTAAAATTCATCATGGTCATC;
LXv4as GGATCCTTACTATTTGTGGAGAAA;
LXv9as GGATCCTTAGAAAGAAGGGAATTCAAT.
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which encode the tetrapeptide sequence HDEF, followed by stop co-
don TAA.

The ampli¢cation consisted of 30 cycles of 95³C for 30 s, 56³C for
30 s, and 72³C for 90 s using one unit of Taq DNA polymerase
(Invitrogen), 50 pmol of each primer and the bu¡er recommended
by the manufacturer. Products were ligated into vector pCR2.1 (In-
vitrogen). Transformants were proven for correct ampli¢cation by
DNA sequencing. For the heterologous expression of plant proteins
in S. cerevisiae the yeast-Escherichia coli shuttle vector pYES2 (Invi-
trogen) was chosen. Using the appropriate restriction enzyme sites,
HindIII/BamHI and BamHI/XhoI, the modi¢ed PCR constructs of
RNase LX and chitinase, respectively, were ligated between the indu-
cible promoter GAL1 and terminator CYC1 sequences of pYES2 that
drives protein expression after induction with D-galactose in S. cere-
visiae. The yeast strain INVSC2 was transformed according to [20].
All other experimental procedures were done according to standard
recombinant DNA techniques [21].

2.3. Cell fractionation
For fractionation of yeast cell homogenates the method described in

detail in [19] was used. Brie£y, after incubation of cells with lysing
enzyme from Trichoderma harzianum (Sigma), the emerging sphero-
blasts were resuspended in 0.4 ml 1.8 M sorbitol. Gentle lysis was
achieved by adding 3.2 ml of chilled 10 mM Tris-HCl, pH 7.5. After
centrifugation at 1000Ug for 5 min the resulting supernatant (3.5 ml)
was loaded onto the top of a continuous 15^55% sucrose density
gradient (10 ml). Centrifugation was carried out at 100 000Ug for
2.5 h using the SW41Ti rotor (Beckman). 0.5 ml fractions were col-
lected.

2.4. Enzyme assays, electrophoresis and RNase activity staining
In fractions of sucrose density gradients the marker enzymes

K-mannosidase (vacuole) and cytochrome c reductase (ER) were
assayed according to [19], alcohol dehydrogenase (cytosol) was meas-
ured following [22]. Using RNA as substrate, RNase activity was
estimated from the release of ethanol-soluble A260 materials, as
described previously [23]. The enzyme unit is de¢ned as the amount
of enzyme causing an increase in absorbance at 260 nm of 1.0/ml.
Protein concentration was measured using the protein dye assay (Bio-
Rad, Germany) with bovine serum albumin as standard.

Electrophoresis under denaturing conditions on 12% slab gels con-
taining 2.4 mg/ml RNA, removal of SDS by isopropanol treatment
and detection of RNase activity were carried out as described [24].

2.5. Antibodies and Western blotting
Protein probes were separated on 12% SDS-PAGE and transferred

onto nitrocellulose sheets using the semi-dry blotting procedure. Suc-
cessful protein transfer to membranes was visualised by staining with
Ponceau solution. Using standard procedures membranes were incu-
bated with anti-RNase, anti-chitinase or anti-SEC61 antibodies for
1 h followed by incubation with anti-rabbit IgG antibody and ECL
immunodetection (Amersham) of protein blots [25]. Production
of anti-chitinase antiserum has been recently described [19], anti-
SEC61 antiserum was obtained from Dr. S. Panzner (University of
Halle). For production of polyclonal antiserum against RNase LX the
14 kDa C-terminal part which was synthesised as GST fusion protein
(pGEX vector, Pharmacia) was used to immunise rabbit.

3. Results and discussion

3.1. The peptide HDEF is necessary to retain plant
ribonuclease LX in the endoplasmic reticulum of yeast cells

Ribonuclease LX harbouring a unique nonapeptide on its
C-terminus whose last four amino acids HDEF are similar to
known ER retention signals is found in microsomal fractions
of cultivated tomato cells. To analyse the in£uence of C-ter-
minal amino acids on the targeting of RNase LX we expressed
the wild-type RNase LX gene and truncated constructs miss-
ing the last four (LXv4) or nine amino acids (LXv9) in the
heterologous yeast system (S. cerevisiae) under the control of
the inducible GAL1 promoter [26]. To target constructs into

the lumen of the endoplasmic reticulum the endogenous signal
peptide of RNase LX was used.

Heterologous expression of protein constructs does not in-
£uence growth parameters of yeast cells. As a control, strain
INVSC2 transformed with the expression vector pYES2 was
grown in D-glucose-containing SD medium. Growth was cal-
culated from the increase in A600 for 96 h. The transformant
LX cultivated in the same medium for 24 h was transferred
either to fresh medium or to D-galactose-containing medium
in which expression of RNase LX is induced. Both of the
cultures show similar growth rates and reach almost the
same cell density in the stationary phase. RNase LX protein
from plant cells and from the yeast transformant LX migrates
identical in SDS-PAGE (data not shown). This result indi-
cates that the N-terminal ER signal sequence of RNase LX
is functional in yeast and is properly cleaved o¡. Although the
expression system (vector pYES2) has been described as
tightly repressed by glucose [26], a small amount of RNase
activity was already expressed in cells cultivated in D-glucose-
supplemented SD medium. This leakage of GAL1 promoter
activity did not interfere with our experiments. The highest
expression was found after 24 h of induction with D-galactose.
Therefore, cells harvested at this time point were chosen for
further experiments.

Expressing RNase constructs LX, LXv4 and LXv9 in yeast
cells, we compared the distribution of total RNase activity
between cell extracts and medium probes. 78% of the total
RNase activity was found in the cell homogenate of construct
LX (Fig. 2) whereas the remaining activity was found in the
cultivation medium. When the truncated RNase LXv4 and
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Fig. 1. Schematic representation of chimeric RNase LX and chiti-
nase gene constructs with endogenous N-terminal signal sequences
and modi¢ed C-terminal targeting information.

Fig. 2. Comparison of the relative distribution of RNase activity in
cell extracts (E) and in adequate medium probes (F) of the con-
structs LX, LXv4 and LXv9 after 24 h induction by D-galactose.
Results are means þ S.D. (n = 6).
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LXv9 constructs were used, the opposite relation was found.
About three-fourths (72% and 73%, respectively) of the total
activities were present in the culture medium and only one-
fourth were found in cells of LXv4 and LXv9 constructs.
Both constructs result in the same ratio of intra- and extra-
cellular enzyme activity revealing that the last four amino
acids (HDEF) are responsible for the intracellular localisation
and their absence targets proteins to the extracellular space in
S. cerevisiae.

Although most of the wild-type RNase LX has been accu-
mulated in yeast cells it remained unknown where the protein
is intracellularly localised. To address this question, fractio-
nation experiments were performed using isopycnic density
gradient centrifugation. Marker enzymes frequently used in
yeast cell fractionation were estimated to characterise col-
lected fractions (Fig. 3A). Determination of RNase activity
in fractions of the continuous density gradient revealed that
the enzyme is found colocalised with the ER-marker enzyme

cytochrome c reductase (Fig. 3A). To further substantiate the
characterisation as ER fractions we conducted Western blot
experiments with anti-SEC61 antibody that is only detectable
in this fraction (1.16 g/cm3 sucrose density, Fig. 3B). The ER
membrane protein SEC61 is the key component of the protein
translocation apparatus [27,28]. In agreement with the esti-
mated RNase LX activity the RNase protein was exclusively
found in ER fractions as revealed by immunodetection (Fig.
3B).

We conclude that the tetrapeptide HDEF is necessary to
accumulate the mature RNase protein in the endoplasmic re-
ticulum of yeast cells.

3.2. The peptide HDEF is able to retain a chimeric reporter
gene construct in the endoplasmic reticulum

To test whether ER retention signals are functional, these
signals were often fused to reporter or passenger proteins
which are genuine vacuolar, cytosolic or extracellular pro-
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Fig. 3. Subcellular localisation of the complete, wild-type RNase LX in S. cerevisiae. A: Determination of marker enzymes and RNase activity
in sucrose gradient fractions of yeast transformant LX. After centrifugation sucrose gradients were separated into 0.5 ml fractions and assayed
for cytochrome c reductase (v, pkat/ml), K-mannosidase (U, nkat/ml), alcohol dehydrogenase (a, 10 nkat/ml) and RNase (E, U/ml). B: West-
ern blot analysis of sucrose gradient fractions of yeast transformant expressing RNase LX. 20 Wl each were analysed and probed with anti-
RNase LX antibody and anti-SEC61 antibody (indicated by arrows). Sizes of marker proteins are indicated on the right (in kDa).

Fig. 4. Subcellular localisation of the modi¢ed reporter protein, the HDEF-tagged truncated chitinase construct FB7-1vVTP+HDEF, in S. cere-
visiae. A: Determination of marker enzymes in sucrose gradient fractions. After centrifugation sucrose gradients were separated in fractions of
0.5 ml and assayed for cytochrome c reductase (v, pkat/ml), K-mannosidase (U, nkat/ml), alcohol dehydrogenase (a, 10 nkat/ml). B: Western
blot analysis of sucrose gradient fractions of yeast transformant expressing modi¢ed chitinase. 20 Wl each were analysed and probed with anti-
chitinase antibody and anti-SEC61 antibody (indicated by arrows). Sizes of marker proteins are indicated on the right (in kDa).
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teins. Consecutively, intracellular targeting and ¢nal localisa-
tion were determined by cell fractionation methods and im-
munolocalisation.

As passenger protein can characterise the targeting ability
of the isolated peptide sequence HDEF, we used the vacuolar
class I chitinase gene FB7-1 from Nicotiana tabacum [29,30]
whose targeting was recently investigated in two S. cerevisiae
strains [19]. Prochitinase expressed with the 7 amino acids
long C-terminal VTP has been localised by subcellular frac-
tionation as well as immunohistochemical experiments in
yeast vacuoles. In the strain INVSC2 the VTP is proteolyti-
cally cleaved at a late stage during the transport to vacuoles.
This result is in agreement with studies of a homologous chi-
tinase in the plant system [31,32]. When the VTP sequence
was removed, truncated chitinase FB7-1vVTP was trans-
ported into the culture medium [19].

On the basis of these results we investigated cellular local-
isation of the chimeric chitinase construct FB7-
1vVTP+HDEF in which the VTP was replaced by the puta-
tive signal peptide HDEF. The modi¢ed protein construct was
expressed under the control of the GAL1 promoter as de-
scribed. First, we analysed by immunodetection after SDS
electrophoresis the distribution of chitinase in the cell extract
and in adequate volumes of culture medium in probes during
a 48 h induction period. In contrast to the secreted construct
FB7-1vVTP [19] the protein tagged with the HDEF sequence
was e¡ectively accumulated inside the cells. No chitinase pro-
tein was found in medium probes by immunodetection.

To localise the modi¢ed protein FB7-1vVTP+HDEF in cell
compartments, fractionation experiments were performed as
already described for RNase constructs. Marker enzymes were
measured to characterise collected fractions (Fig. 4A). In par-
allel, all fractions were applied to SDS-PAGE followed by
immunodetection of chitinase using the anti-chitinase anti-
body as described in [19]. It became obvious that chimeric
chitinase FB7-1vVTP+HDEF is exclusively found in ER frac-
tions identi¢ed by the marker enzyme cytochrome c reductase
(Fig. 4A). For additional con¢rmation that the interesting
fractions contain indeed proteins associated with the endo-
plasmic reticulum, the anti-SEC61 antibody was applied on
Western blots. The SEC61 protein is detectable in the same
fractions of the sucrose density gradient (Fig. 4B). This result
strongly supports that the peptide is able to change the target-
ing route of the formerly secreted chitinase construct. It also
excludes the possibility that the HDEF containing construct is
targeted to vacuoles. Experiments done following the de-
scribed procedures with the C-terminal nonapeptide
STNDDHDEF fused to the construct FB7-1vVTP gave the
same result (not shown). We conclude that peptide HDEF is
su¤cient to redirect a secreted reporter protein to the endo-
plasmic reticulum of yeast cells.

A comparison of known ER retention signals K/R/HDEL
and the peptide characterised in this study, HDEF, elucidates
that the main di¡erence concerns the last amino acid residue.
In studies performed to prove the functionality of modi¢ed
tetrapeptides, in which single amino acids were substituted,
this amino acid combination was never tested [1,8,10,11].
The two C-terminal amino acid residues were considered to
be critical for retention whereas the ¢rst and second position
were exchangeable [6^8]. The only report that phenylalanine
can replace the amino acid leucine at the C-terminus of
proteins without loss of the retention capacity came from

studies performed with calumenin, a novel Ca2�-binding
protein strongly expressed in mouse heart [9]. It was found
that this protein carries the C-terminal peptide HDEF whose
removal resulted in the secretion of the truncated calumenin.
Transfection of COS-7 cells with FLAG-tagged calumenin
and visualisation by immuno£uorescence as well as deglyco-
sylation assays revealed the localisation of this protein in the
endoplasmic reticulum. Taken together, these results indicate
that the peptide acts as a new ER retention signal [9].

Here, we provide strong evidence that the same C-terminal
peptide HDEF containing Phe as the last amino acid residue
is responsible for e¤cient retention of plant RNase LX in the
endoplasmic reticulum of yeast cells. Experiments with plant
cells con¢rming these ¢ndings are in progress. Additionally,
we can show that the isolated signal HDEF is able to redirect
completely a secretory reporter protein to the ER thereby
ful¢lling the second important attribute of targeting signals.
We conclude that the C-terminal sequence HDEF is not only
functional in animal cells but also in yeast and plant cells
suggesting the ubiquitous nature of the described peptide sig-
nal. Therefore, it seems very likely that new ER resident pro-
teins carrying this sequence will be found.

The accumulation of lumenal ER proteins harbouring ER
retention signals such as KDEL or HDEL is mediated by a
continuous retrieval from cis-Golgi and needs the interaction
with speci¢c receptors. Two receptors for HDEL sequence,
ERD1 and ERD2, have been identi¢ed in yeast [33,34]. Hu-
man and plant genes homologous with the ERD2 gene were
also isolated [35,36]. It is worth to note that the gene from
Arabidopsis thaliana is able to complement ER retention-de¢-
cient yeast mutants whereas the human gene, which probably
encodes a KDEL-speci¢c receptor, is not. Whether the new
ER retention signal HDEF can interact with the known re-
ceptors or needs a new receptor type for the retrieval process
has to be proven. It is not ruled out that a receptor exists
which interacts speci¢cally.
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