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The interaction between SStp, the transit peptide of the precursor
protein to the small subunit of Rubisco (prSSU) and two Hsp70
molecular chaperones, Escherichia coli DnaK and pea (Pisum sati-
vum) CSS1, was investigated in detail. Two statistical analyses were
developed and used to investigate and predict regions of SStp
recognized by DnaK. Both algorithms suggested that DnaK would
have high affinity for the N terminus of SStp, moderate affinity for
the central region, and low affinity for the C terminus. Furthermore,
both algorithms predicted this affinity pattern for >75% of the
transit peptides analyzed in the chloroplast transit peptide
(CHLPEP) database. In vitro association between SStp and these
Hsp70s was confirmed by three independent assays: limited trypsin
resistance, ATPase stimulation, and native gel shift. Finally, syn-
thetic peptides scanning the length of SStp and C-terminal deletion
mutants of SStp were used to experimentally map the region of
greatest DnaK affinity to the N terminus. CSS1 displayed a similar
affinity for the N terminus of SStp. The major stromal Hsp70s
affinity for the N terminus of SStp and other transit peptides sup-
ports a molecular motor model in which the chaperone functions as
an ATP-dependent translocase, committing chloroplast precursor
proteins to unidirectional movement across the envelope.

The semi-autonomous chloroplast, which contains its
own genome, acquires the vast majority of its proteins as
nuclear-encoded, larger Mr precursors synthesized in the
cytosol and transported across the envelope membranes.
These precursors contain an amino-terminal extension
known as a transit peptide, which is both necessary and
sufficient to direct the targeting and translocation of pre-
cursors with high fidelity (for review, see Bruce and Keeg-
stra, 1994). Specifically, transit peptides enable the produc-
tive interaction of precursors with two distinct membrane
protein complexes: components of the translocon at the
outer membrane of the chloroplast (Toc) and components
of the translocon at the inner membrane of the chloroplast
(Tic) (Schnell et al., 1997). Recent progress has been made
in identifying many of the individual components associ-
ated with Tic (Lubeck et al., 1996; Kouranov et al., 1998)
and Toc (Hirsch et al., 1994; Kessler et al., 1994; Seedorf et

al., 1995). However, with the exception of the Hsp70 ho-
mologs, none of the components identified to date is related
to proteins identified in the other membrane translocation
systems, such as bacterial secretion, mitochondria, and the
endoplasmic reticulum (Schatz and Dobberstein, 1996).

In contrast, much less progress has been reported on the
molecular analysis of the functional properties of the tran-
sit peptide itself. Despite .250 transit peptides sequences
in the CHLPEP database (von Heijne et al., 1991) and
hundreds of more recently identified transit peptides, few
in-depth structural or functional analyses of these se-
quences are reported (Lancelin et al., 1994; Krimm et al.,
1999; Wienk et al., 1999). However, arguments have re-
cently been made to suggest that transit peptides are mod-
ular, with discrete domains providing different functional
roles. Although early sequence analysis suggested the ex-
istence of three semi-conserved domains (Karlin Neumann
and Tobin, 1986), only recent work combining both in vitro
(Pilon et al., 1995; Pinnaduwage and Bruce, 1996; Bruce,
1998) and in vivo (Kindle, 1998; Rensink et al., 1998) ap-
proaches demonstrates that different regions of the transit
peptide perform different functions in the import process.

Although these analyses have only been performed for a
few transit peptides, the emerging consensus is that transit
peptides contain three functional domains. The N-terminal
domain appears to perform an essential, as-yet-undefined
role in the initiation and commitment of the precursor to
translocation; the central region is more dispensable, func-
tioning as a flexible hinge region between the N and C
termini, and, finally, the C terminus may be involved both
in lipid interaction and in correct processing by the stromal
processing peptidase. An obvious problem with this mod-
ular organization is that transit peptides vary widely in
length and share very limited sequence homology. This
sequence degeneracy is particularly difficult to explain in
light of the essential role that the N terminus performs in
chloroplast import (Pilon et al., 1995; Kindle, 1998). There-
fore, either a common, as-yet-unknown secondary struc-
ture or the involvement of an interaction that intrinsically
requires low sequence specificity would provide the best
hypothesis for the mechanism of transit peptide function.

Most of the current models of protein translocation in-
clude a peripherally attached molecular motor (Schatz and
Dobberstein, 1996). In the mitochondria and ER, this motor
is believed to be a Hsp70 molecular chaperone. The in-
volvement of Hsp70 as the molecular motor assumes a
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direct interaction between the incoming precursor and the
peptide binding domain of the molecular chaperone, and
most current models show the targeting sequence as the
region of the precursor that is recognized by the chaperone
(Gray and Row, 1995; Keegstra et al., 1995; Heins et al.,
1998). Indeed, a recent study shows significant interaction
between mitochondrial presequences and DnaK (Zhang et
al., 1999). Consistent with these models, chloroplast transit
peptides have been suggested to serve as substrates for
Hsp70 chaperones (von Heijne and Nishikawa, 1991). Al-
though this proposal is supported by statistical analyses
indicating that transit peptides are enriched in sequences
predicted to exist as random coils, to date only one report
has demonstrated a direct interaction between a transit
peptide and Hsp70 (Ivey and Bruce, 2000). In any event, no
clear agreement exists for the involvement of Hsp70s in the
chloroplast protein import process (Soll and Waegemann,
1992; Nielsen et al., 1997).

In this report we have investigated the chloroplast transit
peptide sequences that enable it to function as a substrate
for the Hsp70 class of molecular chaperones. Based on the
results of two independent statistical algorithms that cal-
culate an index of DnaK affinity, we predict that SStp, the
transit peptide for the precursor protein to the small sub-
unit of Rubisco (prSSU) contains two regions that should
be recognized by DnaK. When these algorithms are applied
to the transit peptides in the CHLPEP database, .95% of
the transit peptides analyzed contained at least one poten-
tial DnaK recognition domain; furthermore, these se-
quences occurred predominantly at the N terminus of the
transit peptide. We have verified this interaction for SStp
by three in vitro assays: a proteolysis protection assay with
DnaK, substrate stimulation of ATPase activity with CSS1,
and a native gel shift assay with both Hsp70s. Finally, we
have confirmed the algorithms’ predictions by partially
mapping the transit peptide regions responsible for DnaK/
CSS1 interaction using both co-affinity precipitation of
DnaK and the in vitro native gel shift assay. The results of
these observations are discussed in the context of both
transit peptide design and the potential involvement of
Hsp70s as the chloroplast translocation molecular motor.

MATERIALS AND METHODS

Predictive DnaK Affinity Algorithms

Phage Display Based Algorithm

In work by Gragerov et al. (1994), an index of each amino
acid’s appearance in high-affinity versus low-affinity pep-
tides in a random peptide phase display (RPPD) library
was calculated. For example, the value determined for Leu
was 2, reflecting the ratio of frequency of occurrence of Leu
found in selected versus unselected phage. Using these
values, we developed a simple algorithm using a sliding
six-amino acid window in one-amino acid steps to predict
DnaK’s affinity to transit peptides in the CHLPEP data-
base. For each window, we multiplied the indices of six
adjacent amino acids in SStp:

An 5 in22 3 in21 3 in 3 in11 3 in12 3 in13

where An is an index of the six-amino acid window’s
affinity for DnaK, in is the third residue in the window, in11

is the fourth residue, and so on. Met, Cys, and Glu were
statistically underrepresented in the display library, so we
assigned them values of 1 for equal probability of being in
a strongly or weakly selected peptide. Based on values
obtained when the algorithm was applied to several pep-
tides described in the original study, we designated a
“cut-off” index value of 2.0. Therefore, a six-amino acid
window with an index value greater than 2.0 is predicted to
have an affinity to bind DnaK that is similar to a strongly
selected peptide from the original study.

Cellulose Display Based Algorithm

A second, more recent report utilized 3,725 synthetic,
cellulose-bound peptides (13 mers) that span the length of
37 naturally occurring proteins to develop a cellulose-
bound peptide scanning (CBPS) algorithm for DnaK affin-
ity (Rudiger et al., 1997). In this study, each amino acid is
assigned a D D Go value that reflects the change in free
energy of the DnaK/peptide complex when that amino
acid is present. Because of the apparent preferences of
different amino acids to accommodate different positions
relative to the center of the DnaK peptide-binding pocket,
three D D Go values are assigned to each amino acid. As
described in Rudiger et al. (1997):

An 5 ~0.33 * Ln26! 1 ~0.66 * Ln25! 1 ~1.00 * Ln24!

1 ~1.33 * Ln22! 1 Cn22 1 Cn21 1 Cn 1 Cn11 1 Cn12

1 ~1.33 * Rn13! 1 ~1.00 * Rn14! 1 ~0.66 * Rn15!

1 ~0.33 * Rn16

where An is an index of the 13 amino acid window’s
affinity for DnaK, n describes the amino acid’s position
relative to the center of DnaK’s binding site, and L, C, and
R are experimentally derived values for each amino acid
left-of-center, center, and right-of-center, respectively. The
weighting values (0.33, 0.66, 1.00, and 1.33) were statisti-
cally determined by Rudiger et al. (1997) to maximize the
accuracy of the algorithm. We applied this algorithm via a
sliding 13-amino acid window in one-amino acid steps to
predict DnaK’s affinity to transit peptides in the CHLPEP
database. Based on values obtained when the algorithm
was applied to two peptides described in the original
study, we designated a “cut-off” index value of 24.0.
Therefore, a 13-amino acid window with a D D Go value
less than 24.0 is predicted to bind DnaK similarly to a
strongly selected peptide from the original study.

SStp Fusion Proteins

SStp fusions with glutathione S-transferase (GST) (pGEX
vector, Pharmacia Biotech, Piscataway, NJ) and the dual
His affinity tag fused to the RNase S peptide epitope tag
(His-S) (pET vector, Novagen, Madison, WI) as well as
DnaK were expressed and purified as described previously
(Ivey and Bruce, 2000). SStp derived from the His-S Tag
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system was used for all in vitro analyses involving purified
components.

C-terminal deletions of His-S-SStp were generated via
Exonuclease III digestion using the Erase-a-Base kit (Pro-
mega, Madison, WI). pET30a-SStp was linearized with
HindIII, and the 59 overhangs were filled in with
a-phosphorylthiolates to generate blunt, exonuclease-
resistant ends. This linear plasmid was then restricted with
EcoRI to generate a single 59 overhang for ExoIII digestion.
The exonuclease reaction was stopped at timed intervals,
and the samples were treated with S1 nuclease and Klenow
fragment to generate blunt, ligatable ends. The mixed plas-
mid species were recircularized, transformed into Esche-
richia coli cells, and screened using direct colony PCR with
the forward and reverse T7 promoter primers. Isolated
DNA from appropriate transformants was sequenced us-
ing an automated sequencer (PE-Applied Biosystems, Fos-
ter City, CA). Three deletion mutants—His-S-SStpD5, His-
S-SStpD25, and His-S-SStpD36—lacking 5, 25, and 36 amino
acids, respectively, from the C terminus of the full-length
His-S-SStp were selected for use in these studies. Coinci-
dentally, all of the deletions were in frame with the
optional, C-terminal His-Tag engineered into the pET30a
vector.

Limited Trypsin Proteolysis of DnaK

DnaK was subjected to trypsin digestion (5 ng/mg
Hsp70), as in Freeman et al. (1995) in 50-mL reactions for 60
min at 37°C in buffer C (20 mm Tris-HCl, pH 6.9, 100 mm
EDTA, and 100 mm NaCl). Subsequent assays also contained
a-lactalbumin, reduced, carboxymethylated a-lactalbumin
(RCMLA), or SStp as potential DnaK substrates. Aliquots
were removed during the course of the digestion and im-
mediately boiled in SDS sample buffer (100 mm Tris-HCl,
pH 6.8 containing 10% [v/v] glycerol, 0.04% [w/v] brom-
phenol blue, and 0.1% [w/v] SDS). The samples were run
on SDS-PAGE, with protein visualization by Coomassie
Brilliant Blue staining. Quantitative scanning densitometry
was performed using a computing densitometer (model
3000, Molecular Dynamics, Sunnyvale, CA).

Purification of Native CSS1

CSS1 was purified from 14-d-old pea (Pisum sativum)
cotyledons applying an affinity chromatography method
similar to that used to purify Bovine taurus Hsc70 (Schloss-
man et al., 1984). Fractionated stroma from pea was pre-
pared as described previously (Bruce et al., 1994) and
diluted 1:10 with buffer M (20 mm 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid [HEPES], pH 7.5, 20 mm
NaCl, 2.5 mm Mg[OAc]2, 1 mm dithiothreitol [DTT], and
0.1% [v/v] Triton X-100). Next, the entire sample was
loaded onto an ATP-agarose column (Sigma-Aldrich, St.
Louis) pre-equilibrated with buffer M at 4°C. The column
was washed exhaustively with buffer M, then buffer M
containing 1 m NaCl, and finally buffer M again. CSS1 was
then eluted with 10 mm ATP in buffer M titrated to pH 7.5.
Authenticity of CSS1 was demonstrated via cross-reactivity
on a western blot probing with a polyclonal DnaK anti-

serum. Eluted fractions containing CSS1 were dialyzed
exhaustively and concentrated into buffer M by ultrafiltra-
tion against a 30-kD molecular mass cutoff membrane,
aliquoted, and stored at 285°C.

CSS1 ATPase Activity

ATPase activity assays were performed with [g-32P]ATP
in buffer M as previously described (Sadis and Hightower,
1992). Each 50-mL reaction contained CSS1, unlabeled ATP,
and [g-32P]ATP, and was incubated at 37°C. Peptide sub-
strates were provided at 100-fold molar excess relative to
the chaperone. Aliquots of the reaction mixture were with-
drawn at regular intervals and mixed with 1 mL of 50 mm
HCl/5 mm H3PO4 containing 7% (w/v) activated charcoal.
After microcentrifugation, 200-mL aliquots of the free 32Pi-
containing supernatants were removed and counted via
scintillation. Observation of spontaneous ATP hydrolysis
was necessary because Hsp70 ATPase activities are ex-
tremely low.

Co-Precipitation of DnaK with Ni-Sepharose

His-S-SStp and His-S-SStp truncation mutants were ex-
pressed in E. coli as described previously for His-S-SStp
(Ivey and Bruce, 2000). Small cell cultures (10 mL) were
grown and induced normally but lysed by sonication in
native lysis buffer (Novagen). The crude lysates were spun
at 16,000g; then each of the supernatants was added to
microfuge tubes containing 100 mL of Ni-Sepharose (Phar-
macia) and mixed gently for 5 min at 4°C. After washing
the Ni-Sepharose in batch three times with 1 mL of the
same lysis buffer, SDS sample buffer was added directly to
the Ni-Sepharose to elute the bound proteins. After SDS-
PAGE and electroblotting onto polyvinylidene difluoride
membrane, the blot was divided laterally. The upper half
was probed with a-DnaK antiserum, the lower half with
S-protein conjugated to alkaline phosphatase.

Native Gel Shift Competition Assay with 125I-RCMLA

DnaK and CSS1 binding competition studies with 125I-
RCMLA were performed as described by Freeman and
co-workers (Freeman et al., 1995). Hsp70 was incubated
with 125I-RCMLA and the competing peptide/protein for
30 min at 37°C in buffer A. Native sample buffer (100 mm
Tris-HCl, pH 6.8, containing 10% [v/v] glycerol and 0.04%
[w/v] bromphenol blue) was added and the samples were
resolved by electrophoresis on a 6% native acrylamide gel.
The proteins were then fixed with acetic acid, the gels
dried, and autoradiograms were developed. Quantitative
scanning densitometry was performed with a computing
densitometer (model 3000 Series, Molecular Dynamics,
Sunnyvale, CA).

RESULTS

The N Terminus of Transit Peptides Is Predicted to
Interact with DnaK

To investigate more precise region(s) within SStp respon-
sible for chaperone association, we used previously pub-
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Figure 1. Predictive DnaK affinity algorithms. A through C utilize data found in the RPPD study (Gragerov et al., 1994); D
through F utilize data found in the CBPS study (Rudiger et al., 1997). A and D, DnaK affinity algorithms (see “Materials and
Methods” for details) applied to SStp from pea. Also shown in right of A is the analysis of five peptides reported from the
original study. The black bars indicate values obtained using peptides from the original phage display study that were
“strongly selected”: A, NRLLLT; B, ARLLLT; and C, NRLLLA. The hatched bars indicate values obtained using “weakly
selected” peptides: D, KWVHLF and E, LLTNRG. In the right of D are values from two peptides from the original study:
AKTLILSHLRFVV, a strongly selected peptide, and VVHIARNYAGYG, a weakly selected peptide. B and E, The algorithms

(Legend continues on facing page.)
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lished data in two novel algorithms, the first of which was
derived from a RPPD analysis (Gragerov et al., 1994). The
second algorithm was obtained from data in a CBPS anal-
ysis (Rudiger et al., 1997). The RPPD and CBPS algorithms
calculate a DnaK affinity index for a sliding window of six
and 13 amino acids in length, respectively. Analysis of the
entire SStp sequence by both algorithms implicated the
same regions as those interacting with DnaK (Fig. 1, A and
D). To compare the algorithms’ predictive indices against
the experimentally determined DnaK binding activity to
given peptide substrates, five peptides reported from the
RPPD library and two from the CBPS study were analyzed
with their respective algorithms (Fig. 1, A and D). In both
cases, the “control” peptides defined experimental limits
for DnaK affinity. Utilizing the RPPD algorithm, an index
value greater than 2.0 should be strongly selected by DnaK;
for the CBPS algorithm, which describes free energy
changes, high-affinity regions have index values less than
24.0. Based on these criteria, DnaK is predicted to exhibit
a strong association for the region of SStp centered at
amino acid position 10, and may interact with a second site
centered at position 37. Interestingly, these two regions of
SStp align well with one another when calculated from
either algorithm.

The profile of pea SStp shown in Figure 1, A and D, is
typical of prSSU transit peptides from other organisms
(data not shown) and transit peptides of other stromally
targeted precursors. Figure 1, B and E, represents the av-
erage of all angiosperm prSSU transit peptides found in the
CHLPEP database (von Heijne et al., 1991). Again, both
algorithms strongly agree that these transit peptides dis-
play a major peak of predicted DnaK affinity at the N
terminus and exhibit a similar periodicity of successive
peaks whose affinity for DnaK diminishes toward the
C-terminal cleavage site. The apparent small peak values,
especially in Figure 1E, reflect averaging of “misaligned”
peaks.

Furthermore, when these analyses were performed for
115 transit peptides from stromally localized angiosperm
precursors in the CHLPEP database, the domain with the
highest predicted DnaK affinity occurred in the N-terminal
region of approximately 70% of the transit peptides ana-
lyzed (Fig. 1, C and F). Moreover, both algorithms pre-
dicted that approximately 70% of the transit peptides con-
tained a second peak of lower strength positioned in the
central region. Finally, only approximately 5% of the pep-
tides contained a prominent peak in the C-terminal region,
indicating that this domain was largely devoid of se-
quences that would function as good substrates for DnaK
recognition. Both algorithms predicted at least one high-
affinity site for .95% of transit peptides tested and were in
good alignment agreement approximately 80% of the time
(data not shown). Two unrelated transit peptides from

precursors for nitrite reductase from spinach (Fig. 1, G and
H) and Fru-1,6-bisphosphatase from pea (Fig. 1, I and J)
also show DnaK affinity profiles similar to that of prSSU
using both algorithms.

SStp Association with DnaK Provides Protease Protection

To experimentally assess the validity of the algorithms’
predictions, three in vitro assays were performed that ex-
plored the consequences of an Hsp70/SStp interaction.
Previous studies have shown that Hsp70s undergo a
change in conformation upon binding to a peptide sub-
strate such that the substrate-bound form is more resistant
to trypsin digestion (Cyr et al., 1992; Palleros et al., 1992;
Freeman et al., 1995). Using the components purified
above, we investigated whether a similar interaction could
be demonstrated in vitro by employing the limited trypsin
proteolysis technique. RCMLA, a permanently unfolded
protein and model Hsp70 substrate, and SStp were also
utilized to protect DnaK from trypsin degradation. When
incubated with trypsin alone, DnaK was readily digested,
yielding a 43-kD fragment (Fig. 2A, top). This fragment
probably corresponded to the N-terminal ATPase domain
of DnaK (DeLuca Flaherty et al., 1988). However, in the
presence of 10-fold molar excesses of RCMLA (Fig. 2A,
middle) or SStp (Fig. 2A, bottom), DnaK was protected
substantially from proteolysis. As previously shown (Free-
man et al., 1995), this protection was not simply the result
of unfolded substrates competing for the protease, because
the control substrate, native a-lactalbumin, failed to protect
DnaK from trypsin digestion (data not shown). The
amount of intact DnaK remaining at each time point was
quantitated via scanning densitometry and plotted in Fig-
ure 2B. Whereas approximately 40% to 60% of the DnaK
remained intact after 1 h of trypsin digestion in the pres-
ence of RCMLA or SStp, DnaK alone was almost com-
pletely digested (,5% remaining) by trypsin in the same
time frame. These results support previous observations
that in vitro binding of a substrate, either RCMLA or SStp,
induces a significant, substrate-dependent conformational
change, rendering the DnaK much more resistant to trypsin
digestion. These results confirm that SStp contains at least
one sequence that serves as a good substrate for Hsp70
binding, as was predicted from earlier secondary structural
analyses (von Heijne and Nishikawa, 1991).

SStp Stimulates the ATPase Activity of CSS1

A second indicator of a protein or peptide’s interaction
with Hsp70/DnaK as a substrate is the stimulation of the
intrinsic ATPase activity of the chaperone (Sadis and High-
tower, 1992; Ziegelhoffer et al., 1995). We used this assay to
evaluate the ability of both RCMLA and full-length SStp to

Figure 1. (Legend continued from facing page.)
applied to all angiosperm prSSU transit peptides in the CHLPEP database. The average values at each position in the
sequence are plotted. C and F, Distribution by thirds of predicted highest and second highest affinity regions in 115
angiosperm, stromally targeted transit peptides in the CHLPEP database. G and I, RPPD analyses of nitrite reductase and
Fru-1,6-bisphosphatase, respectively. H and J, CBPS analyses of nitrite reductase and Fru-1,6-bisphosphatase, respectively.
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stimulate the intrinsic ATPase activity of purified CSS1.
First, CSS1 was purified from intact pea chloroplasts via
ATP affinity chromatography. Figure 3A shows the ATP
elution profile from the ATP-Sepharose affinity column.
Western blotting indicated that the major band at 73 kD
was CSS1 (Fig. 3B). Subsequent CSS1 ATPase assay results,
as shown in Figure 4, showed a basal activity of approxi-
mately 2.6 pmol ATP min21 pmol21 enzyme. This rate was
stimulated to approximately 5.1 pmol ATP min21 pmol21

enzyme when a 100-fold molar excess of either RCMLA or
SStp was added to the reaction. This effect was dependent
on the specific interaction of the chaperone with a sub-
strate, since an equal addition of native a-lactalbumin did
not result in ATPase stimulation. Both the substrate levels
required and the level of stimulation observed were quite
similar to those observed for DnaK (Liberek et al., 1991).

Mapping of SStp Region Recognized by Dnak in E. coli

The in vivo association of SStp and DnaK described by
Ivey and Bruce (2000) was used to experimentally map the
region of SStp responsible for DnaK binding and provide
support for the algorithms’ predictions. First, C-terminal
deletion mutants of SStp fused to the dual His-S Tag (Fig.
5A) were expressed in E. coli. Then, co-affinity precipita-
tions of DnaK using Ni-Sepharose were performed for each
deletion and the His-S Tag alone. Figure 5B, top, shows
equal loadings of the three deletions and the His-S Tag
visualized by far-western blotting. The bottom panel is a
western blot of the same samples showing DnaK binding to

Figure 2. Substrate protection of DnaK from trypsin degradation. A,
0.7 mM DnaK was treated with trypsin after a 5-min incubation in the
presence of no unfolded protein substrate (top); 7 mM RCMLA (mid-
dle); and 7 mM SStp (bottom). Aliquots were removed at the given
times and immediately boiled in SDS sample buffer. All samples were
examined by SDS-PAGE and stained with Coomassie Brilliant Blue.
B, Quantitation of the amount of intact DnaK remaining at each time
point in A for each treatment.

Figure 3. Biochemical purification of CSS1 from pea. A, Coomassie
Brilliant Blue-stained SDS gel of the elution profile from an ATP-
agarose column after incubation with 10 mM ATP. B, Western blot of
the fractions in A probing with a-DnaK.
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every deletion containing at least part of the SStp sequence.
However, DnaK did not bind to the His-S Tag itself, which
serves as a negative control. Therefore, sequences in the
first 24 residues of SStp must contain a DnaK recognition
motif allowing this interaction in vivo. Because the exper-
iment did not include N-terminal SStp deletions, these data
do not exclude the possibility of other DnaK-binding sites
C-terminal to amino acid position 24.

In Vitro Interaction of DnaK and CSS1 with the
N Terminus of SStp

To further test the algorithms’ predictions for SStp, a
competitive native gel shift assay was used. Incubation of
125I-RCMLA with purified DnaK results in the formation of
at least two stable complexes whose electrophoretic mobil-
ities on native polyacrylamide gels are retarded relative to
125I-RCMLA alone (Fig. 6A, lanes 1–3). The two discrete
complexes may represent 125I-RCMLA associated with a
monomeric and a dimeric form of DnaK, since several
Hsp70s exist in an equilibrium between a monomeric and
dimeric species (Palleros et al., 1991; Azem et al., 1997). To
determine the relative affinity of DnaK for different pep-
tide substrates, synthetic, unlabeled peptides were added
to the 125I-RCMLA-DnaK incubation as competitors for
binding to 125I-RCMLA DnaK binding. Competitive asso-
ciation between the unlabeled peptide and DnaK displaces
125I-RCMLA, thus reducing the amount of 125I-RCMLA-
DnaK complexes. Figure 6A shows an autoradiogram of a
competitive gel shift assay in which 125I-RCMLA-DnaK
complexes formed in the presence of a 10-fold molar excess
of SStp or synthetic 20 amino acid peptides spanning the
SStp sequence. SStp effectively competed with 125I-RCMLA
for DnaK binding, as previously shown (Ivey and Bruce,
2000). Synthetic peptides (20-mers) corresponding to the
N-terminal (1–20), middle (21–40), and C-terminal (41–60)
thirds of SStp clearly competed with an activity very sim-

ilar to their predicted values of DnaK affinity (Fig. 1, A and
D). This difference in activity was confirmed when the
unlabeled SStp 20-mers were titrated relative to 125I-
RCMLA (Fig. 6B). The N-terminal sequences (peptide 1–20)
competed best with 125I-RCMLA for DnaK, whereas the
central region (peptide 21–40) was considerably less effec-
tive, and the C-terminal region (peptide 41–60) displaced
125I-RCMLA even less than the central region (Fig. 6B).

In previous work, three peptides of similar length, which
are not predicted by either algorithm to bind DnaK and are
thus clear negative controls, were tested and failed to dis-
rupt the 125I-RCMLA-DnaK complex (Ivey and Bruce,
2000). Thus, SStp bound DnaK with higher affinity than
any of the 20-mers, but the greatest local affinity for DnaK
was detected in the N-terminal 20 amino acids, and pro-
gressively less affinity was found toward the middle and
C-terminal thirds of SStp.

Thus far, we have shown that SStp functions in vivo and
in vitro as an effective substrate for DnaK. The major

Figure 4. SStp stimulation of CSS1 ATPase activity. CSS1 (0.7 mM)
was incubated with 50 mM cold ATP and [g-32P]ATP (3,000 Ci/mmol;
molar ratio of unlabeled:32P-labeled, 5,250:1) in the absence and
presence of 70 mM native a-lactalbumin, RCMLA, or SStp. Sponta-
neous hydrolysis indicates liberated 32Pi in absence of chaperone.

Figure 5. Affinity precipitations of DnaK with C-terminal deletions of
SStp. A, Amino acid sequences of His-S-SStp and C-terminal dele-
tions. Residues in bold correspond to SStp. Black boxes indicate the
N- and C-terminal His-tags, while gray boxes indicate N-terminal
S-tags. B, Top, Far-western analysis of His-S-SStp deletions and the
His-S tag alone using the S-protein conjugated to alkaline phospha-
tase; bottom, western blot of the samples in the top using a-DnaK
antiserum.
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chloroplast Hsp70 homolog, CSS1, is most similar to pro-
karyotic homologs of DnaK, with 55% amino acid sequence
identity and 74% similarity (Marshall and Keegstra, 1992).
Therefore, one would predict similar peptide binding
properties for both chaperones. Using purified CSS1 in-
stead of DnaK, competitive gel shift assays were performed
as described above. The results for both DnaK and CSS1 are
represented graphically in Figure 7. The trend observed for
DnaK binding to SStp was almost identical to that observed
for CSS1, suggesting that both chaperones preferred se-
quences found at the N-terminal region of SStp.

DISCUSSION

Although several recent studies have attempted to iden-
tify the linear peptide sequences recognized by Hsp70s
(Blond-Elguindi et al., 1993; Gragerov et al., 1994; Rudiger
et al., 1997), only one has directly analyzed targeting se-
quences (Zhang et al., 1999); that study also used the same
CBPS algorithm used in this study to predict interactions
between mitochondrial presequences and DnaK. However,
the current study demonstrates, for the first time to our
knowledge, a direct interaction between an organellar mo-
lecular chaperone and a physiologically relevant precursor
targeting sequence. Specifically, our data confirm that the
transit peptide of prSSU contains one or more sequences
that are recognized by two Hsp70 chaperones, DnaK and
CSS1.

Transit Peptide Design

Both the x-ray crystal structure of the DnaK peptide-
binding domain and peptide binding studies of a eukary-
otic Hsp70 indicate a preference for binding substrates six
to eight amino acids in length (Flynn et al., 1991; Zhu et al.,
1996). Therefore, the full-length SStp may contain up to
seven contiguous Dnak/CSS1 binding sites. To identify the
number and position of potential DnaK binding sites in
SStp, we utilized data from two extensive studies (Grag-
erov et al., 1994; Rudiger et al., 1997), which provide sta-
tistical data on the probability of individual amino acids to
occur in DnaK selected peptides. Both algorithms predict
potential DnaK binding sites in SStp. Moreover, both algo-
rithms predicted that the strongest peptide-DnaK interac-
tions were restricted primarily to the N terminus. When
these analyses were applied to all prSSU transit peptides
from angiosperms in the CHLPEP database (von Heijne et

Figure 6. Mapping the high-affinity DnaK binding site(s) within SStp.
A, Autoradiogram demonstrating 125I-RCMLA/DnaK complex stabil-
ity and subsequent competition by unlabeled competitors in a native
gel system. DnaK was added to a final concentration of 0.7 mM, while
the concentrations of 125I-RCMLA and SStp were 7 and 70 mM,
respectively. B, Autoradiograms of 125I-RCMLA/DnaK complexes in
the presence of the N-terminal (top), middle (middle panel), and
C-terminal (bottom) thirds of SStp from pea. The DnaK and 125I-
RCMLA concentrations were the same as in A. Molar ratios of the
unlabeled competitor to 125I-RCMLA are shown in lanes 5 through 8.

Figure 7. Comparison of SStp binding by DnaK and CSS1. Native gel
shift competition assays were used to compare the binding of SStp by
DnaK and CSS1 and to map the highest affinity site for both Hsp70s.
The black bars were quantified from the autoradiogram in Figure 6A.
Using the same 125I-RCMLA, chaperone, and competitor concentra-
tions as before, the hatched bars were obtained similarly using CSS1
instead of DnaK.
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al., 1991), N-terminal bias was observed by both algo-
rithms. This suggests that the Hsp70 binding site(s) at the
N terminus of prSSU is a conserved trait, independent of
phylogeny.

Although many stromal proteins, such as the precursors
to Fru-1,6-bisphosphatase from pea and nitrite reductase
from spinach, have patterns very similar to SStp, analyses
of 115 angiosperm transit peptides for stromally localized
precursors indicate that the placement of high-affinity
binding sites is not absolutely conserved. However, both
algorithms indicate that .95% of these transit peptides
contain at least one potential Hsp70 recognition domain
and that approximately 70% of these transit peptides con-
tain sequences at their N terminus predicted to most favor-
ably interact with Hsp70s. In addition, both analyses indi-
cate additional site(s) with lower affinity found within the
central third of the transit peptide and that, for most transit
peptides, the C-terminal third is largely devoid of Hsp70
binding sites.

These predictions were confirmed experimentally for
SStp. The trypsin resistance and the ATPase stimulation
data reported here support previous observations that in
vitro binding of a substrate, either RCMLA or SStp, induces
a significant substrate-dependent conformational change.
Binding of the peptide substrate renders DnaK more resis-
tant to trypsin digestion and more active as a ATPase.
These results confirm that SStp contains at least one se-
quence that serves as a good substrate for Hsp70s, as was
predicted from earlier secondary structural analyses (von
Heijne and Nishikawa, 1991).

These results suggest that chloroplast transit peptides
have one or more regions that may function as a high-
affinity substrate for Hsp70s. A shared peptide sequence
preference among chaperones is expected, since a recent
study with three Hsp70 homologs (Hsc70, BiP, and DnaK)
shows several common peptide binding tendencies (Fourie
et al., 1994). Interestingly, the full-length transit peptide
appeared to display greater interaction than any of the
20-mers. These data argue strongly that CSS1-peptide sub-
strate interactions are generally governed by the same rules
as those for DnaK.

Our observation that CSS1 exhibits high affinity for the
N terminus of transit peptides and diminishing affinity
toward the C terminus has several important implications.
First, if the translocation proceeds with the N terminus
first, as most models depict, the suggested design would
enable the emerging transit peptide to encounter the chap-
erone at the earliest possible point in the translocation
process. This initial interaction may represent the first com-
mitted step of protein translocation. Second, most transit
peptides may contain additional secondary Hsp70-binding
sites that would enable multiple chaperone molecules to
concurrently bind the precursor and drive translocation.
The observation that full-length SStp was a better substrate
than any of the 20-mers suggests that multiple potential
binding sites may promote some level of cooperativity,
possibly by interaction with both substrate binding do-
mains of the DnaK dimer. This multiplicity of binding sites
could be the reason that certain precursors are translocated

more efficiently. Third, these observations may confirm the
hypothesis of a modular organization of transit peptides.

Chloroplast Hsp70s as Molecular
Motors and “Unfoldases”

The most widely accepted generic protein import model
describes an active, energy-dependent “molecular motor”
model that is bound to the membrane and directly utilizes
a conformational change in the chaperone to unidirection-
ally drive translocation (Glick, 1995; Gisler et al., 1998). Our
data directly support the hypothesis that an individual
transit peptide contains one or more Hsp70 recognition
domains, enabling a precursor to simultaneously engage
more than one chaperone molecule concurrently during
translocation. Analyses of prSSU transit peptides in
CHLPEP indicate at least two such sites. Interestingly, the
two sites are separated by approximately 26 amino acids,
which would be sufficient to span a bilayer. Therefore, this
spacing could allow one transit peptide to simultaneously
engage two chaperones on either side of a membrane. If
both high-affinity sites are active in recruiting Hsp70s, the
ability of SStp to interact concurrently with two Hsp70
molecules may synergistically promote a much stronger
“unfoldase” activity than might be expected from the sum
of their individual contributions. Differences in amino acid
sequences of transit peptides from different precursors
could then affect their translocation efficacies, which
would constitute a novel form of post-transcriptional/post-
translational regulation of gene expression.

Although most investigators agree that isolated translo-
cation complexes contain one or more Hsp70s (Waege-
mann and Soll, 1991; Schnell et al., 1994), recent reports
also describe a second potential molecular chaperone,
ClpC, which is associated with the translocation complex
(Akita et al., 1997; Nielsen et al., 1997). However, no evi-
dence of transit peptide or precursor binding has been
presented, and the presence of ClpC in a translocation
complex is independent of the presence of a precursor
protein (Nielsen et al., 1997). Furthermore, organellar Clp
homologs have been implicated in the degradation of mis-
folded precursor proteins after import (Schmitt et al., 1995;
Halperin and Adam, 1996).

CONCLUSIONS

Interestingly, recent work has shown that when a small
N-terminal region is deleted from the ferredoxin or plas-
tocyanin transit peptide, transport into chloroplasts is re-
duced to an undetectable level both in vitro and in vivo
(Pilon et al., 1995; Kindle, 1998). Although these reports
conclude that the N-terminal region of the transit peptide is
required for efficient protein translocation, neither pro-
vides an explanation for this effect. Analyses of these two
transit peptides by the above algorithms indicate that the
characterized deletions remove potentially critical Hsp70
binding sites.

To our knowledge, our study utilizes the first statistical
analyses that predict a common biochemical activity asso-
ciated with chloroplast transit peptides. This general pro-
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file defines a novel property intrinsic to the design of
stromally targeted transit peptides whose primary se-
quences are otherwise unrelated. It will be interesting to
extend these analyses to transit peptides of precursors
destined to other chloroplast compartments and other or-
ganelles to determine the universality of this observation.
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