Journal of Experimental Botany, Vol. 52, No. 354, pp. 57-66, January 2001

Journal of
Experimental
Botany

7V~

The effect of amino acid-modifying reagents on chloroplast
protein import and the formation of early import

intermediates

Paula E. Row' and John C. Gray?2

Department of Plant Sciences and Cambridge Centre for Molecular Recognition, University of Cambridge,

Downing Street, Cambridge CB2 3EA, UK

Received 14 April 2000; Accepted 6 September 2000

Abstract

In order to identify functionally important amino acid
residues in the chloroplast protein import machinery,
chloroplasts were preincubated with amino-acid-
modifying reagents and then allowed to import or
form early import intermediates with precursor
proteins. Incubation of chloroplasts with N-ethyl
maleimide, diethyl pyrocarbonate, phenylglyoxal,
4.,4’'-di-isothiocyanatostilbene 2,2'-disulphonic acid
(DIDS), dicyclohexylcarbodiimide (DCCD), and 1-ethyl-
3-dimethylaminopropylcarbodiimide (EDC) inhibited
both import and formation of early import intermed-
iates with precursor proteins by chloroplasts. This
suggests that one or more of the binding components
of the chloroplast protein import machinery contains
functionally important solvent-exposed cysteine,
histidine, arginine, and aspartate/glutamate residues,
as well as functionally important lysine and aspartate/
glutamate residues in a hydrophobic environment.

Key words: Chloroplast protein import, amino-acid-modifying
reagents, ferredoxin NADP " reductase, Rubisco small subunit,
phosphate translocator.

Introduction

Although chloroplasts are likely to contain several
thousand different proteins, fewer than one hundred of
these are encoded in the plastid genome. The rest are

nuclear-encoded and are synthesized as precursor
proteins on free cytosolic polysomes. Precursor proteins
are directed to the chloroplast by a transit sequence, an
N-terminal extension of varying length enriched in serine
and threonine residues and in the small hydrophobic
residues alanine and valine (Keegstra et al., 1989; de Boer
and Weisbeek, 1991). The net positive charge of the
transit sequence probably allows it to approach the
negatively charged chloroplast envelope electrostatically.
Once the transit sequence encounters the lipids of the
outer envelope, it folds into an amphipathic helix and
inserts into the membrane (van’t Hof and de Kruijff,
1995). Next, the transit sequence interacts with the
proteinaceous components of the chloroplast protein
import machinery.

For many years it was thought that the initial
interaction with the import machinery required energy
in the form of ATP, since attempts to isolate chloroplasts
with associated precursor after binding in the absence of
ATP failed (Cline et al., 1985; Friedman and Keegstra,
1989). It is now known that the initial interaction of the
transit sequence with the import apparatus is energy-
independent and reversible (Perry and Keegstra, 1994);
precursor proteins have been cross-linked specifically to
several components of the import machinery in the
absence of ATP or GTP, namely Tocl59 (formerly
Toc86; Perry and Keegstra, 1994; Schnell et al., 1997)
in concert with Toc75 (Ma et al., 1996) and Toc34
(Kouranov and Schnell, 1997) which form a multi-
subunit complex. If 100 uM ATP and GTP are added to
the reaction, the transit sequence binds irreversibly to the
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import machinery (Cline et al., 1985; Friedman and
Keegstra, 1989). At this stage, the precursor protein spans
the outer envelope and is in contact with Tocl59, Toc75
(thought to form a channel) as well as an Hsp70 (Com?70)
on the outer face of the outer envelope, an Hsp70 on
the inner face of the outer envelope, and two proteins
Tic20 and Tic22 of the inner envelope (Waegemann and
Soll, 1991; Hirsch et al., 1994; Kessler et al., 1994; Schnell
et al., 1994; Wu et al., 1994; Seedorf et al., 1995; Tranel
et al., 1995; Ma et al., 1996; Kouranov and Schnell, 1997;
Kouranov et al., 1998). Tocl59 and Toc75 are thought
to hydrolyse GTP to present precursor proteins to the
import channel. This stage is now referred to as an early
import intermediate.

Translocation across the inner envelope requires ATP
hydrolysis in the stroma (Theg et al., 1989) and involves
Ticl10 (Schnell et al., 1994; Wu et al., 1994; Lubeck et al.,
1996), Tic20 and Tic22 (Ma et al., 1996; Kouranov and
Schnell, 1997; Kouranov et al., 1998), perhaps Tic55
(Caliebe et al., 1997) and two stromal chaperones which
can be immunoprecipitated with Tic110, namely Cpn60
(Kessler and Blobel, 1996) and the chloroplast ClpC
homologue (Nielsen et al., 1997). Once inside the stroma,
the transit sequence is cleaved off by the stromal pro-
cessing peptidase (vanderVere et al., 1995). Chloroplast
protein import has been the subject of several excellent
reviews recently (Cline, 2000; Chen and Schnell, 1999).

The aim of the work in this paper was to identify
amino acid residues in the proteinaceous components of
the import machinery, which are involved in the recogni-
tion of the transit sequences of chloroplast precursor
proteins. This involved the use of amino-acid-modifying
reagents (Eyzaguirre, 1987; Imoto and Yamada, 1989)
which, under appropriate pH conditions, modify a specific
type of amino acid residue by the covalent attachment
of a chemical group. Only a subset of the commonly
occurring amino acid residues are attacked by amino-
acid-modifying reagents; these are the charged and
uncharged polar amino acid residues which by virtue of
their chemical reactivity play a central role in molecular
recognition processes.

There are already some reports in the literature
detailing the use of amino-acid-modifying reagents to
implicate certain amino acids in the process of chloroplast
protein import. In the first of these, pretreatment of
chloroplasts with the sulphydryl reagent N-ethyl male-
imide (NEM) reduced the ability of the chloroplasts to
form an early import intermediate with the precursor
of the small subunit of Rubisco, pSSu (Friedman and
Keegstra, 1989). Scatchard analysis revealed that pre-
incubation of the chloroplasts with NEM decreased the
affinity of the binding site for pSSu (the Ky increased
from approximately 8 nM to 19.2 nM) although the
number of binding sites remained constant at approx-
imately 2800 binding sites per chloroplast. Similarly,

preincubation of chloroplasts with 4,4’-di-isothio-
cyanatostilbene 2,2’'-disulphonic acid (DIDS, a lysine
reagent) inhibited the subsequent import of pSSu into
chloroplasts, with an Iso of 3 uM (Fligge et al., 1991).
In addition, treatment of chloroplasts with diethylpyro-
carbonate (which usually modifies histidine residues)
inhibited the import of pSSu into chloroplasts, but did
not affect the formation of early import intermediates
(Caliebe et al., 1997). The DEPC probably modified the
Rieske-type iron-sulphur cluster of Tic55 which copurifies
with a translocation intermediate containing Tocl59,
Toc75, Toc34, and Ticl10 (Caliebe et al., 1997).

In this study, chloroplasts were incubated with a range
of amino-acid-modifying reagents, washed to remove
excess reagent (to prevent modification of the precursor
proteins by the reagents) and tested for their ability to
import precursor proteins or form early import inter-
mediates. Early import intermediates were formed by
limiting the stromal ATP concentration below the level
required for protein translocation. This was achieved
by incubating the chloroplasts with nigericin to inhibit
photophosphorylation (Grossman et al., 1980a; Cline
et al., 1985) and carrying out the reactions at 4 °C
(Grossman et al., 1980b; Friedman and Keegstra, 1989)
which prevents the uptake of ATP into the stroma
(Leheny and Theg, 1994). The energy requirement for the
formation of the early import intermediate was satisfied
by the addition of 100 uM ATP to the reactions. In some
cases, additional assays were carried out in which
chloroplasts with associated early import intermediates
were incubated in the presence of 5 mM ATP in order to
chase precursor proteins along the import pathway into
the chloroplasts. In this way, it was possible to separate
the effect of the amino acid modifying reagent on
association of the precursor protein with the import
machinery from any effect on non-specific binding of the
precursor to other components of the chloroplast outer
envelope.

Most of the experiments described in this paper were
carried out using pSSu or the precursor of ferredoxin-
NADP* reductase (pFNR). These precursors were chosen
since their transcription and translation in vitro and their
import into chloroplasts are very efficient.

Materials and methods

Synthesis of precursor proteins in vitro

Bacterial plasmids for the synthesis of precursor proteins in
radiolabelled form have been described previously. Plasmid
pSMS64 encodes pea pSSu (Anderson and Smith, 1986),
plasmid pPPT.8 encodes pea pPT (Knight and Gray, 1995)
and plasmid pFNR 1.4 encodes pea pFNR (Newman and Gray,
1988). Plasmids were transcribed using SP6 polymerase and the
RNA was translated in a wheat germ extract in the presence of
[*°S] methionine (Amersham) to yield the precursor protein in
radiolabelled form exactly as described previously (Knight and



Gray, 1995). ATP was removed from translation mix containing
radiolabelled pSSu by passing it through a Sephadex G-25
(Pharmacia) spun column, as described previously (Olsen et al.,
1989).

Isolation of chloroplasts and treatment with inhibitors

Chloroplasts were isolated from peas (Pisum sativum L. cv.
Feltham First) which had been sown in Levington compost
(Fisons) and grown for 7-10 d in a greenhouse with an
ambient temperature of 15 °C to 25 °C with supplementary
artificial lighting providing a PAR of 150 pmol photons
m - s over a 16h photoperiod (Kirwin et al., 1989).
Chlorophyll determination was carried out by measuring Ags;
(Arnon, 1949).

Treatment of chloroplasts with amino-acid-modifying reagents
was as follows. For import assays, chloroplasts containing
40 pg chlorophyll were incubated in the presence of various
concentrations of amino-acid-modifying reagent in 330 mM
sorbitol, 50 mM HEPES-KOH at either pH 7.0 or pH 8.0
(depending on the incubation pH for the reagent in question)
in a total volume of 200 pl. Chloroplasts which were destined
to form early import intermediates were incubated with amino-
acid-modifying reagents in the presence of 400 nM nigericin
and 330 mM sorbitol, 50 mM HEPES-KOH pH 7.0 or 8.0.
The chloroplasts were incubated with varying concentrations
of amino-acid-modifying reagent at 25 °C under room lights
for 30 min with occasional mixing. Intact chloroplasts were
reisolated as described previously (Knight and Gray, 1995),
resuspended in 100 pl 330 mM sorbitol, 25 mM HEPES-KOH
pH 8.0 and added to either an import assay or an assay for the
formation of early import intermediates.

Chloroplast protein import assays

The assay for chloroplast protein import was carried out as
described earlier (Knight and Gray, 1995). Chloroplasts (40 pg
chlorophyll, which had been incubated with amino-acid-
modifying reagent and reisolated) were incubated with 10 pl
translation mix containing radiolabelled precursor protein in the
presence of 5 mM ATP, 1 mM methionine, 330 mM sorbitol
and 25 mM HEPES-KOH pH 8.0 in a total volume of 150 pl at
25 °C for 30 min under room lights. The chloroplasts were
treated with 100 pg ml~" thermolysin, 3 mM CaCl, on ice for
30 min to degrade precursor proteins which had not been
imported. The thermolysin reaction was stopped with 5 mM
EDTA and the chloroplasts were reisolated and subjected to
SDS-PAGE.

Chloroplast early import intermediates were prepared in
microfuge tubes which had been siliconized by dipping them in
a 2% solution of dimethyldichlorosilane in 1,1,1-trichloroethane
(BDH Ltd., Poole, Dorset) and allowing them to dry in a fume
hood for approximately 1 h. Chloroplasts were incubated with
10 pl translation mix containing **S-labelled precursor protein
in the presence of 100 uM ATP, 400 nM nigericin, 1 mM
methionine, 330 mM sorbitol and 25 mM HEPES-KOH pH 8.0
in a total volume of 150 pl, on ice for 30 min. Intact chloroplasts
were reisolated as described earlier (Knight and Gray, 1995).

To chase early import intermediates into chloroplasts, pellets
of chloroplasts with precursor proteins bound as early import
intermediates were resuspendedin 5 mM ATP, 1 mM methionine,
330 mM sorbitol, and 25 mM HEPES-KOH pH 8.0 in a volume
of 150 ul. The samples were incubated at 25 °C under room
lights for 15 min and intact chloroplasts were reisolated.
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Electrophoresis and quantification
Chloroplast assays were analysed on an equal chlorophyll basis
by SDS-PAGE through a stacking gel containing 5% acryl-
amide and a resolving gel containing either 12% or 15%
acrylamide (Laemmli, 1970). Following electrophoresis, the gels
were soaked in boiling 5% trichloroacetic acid for 5 min to
hydrolyse methionyl-tRNA. The gels were rinsed in water,
stained in 0.0025% (w/v) Coomassie Brilliant Blue R-250, 10%
(v/v) ethanol and 5% (v/v) acetic acid for 1 h and scanned with
a Molecular Dynamics 300S laser scanning densitometer to
check that equivalent amounts of each sample had been loaded.
The gels were neutralized in 2 M TRIS (unbuffered) for 5 min
and subjected to fluorography by soaking for 30 min in Amplify
(Amersham International). The gels were dried onto filter paper
and exposed against Fuji RX film at —80 °C. The bands on the
fluorograms corresponding to bound or imported precursor
proteins were scanned with a Molecular Dynamics 300S laser
scanning densitometer and quantified using volume integration.
The percentage import remaining after treatment with a given
concentration of amino-acid-modifying reagent was calculated
by expressing the density of the band of imported protein in that
sample as a percentage of the density of the band in the control.
Subtraction of this value from 100 gave the percentage
inhibition of import in each sample. Values of Is, for the effect
of an amino-acid-modifying reagent on import of a precursor
protein into chloroplasts were calculated either from a graph of
[amino-acid-modifying reagent]/percentage inhibition of import
against [amino-acid-modifying reagent] (after Hanes, 1932),
from a direct linear plot (Eisenthal and Cornish-Bowden, 1974)
or from a graph of percentage inhibition of import against
[amino-acid-modifying reagent].

Results
Inhibition by N-ethyl maleimide

Preincubation of chloroplasts with 1 mM NEM has
already been shown to inhibit the formation of early
import intermediates of pSSu by reducing the affinity of
chloroplasts for pSSu (Friedman and Keegstra, 1989). In
order to test the effect of NEM on import of pSSu under
the experimental conditions used in this study, and to
determine the concentration of NEM which resulted in
half-maximal inhibition of import (the /5o for import),
chloroplasts were incubated with various concentrations
of NEM, reisolated and assayed for their ability to import
or form early import intermediates with pSSu (Fig. 1).
Preincubation of chloroplasts with increasing concentra-
tions of NEM inhibited the import of pSSu into the
chloroplasts (Fig. 1a) since the intensity of the band of
mature protease-protected SSu decreased after preincuba-
tion of chloroplasts with increasing concentrations of
NEM. The /5, for the inhibition of pSSu import by NEM
was 120 pM. Preincubation of the chloroplasts with
NEM also inhibited the formation of early import
intermediates of pSSu (Fig. 1b). Therefore at least one
component of the chloroplast protein import machinery
involved in the formation of early import intermediates of
pSSu contains a functionally important cysteine residue.
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Fig. 1. The effect of NEM on import and the formation of early import
intermediates with pSSu by isolated chloroplasts. Chloroplasts were
incubated with 0—-1 mM NEM at pH 7.0 and 25 °C for 30 min, in
duplicate. Intact chloroplasts were reisolated and washed to remove
excess NEM. Chloroplasts from one set of reactions were incubated
with [**S]-pSSu under (a) import conditions or (b) conditions which lead
to the formation of early import intermediates. Intact chloroplasts
were reisolated and analysed by SDS-PAGE and fluorography on an
equal-chlorophyll basis. MW, molecular weight markers; TL, translation
of pSSu. The concentration of NEM (mM) is given above the gel lanes.
The translation lane contains 1% of the translation added to the assays
and the other lanes contain approximately 22% (a) or 8% (b) of the
chloroplasts recovered from the assays. /sy values were calculated from
individual experiments. Duplicate experiments gave similar values.
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Fig. 2. The effect of NEM on import and formation of early import
intermediates with pFNR by isolated chloroplasts.Chloroplasts were
incubated with 0-1 mM NEM at pH 7.0 and 25 °C for 30 min, in
triplicate. Intact chloroplasts were reisolated and washed to remove
excess NEM. Chloroplasts were incubated with [*°S]-pFNR under either
(a) import conditions or (b) conditions which lead to the formation of
early import intermediates. Chloroplasts from the third set of reactions
were incubated with [*>S]-pFNR under conditions which lead to the
formation of early import intermediates, reisolated and incubated at
25 °Cin the presence of 5 mM ATP and 1| mM methionine for 30 min in
order to chase into the chloroplasts any pFNR which was bound to the
import machinery. All chloroplasts were reisolated and analysed by
SDS-PAGE and fluorography on an equal-chlorophyll basis. MW,
molecular weight markers; TL, translation of pFNR. The concentration
of NEM (mM) is given above the gel lanes. The translation lane contains
1% of the translation added to the assays and the other lanes contain
approximately 9% (a and b) or 14% (c) of the chloroplasts recovered
from the assays. Iso values were calculated from individual experiments.
Replicate experiments gave similar values.

In order to provide more evidence that NEM inhibits
the import and binding of precursor proteins by
chloroplasts and that chloroplast precursor proteins share
components of the import machinery which are involved
in the formation of early import intermediates (Perry
et al., 1991; Schnell et al., 1991), chloroplasts were incub-
ated with various concentrations of NEM, reisolated and
allowed to import or form early import intermediates
with pFNR. In a third set of reactions, chloroplasts with

associated pFNR early import intermediates were incub-
ated with 5 mM ATP in order to chase pFNR which was
bound to the import machinery into the chloroplasts. Any
pFNR which was bound non-specifically to other com-
ponents of the outer envelope should not be imported.
Thus it would be possible to differentiate between the
effect of NEM on association with the import machinery
and the effect of NEM (if any) on non-specific binding.
Preincubation of chloroplasts with NEM inhibited both
import of pFNR and the formation of early import inter-
mediates (Fig. 2a, b) without having any effect on the
non-specific binding of pFNR to chloroplasts (Fig. 2c).
The Isy for the inhibition of pFNR import by NEM,
100 uM, was similar to the sy for inhibition of pSSu
import into chloroplasts (120 uM).

Inhibition by DIDS

It has been shown that preincubation of chloroplasts
with the lysine reagent DIDS inhibits the import of pSSu
into the chloroplasts (Fliigge et al., 1991). To determine
whether DIDS inhibits the formation of early import
intermediates or the translocation of precursor proteins
into the chloroplast, chloroplasts were incubated with
various concentrations of DIDS and tested for their
ability to import or form early import intermediates with
pFNR. In addition, a third set of reactions was prepared
in which chloroplasts were incubated with various con-
centrations of DIDS, allowed to bind pFNR and then
incubated in the presence of 5 mM ATP so that any pFNR
which was bound to the import machinery would be
imported.

Preincubation of chloroplasts with increasing concen-
trations of DIDS inhibited the import of pFNR into
chloroplasts (Fig. 3a) with an Isy of 12 uM. This value
is not dissimilar to the Isy of 3 uM obtained for the
inhibition of pSSu import by DIDS (Fliigge et al., 1991).
Preincubation with DIDS also inhibited the formation of
early import intermediates of pFNR (Fig. 3b) with an I
of 34 uM (estimated by assuming that 200 uM DIDS had
reduced binding of pFNR to background levels). Since
this is higher than the /5, value for the effect of DIDS on
pFNR import, this suggests that DIDS might inhibit
translocation of pFNR as well as inhibiting the formation
of early import intermediates.

In order to address this possibility, chloroplasts were
incubated with various concentrations of DIDS, allowed
to form early import intermediates with pFNR, reisolated
and then incubated with 5 mM ATP. Any pFNR which
was bound to the import machinery should be chased
into the chloroplasts and processed to the mature form.
The amount of bound pFNR which was chased into the
chloroplasts decreased with increasing concentrations of
DIDS (Fig. 3c). The amount of bound pFNR which was
not imported and processed in the subsequent chase
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Fig. 3. The effect of DIDS on import and formation of early import
intermediates with pFNR by isolated chloroplasts. Chloroplasts were
incubated with 0-200 uM DIDS at pH 8.0 and 25 °C for 30 min in
triplicate. Intact chloroplasts were reisolated and washed to remove
excess DIDS. Chloroplasts were incubated with [*°S]-pFNR under either
(a) import conditions or (b) conditions which lead to the formation of
early import intermediates. Chloroplasts from the third set of reactions
were allowed to form early import intermediates of [*S}-pFNR,
reisolated and incubated at 25 °C in the presence of 5 mM ATP and
1 mM methionine for 30 min in order to chase into the chloroplasts any
pFNR which was bound to the import machinery. All chloroplasts were
reisolated and analysed by SDS-PAGE and fluorography on an equal-
chlorophyll basis. MW, molecular weight markers; TL, translation of
pFNR. The concentration of DIDS (uM) is given above the gel lanes.
The translation lane contains 1% of the translation added to the
assays and the other lanes contain approximately 10% (a), 9% (b) or 12%
(c) of the chloroplasts recovered from the assays. Is, values were
calculated from individual experiments. Replicate experiments gave
similar values.
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Fig. 4. The effect of phenylglyoxal on import and formation of early
import intermediates with pSSu by isolated chloroplasts. Chloroplasts
were incubated with 0-10 mM phenylglyoxal at pH 8.0 and 25 °C for
30 min, reisolated and allowed to (a) import or (b) form early import
intermediates with [**S]-pSSu. The chloroplasts were analysed by
SDS-PAGE and fluorography on an equal-chlorophyll basis. MW,
molecular weight markers; TL, translation of pSSu. The concentration
of phenylglyoxal (mM) is given above the gel lanes. The translation lane
contains 1% of the translation added to the assays and the other lanes
contain approximately 13% (a) or 9% (b) of the chloroplasts recovered
from the assays. I5, values were calculated from individual experiments.
Duplicate experiments gave similar values.

reaction appeared to increase with increasing DIDS
concentrations, however, suggesting that DIDS inhibited
translocation as well as formation of early import inter-
mediates with pFNR. The I5, for the effect of DIDS on
the chased binding of pFNR to chloroplasts (5 uM) was
not dissimilar to the Isy values of 12 uM for the effect
of DIDS on pFNR import and 3 uM for the inhibition
of pSSu import (Fliigge et al., 1991).
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Inhibition by phenylglyoxal

To establish whether a component of the chloroplast
protein import machinery contains a functionally import-
ant arginine residue, chloroplasts were incubated with
the arginine-specific reagent phenylglyoxal, reisolated
and tested for their ability to import or form early import
intermediates with pSSu. Although there are several
amino-acid-specific reagents which modify arginine res-
idues, phenylglyoxal was chosen since it has a higher
specificity and faster rate of reaction than the others
(Takahashi, 1968). Preincubation of chloroplasts with
phenylglyoxal concentrations of 5 and 10 mM inhibited
both import of pSSu and the formation of early import
intermediates with pSSu (Fig. 4) although no inhibition
was apparent with lower phenylglyoxal concentrations.
The 15, for the inhibition of import of pSSu was estimated
to be 4 mM. These results suggest that one or more com-
ponents of the import machinery involved in the forma-
tion of early import intermediates contains a functionally
important arginine residue.

Inhibition by diethylpyrocarbonate

The amino acid-modifying reagent diethylpyrocarbonate
(DEPC) reacts fairly specifically with histidine residues
at pH 7.0 although it can also carry out slower side reac-
tions with cysteine, lysine, arginine, tyrosine, and serine
residues and a-amino groups, as well as cross-linking
amine groups to the carboxyl groups of aspartate and
glutamate residues (Miles, 1977; Dominici et al., 1985).
DEPC at 1 mM has already been shown to inhibit the
import of pSSu into chloroplasts, but did not affect the
formation of early import intermediates (Caliebe et al.,
1997). In order to determine an Is, for the interaction of
DEPC with the import machinery, chloroplasts were
preincubated with varying concentrations of DEPC at pH
7.0, reisolated and washed and allowed to import pSSu.
As reported previously (Caliebe et al., 1997), DEPC
inhibited the import of pSSu into chloroplasts (Fig. 5).
The I5y for the inhibition of pSSu import by DEPC was
0.8 mM which is similar to the concentration used to
modify the histidine residues in purified 3,4-dihydro-
phenylalanine decarboxylase (Dominici ez al., 1985)
suggesting that DEPC inhibited import by modifying at
least one histidine residue, rather than by carrying out
side reactions. Chloroplasts which had been pretreated
with DEPC were also assayed for their ability to form
early import intermediates. In this case, early import inter-
mediates were formed by incubating chloroplasts at 25 °C
with 100 uM ATP, 400 nM nigericin and [**S]-pSSu
translation product which had been passed through
a Sephadex G-25 (Pharmacia) spun column in order to
remove ATP, as described earlier (Olsen et al., 1989).
pSSu bound to chloroplasts as an early import inter-
mediate if 100 uM ATP was added to the reaction, but
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Fig. 5. The effect of DEPC on import and formation of early import
intermediates with pSSu by isolated chloroplasts. Chloroplasts were
incubated with 0-10 mM DEPC at pH 7.0 and 25 °C for 30 min,
reisolated and allowed either to (a) import or (b) form import inter-
mediates with [>°S]-pSSu. In this case, import intermediates were
formed by incubating chloroplasts with 100 uM ATP, 400 nM nigericin
and [*S]-pSSu translation mix which had been passed through a
Sephadex G-25 spun column to remove the ATP, at 25 °C for 30 min.
Intact chloroplasts were reisolated and analysed by SDS-PAGE and
fluorography on an equal-chlorophyll basis. MW, molecular weight
markers; TL, translation of pSSu; G-25 TL, pSSu translation which
had been passed through a Sephadex G-25 spun column to remove the
ATP; 0 ATP, control lacking ATP. The concentration of DEPC is given
above the gel lanes. The translation lane contains 1% of the translation
added to the assay and the other lanes contain approximately 9% of the
chloroplasts recovered from the assays. Iso values were calculated from
individual experiments. Duplicate experiments gave similar values.
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Fig. 6. The effect of DEPC on import and formation of early import
intermediates with pFNR by isolated chloroplasts. Chloroplasts were
incubated with 0-1 mM DEPC at pH 7.0 and 25 °C for 30 min, in
triplicate. Intact chloroplasts were reisolated and washed to remove
excess DEPC. Chloroplasts were incubated with [*S}-pFNR under
either (a) import conditions or (b) conditions which lead to the
formation of early import intermediates. Chloroplasts from the third
set of reactions (c) were incubated with [**S]-pFNR under conditions
which lead to the formation of early import intermediates, reisolated and
incubated at 25 °C in the presence of 5 mM ATP and | mM methionine
for 30 min in order to chase into the chloroplasts any pFNR which was
bound to the import machinery. All chloroplasts were reisolated and
analysed by SDS-PAGE and fluorography on an equal-chlorophyll
basis. MW, molecular weight markers; TL, translation of pFNR.
The concentration of DEPC (mM) is given above the gel lanes. The
translation lane contains 1% of the translation added to the assays and
the other lanes contain approximately 10% (a), 11% (b) or 16% (c) of
the chloroplasts recovered from the assays. Is, values were calculated
from individual experiments. Replicate experiments gave similar values.

not in its absence. In contrast to the findings of Caliebe
et al. (Caliebe et al., 1997), preincubation of chloroplasts
with DEPC also inhibited the formation of early import
intermediates of pSSu (Fig. 5b). The reason for this
discrepancy is not clear. The I5y for the inhibition of the
formation of early import intermediates of pSSu by

pSSu pPT
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Fig. 7. The effect of DEPC on the simultaneous import of pPT and
pSSu. Chloroplasts were incubated with 0-1 mM DEPC at pH 7.0 and
25 °C for 30 min before being reisolated and washed to remove excess
DEPC. The chloroplasts were incubated with a mixture of [**S}-pPT and
[>°S]-pSSu translation products in a 10:1 ratio under import conditions.
The chloroplasts were analysed by SDS-PAGE and fluorography on an
equal-chlorophyll basis. MW, molecular weight markers; pSSu TL,
translation of pSSu; pPT TL, translation of pPT. The concentration of
DEPC (mM) is given above the gel lanes. The pSSu translation lane
contains 1% of the translation added to the import reactions whereas
the pPT translation lane contains 10% of the translation added to the
import reactions. The other gel lanes contain 7% of the chloroplasts
recovered from the import assays.

DEPC was 0.4 mM, which is not dissimilar to the value
for the inhibition of pSSu import by DEPC.

Preincubation of chloroplasts with various concen-
trations of DEPC also inhibited the import of pFNR
(Fig. 6a) and the formation of early import intermediates
of pFNR (Fig. 6b). I5 values for the inhibition of pFNR
import by DEPC and for inhibition of specific association
of pFNR with the import machinery (obtained by chasing
early import intermediates into the chloroplast, Fig. 6¢)
were both 0.3 mM which are similar to the values for the
effect of DEPC on pSSu import and binding.

Preincubation of chloroplasts with increasing concen-
trations of DEPC also inhibited the simultaneous import
of pSSu and the precursor of the phosphate trans-
locator (pPT) into chloroplasts (Fig. 7) with Isy values
of 0.25 mM and 0.22 mM, respectively. As well as
corroborating the findings in the previous two sections,
this also provides more evidence to suggest that different
precursor proteins are imported into chloroplasts via the
same import machinery. Taken together, these results all
suggest that there is a functionally important histidine
residue which is involved in the formation of early import
intermediates.

Inhibition by carbodiimides

Preincubation of chloroplasts with dicyclohexylcarbo-
diimide (DCCD; Arana and Vallejos, 1981) inhibited
the subsequent import of pSSu and the formation of early
import intermediates of pSSu (Fig. 8), suggesting that
a component of the chloroplast protein import machinery
involved in the binding of precursor proteins contains
a functionally important aspartate or glutamate residue
in a hydrophobic environment. The [I5, values were
approximately 100 uM.
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Fig. 8. The effect of DCCD on import and formation of early import
intermediates with pSSu by isolated chloroplasts. Chloroplasts were
incubated with 0-500 uM DCCD in the presence of 0.01% (v/v) ethanol
at pH 7.0 and 25 °C for 30 min, reisolated and incubated with [**S]-pSSu
under either (a) import conditions or (b) conditions which lead to the
formation of early import intermediates. The chloroplasts were analysed
by SDS-PAGE and fluorography on an equal-chlorophyll basis. MW,
molecular weight markers; TL, translation of pSSu. The concentration
of DCCD (uM) is given above the gel lanes. The translation lane
contains 1% of the translation added to the assays and the other lanes
contain approximately 18% (a) or 12% (b) of the chloroplasts recovered
from the assays. sy values were calculated from individual experiments.
Duplicate experiments gave similar values.
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Fig. 9. The effect of EDC on import and formation of early import
intermediates with pSSu by isolated chloroplasts. Chloroplasts were
incubated with 0-1 mM EDC at pH 7.0 and 25 °C for 30 min, reisolated
and incubated with [*°S]-pSSu under either (a) import conditions or
(b) conditions which lead to the formation of early import intermediates.
The chloroplasts were analysed by SDS-PAGE and fluorography on an
equal-chlorophyll basis. MW, molecular weight markers; TL, translation
of pSSu. The concentration of EDC (mM) is given above the gel lanes.
The translation lane contains 1% of the translation added to the assays
and the other lanes contain approximately 20% (a) or 8% (b) of the
chloroplasts recovered from the assays. /sy values were calculated from
individual experiments. Duplicate experiments gave similar values.

In order to determine whether the chloroplast
protein import machinery also contains a functionally-
important aspartate or glutamate residue in a hydrophilic
environment, chloroplasts were incubated with the water-
soluble carbodiimide 1-ethyl-3-dimethylaminopropyl-
carbodiimide (EDC) before being included in assays to
study the import or formation of early import inter-
mediates of pSSu. Modification reactions involving EDC
are usually carried out by incubating the protein to be
modified at 25 °C with approximately 0.1 M EDC in the
presence of 1 M amine (for instance glycine methyl ester)
at pH 4.75-5.0 (Carraway and Koshland, 1972). The
carbodiimide activates accessible carboxyl groups and the
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activated carboxyl groups then react with the amine to
yield amidated carboxyl groups and the urea derivative
of the carbodiimide. In the absence of an amine, the
activated carboxyl groups can be hydrolysed to regener-
ate free carboxyl groups. This reaction cannot be carried
out with chloroplasts, however, since a pH of 5.0 would
result in lysis of the chloroplasts. Instead the reaction was
carried out at pH 7.0. In addition, it was not possible to
add an amine to carry out the second part of the reaction
since 0.1 M glycine methyl ester lysed the chloroplasts
(data not shown).

Preincubation of chloroplasts with increasing concen-
trations of EDC inhibited the import of pSSu into the
chloroplasts (Fig. 9a) with an I5y, of 0.2 mM. EDC also
inhibited the formation of early import intermediates
of pSSu (Fig. 9b). The Isq value of 0.13 mM which was
estimated by assuming that 1 mM EDC inhibited the
binding of pSSu to background levels was similar to the
I5 value for the effect of EDC on import.

Identification of the amino acid residue which was
modified by EDC was not straightforward because the
reaction conditions were not those which are normally
used for modification of protein with EDC, and might
be expected to result in no net modification of the import
machinery, due to hydrolysis of the carboxyl group.
However, reaction of proteins with EDC at pH values
near 8.0 favours the formation of intramolecular cross-
links; the activated carboxyl formed by the EDC can react
with a basic residue nearby in the protein to form a cross-
link. The basic residue might be the lysine, arginine or
histidine residues which were implicated in the earlier
sections. Another possibility is that the EDC reacted with
the cysteine residue which was shown to be functionally
important for the import and binding of pSSu and pFNR
by studies with NEM, since EDC carries out side
reactions with cysteine residues in the absence of added
nucleophile (Carraway and Koshland, 1972).

Discussion

The results presented in this paper have shown that
both the import of precursor proteins and the formation
of early import intermediates were inhibited by pretreat-
ment of the chloroplasts with the cysteine reagent NEM,
the histidine reagent DEPC, the arginine reagent phenyl-
glyoxal, DIDS (which modifies lysine residues in a hydro-
phobic environment) and DCCD and EDC which react
with aspartate and glutamate residues in a hydrophobic
and hydrophilic environment, respectively.

The results with NEM confirm the previous finding
that NEM inhibits the formation of early import inter-
mediates with pSSu (Friedman and Keegstra, 1989).
These results have been extended to include pFNR.
This suggests that one or more functionally important
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cysteine residue(s) is involved in the formation of early
import intermediates of chloroplast precursor proteins
and consequently, in import. A functionally important
cysteine residue has been implicated by other experiments
which have been reported in the literature. Treatment
with dithiothreitol (DTT) and glutathione stimulated
import (Pilon et al., 1992). As reducing agents, DTT and
glutathione break disulphide bonds and reduce mer-
captides (e.g. S-Cu) which are often formed when intra-
cellular organelles are purified away from the reducing
environment of the cytosol. Conversely, the oxidizing
agent copper chloride inhibited the formation of an early
import intermediate and subsequent import of pSSu
(Seedorf and Soll, 1995). The inhibition was relieved by
DTT. The fact that NEM lowered the affinity of chloro-
plasts for pSSu without totally destroying the pSSu
binding site (Friedman and Keegstra, 1989) suggests
that addition of an ethyl group to a free sulphydryl of
a cysteine residue might cause steric hindrance of pre-
cursor protein binding. Since treatment of chloroplasts
with copper chloride led to the formation of a cross-
linked complex consisting of Tocl59, Toc34 and Toc75
(Seedorf and Soll, 1995), this suggests that the function-
ally important cysteine residues are present in one or
more of these components, which are known to constitute
the initial receptor and outer envelope insertion site
for chloroplast precursor proteins (Perry and Keegstra,
1994; Ma et al., 1996; Kouranov and Schnell, 1997).
DIDS has previously been shown to inhibit the import
of pSSu into chloroplasts suggesting that the import
machinery contains a functionally important lysine res-
idue. This study has been extended to show that DIDS
inhibits the formation of an early import intermediate
suggesting that the functionally important lysine residue
is in the initial receptor and or envelope insertion site.
Experiments with pFNR confirmed these findings.
DEPC has previously been shown to inhibit the
import of pSSu into chloroplasts (Caliebe ez al., 1997).
This suggested that a component of the import machinery
contained a functionally important histidine residue.
These findings have been extended to include pFNR
and pPT, providing more evidence that different pre-
cursors are imported via the same import machinery. In
these experiments, DEPC also inhibited the formation of
early import intermediates of pSSu and pFNR, although
this contradicts other findings (Caliebe et al., 1997) which
showed that treatment of chloroplasts with DEPC did
not affect the formation of early import intermediates of
pSSu. The reason for this discrepancy is not clear. It
may result from the different reaction conditions used to
treat the chloroplasts with DEPC: the chloroplasts were
incubated with varying concentrations of DEPC at
pH 7.0 and 25 °C for 30 min whereas Caliebe et al.
treated their chloroplasts with DEPC on ice for 10 min
at pH 7.6. Perhaps our experiments exhaustive DEPC

reaction conditions modified a histidine residue involved
in the formation of early import intermediates which was
not modified by the gentler reaction conditions of Caliebe
et al. Since the formation of early import inter-
mediates precedes translocation across the inner envelope,
an inhibition of the formation of early import inter-
mediates necessarily causes an inhibition of import.
Caliebe et al. saw a separate inhibition of translocation
across the inner envelope by forming early import
intermediates of pSSu, treating with DEPC, reisolating
the chloroplasts and chasing the pSSu into the chlor-
oplasts. These findings, and those of Caliebe et al. (Caliebe
et al., 1997), suggest that the protein import machinery
contains at least one functionally important histidine
residue.

The finding that EDC and DCCD inhibited import
and the formation of an early import intermediate of
pSSu suggests that a component of the initial receptor
and envelope insertion site contains functionally import-
ant aspartate or glutamate residue(s) in both hydrophilic
and hydrophobic environments. These carboxyl groups
might be involved in recognizing positively charged
residues in transit sequences. It has been shown that the
synthesis of pSSu (which normally contains two arginine
and two lysine residues in the transit sequence) with an
uncharged arginine analogue inhibited import by 60%,
whereas incorporation of an uncharged lysine analogue
inhibited import by 50% (Robinson and Ellis, 1985).
Similarly, synthesis of pea pLHCP (whose transit
sequence contains two lysine residues and an arginine
residue) with an uncharged lysine analogue completely
blocked import. Perhaps the arginine and lysine residues
in transit sequences interact with aspartate and glutamate
residues in the import machinery. An obvious candidate
for the component containing the functionally important
aspartate and glutamate residues is the import receptor
Toc159 and the newly discovered related import receptors
Toc132 and Toc120, which contain an extrachloroplastic
acidic domain with numerous aspartate and glutamate
residues (Bauer efr al., 2000). Site-directed mutagenesis
will be needed to investigate this further.

Experiments with diethylpyrocarbonate and phenyl-
glyoxal suggest that the import machinery also contains
functionally important histidine and arginine residues
involved in the formation of early import intermedi-
ates. These, together with the lysine residue implicated
by the DIDS studies, might complex with the aspartate
and glutamate residues when the import machinery is in
the resting state, as well as interacting with pho-
sphorylated serine and threonine residues of the transit
sequence (Waegemann and Soll, 1996). Again, site-directed
mutagenesis would further pinpoint these residues.

To summarize, the results in this paper suggest that
components of the chloroplast protein import machinery
involved in the formation of early import intermediates



contain at least one solvent exposed cysteine, histidine,
arginine, and aspartate/glutamate residue and a lysine
and aspartate/glutamate residue in a hydrophobic environ-
ment. It cannot be excluded, however, that these results
are a result of amino-acid modification of an outer
envelope protein which is required only indirectly for
import, perhaps for uptake of ATP into chloroplasts.
This is less likely for studies involving the formation of
early import intermediates than for chloroplast protein
import studies, however, since the energy which drives the
formation of early import intermediates is required in
the intermembrane space, and the outer envelope is
freely permeable to small molecules (Olsen and Keegstra,
1992).

The finding that import and formation of early import
intermediates of several different precursor proteins was
inhibited by the amino acid-modifying reagents used
provides more evidence that there is only one import
pathway into the chloroplast.
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