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ABSTRACT The monoclonal a-70-kDa heat shock protein
(hsp70) antibody recognizes in crude extracts from watermelon
(Citrullus vulgaris) cotyledons two hsps with molecular masses of
70 and 72 kDa. Immunocytochemistry on watermelon cotyledon
tissue and on isolated glyoxysomes identified hsp70s in the
matrix of glyoxysomes and plastids. Affinity purification and
partial amino acid determination revealed the 70-kDa protein to
share high sequence identity with cytosolic hsp70s from a
number of plant species, while the 72 kDa protein was very
similar to plastid hsp70s from pea and cucumber. A full-length
c¢DNA clone encoding the 72-kDa hsp70 was isolated and iden-
tified two start methionines in frame within the N-terminal
presequence leading either to an N-terminal extension of 67
amino acids or to a shorter one of 47 amino acids. The longer
presequence was necessary and sufficient to target a reporter
protein into watermelon proplastids in vitro. The shorter exten-
sion starting from the second methionine within the long version
harbored a consensus peroxisomal targeting signal (RT-Xs-KL)
that directed in vivo a reporter protein into peroxisomes of the
yeast Hansenula polymorpha. Peroxisomal targeting was however
prevented, when the 67-residue presequence was fused to the
reporter protein, indicating that the peroxisomal targeting sig-
nal 2 information is hidden in this context. We propose that the
72-kDa hsp70 is encoded by a single gene, but targeted alterna-
tively into two organelles by the modulated use of its presequence.

Seventy-kilodalton heat shock proteins (hsp70s) serve as ubiqui-
tous molecular chaperones in DNA replication, protein folding,
and transport. Organelle hsp70s (e.g., in plastids, mitochondria,
and endoplasmic reticulum) characteristically contain N-terminal
presequences with the organelle-specific targeting information;
the endoplasmic reticulum hsp70 is also provided with a C-
terminal retention signal. In eukaryotic cells cytosolic hsp70s play
an essential role in the delivery of proteins to their target
organelle by binding to nascent polypeptide chains and thereby
keeping them in a translocation competent conformation. Or-
ganellar hsp70s located, for example, in the plastid or mitochon-
drial matrix and in the endoplasmic reticulum lumen, are involved
in the protein translocation process (1-3). So far, hsp70s have not
been encountered in microbodies (peroxisomes/glyoxysomes),
though cytosolic hsp70s have been implicated to stimulate per-
oxisomal protein import in in vitro studies with permeabilized
cells (4) and are associated with the outside of the microbody
membrane (5, 26). Their specific in vivo role is still a matter of
debate since the peroxisomal protein import machinery seems
capable of transferring oligomeric folded proteins (6).
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In this paper, we describe the isolation of a watermelon
(Citrullus vulgaris) hsp70 that occurs in its mature form in both
plastids and glyoxysomes. Analysis of mRNA molecules for this
hsp70 reveals two start methionine in frame within the prese-
quence leading to two types of precursor proteins: the longer
polypeptide exhibits a 67-amino acid N-terminal presequence
that functions in plastid import. The shorter version of the
presequence directs the hsp70 into peroxisomes with a PTS2,
which becomes functional when translation starts with the me-
thionine located at position 21 of the plastidal presequence.

MATERIALS AND METHODS

Organisms and Growth Conditions. Watermelon seeds (C.
vulgaris Schrad., var. Stone Mountain, harvest 1992; Landreth
Seed, Baltimore) were germinated under sterile conditions in
the dark at 30°C for 3 days. Hansenula polymorpha A16 was
grown in flasks in mineral medium on methanol (0.5% vol/vol)
as C-source and (NH4),SO4 (0.25% wt/vol) or methylamine
(0.20% wt/vol) as N-source (7).

Affinity Chromatography of hsp70s. Cotyledons were ho-
mogenized to yield a protein extract (8) and hsp70s isolated
(9). Watermelon glyoxysomal malate dehydrogenase (gMDH)
(10) was immobilized on cyanogen bromide-activated Sepha-
rose 4B (Sigma), denatured with 8 M urea and used as an
affinity matrix for binding hsp70s from the extract in the
presence of 1 mM Mg-ATP. After washing proteins were
eluted using five column volumes of 10 mM Mg-ATP.

Recombinant DNA Methods and Biochemical Procedures.
Recombinant DNA manipulations, DNA-sequencing, immu-
noscreening of a cDNA-library with monoclonal anti-hsp70
antibody (Sigma, catalog no. H5147), SDS/PAGE and West-
ern blot analysis were performed as usual. For amino acid
sequencing, hsp70s were separated by SDS/PAGE and cleaved
in the gel using endoprotease Lys-C (Boehringer Mannheim).
The resulting peptides were microsequenced (11). Escherichia
coli DH5a was transformed by the Ca?* method and H.
polymorpha by electroporation (12).

Isolation of a Full-Length hsp70 cDNA Clone. A cDNA library
from mRNA of 2-day-old dark grown watermelon cotyledons was
cloned into the phage vector Lambda ZAP Express (Stratagene).
After screening of 9.5 X 10° plaques with a-hsp70 antibodies 18
positive clones were isolated and the phages converted by in vivo
excision into the plasmid vector pBluescript K-cytomegalovirus.
Sequencing of the 18 clones revealed inserts of different lengths
derived from the same mRNA, the longest insert consisting of
2,126 bp. Computer analysis of the deduced amino acid sequence
of the ORF showed >90% identity to the sequences of chloroplast

Abbreviations: gMDH, glyoxysomal malate dehydrogenase; hsp70,
70-kDa heat shock protein; PTS2, peroxisomal targeting signal 2.
Data deposition: The sequence reported in this paper has been
deposited in the GenBank database (accession no. U92815).
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hsp70s and predicted a deficiency of ~300 bp at the 5" end. The
region encoding the N terminus of the protein was cloned by PCR
with an antisense primer covering bases 378395 of the final
full-length clone (Fig. 3) and a sense primer corresponding to the
T3-RNA-polymerase promoter in the vector. The amplified DNA
separated into three bands with a length of 400, 350, or 300 bp and
was subcloned and sequenced. Eight clones with 392, 378, 376, 324,
323, 321, 317, or 316 bp contained the required overlap of the
antisense primer and the 5" end of the existing 2,126-bp clone (i.e.,
nucleotides 304395 in the final full-length clone). The 5’ end
extended DNA clones fell into two groups: The three longer ones
contained two potential ATG translation start codons in frame
and the longest one a stop codon 24 bp upstream of the first start
codon (Fig. 3). The five shorter clones contained only the second
ATG codon; their 5’ ends being located 24, 25, 29, 31, and 32 bp
upstream from this second start codon. Two full-length clones
encoding the mature protein with the long and short presequence,
respectively, were constructed with gene splicing by overlap ex-
tension (13).

Construction of Hybrid Genes Encoding Different hsp70-
Presequences Fused to gMDH as a Reporter Protein. Hybrid
genes encoding gMDH fused to two wild-type versions of the
hsp70 presequence and one containing a mutation in the PTS2
(T¥RT — DD), were generated with gene splicing by overlap
extension (13, 14): The long version of the hsp70-presequence
(coded by bases 37-249; Fig. 3) or the short version of the
hsp70-presequence (coded by bases 97-249; Fig. 3) in its wild-type
or mutated form were combined with the mature subunit of
¢MDH (encoded in bases 181-1334; see figure 1 in ref. 15). Since
the cleavage site for the presequence after amino acid 67 is not
proven, we added the code for the four N-terminal amino acids of
the mature hsp70 subunit (encoded in bases 238-249; Fig. 3)
between the presequence and the gMDH polypeptide. The hybrid
genes, pre-hsp70iong::gMDH and pre-hsp70sh0r::gMDH and pre-
hsp70shore(“3*RT — DD)::;gMDH, were inserted as HindIII-Sall
fragments in pPGEMEX-1 (Promega) under the control of the Sp6
promoter and in the H. polymorpha expression vector pHIPX4 (14)
under the control of the strong methanol inducible alcohol oxidase
promoter.

Isolation of Proplastids. Isolation of proplastids was
adapted from the procedure for etioplasts (16). Cotyledons
were homogenized in 500 mM sucrose, 30 mM Tricine, 1| mM
EDTA, 1 mM MgCl, 0.1% BSA, pH 7.2 (isolation buffer),
with five short (3-5 s) bursts in a Waring blender. The
homogenate was filtered through Miracloth (Calbiochem) and
centrifuged for 5 min at 1,500 X g to remove cell debris. The
supernatant was centrifuged for 10 min at 5,000 X g. The
organellar pellets were resuspended in isolation buffer and
pipetted onto Percoll gradients [7 ml 80% (vol/vol) Percoll
and 28 ml 30% (vol/vol) Percoll in isolation buffer without
BSA]. The gradients were centrifuged for 1 h at 10,000 X g.
After centrifugation two organellar bands were evident. The
lower band representing intact proplastids was collected and
washed in 500 mM sucrose, 50 mM Hepes, pH 8.0. The purified
proplastids were used for protein import studies (17). The
purity and integrity of the proplastids were confirmed by the
presence of the marker enzyme NADP™*-linked glyceralde-
hyde-3-phosphate dehydrogenase (18) and the absence of
isocitrate lyase (marker for glyoxysomes; ref. 19) and fumarase
(marker for mitochondria; ref. 20).

In Vitro Import into Isolated Proplastids. The two fusion genes
pre-hsp70iong::gMDH or pre-hsp70ghor::gMDH, cloned in pGE-
MEX-1, were in vitro transcribed using Sp6-RNA-polymerase and
translated in the reticulocyte lysate system (Promega) in the
presence of 3°S-methionine (DuPont/NEN). The precursor of
¢MDH (pre-gMDH; ref. 15) was used as a control. For import
experiments (16) 1 ul translated proteins was diluted 1:10 with
import buffer (17) and incubated with 20 ul proplastids at 25°C for
5-15 min. To check uptake of the labeled proteins by the or-
ganelles, the suspension was treated with trypsin (10 ug ml~'). The
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digestion was terminated by adding loading buffer for SDS/PAGE
and incubation for 5 min at 100°C. The reaction was analyzed by
SDS/PAGE and fluorography.

Electron Microscopy. Cotyledons from 3-day-old water-
melon seedlings (cut into 0.5 mm sections), glyoxysomes
isolated on a Percoll gradient (21) and H. polymorpha cells
were fixed and embedded in Lowicryl K4M (Polysciences) as
described (7). Thin sections were cut with a diamond knife and
picked up on formvar-coated 100-mesh grids. Immunocyto-
chemistry was performed using antibodies against hsp70 (Sig-
ma H5147) and gMDH (10) as primary antibodies and 15 nm
gold conjugated goat anti-mouse (monoclonal anti-hsp70 an-
tibody) and 5 nm gold conjugated goat anti-rabbit (polyclonal
anti-gMDH antibody) as secondary antibodies.

RESULTS AND DISCUSSION

Identification and Purification of hsp70s from Watermelon
Cotyledons. In germinating watermelon seeds lipid mobilization
proceeds actively in the cotyledons and hence, they contain many
glyoxysomes. The a-hsp70 antibody recognized in Western blots
of protein extracts from cotyledons two distinct bands of 70- and
72-kDa (Fig. 1B, lane 1). Double-ImmunoGold-labeling with
a-hsp70- (secondary antibody conjugated to 15 nm gold) and
a-gMDH-antibodies (secondary antibody conjugated to 5 nm
gold) on ultrathin section of the cotyledons (Fig. 2.4 and B) and
of isolated glyoxysomes (Fig. 2C) identified hsp70s in the matrix
of glyoxysomes and proplastids. A low magnification of a cell
showing the overall labeling pattern (Fig. 24) demonstrates
hsp70 in plastids and in glyoxysomes (arrows pointing to 15 nm
gold particles) whereas hsp70 labeling was insignificant in other
parts of the cell. Labeling with a-gMDH antibodies revealed
gMDH only within glyoxysomes. Fig. 2B shows a magnification of
a glyoxysome in the cytoplasm and Fig. 2C an isolated glyoxy-
some: in both cases hsp70 (15 nm gold particles) and gMDH (5
nm gold particles) are visualized indicating the presence of a
hsp70 in the glyoxysomal matrix.

Purification of the two hsp70 proteins from the crude
extracts was therefore attempted with an affinity procedure,
which is based on the affinity of hsp70s for unfolded proteins
and their ATP-dependent dissociation of the formed complex
(9). Purified watermelon gMDH was coupled to cyanogen
bromide-activated Sepharose 4B and two proteins were iso-
lated with molecular masses of 70 and 72 kDa (Fig. 14, lane
2). These were recognized by the a-hsp70 antibody (Fig. 1B,
lane 3). As the N-termini of both proteins were blocked,
internal peptides were generated and sequenced. The peptide
obtained from the 72-kDa band and subsequently located to
position 297-309 of Fig. 3 (underlined) was highly homologous
to plastid hsp70s from Pisum sativum (accesion no. L032999;
ref. 23) and Cucumis sativus (accession no. X73961). Two
different peptides generated from the 70-kDa protein (se-
quence 1: EIAEAYLGSTVK; sequence 2: DAGVIAGLN-
VMRIINEPT) were almost 100% identical to cytosolic plant
hsp70s and also significantly homologous to cytosolic coun-
terparts from yeast and mammals.

Isolation of cDNA Clones Encoding the 72-kDa hsp70. As
detailed in Materials and Methods, two versions of cDNAs en-
coding the same 72-kDa hsp were obtained. The three longer
c¢DNAs encoded a precursor with an N-terminal presequence of
67 amino acids, whereas the five shorter cDNAs encoded a
protein with a presequence of 47 amino acids, starting at the 2.
methionine codon present in the longer version of the sequence
(Fig. 3). Sequence comparisons of the derived translation product
revealed high identity to hsp70s of the chloroplast stroma of C.
sativus (94% identity; accession no. X73961) or P. sativum (91%;
accession no. L032999 (22) and algae (64-70%). The identity
with other prokaryotic or eukaryotic hsp70s was much lower
(<60%). The determined peptide sequence of the 72-kDa pro-
tein (see Fig. 1) was present in the translation product of the
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FiG. 1. Affinity chromatography with denatured gMDH of hsp70s
in protein extracts of watermelon cotyledons. (4) SDS/PAGE and
Coomassie blue staining; (B) SDS/PAGE and decoration with a-
hsp70 antibodies. A7, molecular mass markers 97 and 66 kDa; A2,
Mg-ATP eluate; B, crude protein extract; B2, run through; B3,
Mg-ATP eluate.

isolated cDNA clone (Fig. 3, underlined), while those from the
70-kDa protein were absent.

The long version of the presequence showed high homology in
length and composition to presequences of plastid hsp70s from C.
sativus and P. sativum and therefore might serve as a targeting
sequence for plastids. In both presequences a motif with the
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characteristics of the N-terminal PTS2 was found (Fig. 3, boxed).
This motif (RT-X5-KL) is similar to the consensus sequence of
the PTS2 signal (RL/I/Q-Xs-H/QL) as it is present, for example,
in the presequence of the watermelon gMDH (14).

The Long Version of the hsp70 Presequence, But Not the
Shorter One, Targets a Reporter Protein to Plastids. We used
an in vitro import assay with isolated intact proplastids from
watermelon cotyledons to elucidate the targeting information of
the long and the short versions of the hsp70 presequence (Fig. 4).
Hybrid proteins were used, comprising the short or long version
of the hsp70 presequence fused to gMDH as a reporter protein.
As a control, in vitro translated pre-gMDH was used. Incuba-
tion of in vitro translated pre-hsp70ion,::gMDH with isolated
proplastids revealed a processing intermediate and the pro-
cessed gMDH (Fig. 4, lane 2). The precursor and the process-
ing intermediate were sensitive to treatment of the organelles
with trypsin, whereas the mature gMDH was protected against
protease action (Fig. 4, lane 3). In controls, in which plastids
were omitted, processing was not observed (Fig. 4, lane 1).
Processing of pre-hsp70snori::gMDH was not observed after
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F1G. 2. Electron micrographs of aldehyde-fixed cells from 3-day-old watermelon cotyledons (4 and B) or isolated glyoxysomes (C). The thin
sections were treated with a-hsp70 antibodies and these visualized by 15 nm gold-conjugated goat anti-mouse antibodies; they were at the same
time treated with a-gMDH antibodies that were visualized with 5 nm gold-conjugated goat anti-rabbit antibodies. Arrows indicate 15 nm gold
particles in glyoxysomes (A4). G, glyoxysome; Pr, proplastid; M, mitochondria; O, oil body; CW, cell wall. Bars = 0.5 um.
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* M A S STV QIHGLTGA ATPSTFA AARANZSMERIEKTSNIHTUVS
ACCCATTTCACCTGATTCTCTTTACTTTCTTCCT TAATGGCT TCCTCCACCGTTCAGATCCATGGCC TCGEAGCTCCGTCCTTTGCTGCGGCCTCCATGAGGAAATCTAACCACGTCTCT
s[R T Vv F F 6 g KL|]6 NS s aF&PTA ATTFTILZEKTIL®RSUNTISZ R®RNSSTVZ RTEPTILTRI
TCACGCACTGTGITCTTCGGCCAGAARCTCGGCAATTCTTCTGCTTTTCCTACCGCCACATTTTTGAAGTTGAGGAGCAATAT TAGCCGTAGAAAT TCCAGTGTCAGGCCATTGAGGATT
vV NE K VvV G6I1IDILGTTN NS AVAAMTETGTGT KT PTTIU VTN ATETGTEKT RTTP S V
GTTAATGAGAAAGTTGTGGGAATTGATCTTGGAACTACTARCTCCGCAGT TGCGGCCATGGAAGGT GGGARGCCAACTATTGTAACCAACGCCGARGGCAAGAGARCGACGCCATCGGTG
vV A°Y T K I 6 D RUILV G Q@ I ANU RZ QA AVYVNZ PRI DTT FTFS SV KR RT FTITGRI KMSE
GTGGCTTACACAAAAATCGGAGACAGGCT TGTGEGTCAAATTGCGARCAGACAGGCAGT TGTARAATCCCAGAGATACT TTCTT TTCGGTCAAGAGGTTTAT TGGTAGAAAGATGTCGGAG
vV D EES K QV S YRV VYV RDENTZG GNV VI KTILTETCZ®PATITGTI KT GQTFAHA ATETETISH-AGQV
GTGGATGAGGAATCCAAGCAGGTCTCCTACCGAGTAGTACGCGACGAGAATGGAAATGTGAAGC TGGAATGCCCCGCGATTGCAAARCAATTTGCTGC TGAAGAAATTTCAGCTCAGGTC
L R KLV DDA ASTI KT FTLNU DI KV VTTI KA AVYVV TV PAYT FNTDS ST QRTA ATTZKTDASG R
TTAAGGAAGCTAGTGGACGATGC TTCGAAGT TTTTGAATGATARAGTAACCAAGGCTGTAGTGACAGTGCCTGCCTACTTCAATGATTC TCAAAGAAC GGCCACARAGGAT GCCGGTCGT
I A G L EV LRI I NZEZ PTA AASTILATYGT FZETZ KKSNZETTIULVTF FUDTZLGSG® GG GT F
ATTGCTGGTCTTGAAGT TCTGCGTATTATCAATGAACCCACTGCCGCTTCATTAGC T TATGGATTTGAGAAGAAGAGCAATGAAACGATCTTGGTCTTTGATCT TGGTGGGGGTACTTTT
DV $VLEVGDG GV FEVTILSTSSOGDTUHTILSOGOGDTDTFTDTZ KT RTIUVDTWTILAANF
GATGTTTCAGTGCTCGAGGTGGGCGATGGAGTGTTTGAAGTGC TTTCTACATCCGGAGATACACATTTGGGT GGTGATGACTTCGACAAGAGAATTGTTGACTGGCTCGCCGCARATTTC
K R DE G I DL L KDI KA AZLG QI RTILTT ETA ATET K ATZ KM ETLSSTLTANTIS L P
AAAAGGGATGAAGGTATTGATTTGC TGAAAGACAAACAGGCTCT TCAGCGGCTAACTGAGACAGCTGAGAAAGCGARRATGGAGCTGTCATC TTTGACCCAGGCCAACAT TAGTTTGCCT
F I TATA ADG®P X H I ETTTILT RAZEKTFETETETLTCSUDTILTILZYURTILIEKTZ PV ENSTL
TTCATCACTGCCACGGCAGATGGCCC TAAGCACATTGAGACCACACT TACCAGGGCCAAGTTTGAGGAATTGTGCTCAGATCTTCTTTATAGGCTTAAGAC TCCAGTTGARAACTCCTTG
R DA KL ST F KDV HEVVYV LV GGG S TRTIU®PAVQQETLU VTZ KT KMTTGZ KT ETPNUVT
AGGGATGCAAAACTCTCCTTCAAGCATGT TCATGAGGTGGTCCTTGTGGGTGGATCCACACGTATTCCTGC TGTTCAGGAACTCGTGAAGAAGAT GACTGGGAAGGAACCAAATGTCACT
vV NP DEV VALGAA AV QAGV LAGDV YV S$DTIVILILDVS$ZPILSTILGTILETHL
GTCAATCCTGATGAAGTTGTTGCGCTAGGTGCTGCTGTTCAGGCTGGTGTTTTGGCTGGTGACGTCAGTGACATTGTGCTATTGGATGTGAGTCCGTTATCT TTGGGTCT TGAGACTCTT
G G VMT K TI I PRNTTTILU®PTS K SEVTFSTH AATDTGS QTS SVETILINU VTILGQG E
GGGGGTGTAATGACAAAAATTATCCCCAGAARCACTACACTTCCTACCTCCAAGTCAGAGGTCTTCTCCACAGCCGCTGATGGTCAAACAAGCGTGGAGATTAATGTTCT TCAAGGAGAA
R E F VRDNZEKSTLOGST F=RTILDGTIUZP®PATPRTGV Y UPOQQTIEV KT FDTITDANSGEGTIL
CGAGAAT TTGTGAGGGACAACARATCACTCGGTAGCTTCCGATTAGACGGTATCCCCCCTGCACCACGTGGGGTGCCTCAGAT TGAAGTCAAATT TGACATAGAT GCCAATGGAATCCTC
s v T A I DI XKGTGZ K I K DTITTITSGASTTILU®PSDEVETZ RMVYSTETZRT RTZEKTFAK
TCGGTTACTGCAATCGACAARGGCACAGGCARGAAGCAAGATATAACCATTACTGGTGC TAGCACATTGCCAAGTGATGAGGTGGAGCGGATGGTTAGCGAACGGAGGAAGT TTGCAAAG
E D KE K RUDA ATIUDTIKNI QA ADS SV VY QTZE EZ KSOQTLTZ KTETLTGTDTEKUV?P G PV K E K
GAGGACAAGGAGAAGAGAGATGCTATCGACACGAAGAACCAAGCTGATTCTGTTGTGTATCAGACAGAGAAGCAACT GAAGGAGC TTGGAGACAAGGTGCCT GGGCCAGTGAAGGAGAAG
V ES KL G E L K EATI S GG S TZEATIIKTEA AMAATLNG QTEVMOQTLG QS L Y N
GTTGAATCGAAACTTGGGGAATTGAAGGAAGCAATT TCAGGTGGC TCAACCGAAGCCAT TAAGGAAGCTATGGCT GCTC TAAATCARGAGGTGATGCAGCTGGGACAATCC TTGTACAAT
Q P G AA P GAGAGSTESG®PSETSTTGT KTG?PEGHDV I DATDTFEFTTDS K *
CAGCCGGGTGC TGCCCCTGGAGCAGGTGCTGGGAGC GAATCAGGGCCATCGGAATCAACGGGCARAGGACCTGAAGGAGATGTCATCGATGCCGACTT TACTGACAGCAAATGAGAAGAT
TAAAATTGGGTTTCCCCTTTTCTGAATAGARAATTT TGCTCTCATGGGCTCGGATTTGTATTTTGATTTGAT T T TTGCGGGGCAGGATCGGATTGGGGTGTTGGTTTGAGGATTTGTTGA

ATAAGCCACTGTCCCATGATATTAGCTTGATAAATTACGTGATCTCTGTAAAAGTAAAAAATGCTTTACATGGACACTATCACAGCTAAAATTTGAACGGCAGATGTAACTTCCARATTT
TGCCATACGGTTGTTAGCCCAAARARARAA
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28
120
68
240
108
360
148
480
188
600
128
720
168
840
208
960
248
1080
288
1200
328
1320
368
1440
408
1560
448
1680
488
1800
528
1920
568
2040
605
2160
2280
2400
2430

F16.3. Nucleotide sequence of 8 hsp70 cDNA clones and deduced amino acid sequence. The putative N-terminal presequence is in bold letters,
the PTS2 signal boxed. The cleavage site is suggested from homology to the N terminus of bacterial hsp70 proteins lacking a presequence. The
sequenced internal peptide is underlined. The two start codons within the presequence and the stop codons in the 5'- and 3’-untranslated regions

are in bold letters. Arrows indicate 5’ ends of cDNA clones.

incubation with plastids (Fig. 4, lane 8), suggesting that the achieved (Fig. 4, lane 9). The same holds true for pre-gMDH
short version of the hsp70 presequence contains no targeting (Fig. 4, lanes 4-6). Taken together, the long version of the
information for plastids. Also, no protease protection was hsp70 presequence contains the targeting information to guide

a reporter protein into proplastids. In the short version the

r = =m T T Z plastid targeting information is absent.
g g £ Z z 2 The PTS2 Signal in the Short Version of the hsp70 Presequence
£ B E i O E is able to direct a Reporter Protein to Peroxisomes. To test
g £ = £ £ £ whether the short version of the hsp70 presequence contains a
g & & & 8 & § & ¢ functional PTS2, we carried out in vivo targeting studies into
2 % % %;. ?: %;- £ = % peroxisomes using the yeast H. polymorpha as host. This approach
= & =& & & & & & & was chosen because the current microbody purification methods
from watermelon cotyledons invariably lead to intact glyoxysomes
~ that are contaminated with proplastids. Such a preparation is
- i R = suitable for immunocytochemistry (Fig. 2), but makes dual local-
— . ization studies by in vitro import impossible. Pure glyoxysomes can
- - be obtained from a discontinuous sucrose gradient (at the inter-
' face between 50 and 57% sucrose); but they are not intact and
b e ! ¥ therefore not reliable as an in vitro import systems.

We have developed the methylotrophic yeast H. polymorpha

Plastids: - + + - + + - + + . . . . . .
as a heterologous import system, using mature watermelon
Trypsin: - - + - - + - - 4 ¢MDH as reporter protein (14): The presequence of gMDH
containing a PTS2 in the form of 1"R1-Xs-17HL is essential and
FiG. 4. Translocation and processing of pre-hsp70 jong::gMDH by sufficient for peroxisomal targeting. Substitutions of °R1I into
isolated proplastids from 3-day-old watermelon cotyledons and pro- DD or HL into DE destroyed the topogenic information.

tection of the imported gMDH from proteolytic degradation by trypsin
(lane 1-3). The 33S-labeled in vitro translation product was incubated
for 15 min at 25°C with isolated proplastids (lanes 2 and 3) or with
import medium alone (lane 1). Subsequently the import assay was

Control experiments revealed that mature gMDH, lacking any
presequence, was localized to the cytosol. In this yeast the
PTS2 import machinery can be induced by specific organic

treated with trypsin (10 ug ml~'; lane 3) or with buffer as a control N-sources, e.g., primary amines (7). This has opened a way to
for 5 min on ice (lanes 1 and 2). The same assay was carried out with analyze the mlcrobo.dy targeting information O.f wgtermelon
pre-hsp70snore::gMDH (lanes 7-9) and pre-gMDH (lanes 4-6) as a (pre)sequences in vivo. Since the a-hsp70 antibodies cross-

control. The proteins were analyzed by SDS/PAGE and fluorography. reacted with hsp70s from H. polymorpha, we analyzed fusion
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F1G.5. Electron micrographs of aldehyde fixed H. polymorpha transformants, labeled with a-gMDH antibodies and gold-coupled goat anti-rabbit
antibodies. (4 and B) Cells expressing pre-hsp70snori::gMDH, grown on (NH4)2SO4 (4) or methylamine (B) as N-source; peroxisomes are labeled.
(C and D) Peroxisomes are not labeled in cells grown on methylamine and expressing pre-hsp70snori(RT — DD)::gMDH (C) or
pre-hsp70iong::gMDH (D). P, peroxisome; M, mitochondrion; N, nucleus. Bars = 1 um.

proteins comprising the short (wild-type and mutated form) or
the long watermelon hsp70 presequence fused to gMDH.
Immunocytochemical experiments using a-gMDH anti-
bodies were performed on transformants expressing pre-
hsp70 short::gMDH and grown on (NHy4)>SO, or methylamine
as N-source (Fig. 54 and B). They revealed that predominantly
mitochondria were labeled; in addition, significant labeling was
observed on peroxisomes. A slight induction of the PTS2
import pathway by methylamine could be observed. A stronger
enhancement might have been prevented, because the PTS2
signal in the watermelon hsp70 protein (RT-Xs-KL) cannot be
efficiently recognized by the H. polymorpha PTS2 receptor that
is adapted to RL-X5-QA as it is present in H. polymorpha
amino oxidase (23). However, both immunolocalizations sug-
gest that the import of the hybrid protein was indeed mediated
by the PTS2 import pathway. In a further attempt to establish
whether the putative PTS2 signal in the short version of the
presequence was functional, we mutated the RT-X5-KL motif
into DD-Xs-KL thereby destroying the topogenic information.
The a-gMDH specific labeling was now confined to mitochon-
dria; peroxisomes were never labeled (Fig. 5C). In cells
expressing pre-hsp70iong::gMDH the protein was targeted
completely to mitochondria; the long version of the hsp70

presequence achieved no peroxisomal sorting (Fig. 5D). Tar-
geting to yeast mitochondria by a plastid presequence has been
observed (24). The cleavable presequences of imported chlo-
roplast and mitochondrial proteins have several features in
common (25), and yeast seemed to direct proteins lacking a
correct destination into mitochondria. Even in case of correct
peroxisomal targeting as it is observed for pre-hsp70snor::gMDH,
mitochondria are likely to be labeled due to overexpression under
the control of the strong alcohol oxidase promoter and thus an
overload of the peroxisomal import apparatus.

We conclude that the short version of the hsp70 presequence
contains a functional PTS2 motif. This signal is not recognized
when presented to the peroxisomal import apparatus in the
context of the long version of the hsp70 presequence. In transfor-
mants expressing hybrid proteins without a functional peroxisomal
targeting signal, the gMDH is mistargeted to mitochondria.

Further support for this view was obtained from biochemical
data. Yeasts have no peroxisomal higher molecular weight pre-
cursor proteins and no peroxisomal processing protease. PTS2-
containing presequences such as the watermelon pre-gMDH
were not cleaved during translocation into H. polymorpha per-
oxisomes, in contrast to watermelon mitochondrial precursors
that were normally processed (14). An intact peroxisomal pre-
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F1G. 6. Western blots of protein extracts of transformed cells of H.
polymorpha synthesizing hybrid proteins, which combine the mature
subunit of gMDH with different hsp70 presequences: the short
wild-type version (lanes 1 and 2), the short version with the mutant RT
— DD PTS2 (lane 5) and the long version (lane 6). The cells are grown
in the presence of (NH4)2SO4 (AS) or methylamine (MA) as N-source.
In each lane 40 ug of protein was loaded. The blot was decorated with
a-gMDH antibodies. Protein extracts of transformed H. polymorpha
cells synthesizing watermelon pre-gMDH (lanes 4 and 8) or gMDH
(lanes 3 and 7) provide molecular mass markers (in kDa).

sequence is another indication for translocation into yeast per-
oxisomes, where it is protected from processing. We therefore
prepared crude protein extracts from identically grown transfor-
mants expressing pre-hsp70shore::gMDH (wild-type and mutated
form) and pre-hsp70ong::gMDH and performed a Western blot
analysis using a-gMDH antibodies (Fig. 6). Protein extracts from
cells expressing pre-gMDH or gMDH were used as a control. In
protein extracts prepared from transformants expressing
pre-hsp70shore::gMDH and grown on (NH4),SO4 or methylamine
as N-source (Fig. 6, lanes 1 and 2) two protein bands were found.
The upper band represents the full-length pre-hsp70shore::gMDH
hybrid protein. Based on its location in the gel, this protein is
slightly larger than pre-gMDH (Fig. 6, lanes 4 and 8), as might be
predicted from the length of the respective presequences (37
amino acids in case of pre-gMDH, 51 amino acids in case of the
short hsp70 presequence fused to mature gMDH). The lower
band in the blot represents the processed form of the gMDH
protein; it is slightly larger than gMDH (Fig. 5, lanes 3 and 7),
since four amino acids of the mature hsp70 protein were included
N-terminal to gMDH to preserve the putative hsp70 cleavage site.
The most likely explanation for our results is that part of the
pre-hsp70shori::gMDH hybrid protein is targeted to peroxisomes,
but not processed. The majority of the protein, however, is
targeted to mitochondria and processed. In Western blots pre-
pared from protein extracts of cells expressing either pre-
hsp70short(RT — DD)::gMDH that exhibits the destroyed PTS2-
signal (Fig. 6, lane 5) or pre-hsp70jong::gMDH where the PTS2 in
the context of the longer presequence is not functional (Fig. 6,
lane 6), the full-length precursor was not detectable. Instead the
processed gMDH band and an intermediate form were found.
These results suggest that import of such hybrid gMDH proteins
into peroxisomes was effectively prevented, while sorting and
processing in mitochondria took place.

Perspectives. Several examples exist in which a single gene
encodes a protein that is targeted to two distinct compartments
(reviewed in ref. 27). In most cases, such a protein is located
in an organelle and the cytosol. However, few other examples
are known, in which a protein is targeted to two different
organelles. Such dual locations were found for marmoset and
rat alanine:glyoxylate aminotransferase (28) and for carnithine
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acetyltransferase from Saccharomyces cerevisiae (29) and Can-
dida tropicalis (30); all of them are sorted to both mitochondria
and peroxisomes. The alanine:glyoxylate aminotransferase
and carnithine acetyltransferase genes encode N-terminal
mitochondrial targeting signals and C-terminal peroxisomal
targeting signal 1. Two transcripts are synthesized from the
same gene. Polypeptides encoded by the longer transcripts,
which include the mitochondrial targeting signal in the ORF,
are targeted to the mitochondria, whereas those encoded by
the short transcripts, in which the mitochondrial targeting
signal is excluded from the OREF, are targeted to the peroxi-
somes.

The identification of a 72-kDa hsp70 in the glyoxysomal
matrix permits to embark on a study of its function in
glyoxysomes and peroxisomes of plants. Since the hsp70 is
targeted to both plastids and glyoxysomes, it may participate in
the ATP-dependent interaction of imported precursor mole-
cules to drive protein translocation across the organellar
membrane in the two organelles.
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