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Abstract

Escherichia coliDnaK (Hsp70) cooperates with DnaJ and GrpE in its essential role as a molecular chaperone.
Function of mitochondrial Hsp70 (mHsp70) in protein folding and organellar import in eukaryotes is critically
dependent on GrpE. We cloned two genes from tobadam(iana tabacuBY2 cells based on peptide sequences

from a purified protein. The predicted amino acid sequences of both clones resembled that of GrgE dodim

and its homologues from eukaryotes, and a cDNA clone ffoabidopsis thalianaOne gene (Type 1) encoded a
deduced protein that was identical to the purified protein while the other (Type 2) encoded a deduced protein that
has 80% sequence identity to Type 1. Both tobaccoAmathidopsis thalianaGrpE homologues bound to DnaK

and ATP inhibited this binding. The tobacco GrpE homologue contained a typical N-terminal mitochondrial target
presequence of 64 residues and the presequence directed the green fluorescent protein to tobacco mitochondria.
The tobacco GrpE homologue also associated with mHsp70 when reintroduced into BY2 protoplasts, and this
association was disrupted by ATP. A three-dimensional structure for the tobacco GrpE homologue was modeled
based on the X-ray structure Bf coli GrpE complexed with DnaK. The modeled structure has the same overall
structure a<E. coli GrpE. We propose that the tobacco GrpE homologue interacts with mHsp70 in a manner
analogous té. coli GrpE with DnaK and designate it as tobacco mitochondrial GrpE (NtmGrpE).

Introduction E. coli DnaK (Hsp70) in both sequence and func-
tion. The function of DnaK as molecular chaperone
Heat shock proteins (Hsp) are ubiquitous and have is enhanced more than 50-fold by association with
multiple functions, including protein folding and the chaperone DnaJ and the nucleotide exchange fac-
translocation across membranes. Among the heattor GrpE [32, 35, 44]. ATP-bound DnaK binds and
shock proteins, the Hsp70 family of proteins are best releases peptides in a rapid manner while the ADP-
studied; these proteins act by binding and releasing bound DnaK binds peptides in a stable manner. DnaJ
extended peptide segments enriched in hydrophobicstimulates the ATP hydrolysis activity of DnaK and
side chains in an ATP-dependent manner [3, 26, 30, peptide release is catalyzed by GrpE. Recent stud-
35]. Hsp70 homologues in eukaryotes are found in ies in yeast and mammals established the presence of
the cytoplasm, nucleus, ER/Golgi, plastids, and mi- GrpE and DnaJ homologues in mitochondria. In yeast
tochondria[7, 10, 12, 25, 29]. The Hsp70 homologues and mammals, the function of mitochondrial Hsp70
found in mitochondria and chloroplasts are similar to (mHsp70), but not of the cytosolic Hsp70, critically
_ depends on GrpE and DnaJ homologues [2, 6, 11,

The nucleotide sequence data reported will appear in the Gen- H ; ; ; ;
Bank Nucleotide Sequence Database under the accession numbers23’ 28]' They facilitate protein f0|dmg and importinto

AF098635 and AP098636. mitochondria.
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In plants, nuclear-encoded homologues of Hsp70 Biotech) equilibrated with 20 mM Tris-HCI pH 8.5.
that occur in mitochondria and chloroplasts have been Bound proteins were eluted from the column with a
characterized [7, 20, 22, 29, 40, 46-48]; each has linear 0 to 1 M NaCl gradient. Fraction containing
N-terminal transit peptide that is necessary for trans- the 27 kDa protein that cross-reacted with the anti-
localization to mitochondria and chloroplasts. They p21 antibody was separated on a 13% SDS-PAGE and
are constitutively expressed, but their synthesis is en- blotted onto PVDF membrane (Millipore). The 27 kDa
hanced upon heat stress. DnaJ homologues have beeprotein band was cut out after staining the membrane
shown to occur irArabidopsignitochondria [21], pea  with Ponceau-S.
chloroplasts [41], and onion cytosol [4, 5]. Presence
of a GrpE-like protein in pea chloroplasts was demon- N-terminal sequencing of protein and tryptic peptides
strated by western blot analysis using antiserum raised
againstE. coli GrpE [41]. GrpE homologue has not
been characterized from plant mitochondria. Char-
acterizing plant mitochondrial GrpE homologue will
guide efforts to understand the function of mHsp70
in protein folding and import. This paper reports
molecular, biochemical, and structural characteriza-
tion of mitochondrial GrpE from tobaccdN{cotiana

Protein that bound anti-p21 antibody on PVDF mem-
brane was used for N-terminal sequence analysis as
well as digestion with trypsin. Fragments resulting
from trypsin digestion were separated on HPLC [18].
Limited N-terminal sequence of the protein and com-
plete sequence of three tryptic peptides were deter-
mined using automated Edman degradation [24].

tabacun). Cloning of the tobacco GrpE homologue
_ All RNA and DNA manipulations were carried out
Materials and methods by standard methods [38]. The cDNA, synthesized
o . from poly(A)™ RNA prepared from actively grow-
Purification of a tobacco protein ing BY2 cells, was used for PCR amplification us-

_ ) ing degenerate oligonucleotide primers based on two
Tobacco BY2 suspension cells were cultured in the tryptic peptide sequences of the purified 27 kDa

dark at 27°C in MS medium as described before tobacco protein. A partial cDNA (ca. 170 bp)

[27]. Cells were collected on a sintered glass funnel | o produced using the forward primer MP235 (5
one week after subculture and washed once with TBS ~ A 5 A ATTCTAYGAYCCNACNAAYGARCARTT -

(50 mM Tris-HCI pH 7.5, 150 mM NaCl). All sub- vGAycC3; based on the peptide sequence PT-
sequent operations were carried out &G A 400 g NEQFDP; EcoRI site is underlined) and reverse
portion (wet weight) of cells was mixed with 400 ml primer MP246 (5AAGAGCTCTTAGGCGTCCWS-

of TBS and lysed in a Waring blender (five 1-min  \TGRTCIGCYTCIGTYTCIACIGCIACNGT-3:
pulses). The 37006 g supernatant was subjected g0 on the peptide sequence IRPAEVGH( site

to ammonium sulfate fractionation and proteins that ;¢ underlined) and sequenced. A new specific reverse
precipitated at 50% and 60% saturation were pooled primer MP254 (5CAGGATCOGGTACTTGAAAT-
and subjected to size exclusion chromatography on ACTGCA-2, BanHl siMerlined) was designed
Sephacryl S-200 (60 cm 1.6 cm column, Amersham  pa50q on the partial cDNA sequence. Full-length
Pharmacia Biotech) equilibrated with TBS. Fractions clones were obtained by using a method for per-
containing a 27 kDa protein that cross-reacted with an forming both 5 and 3 RACE (rapid amplification of
aﬁinity-pgrified polyclon_al gr!tibody dir_ected against cDNA ends) from the same template [42]. Briefly,
mammalian cell cycle inhibitor protein p21 (Santa 4, pje-stranded (ds) cDNA prepared from poly(A)
Cruz Biotechnology) were identified by western blot RNA was ligated to the Marathon cDNA adapter
analysis and pooled. The pooled fractions were then with Notl site (Clonetech). This ds cDNA was used

boiled for 10 min and geptrifuged for 20 min at , pcr (20 amplification cycles) to amplify’ Se-
37000x g to pellet precipitated proteins. The su- gion of the cDNA using a primer (adapter primer

pernatant was again subjected to chromatography onapq 5 cCATCCTAATACGACTCACTATAGGGC-
Sephacryl S-200. Fractions containing the 27 kDa pro- 3) that annealed to the adapter sequence at the
tein that cross-reacted with the anti-p21 antibody were 5" .4 of the cDNA and reverse primer MP254.

pooled, concentrated by ultrafiltration, and bound to Three % RACE clones were sequenced to de-
Mono Q anion-exchange resin (Amersham PharmaciaSign a new primer that annealed at the puta-



tive initiation codon (forward primer MP256;'5
TTGTCGACATGTCGGTGAGTAGAATCTCATCT-
CGG-3, Sal and Afllll sites are underlined). Subse-
qguently, forward primer MP256 and adapter primer

AP1 (that also anneals to the Marathon adapter at

the 3 end of cDNA) were used in’"RACE PCR to
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coli phage M13 (encoding the single-stranded DNA
binding protein of 9.7 kDa, [37]) into pET32a at the
BanHI and Sad sites by PCR amplification. This
plasmid encodes a fusion protein of 27 kDa.

E. coliAD494 strains containing the above expres-
sion plasmids were grown in LB medium at 3T

generate full-length fragments that contain sequencesuntil the ODsgp reached 0.5-0.7. Protein expression
from the putative initiation codon to the polyadenyla- was induced by adding 1 mM IPTG and incubating
tion site. Cloning and sequencing then identified two at 25°C for 4 h. Induced cells were pelleted and re-
types of clones; those that encoded a deduced proteinsuspended in S-Tag purification buffer (20 mM Tris
that was identical to the purified 27 kDa protein (Type pH 7.5, 150 mM NaCl, 0.1% Triton X-100) with or
1 clones), and others that encoded a similar but not without 5 mM ATP and lysed by sonication. The solu-
identical protein (Type 2 clones). ble fusion proteins in the lysates were affinity-purified
ArabidopsicDNA clone AR192 (GenBank acces- on S-protein agarose according to the manufacturer’s
sion number D88745) that has sequence identity to suggestions (Novagen). Briefly, lysates were bound to
tobacco Type 1 and Type 2 clones was cloned by PCR S-protein agarose at room temperature for 30 min and
amplification of reverse-transcribed cDNA made from unbound proteins were removed by six washes with
MRNA prepared from Columbia ecotype. Forward purification buffer with or without 5 mM ATP, The
primer MP242 (5AAGGATCCCATATGTCTATGA- bound proteins were eluted with 0.5 M acetic acid and
TGGATTCGTTTG-3; BanHl site is underlined) and  pH of eluted fractions was neutralized by the addition
reverse primer MP240 (BATAGCGGCCGOTAAG- of Tris buffer.
CATCAGACTCTTTCTTTTC-3; Notl site is under- The purity and identity of the proteins were de-
lined) for PCR amplification were designed to amplify termined by Coomassie blue staining following SDS-
the putative coding region. PAGE (13%) and by western blotting with S-protein
that binds to S-Tag (Novagen), with antisera directed
againstE. coli GrpE (gift of B. Bukau, Freiburg) or

tomato mHsp68 (gift of D. Neumann, Halle).
Expression vector pET32a (Novagen) was used to

express proteins iB. coli. The pET32a vector was de-
signed for high-level expression of peptide sequences
fused to 109 amino acid long thioredoxin protein, 6 The DNA sequence coding for amino acids 1-64
His residues, and S-Tag sequence. Full-length Type from Type 1 clone was amplified by PCR using for-
1 (coding for amino acids 1-299) and Type 2 (cod- ward primer MP256 and reverse primer MP293- (5

Expression and purification of proteinsn coli

Mitochondrial localization

ing for amino acids 1-304) clones were digested
with Afllll and Notl and the insert was cloned into
Ncd and Notl sites on pET32a. These plasmids en-
code recombinant proteins with predicted molecular
mass of 51 kDa. The sequence coding for amino
acids 65-299 of Type 1 protein was cloned after
PCR amplification with forward primer MP282 /(5
CAGGATCCTCTGCATCACCCCAACCT-3, BanHl

site is underlined) and reverse primer MP270- (5
ATAGCGGCCGOTAAGCTTCAGTGTTTTGATC-
CGCCTG-3; Notl site is underlined). The resulting
clone encodes a recombinant protein of 43 kBea-
bidopsiscDNA clone AR192 (sequence coding for
amino acids 1-273) was cleaved waanHI andNot

and ligated into pET32a that was also cleaved with
BamHI andNot, resulting in a plasmid that encodes a
recombinant protein of 48 kDa. A control expression
plasmid was constructed by cloning gene 5 fr&mn

TTCCATGGATGAGATTCCAAACCATTGC-3;

Ncd site is underlined). The amplified fragment was
digested withAfllll and Ncd and cloned into plas-
mid pCATGFP at theNcd site. pCATGFP is a plant
expression vector containing a modified, brightly flu-
orescent GFP gene under the control of duplicated
cauliflower mosaic virus 35S promoter (C. Reichel,
personal communication). Cloning at tiNcd site
present at the initiation codon of GFP resulted in
N-terminal translational fusion.

Plasmid DNA was introduced into protoplasts pre-
pared from BY2 cells as described previously [31].
Electroporation sample containedk110° protoplasts
and 40ug of plasmid DNA. After electroporation,
protoplasts were cultured for 24 h at 2C in the dark
and observed under a Nikon fluorescence microscope.
Transfected protoplasts were also stained with mito-
chondrial vital dye Rhodamine 6G chloride [9] (Mole-
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Figure 1. Comparison of the amino acid sequences of the tobacco proteins with GrpE proteins. The amino acid sequences deduced from
the cloned tobacco genes Type 1 (N.t.1) and Type 2 (N.t.2) were aligned witkrabélopsis thalianacDNA clone AR192 (A.t., GenBank

accession number D88745) and GrpE proteins fEamoli (E.c., X07863),Saccharomyces cerevisig®.c., D26059), an&Rattus norvegicus

(R.n., U62940). Also shown are conserved residues in 20 GrpE homologue sequences (C20; [28]). The putative cleavage site of N-terminal
mitochondrial transit peptide of Type 1 tobacco protein is marked by an arrow. Regions of the deduced amino acid sequence that are identical
to peptide sequences obtained from purified tobacco protein are underlined. The asterisks above the sequence indicate identical amino acids
between the Type 1 tobacco protein andEheoli protein. Five invariant residues in all GrpE homologues are boxed.

cular Probes) by incubating in 100 nM Rhodamine GrpE homologue sequence (following the codon for
6G chloride solution for 5-10 min before observing. amino acid 299) by PCR amplification using for-
Fluorescence due to GFP and Rhodamine 6G chlorideward primer MP256 and reverse primer MP283- (5
were recorded on Kodak Ektachrome P1600 film using TAGAATTCTTACTTGTCATCGTCATCTTTGTAG-

FITC and Rhodamine filter sets, respectively. TCAGTGTTTGTACTTTGATC-3; EcdRl site is un-
derlined). The amplified fragment was digested with
Immunoprecipitation and western blotting Afllll and end filled at théecaRl, and subsequently lig-

ated intoAfllll and end-filledHindlll sites of ToLCV
To detect binding of the tobacco GrpE homologue to pNA T251te . The cloning resulted in replacement
mitochondrial Hsp70, Flag peptide epitope (DYKD- of ToLCV AV2 and CP genes with tobacco GrpE
DDDK; [16]) tagged GrpE was expressed in BY2 homologue sequence.
protoplasts using a tomato leaf curl virus (ToLCV) ex- The ToLCV expression vector was introduced into
pression vector [31]. Expression gfglucuronidase  BY2 protoplasts as described above. Protoplasts were
(GUS) under the coat protein (CP) promoter in the collected 48 h after transfection and lysed with a
ToLCV vector results in at least ten times more hand-held Polytron in TBSN buffer (50 mM Tris-
GUS enzyme activity compared to GUS enzyme Hc| pH 7.5, 150 mM NaCl, 1% NP40) containing a
activity produced from a plant expression vector cocktail of protease inhibitors (Boehringer Mannheim,
with duplicated 35S promoter (unpublished observa- catalog number 1697498) and with or without 5 mM
tions). Sequences coding for the Flag peptide epitope ATP. Lysates (1500& g supernatants) were immuno-
were added at the’3end of the Type 1 tobacco precipitated with anti-Flag monoclonal M2 antibody
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Figure 2. Identification of GrpE homologues from tobacco ahbidopsis and DnaK fromE. coli. A. Coomassie blue-stained SDS-PAGE

gel. B. Western blot probed with S-protein. C. Western blot probed withEantsli GrpE antisera. D. Western blot probed with anti-tomato
mHsp68 antisera. Lane 1, tobacco Type 1; lane 2, tobacco Type 2; lane 3, tobacco Type 2 mature proteiArddidopsisAR192; lane 5,

phage M13 gene 5 protein, and lane M, protein size marker (molecular masses in kDa are indicated at the left). Each lane contained 1 mg of
purified fusion protein front. coli. Protein purifications and western blot analyses were carried out as described in Materials and methods.

covalently linked to agarose (Sigma). Immune com- reduced by 5 kcal/mol A at the end of 1000 cycles
plexes were washed four times with TBSN and once of minimization. All hydrogen atom parameters and
with TBS. The samples were then heated in Leammli topologies from version 22 of CHARMM were used
sample buffer (90C for 5 min), fractionated by SDS-  in all energy calculations. A total of six rounds of
PAGE (13%), and transferred onto PVDF membrane minimization were performed by imposing decreas-
(Schleicher & Schuell). Immunoprecipitated proteins ing amounts of harmonic constraints at the end of
were visualized with anti-Flag antibody (Sigma) or each round. At the end of the minimization, the
anti-tomato mHsp68 antisera and ECL-western blot root mean squared deviation for all the non-hydrogen
reagents (Pierce). atoms (1483) between the starting and final models is
1.4 A, and ca. 1.0 A for all the &catoms (187).

Modeling of the tobacco GrpE homologue

three-dimensional structure
Results

The three dimensional model for tobacco GrpE was

generated based on homology modeling [19, 36], us- Cloning of GrpE homologues from tobacco

ing theE. coliGrpE-DnaK complex structure as a tem- ) )

plate [14]. Initially the complete sequence of the Type Puring our efforts to purify plant cell cycle-related

1 protein was aligned with the GrpE sequences from Proteins from tobacco BY2 cells we identified a pro-
various sources using the alignment program (basedte'n that cross-reacted with an antibody raised against

on MaxHom method [34, 39]) available at Predict mammalian cell cycle inhibitor protein p21 [13]. The
Protein server on the world wide web (www.embl- protein was resistant to heat denaturation and did not

heidelberg.de/predictprotein). The tobacco GrpE ho- Precipitate even after boiling for 10 min. It had an
mologue sequence was mapped onto the templateappare”t molecular mass of 27 kDa on SDS-PAGE

E. coli GrpE structure, by mutating the residues as 9€! Put eluted along with ca. 160 kDa molecular mass
suggested by the multiple sequence alignment using marker on Sephacryl S-200 size exclusion chromatog-

the crystallographic graphics program ‘O’ [17]. Sub- raphy, both before or after boiling (data not .shown).
sequently, the model of the tobacco GrpE homologue 1N€ latter result suggested that the protein cross-
was subjected to energy minimization using the pro- '€acting with the anti-p21 antibody is a homomulti-
gram CHARMM [8]. Initially, harmonic restraints meric or heteromeric complex. The protein was puri-
(force constant 25 kcal/mol A) were imposed on all fied as described in Materials and methods. Limited N-

the non-hydrogen atoms, and the force constant was€rminal sequence analysis of purified protein yielded
the amino acid sequence SSAAP/GQ/PP/NN/PE and
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Figure 3. Mitochondrial localization of tobacco GrpE homologue and green fluorescent protein (GFP) fusion in BY2 protoplasts. The protoplast

in A shows fluorescence due to Rodamine 6G chloride which stains mitochondria and the same protoplast in B shows fluorescence due to GFP.
Protoplasts were transfected with a vector designed to express the putative mitochondrial transit peptide of the Type 1 homologue (64 residues)
fused to GFP. Living cells were observed 24 h after transfection.

was not suitable for designing an oligonucleotide deduced Type 1 and Type 2 proteins displayed 45%
primer. Three internal peptides were then sequencedidentity to AR192 and 31-38% to GrpE homologues.
and the resulting peptide sequences are shown in Fig-However, both tobacco ansrabidopsisproteins con-
ure 1. Full-length cDNA clones were obtained by a tain 5 invariable residues present in 20 GrpE se-
combination of 5and 3 RACE PCR procedures using quences (Figure 1). Members of GrpE family exhibit
the oligonucleotide primers based on the peptides. Se-a low degree of sequence similarity (20-40%) even
guencing of the 8 randomly selected clones revealed though they have the same function [28].
that 6 clones encoded protein that corresponded to  The sequence comparisons with entries in the
the original peptide sequence and 2 clones encodedGenBank and SwissProt databases using the BLAST
a protein that has 80% amino acid identity to the se- search protocol [1] did not identify any sequence ho-
guenced protein. However, they had 91% sequencemology between the tobacco Type 1 protein and p21
similarity when conserved substitutions are considered even though anti-p21 antibody cross-reacted with the
(Figure 1). The two types of cDNA clones had no tobacco protein. Careful examination identified amino
nucleotide sequence similarity in thé-ttranslated  acids 107IDAEDLSRD115 of the Type 1 protein and
region (data not shown). The clones that encoded aamino acids 25VDSEQLSRD33 of p21 to be ho-
protein that is identical to the sequenced protein were mologous. It is possible that the anti-p21 antibody
designated Type 1 and the others were designated Typecross-reacted with amino acids 107-115 of the Type
2. The deduced Type 1 and Type 2 proteins have 1 protein.
molecular masses of 33.64 and 34.05 kDa, respec- The predicted molecular mass of 34 kDa for the
tively. Analysis of 35 additional clones by PCR using tobacco proteins is much higher than the apparent
oligonucleotide primers specific to Type 1 or Type 2 size of the purified protein (27 kDa). Comparison of
clones showed that 29 clones were of Type 1 and 6 the deduced amino acid sequence with the N-terminal
clones were of Type 2. amino acid sequence obtained from purified protein
Comparison of the putative Type 1 and Type 2 revealed a putative cleavage site after amino acid 64
protein products with entries in the GenBank and for the Type 1 protein and after amino acid 66 for
SwissProt databases revealed homology with a cDNA the Type 2 protein (Figure 1), suggesting a posttrans-
clone fromArabidopsifAR192) ancE. coli GrpE ho- lational cleavage to generate the mature protein. The
mologues from prokaryotes and eukaryotes (Figure 1). putative leader peptide is rich in Ser residues and con-
ArabidopsiscDNA clone AR192 was isolated by its  tains many basic amino acids while the predicted ma-
ability to complement a yeast pheromone receptor- ture protein contains many acidic residues (Figure 1).
deficient mutant (GeneBank accession D88745). The The predicted isoelectric points (pl) for the putative



leader peptides are 10.56 (Type 1) and 11.58 (Type
2) while for the mature proteins the predicted pls are
4.64 (Type 1) and 4.74 (Type 2). Many mitochondrial
and chloroplast targeting peptides are rich in basic,
hydroxylated, and hydrophobic residues [45]. Yeast,
Drosophilg mice, rat, and human GrpE homologues
are nuclear-encoded mitochondrial proteins and the rat
mitochondrial GrpE was shown to contain a typical 27
residue N-terminal mitochondrial targeting sequence
[28]. The predicted proteolytic removal of the leader
peptides generated mature proteins with a predicted
molecular mass of 26 kDa, which is similar to the ob-
served molecular mass of 27 kDa. Taken together, the
above results suggest that the tobaccomrmtidopsis
genes encode proteins that are homologous to GrpE.

Tobacco andhrabidopsisGrpE homologues
cross-react with antk. coli GrpE antisera and bind
to DnaK

To confirm that the tobacco proteins are homologues
of E. coli GrpE we expressed and purified Type 1,
Type 2, and Type 1 mature (amino acids 65—-299) pro-
teins fromE. coliand assayed their cross-reactivity to
anti-E. coli GrpE antisera and binding . coliDnaK
protein. It was shown previously that the yeast and
mammalian GrpE homologues bind with high affin-
ity to E. coli DnaK and this binding is inhibited by
ATP [50]. We also cloned and expressedAmabidop-

sis homologue (clone AR192) and gene 5 frdm
coli phage M13. Gene 5 from M13 encodes a single-
stranded DNA binding protein [37] and is used here
as a negative control. The proteins were purified on
a S-Tag affinity column; proteins recovered from the
column were subjected to SDS-PAGE, and the gel
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Figure 4. Interaction of the tobacco GrpE homologue with the
mHsp70. BY2 protoplasts were transfected with a vector designed
to express the Type 1 tobacco GrpE homologue tagged with a
Flag epitope peptide. Protoplasts were lysed 48 h after transfection
and used in immunoprecipitations with anti-Flag antibody linked
to agarose. The immunoprecipitated proteins were detected on a
western blot with either anti-Flag antibody (lane 1) or anti-tomato
mHsp68 antisera (lanes 2 and 3). Extracts prepared for immunopre-
cipitation shown in lane 3 contained 5 mM ATP in the buffer while
those in lanes 1 and 2 did not contain ATP. Molecular mass standards
(kDa) are shown at the left.

molecular mass of ca. 72 kDa was co-purified along
with the tobacco andrabidopsigroteins but not with
the gene 5 protein (Figure 2A). The molecular mass
of this co-purified protein is similar to the molecular
mass (72 kDa) oE. coli DnaK protein. The 72 kDa
protein was not co-purified when 5 mM ATP was
included in the purification buffer (data not shown).
To determine if the 72 kDa protein is indeed DnakK,
the gel shown in Figure 2A was blotted onto PVDF
membrane and bound proteins were reacted with an-
tisera raised against tomato mHsp68. Anti-mHsp68

was stained with Coomassie blue (Figure 2A). Each antiserum was shown to recognize DnaK previously

lane contained a protein of about the expected mole- [29]. As expected, anti-mHsp68 antisera detected the

cular mass for the fusion protein, i.e., ca. 53 kDa for co-purified 72 kDa protein (Figure 2D). Collectively,

Type 1, ca. 52 kDa for Type 2, ca. 45 kDa for Type these results indicated that the tobacco Type 1 and

1 amino acids 65-299, ca. 50 kDa fArabidopsis Type 2 clones andrabidopsisclone AR192 encode

AR192, and ca. 25 kDa for gene 5. Western blotting plant homologues d&. coli GrpE and, like GrpE, bind

of the gel shown in Figure 2A with S-protein (which DnaK.

binds to S-Tag) identified the fusion proteins (Fig-

ure 2B). The protein bands that migrated more rapidly Type 1 tobacco GrpE homologue is localized to plant

than the expected molecular weights of fusion proteins mitochondria and interacts with mHsp70

are presumed to be degraded products. The tobacco

andArabidopsisproteinS’ but not the gene 5 protein, The difference in molecular mass between the puri-

cross-reacted with antisera raised againstoli GrpE fied and the deduced proteins, putative cleavage sites

(Figure 2C). in the N-terminal region of the deduced proteins, and
Wh||e pur|fy|ng each fusion protein Severa' other the Slmllal’lty of the putative leader Sequences to plant

proteins also co-purified. Significantly, a protein of Mitochondrial and chloroplast transit peptides sug-
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gested that the tobacco GrpE homologues are targetedprotein and the GrpE homologues was 31-38% and
to organelles. To establish the cellular localization of the identity withE. coli GrpE is 34%. The conserved
the tobacco GrpE homologue, the putative leader se-residues in the alignment of the various sequences
guence (encoding amino acids 1-64) of the Type 1 of GrpE are found throughout the protein (Figure 1),
clone was fused to green fluorescent protein (GFP) and is a prerequisite for successful homology-based
at the N-terminus and cloned behind a duplicated 35S structural modeling. There are only two insertions of
promoter. The fusion constructs were introduced into amino acids in the tobacco protein comparedeto
BY2 protoplasts and fluorescence due to GFP was coli, which also contributes to the success of the mod-
analyzed 24 h after transfection. eling. The structure of th&. coli GrpE monomer
Figure 3 shows mitochondrial localization of the consists of primarily two domains: a long N-terminal
GFP fusions. Mitochondria in transfected cells were «-helix domain and a domain comprising two short
identified by staining with the dye Rhodamine 6G helices involved in the GrpE dimer formation fol-
chloride (Figure 3A). GFP was localized to mitochon- lowed by a C-terminal globular domain made uggef
dria when fused to the putative leader sequence (Fig- structure (Figure 5A). The first insertion of 10 residues
ure 3B) demonstrating that this sequence is sufficient (Leul27-Arg136) is located in the middle of the long
to transport a protein into mitochondria. a-helix and was modeled as a continuing helix based
Binding of the tobacco GrpE homologue to on the secondary structure predictions. The second

mHsp70 was demonstrated by transfecting BY2 pro-
toplasts with the Type 1 clone tagged with a Flag
peptide epitope (at the C-terminus) and determin-

insertion of 13 amino acids (Ser192-Gly204) occurs
on the loop connecting the two short helices of the
second domain. The latter was modeled as a random

ing if mHsp70 co-immunoprecipitates along with the coil structure that forms part of the loop connecting

epitope-tagged GrpE homologue. Tobacco mHsp70 the two helices. The side-chain conformations of the
was detected with antisera raised against tomato mutated/replaced residues were chosen from one of
mHsp68 [29]. Anti-tomato mHsp68 antisera did not the preferred rotomer configurations such that the side

cross-react with Hsp70 homologues in the tomato cy-
tosol and chloroplasts [29] and in tobacco BY2 cytosol
(data not shown).

Protoplasts were transfected with tomato leaf curl
virus (ToLCV) vector designed to express the Type
1 tobacco GrpE homologue with Flag peptide tag.

chain conformation of the replaced residue of the to-
bacco GrpE homologue fills the space occupied by
the residue oE. coli GrpE. The side chain conforma-
tions of the conserved residues were kept unaltered.
The mutation of residues and the selection of different
side chain rotomers were carried out using the ‘lego’

As expected, the GrpE homologue (double bands option in the program ‘O’ [17]. The ribbon diagrams

at ca. 29 kDa position) was immunoprecipitated
with anti-Flag agarose from protoplasts transfected
with the ToLCV vector expressing the Flag-epitope-
tagged GrpE homologue (Figure 4, lane 1). Similarly,
mHsp70 co-immunoprecipitated along with Flag-

epitope-tagged GrpE homologue (Figure 4, lane 2).
Very little of mHsp70 co-immunoprecipitated when

ATP was included in the immunoprecipitation buffer

(Figure 4, lane 3) showing the specificity of binding.

Thus, the tobacco GrpE homologue which is imported
into mitochondria also interacts with mHsp70.

Modeling of the three-dimensional structure of the
tobacco GrpE homologue

The three-dimensional model for the tobacco GrpE
homologue (Type 1, amino acids 65-299) was con-
structed based on the X-ray structurekofcoli GrpE
complexed with the ATPase domain of DnaK [14].

of the E. coli GrpE-DnaK complex and the modeled
tobacco GrpE homologue with DnaK are shown in
the Figure 5. The apparent insertions in the tobacco
protein are shown in magenta. The location of the in-
sertions suggests that they neither interfere with the
dimer formation nor disrupt the interaction with the
ATPase domain of DnaK.

There are 11 residues of tHe coli GrpE that
are involved in establishing the GrpE-DnaK complex.
Five of the eleven residues are conserved in the to-
bacco GrpE homologue while the other residues are
replaced by homologous residues, which are predicted
to provide the equivalentinteractions with the DnaK. It
is interesting to note that the only salt link found in the
E. coli GrpE-DnaK complex formed between residues
Lys-82 and Arg-183 of GrpE and Glu-28 of Dnak,
is apparently maintained in the tobacco GrpE-DnaK
complex. The salt bridge in the tobacco complex is
formed between residues Arg-183 of tobacco GrpE

The extent of identical residues between the tobacco and Glu-28 of Dnak, as Lys-82 of tobacco GrpE is
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Figure 5. Schematic illustrations of thE. coli GrpE and the tobacco GrpE homologue structures. A. Ribbon drawing of the comex of

coli GrpE and the ATPase domain of DnaK. GrpE is shown in green and the ATPase domain is shown in gray. B. Ribbon representation of the
three-dimensional model of the Type 1 tobacco GrpE homologue generated using homology modeling. The ATPase domain is shown in gray,
positioned in the same relative orientation a€incoli GrpE-DnaK complex. The two insertions that occur in the tobacco GrpE homologue
relative to theE. coli protein are shown in magenta. C. The molecular surface dtleeli GrpE with the position of the residues that interact

with the ATPase domain are highlighted in different colors. The color coding refers to the amino acid residue type: blue, basic residues; red,
acidic residues; green, polar residues; and yellow, non-polar residues. D. The molecular surface for the tobacco GrpE homologue and the
corresponding residues that interact with Eaecoli complex are highlighted. The same color coding is maintained as in C and the magenta
color indicates the regions where the insertions in the tobacco protein occur relativeEtactiigorotein.

replaced by an Asn residue. In addition, the strong po- Discussion
lar and nonpolar interactions involving a short stretch
of residues, namely Pro-151, Asn-152, GIn-155, Ala- Our results provide the molecular, biochemical, and
156, lle-157, and Ala-158 oE. coli GrpE, and the structural information of a mitochondrial GrpE homo-
residues Leu-49, Arg-6, Leu-257, and Glu-264 of logue from plants. We isolated two types of cDNA
DnaK are very well maintained in the tobacco GrpE- clones from tobacco based on peptide sequences of a
DnaK complex (Figure 5). The estimated buried ac- protein purified from tobacco BY2 cells. Both cDNAs
cessible surface area, calculated using probe radius ofencoded proteins of 34 kDa and shared 80% amino
1.4 A, between the modeled tobacco GrpE and the acid sequence identity. We conclude that these pro-
ATPase domain of DnaK is 2344 A. This is slightly teins are mitochondrial homologues Bf coli GrpE
larger than the value 1970 A calculated for thecoli based on several criteria. First, sequence alignment of
complex. Relatively more surface area buried in the deduced protein sequences of the two cloned cDNAs
tobacco GrpE-DnaK complex could be due to changes with E. coli GrpE showed conservation of amino
in the primary sequence as well as the relaxed na- acid residues throughout most of the protein. Sec-
ture of the energy minimized modeled structure versus ond, the tobacco proteins and a similar protein from
compact nature of the crystal structure of tecoli Arabidopsiswere shown, by expressing & coli, to
complex. The conserved set of interactions between associate with DnaK and the association was inhibited
the tobacco GrpE and DnaK support the experimen- by ATP. Third, the tobacco proteins contained typical
tal results (Figure 2) demonstrating binding of the mitochondrial targeting sequence, and the targeting se-
tobacco GrpE to DnakK. guence of Type 1 protein localized GFP-fusion protein
to mitochondria. Fourth, the tobacco protein interacted
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with mHsp70 and ATP prevented this interaction. and import into mitochondria is needed. Elucidating
Fifth, it was possible to model a three-dimensional the mechanism of the mitochondrial chaperone system
structure of the tobacco protein based on the X-ray will require biochemical assays with purified Hsp70,
structure oft. coli GrpE complexed with DnaK. We  DnaJd, and GrpE proteins. Availability of well char-
designate the characterized proteins as tobacco mito-acterized mitochondrial GrpE from tobacco and DnaJ
chondrial GrpE (NtmGrpE) with Type 1 as NtmGrpE1 from Arabidopsig21] will facilitate increased under-
and Type 2 as NtmGrpE2. standing of how mHsp70 functions during transport

Type 1 tobacco GrpE appears to be the most pre- and folding of proteins in plant mitochondria.
dominant form: purification from BY2 cells yielded
only Type 1 protein and a majority of the cDNA clones
obtained were of Type 1. We cloned Type 2 because Acknowledgements
Type 1 and Type 2 have an identical nucleotide se-
guence at the sites at which the forward primer for We thank Drs. B. Bukau and D. Neumann for kindly
PCR amplification annealed. Note that the Type 1 and providing antisera and Drs. L. Brill and C. Reichel
Type 2 differed in the deduced amino acid sequence. for critical reading of the manuscript. This work was
The clones also are different within thedhtranslated  supported by financial assistance from United States
sequences (data not shown). The 80% amino acid Agency for International Development (DAN-4197-
sequence identity between Type 1 and Type 2, and A-00-1126-00) and ORSTOM, Paris.
the 45% identity between tobacco aAdabidopsis
proteins suggest that plant GrpE homologues have
diverged in sequence while maintaining function. References
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