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We have examined the transport of the precursor of the 17-kD
subunit of the photosynthetic O2-evolving complex (OE17) in intact
chloroplasts in the presence of inhibitors that block two protein-
translocation pathways in the thylakoid membrane. This precursor
uses the transmembrane pH gradient-dependent pathway into the
thylakoid lumen, and its transport across the thylakoid membrane is
thought to be independent of ATP and the chloroplast SecA ho-
molog, cpSecA. We unexpectedly found that azide, widely consid-
ered to be an inhibitor of cpSecA, had a profound effect on the
targeting of the photosynthetic OE17 to the thylakoid lumen. By
itself, azide caused a significant fraction of mature OE17 to accu-
mulate in the stroma of intact chloroplasts. When added in con-
junction with the protonophore nigericin, azide caused the matu-
ration of a fraction of the stromal intermediate form of OE17, and
this mature protein was found only in the stroma. Our data suggest
that OE17 may use the sec-dependent pathway, especially when the
transmembrane pH gradient-dependent pathway is inhibited. Under
certain conditions, OE17 may be inserted across the thylakoid
membrane far enough to allow removal of the transit peptide, but
then may slip back out of the translocation machinery into the
stromal compartment.

Although the chloroplast possesses its own genome, the
majority of proteins found in this organelle are nuclear
encoded, synthesized on cytoplasmic ribosomes, and post-
translationally imported. The process by which these pro-
teins are directed to their final destination is complicated
by the fact that chloroplasts possess three membranes that
define six distinct destinations for the newly imported
protein.

Nuclear-encoded chloroplast proteins are generally syn-
thesized as higher-molecular-mass precursors that possess
a cleavable, amino-terminal extension called a transit pep-
tide. This topogenic sequence acts to direct the polypeptide
from the cytoplasm to its final location within the chloro-
plast. Proteins residing in the thylakoid lumen are required
to cross the envelope and thylakoid membranes, and gen-
erally possess a bipartite transit peptide. The first region of
the targeting sequence directs the protein across the enve-

lope membranes into the stroma, where it is cleaved by the
stromal-processing protease, resulting in an intermediate-
sized protein species. The remaining region of the transit
peptide then targets this stromal intermediate to the thy-
lakoid lumen, where it is removed by the membrane-
bound lumenal processing protease, generating the
mature-sized protein (for review, see Theg and Scott, 1993;
Cline and Henry, 1996; Haucke and Schatz, 1997).

There have been extensive efforts to determine the mech-
anism by which proteins are transported into or across the
thylakoid membrane. Currently, four pathways have been
defined by their energy requirements, and some of their
components have been identified. The first pathway ap-
pears to be spontaneous; no energy sources or protease-
sensitive membrane factors seem to be required (Michl et
al., 1994; Lorkovic et al., 1995). The second pathway shares
some features with protein translocation across the ER
membrane. A chloroplast homolog of the GTP-requiring
signal-recognition particle 54-kD subunit has been cloned
and sequenced from Arabidopsis thaliana (Franklin and
Hoffman, 1993), and its involvement in the thylakoid tar-
geting of the light-harvesting, chlorophyll-binding protein
has been demonstrated (Li et al., 1995). The third pathway
is homologous to the sec pathway in Escherichia coli. Re-
cently, chloroplast homologs of SecA (Nakai et al., 1994;
Yuan et al., 1994; Berghofer et al., 1995) and SecY (Laidler
et al., 1995) have been identified, and the involvement of
cpSecA in thylakoid protein translocation has been con-
firmed (Yuan et al., 1994). Transport of thylakoid proteins
by the sec-dependent pathway is inhibited by the action of
azide on SecA (Yuan et al., 1994). As a result, azide is used
diagnostically in chloroplast import studies to identify pro-
teins that are translocated by this pathway (Knott and
Robinson, 1994). Proteins known to be transported in an
azide-sensitive manner include OE33, plastocyanin, and
PSI-3 (Cline et al., 1992; Karnauchov et al., 1994; Knott and
Robinson, 1994; Yuan and Cline, 1994). As in E. coli, trans-
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location of these proteins has been demonstrated to require
ATP. In addition, a transmembrane pH gradient has been
shown to stimulate their transport (Cline et al., 1992).

The fourth pathway for thylakoid protein transport ap-
pears to be truly unique in that it is dependent only on a
transthylakoidal DpH, making it the only known energy-
requiring protein transport process that can drive translo-
cation in the absence of nucleotide triphosphates. Cline et
al. (1992) demonstrated that ATP-depleting enzymes, as
well as compounds such as valinomycin, which dissipate
the membrane potential, had no discernible effect on pro-
tein transport by this pathway. However, if the protono-
phore nigericin was used to collapse the DpH across the
thylakoid membrane, protein transport into the thylakoids
was abolished, even when ATP was included in the assay
medium. Because these experiments were conducted in
isolated thylakoids, an essential role for stromal factors in
translocation could also be eliminated. Additional experi-
ments have also demonstrated a requirement for the DpH
throughout the entire import process, thus excluding the
possibility that it is used only to unfold proteins or to
initiate transport (Brock et al., 1995). Four lumenal proteins
that use this pathway have been identified: OE17, OE23,
PSI-N, and PSII-T (Mould and Robinson, 1991; Cline et al.,
1992; Ikeuchi, 1992; Nielsen et al., 1994).

Competition experiments using overexpressed precursor
proteins from the DpH- and sec-dependent pathways re-
vealed that proteins from one pathway do not compete
with those from the other pathway during transport across
the thylakoid membrane (Cline et al., 1993). Thus, it has
been suggested that each pathway displays substrate spec-
ificity and possesses distinct components. A number of our
own experiments have led us to consider the possibility
that there might be shared components used by both path-
ways that had gone undetected in previous studies. To
address this question more completely, we examined the
effect of azide and nigericin on the thylakoid import of
OE17, a protein transported by the DpH-dependent path-
way. In these experiments we have detected the involve-
ment of an azide-sensitive factor that results in the matu-
ration, but not the compete transport, of this protein in the
presence of nigericin.

MATERIALS AND METHODS

Chloroplast Isolation and Preparation

Intact chloroplasts were isolated from 12- to 14-d-old pea
(Pisum sativum cv Progress 9) seedlings, as described by
Theg and Geske (1992). Chloroplasts were resuspended in
IB that contained 330 mm sorbitol and 50 mm K-Hepes, pH
8.0 (13 IB). Thylakoids were prepared from intact chloro-
plasts by osmotic lysis. Chloroplasts were pelleted, resus-
pended in 10 mm K-Hepes, pH 8.0, with 5 mm MgCl2 (lysis
buffer), and incubated on ice for 5 min. Membranes were
collected by pelleting at full speed in a microfuge for 5 min
at 4°C. These membranes were washed twice in lysis buffer
and their final concentration was adjusted to 1 mg/mL
chlorophyll. Stroma was prepared by lysing chloroplasts at
a high chlorophyll concentration with lysis buffer, incubat-

ing on ice for 5 min, pelleting the membranes at full speed
in a microfuge, and collecting the supernatant (stroma).
The stroma was then further centrifuged for 15 min at 4°C
in a microfuge and transferred to a new tube for use. Where
indicated, thylakoids were resuspended at 1 mg/mL chlo-
rophyll in this stromal extract.

Protein Import Reaction Conditions

Cloned genes for OE17 and OE23 were transcribed and
translated with [3H]Leu (NEN-DuPont) in vitro, as de-
scribed previously (Cline et al., 1992). A typical import
reaction was performed in a volume of 60 mL and con-
tained approximately 500,000 dpm of 3H-labeled precursor
protein, 5 mm MgCl2, 5 mm ATP, and 0.33 mg/mL chloro-
phyll in 13 IB. Import reactions were conducted at room
temperature in the light (150 mE m22 s21) for 30 min.
Protease treatment of chloroplast membranes was achieved
by the addition of 200 mg thermolysin/mL with 5 mm
CaCl2. After incubating for 15 min on ice, protease diges-
tion was terminated by washing the membranes twice in IB
with 25 mm EDTA. Samples not digested with protease
were treated similarly without the addition of thermolysin.
Unless otherwise noted, chloroplast import assays were
terminated by repurifying the chloroplasts through silicon
oil into 1.5 m PCA (Leheny and Theg, 1994). With the
exception of the experiment presented in Figure 9, experi-
ments performed with isolated thylakoids were terminated
by the addition of 1 mL of cold IB, followed by two washes.
The samples in Figure 1 were terminated by repurifying
the thylakoid membranes through silicon oil (a 50:50 [v/v]
mixture of Wacker AR20 and AR200 [Stauffer-Wacker Sil-
icones Corp., Adrian, MI]) into PCA. Reactions that con-
tained thylakoids with stroma were terminated by the ad-
dition of an equal volume of 23 sample buffer (0.125 m
Tris, pH 6.8, 0.4% SDS, 20% glycerol, and 10% b-
mercaptoethanol). Samples were separated on a 15% acryl-
amide gel and visualized by fluorography. Quantitation of
fluorograms for Figure 8 was performed by densitometry
(Bio Image, Ann Arbor, MI), as described by Ettinger and
Theg (1991), with individual calibrations performed for
each fluorogram.

Preincubation of Chloroplasts with Inhibitors and
ATP-Regenerating Compounds

Where indicated, chloroplasts or thylakoids were prein-
cubated at 1 mg/mL chlorophyll for 10 min on ice with 6
mm nigericin (ethanolic stock), 30 mm sodium azide (aque-
ous stock), 15 mm CCCP (ethanolic stock), or an equivalent
volume of water or ethanol. In the experiment presented in
Figure 8, 1 mm PMSF was included in the chloroplast
preincubation reactions. In the experiment presented in
Figure 7, chloroplasts were preincubated with 3 mm OAA
and 3 mm DHAP or an equivalent volume of IB for 10 min
on ice in the dark.

9-Aminoacridine Measurements

Measurements of the thylakoid DpH presented in Figure
3 were made using the method described by Schuldiner et
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al. (1972). 9-Aminoacridine was purchased from Sigma,
and its fluorescence and the quenching thereof, in response
to DpH-generating illumination of isolated thylakoids, was
measured in an AB-2 fluorometer (SLM-Aminco, Roches-
ter, NY).

RESULTS

The import of OE17 into thylakoids has been shown to
occur via the DpH-dependent pathway, thus making its
translocation sensitive to protonophores that collapse
transmembrane pH gradients (Cline et al., 1992; Klosgen et
al., 1992). Figure 1 shows the import of OE17 into intact
chloroplasts in the presence and absence of azide and the
ionophores nigericin and CCCP. As expected, OE17 was
transported into the thylakoid lumen and processed to its
final, mature size in the presence or absence of azide, and
the inclusion of nigericin or CCCP resulted in the inhibition
of transport across the thylakoid membrane, as demon-
strated by the accumulation of the stromal intermediate.
We were surprised to discover, however, that when azide
was included with these uncouplers in the preincubation,
the amount of stromal intermediate appeared to decrease
with a corresponding increase in the abundance of mature-
sized protein. Inclusion of the electrogenic ionophore vali-
nomycin had no effect on these experiments (data not
shown). To our knowledge, this is the first demonstration
of a protein transported by the DpH-dependent pathway
that is processed in the apparent absence of a transmem-
brane pH gradient. Because the combined effect of azide
occurred equally well with nigericin and CCCP, we used
only nigericin in the subsequent experiments.

There are two simple explanations for the effect of azide
on OE17 maturation in the absence of a thylakoid pH
gradient. The first is that azide somehow inactivated, or at
least decreased, the efficacy of nigericin in collapsing the
DpH across the membrane. The second possibility is that
the combination of the two inhibitors lysed the thylakoids
and released the thylakoid-processing protease into the

stroma. These possibilities are addressed by the experi-
ments reported below.

Nigericin Is Still Active in the Presence of Azide

In the experiment presented in Figure 1, 2 mm nigericin
was used to dissipate the DpH across the thylakoid mem-
brane, a concentration in excess of that required to inhibit
OE17 transport (Mould and Robinson, 1991; Cline et al.,
1992). We considered the possibility that azide might ne-
cessitate the inclusion of a higher concentration of nigericin
to achieve the same result. Figure 2A demonstrates that
concentrations as high as 10 mm nigericin still resulted in
the maturation of OE17 when azide was present. To di-
rectly measure the membrane pH gradient in the presence
of these inhibitors, we used 9-aminoacridine, a self-
quenching indicator of the DpH, with the acidification of
the lumen manifested as a decrease in fluorescence (Schul-
diner et al., 1972). As shown by the trace of relative fluo-
rescence presented in Figure 2B, no pH gradient was
formed when the samples contained nigericin, regardless
of the presence of azide. Similar results were observed with
CCCP. This demonstrates that the OE17 maturation that
was observed in the presence of nigericin and azide (Fig. 1)
was not the result of the reestablishment of a DpH across
the thylakoid membrane. Measurements of the H1-
pumping activities of thylakoids (Dilley, 1970) indepen-
dently confirmed that a DpH was not formed when nigeri-
cin and azide were present together (data not shown). At
this time, we cannot explain why a smaller pH gradient
was established in the presence of azide alone relative to
the azide-free control.

The Combination of Nigericin and Azide Does Not Cause
Chloroplast Lysis

Although each inhibitor alone does not compromise thy-
lakoid membrane integrity, we investigated whether they
might result in vesicle lysis when present in combination,
thereby exposing the stromal intermediate to the thylakoid
processing peptidase located on the lumenal face of the
membrane (Kirwin et al., 1989). To address this question
we allowed the mature protein to accumulate in the lumen
before the addition of nigericin and azide. If these com-
pounds acted to release the processing protease from the
thylakoid vesicles, the mature protein should also be re-
leased and become accessible to exogenous protease. We
saw no decrease in the amount of mature-sized protein in
the presence of nigericin and azide after protease treatment
(Fig. 3D, lane 4) compared with the protected mature pro-
tein seen in the absence of this combination of inhibitors
(Fig. 3, A–C, lanes 4). Furthermore, the mature protein was
not precipitated from the supernatant after lysis of the
envelope membranes (Fig. 3D, lane 3) but, rather, pelleted
with the thylakoids (Fig. 3D, lane 2). These data indicate
that the thylakoids were not lysed by the combination of
azide and nigericin.

Figure 1. Azide restores OE17 processing in the presence of uncou-
plers. Where indicated, isolated intact chloroplasts were preincu-
bated with 30 mM azide, 15 mM CCCP, and 6 mM nigericin (or
equivalent volumes of water or ethanol) for 10 min in the dark on ice.
To start the reactions, the chloroplasts were added to the import
reaction mixture (final concentrations of inhibitors were 10 mM

azide, 5 mM CCCP, and 2 mM nigericin) and placed in light for 30
min. Reactions were terminated by centrifuging into PCA as de-
scribed in “Materials and Methods.” The standard (std) represents
20% of the prOE17 added to each reaction; the positions of the
precursor (p), intermediate (i), and mature (m) proteins are noted.
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mOE17 Formed in the Presence of Nigericin and
Azide Is in the Stroma

Having ruled out the more trivial explanations for the
appearance of mOE17 under our experimental conditions,
we asked whether this protein had been fully transported
into the thylakoid lumen. To this end, we conducted im-
port experiments for 30 min, followed by chloroplast frac-
tionation and thermolysin treatment of the thylakoids (Fig.
4). As expected, when inhibitors were absent from the
import assay, mOE17 fractionated with the thylakoids and
was protease resistant, confirming its location in the thy-
lakoid lumen (Fig. 4, A–C, lanes 4). Surprisingly, when the
sample that had been incubated with both nigericin and
azide was fractionated, the mOE17 was found to be soluble
in the stromal fraction (Fig. 4D, lane 2), rather than in the
thylakoid lumen (Fig. 4D, lane 4). A similar appearance of
mOE17 in the stroma was previously noted when the tar-
geting sequence had been replaced by that for the precur-
sor of OE33, and was attributed to inefficient and aberrant
targeting of an artificial chimeric protein (Clausmeyer et
al., 1993; Henry et al., 1994). However, our experiments
were performed with authentic prOE17, and so this cannot
be the explanation for our observations.

The results of the experiment shown in Figure 4 sug-
gested two possibilities for the mechanism by which OE17
is processed to the mature size in the presence of nigericin
and azide. First, it is possible that iOE17 was cleaved by an
uncharacterized stromal protease, and did not engage the
thylakoid-targeting apparatus. Alternatively, some portion
of the protein may have actually crossed the thylakoid
membrane far enough to be processed by the lumenal-

processing protease, but then slipped out of the transport
pore back into the stroma. In either case, this activity was
manifested only in the presence of both azide and uncou-
pler. In the reactions containing azide alone (no uncou-
pler), a significant fraction of the mature polypeptide also
fractionated with the stroma (Fig. 4B, lane 2). These results
suggest that azide plays a previously undetected role in
either OE17 processing or transport.

Stromal Proteases Do Not Appear to Be Responsible for
the Generation of mOE17 That Accumulates in the
Presence of Nigericin and Azide

There are several proteases present in the stroma that
have been shown to digest imported proteins (Musgrove et
al., 1989; Lindahl et al., 1996). We explored the possibility
that azide might favor a nonnative conformation of iOE17,
which would make it more susceptible to these proteases,
thereby leading to a mature-sized proteolytic product. This
postulate suggests that, although stromal factors are
thought not to be involved in OE17 transport (Cline et al.,
1992), iOE17 may in fact be complexed with another com-
ponent, such as a stromal chaperone.

Hsp70 chaperones have been identified as components of
the chloroplast envelope machinery (Marshall et al., 1990;
Ko et al., 1992; Wu et al., 1994) and as soluble factors in the
stroma (Marshall and Keegstra, 1992). Presumably, these
chaperones bind to polypeptides as they are being translo-
cated across the envelope membranes, perhaps to maintain
the proteins in a loosely folded conformation and to pre-
vent their premature folding. Upon complete translocation

Figure 2. A, Increasing concentrations of nigeri-
cin do not abolish OE17 processing in the pres-
ence of azide. Intact chloroplasts were preincu-
bated with 0, 6, 15, or 30 mM nigericin (always
with the same volume of ethanol) in the dark for
10 min on ice in the presence or absence of 30
mM azide (or an equivalent volume of water).
Chloroplasts were diluted 3-fold into the import
mixture to start the assay, and reactions were
allowed to continue for 30 min in the light. The
import assay was terminated and the samples
analyzed as described for Figure 1. The standard
(std) represents 20% of the precursor added to
each reaction; the positions of the precursor (p),
intermediate (i), and mature (m) proteins are
noted. B, Azide does not inactivate the uncou-
pling activity of nigericin. Isolated thylakoids
were preincubated with 6 mM nigericin (or an
equivalent volume of ethanol) and 30 mM azide
(or an equivalent volume of water) for 10 min on
ice in the dark. Thylakoids were then diluted
3-fold into import buffer containing 20 mM

methyl viologen and 3 mM MgCl2 to a concen-
tration of 20 mg/mL. 9-Aminoacridine (5 mM)
was added and the fluorescence was measured.
Saturating red actinic light was turned on and off
at 20 and 100 s; the shutter in front of the
measuring beam was briefly shut at 75 s to
determine if the sample chamber was light tight.
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of the protein, ATP would be expected to be hydrolyzed
and the chaperones released. The necessity for ATP hydro-
lysis by the chaperone suggests two possibilities for a
chaperone-mediated effect of azide on OE17 processing.
First, through its effect on the chloroplast coupling factor
(Murataliev et al., 1991), azide might restrict ATP synthesis
in the plastid, which could inhibit the release of the chap-
erone from the partially folded protein. Alternatively,
azide might bind to the hsp70 ATP-binding site directly,
again resulting in an extended interaction between the
chaperone and iOE17. In either case, maintenance of the
polypeptide in a loose conformation might result in the
exposure of a proteolytic site that is normally not accessible
to stromal proteases when the protein is tightly folded.

We tested the first of these postulates by including the
Calvin-Bensen cycle intermediates OAA and DHAP in our
reactions. These intermediates allow high stromal ATP
concentrations to be maintained independently of photo-
phosphorylation (see Olsen and Keegstra, 1992). Figure 5
demonstrates that the inclusion of these compounds had no
effect on the appearance of the mature-sized protein when
azide was included with nigericin (Fig. 5, compare lane 7
with lane 8). This suggests that azide does not act indirectly
in our experiments through an effect on stromal ATP con-
centrations. These data, however, do not exclude the pos-
sibility that azide occupies a chaperone ATP-binding site.

In an attempt to inhibit stromal proteases directly, im-
port reactions were performed with PMSF, a membrane-
permeable Ser protease inhibitor. Figure 6 shows that the
inclusion of PMSF in the import reactions did not result in
a decrease in the maturation of iOE17 in the presence of
azide and nigericin, indicating that this phenomenon is not
caused by a stromal Ser protease.

Figure 4. A, Reactions incubated in the absence of both inhibitors; B,
reactions incubated with azide alone; C, reactions incubated with
nigericin alone; and D, reactions incubated with both inhibitors.
Lanes 1, Intact chloroplasts; lanes 2, stromal fractions; lanes 3,
washed thylakoids; and lanes 4, protease-treated thylakoids. A 43
import reaction was initiated by the addition of 80 mg of chlorophyll
and a 30-min import reaction was conducted in the light. At this
time, one aliquot was removed and the sample was centrifuged
through silicon oil into PCA; these intact chloroplasts were run in
lanes 1. The remaining chloroplasts were pelleted for 30 s in a
microfuge, the supernatant was removed, and the chloroplasts were
resuspended in 0.5 volume of envelope lysis buffer containing 4 mg
of aprotinin, 4 mg of leupeptin, and 1 mM PMSF. To distinguish
between mOE17 bound to the lumenal face of the membrane and
proteins that were fully translocated, we protease treated one-half of
the thylakoids with thermolysin (lanes 4), whereas the other half was
mock-protease treated (lanes 3). The thylakoid fraction also con-
tained fragmented envelope membranes; thus, some prOE17 is seen
in the samples that are not protease treated (lanes 3). The standard
(std) represents 20% of the precursor added to each reaction; the
positions of the precursor (p), intermediate (i), and mature (m) pro-
teins are noted.

Figure 3. Import reactions were initiated by the addition of chloro-
plasts to 13 IB (final concentration in the reaction was 0.33 mg/mL
chlorophyll) containing radiolabeled prOE17, 5 mM MgCl2 and 5 mM

ATP. A, Reactions incubated in the absence of both inhibitors; B,
reactions incubated with azide alone; C, reactions incubated with
nigericin alone; and D, reactions incubated with both inhibitors.
Lanes 1, Intact chloroplasts; lanes 2, washed thylakoids (containing
contaminating envelope membranes); lanes 3, supernatant fraction
after envelope lysis of sample in lanes 2 containing stromal compo-
nents and envelope membranes; and lanes 4, protease-treated thy-
lakoids. The reactions were treated as in Figure 1. After this incuba-
tion, the samples were placed back in the light at 25°C for an
additional 15 min. The chloroplast envelopes in lanes 2 and 4 were
osmotically lysed in lysis buffer (see “Materials and Methods”) con-
taining 2 mM nigericin, whereas the samples in lanes 1 were main-
tained in isotonic buffer (13 IB with 2 mM nigericin). Reactions were
incubated on ice in the dark for 5 min. The osmoticum was then
restored to samples in lanes 2 and 4 with the addition of 23 IB
containing 2 mM nigericin (an equivalent volume of 13 IB with 2 mM

nigericin was added to the samples in lanes 1). Samples in lanes 4
were protease treated with thermolysin (200 mg/mL with 5 mM

CaCl2); samples in lanes 1 and 2 received 5 mM CaCl2 only. After
inactivating thermolysin with the addition of 25 mM EDTA, mem-
branes were pelleted and the supernatant collected from the samples
in lanes 2. This supernatant was precipitated with 1.5 M PCA and
loaded in lane 3. The standard (std) represents 20% of the precursor
added to each reaction; the positions of the precursor (p) and mature
(m) proteins are noted.

Crossover between Thylakoid Protein Import Pathways 809



To test directly for involvement of a stromal protease in
OE17 maturation, we incubated the precursor in a concen-
trated stromal extract that had itself been preincubated
with azide and nigericin, and compared it with precursors
that had been incubated in chloroplast lysis buffer alone
(control). Figure 7A reveals that stromal extract did not
cause cleavage of the precursor to the mature size, regard-
less of whether inhibitors were present. This lack of pro-
cessing was not attributable to a general decline in stromal
enzymatic activity because the precursor was processed to

the intermediate form by the soluble stromal processing
protease. When thylakoid membranes were included in the
assay, however, maturation of the protein in the presence
of nigericin and azide was restored (Fig. 7B, lane 4). Fur-
thermore, processing in the presence of membranes was
found to be inhibited by HgCl2 (data not shown), a com-
pound that modifies thiol groups and is often used to
terminate protein transport across the thylakoid membrane
(Reed et al., 1990; Yuan and Cline, 1994). These results, in
conjunction with the fact that PMSF had no effect on OE17
maturation in the presence of azide and nigericin (Fig. 6),
suggest that a stromal protease is not responsible for the
mature-sized product generated in our experiments, and
that iOE17 may interact with the thylakoid membrane dur-
ing the cleavage event.

Role of a Stromal Factor in OE17 Maturation

Because thylakoid membranes appeared to be necessary
for maturation of OE17 in the presence of nigericin and
azide (Fig. 7B), we asked whether a membrane-bound pro-
tease, exposed on the stromal surface, might be responsible
for digesting the protein to a mature-sized proteolytic frag-
ment. To address this possibility, we performed import
experiments using isolated thylakoids that had been
washed several times to purify the membranes away from

Figure 6. Chloroplasts were preincubated with 1 mM PMSF (striped
bars) or an equivalent volume of isopropanol (open bars) in the
presence of nigericin (6 mM) and azide (30 mM) (or equivalent vol-
umes of ethanol and water) for 10 min on ice in the dark. These
chloroplasts were then diluted 3-fold into an import mixture contain-
ing 1 mM PMSF to initiate the protein-transport assay. Reactions
proceeded for 30 min in the light and were terminated by repurifying
the chloroplasts through silicon oil. Samples were separated by
SDS-PAGE, visualized by fluorography, and the fluorographs were
quantitated by densitometry. %IOD represents mOE17 as a fraction
of the total amount of radiolabeled protein found in the sample. The
data shown represent the average from three experiments.

Figure 5. Intact chloroplasts were preincubated with OAA/DHAP (3
mM), azide (30 mM), nigericin (6 mM), or equivalent volumes of 13 IB,
water, or ethanol, respectively, for 10 min on ice in the dark.
Reactions were initiated by the 3-fold dilution of chloroplasts into the
import mixture and continued for 30 min in the light. The assay was
terminated and samples were analyzed as described in Figure 1. The
standard (std) represents 20% of the precursor added to each reac-
tion; the positions of the precursor (p), intermediate (i), and mature
(m) proteins are noted.

Figure 7. A, Stromal extract does not process prOE17 to its mature
form. B, Thylakoid membranes are required for maturation. Lysis
buffer or concentrated stromal extract collected from the lysis of
chloroplasts at 6 mg chlorophyll/mL were preincubated with 6 mM

nigericin (or ethanol) and 30 mM azide (or water) for 10 min on ice
in the dark. These solutions were added to 13 IB containing radio-
labeled prOE17, 5 mM MgCl2, and 5 mM ATP, with no chloroplast
membranes (A) or in the presence of thylakoid membranes (B). The
samples were incubated in the light for 30 min and terminated by the
addition of 23 sample buffer without further purification. The stan-
dard (std) represents 20% of the precursor added to each reaction;
the positions of the precursor (p), intermediate (i), and mature (m)
proteins are noted.
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loosely bound stromal factors (Fig. 8). As expected, OE17
import was prevented when only nigericin was present
(Fig. 8, lane 3). However, in contrast to the situation found
in whole chloroplasts, the addition of azide to the
nigericin-treated samples did not result in maturation of
the precursor (Fig. 8, lane 4). This was also true if CCCP
was used in place of nigericin (data not shown). Thus, it
appears that a stromal-facing, membrane-bound protease
is not solely responsible for cleaving OE17 to a mature-
sized protein. Furthermore, this experiment suggests that a
stromal factor may be required for this process because
maturation was seen only when thylakoids were incubated
with additional stroma (Fig. 7B). Unfortunately, reconsti-
tution of azide-/nigericin-sensitive maturation of OE17 in
isolated thylakoids was not reliably reproducible, and
when achieved, occurred with low efficiency. This pre-
cluded our investigation of the effects of a broader range of
exogenously added protease inhibitors on this process, and
of a potential requirement for nucleotide triphosphate
hydrolysis.

OE23 Processing Is Not Affected by Azide in the
Absence of a DpH

To determine if the nigericin-/azide-dependent precur-
sor processing event is a general phenomenon, we carried
out chloroplast fractionation after import of OE23, another
polypeptide that uses the DpH-dependent pathway (Fig. 9).
We found that OE23 accumulated as a stromal intermedi-
ate in the absence of a pH gradient (Fig. 9C, lane 3), even
when azide was present (Fig. 9D, lane 3). Thus, it appears
that there is some difference between the mechanism of
OE17 and OE23 import that still allows the former, but not
the latter, to be processed under conditions in which its
complete translocation is inhibited.

DISCUSSION

We undertook the experiments presented here in an
effort to determine if there are common components used
by the DpH- and sec-dependent pathways that had previ-
ously gone undetected. Using nigericin to inhibit transport
by the DpH-dependent pathway, and azide to inhibit the
sec-dependent pathway, we have discovered what appears
to be a role for an azide-sensitive factor in the transport of
a protein that follows the DpH-dependent transport path-
way into the thylakoid lumen. Our initial data demon-
strated that the addition of azide to chloroplasts that could
not maintain a thylakoid transmembrane DpH resulted in
restoration of prOE17 processing to the mature-sized pro-
tein (Fig. 1). Direct measurements of the DpH under these
conditions indicated that the restoration of processing was
not simply the result of reduced efficacy of the protono-
phore in the presence of azide (Fig. 2B). Furthermore, we
showed that processing was not simply a result of induced
thylakoid lysis (Fig. 3).

Although azide restored OE17 processing in the absence
of a transmembrane pH gradient, we found that protein
targeting was still aberrant because the mOE17 protein
fractionated with the chloroplast stoma instead of with the
thylakoid lumen, its correct destination (Fig. 4). This azide-
induced mislocalization could also be observed to a lesser
extent when a DpH was present across the thylakoid mem-
brane, indicating that azide plays an inhibitory role in
OE17 import under conditions in which the primary trans-
location pathway for this substrate is still operative. In the

Figure 8. Intact chloroplasts (lanes 5–8) and washed thylakoids iso-
lated from intact chloroplasts (lanes 1–4) were preincubated for 10
min in the dark with 6 mM nigericin, 30 mM azide, or equivalent
volumes of ethanol and water. Reactions were initiated by the 3-fold
dilution of chloroplasts or thylakoids into the import mixture and
proceeded for 30 min in the light. Chloroplasts and thylakoids were
reisolated by centrifugation into PCA through Wacker AR200 and a
50:50 (v/v) ratio of Wacker AR20 and AR200 silicon oils, respec-
tively. The standard (std) represents 20% of the precursor added to
each reaction; the positions of the precursor (p), intermediate (i), and
mature (m) proteins are noted.

Figure 9. A, Reactions run in the absence of inhibitor; B, reactions
run in the presence of azide; C, reactions run in the presence of
nigericin; and D, reactions run in the presence of azide and nigericin.
Lanes 1, Intact chloroplasts; lanes 2, isolated thylakoids; lanes 3,
stromal fraction; lanes 4, mock protease-treated thylakoids; and lanes
5, protease-treated thylakoids. Intact chloroplasts were preincubated
with nigericin (6 mM) and azide (30 mM) (or equivalent volumes of
ethanol and water) for 10 min in the dark on ice. Import reactions
with precursor OE23 and subsequent fractionations were performed
as described in Figure 4, except that an aliquot of thylakoids was
removed before the protease treatment. The standard (std) represents
20% of the precursor added to each reaction; the positions of the
precursor (p), intermediate (i), and mature (m) proteins are noted.

Crossover between Thylakoid Protein Import Pathways 811



experiment presented in Figure 2B, we measured a smaller
pH gradient in the presence of azide relative to control
thylakoids. However, because the DpH generated under
these conditions was still well above levels required for
efficient transport via the DpH-dependent pathway (Brock
et al., 1995), it is unlikely that this lower pH gradient
accounts for the presence of mOE17 in the stroma.

Further characterization of the effect of azide in restoring
OE17 processing in the presence of protonophores sug-
gested the involvement of a stromal factor, since azide was
ineffective at restoring OE17 maturation when isolated
thylakoids had been purified away from stroma. This was
surprising because it has been amply demonstrated that
stromal factors are not required for efficient transport of
proteins into the thylakoid lumen via the DpH-dependent
pathway (Mould et al., 1991; Cline et al., 1992). We ex-
plored the possibility that this newly detected stromal
factor might be the actual protease that is responsible for
OE17 maturation. The membrane-permeable protease in-
hibitor PMSF had no effect on azide-induced restoration of
processing in nigericin-treated plastids (Fig. 6). Other pro-
tease inhibitors could not be investigated because we were
unable to consistently reconstitute this assay using washed
thylakoids and concentrated stroma. However, the fact that
we were unable to generate mOE17 by incubating it with
stromal extract in the absence of thylakoid membranes
(Fig. 7) makes it unlikely that the processing event is me-
diated by a soluble stromal protease.

We have also considered a model in which a stromal
factor maintains OE17 in a protease-sensitive conforma-
tion. In this view, a protease that is associated with the
stromal face of the thylakoid membrane would cleave
prOE17 polypeptides only in the presence of the azide-
sensitive stromal factor. A number of chaperones have
been identified in the stromal compartment (Hemmingsen
et al., 1988; Marshall and Keegstra, 1992; Moore and Keeg-
stra, 1993). Although we are unaware of any reports dem-
onstrating an association of OE17 with any of these stromal
chaperones, it is possible that trapping this substrate in the
stromal compartment by inactivating its normal thylakoid
translocation pathway could allow it to form an association
with chaperones that had gone previously undetected. The
azide effect observed in our experiments could be ex-
plained by an azide-dependent inhibition of ATP hydroly-
sis by the chaperone, which could result in a prolonged
chaperone-substrate interaction and an increased protease
susceptibility of the loosely folded substrate. It is notewor-
thy, however, that we were unable to detect an association
of OE17 with other components present in the stroma (E.A.
Leheny and S.M. Theg, unpublished results).

Our data suggest that the proteolytic processing activity
resides either within the thylakoids or on the external
thylakoid membrane surface because processing does not
occur during incubation of prOE17 with the stroma alone
(Fig. 7). Recently, a homolog of bacterial FtsH, an ATP-
dependent metalloprotease, has been cloned and its protein
product has been localized to the thylakoid membrane
(Lindahl et al., 1996). Might this integral membrane protein
be responsible for the processing of OE17 in our experi-
ments? In support of this notion, the deduced amino acid

sequence and topology of the plastid FtsH indicate that the
ATP- and Zn-binding sites required for proteolytic activity
of the related bacterial enzyme are both exposed to the
stromal compartment (Lindahl et al., 1996). However, azide
does not affect either proteolytic activity or in vitro ATP
hydrolysis in the bacterial FtsH homolog (Tomoyasu et al.,
1995). Furthermore, FtsH cleaves target proteins at many
sites (Tomoyasu et al., 1995), whereas the cleavage of OE17
that we observed in our experiments was specific, resulting
in mOE17. If the chloroplast FtsH protease is responsible
for this processing, one would have to hypothesize that a
stromal factor stimulates its activity in the presence of
azide, and that its specificity is such that degradation prod-
ucts are the same size as those created by the lumenal
thylakoid processing protease.

Although we cannot rule out the possibility that a non-
specific protease is responsible for the azide-/nigericin-
dependent maturation of OE17, we favor a third model,
which posits that this protein is partially translocated
across the membrane in the presence of azide and protono-
phores. Translocation of the amino-terminal portion would
allow processing by the thylakoid processing peptidase,
but in the absence of a DpH to complete translocation, the
transporting protein would then be released from the
translocation pore back into the stroma. A similar retro-
grade transport event has been invoked by Roberts et al.
(1991) to explain the presence of mature-sized ricin in the
stroma after its import into chloroplasts behind lumen-
directed transit peptides. Retrograde movement of par-
tially translocated precursors was also observed in mito-
chondria in the absence of the transmembrane potential
difference (Ungermann et al., 1996). This model is consis-
tent with all of our experiments, and is uniquely supported
by our observation that processing is sensitive to the trans-
location inhibitor HgCl2. We recognize, however, that
HgCl2 may also inhibit stromal or membrane-associated
proteases in addition to the transport machinery.

The involvement of an azide-sensitive stromal factor in
the maturation of OE17 in the presence of ionophores
suggests (although it does not prove) a role for cpSecA in
this process. Assuming that, as in bacterial SecA, cpSecA
undergoes repeated rounds of membrane insertion and
deinsertion (Economou and Wickner, 1994; Kim et al.,
1994), and that the deinsertion step is inhibited by azide
(Nishiyama et al., 1996), one can construct a reaction
scheme in which azide-bound cpSecA presents the amino
terminus of OE17 in the lumen in such a way as to allow
cleavage of the transit peptide. In the absence of the DpH
driving force, the protein would be unable to continue into
the lumen and would then slip back out into the stroma.

The postulate that SecA plays a role in the transport of
certain proteins that use the DpH-dependent pathway has
interesting implications. “Back-up” transport systems have
been identified for other translocation processes (Nunnari
and Walter, 1996; Schatz and Dobberstein, 1996), and our
data suggest the possibility of pathway redundancy in
chloroplast protein transport as well. In this respect, it is
interesting to note that two nuclear mutations in maize that
cause defective targeting to the thylakoid lumen have been
characterized (Voelker and Barkan, 1995). The first, hcf106,
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specifically affects proteins that are transported by the
DpH-dependent pathway, whereas the second, tha1, affects
proteins on the sec-dependent pathway. The phenotype
associated with these mutations is that proteins accumulate
as stromal intermediates because their transport into the
thylakoids is inhibited. The mutation in tha1 has recently
been identified as a null mutation of the SecA gene
(Voelker et al., 1997). In vivo data from tha1 indicate that a
certain fraction of the proteins transported by the sec-
dependent pathway are still correctly transported to the
lumen (Voelker and Barkan, 1995). This raises the possibil-
ity that some components of the different translocation
machineries may be redundant and called into use if the
pathway normally used by a protein is inhibited.

This view is further supported by the recent study of
Henry et al. (1997) in which a “dual-targeting” transit
peptide was constructed that was capable of directing pas-
senger proteins to either the sec- or DpH-dependent path-
ways. In these experiments, however, proteins normally on
the DpH-dependent pathway were found to be incompat-
ible with the sec pathway, such that dual-targeting OE17
was transported only on the former pathway. The experi-
ments presented here suggest that under some conditions
authentic prOE17 might traverse the sec pathway, albeit
inefficiently, suggesting that our understanding of the
structural requirements for pathway-specific targeting re-
mains incomplete.

At this time, we do not know the identity of the azide-
sensitive factor involved in the OE17 processing described
here, and the model involving cpSecA is speculative. It is
consistent, however, with both our observations and the
known mode of action of azide on the SecA cycle. Experi-
ments are currently under way to test predictions gener-
ated by this view. It will be interesting to determine if
thylakoid protein import will be another example of a
cellular protein translocation system that has developed
redundancies as a fail-safe mechanism for function.
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