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Voorwoord

Voor u/ jou ligt het resultaat van vier jaar werk. Hoewel ik de afgelopen vier jaar
niet als werken heb ervaren. Ik heb vier jaar iets mogen doen, waar ik heel veel
plezier in heb gehad en ik kreeg er nog voor betaald ook. Mede verantwoordelijk voor
het plezier, dat ik heb gehad in het werken aan dit proefschrift zijn alle mensen van
het laboratorium voor / de leerstoelgroep Plantenfysiologie. Een aantal van deze
mensen verdienen het om hier persoonlijk genoemd te worden.

Ten eerste mijn begeleider en promotor Wim Vredenberg. Wim, jij bent tegen het
eind van je wetenschappelijke carrié;re aan een voor jou nieuw onderwerp begonnen,
dat slechts zijdelings met fotosynthese te maken heeft, namelijk eiwit import in
chloroplasten. De interesse die jij had in mijn onderzoek op dit gebied en jouw kijk op
elektrofysiologie hebben er zeker toe bijgedragen, dat ik met veel plezier onder jouw
begeleiding heb gewerkt. Vele tijd in het lab is besteed aan het zoeken naar oorzaken
van brom of ruis, hierbij kon ik altijd rekenen op de steun en hulp van Hans Dassen.
Hans, jij hebt altijd meegedacht over de volgende stap in mijn onderzoek en bijna aan
het eind van de rit zijn de experimenten, die jij drie jaar geleden al voorstelde alsnog
uitgevoerd. Ik hoop voor jou, dat er binnen de groep ooit weer eens wat belangstelling
zal komen voor clektrofysiologie. Als laatste van de elektrofysiologie groep verdient
mijn co-promotor Jan Snel een bedankje van mij voor zijn bijdragen aan de discussies
over mijn werk.

Uitvoering van mijn experimenten zou niet mogelijk geweest zijn zonder de
technische ondersteuning van Jan van Kreel. Jan, jij stond altijd klaar om iets
bijzonders voor me te maken of een technisch probleem op te lossen. Vanaf nu zul je

er zelf achter moeten komen, dat er een tl-buis in de kelder kapot is.




Een grote bijdrage aan mijn onderzoek heeft Jeroen Demmers geleverd. Behalve
dat je belangrijke experimenten voor mijn proefschrift hebt uitgevoerd, heb je ook een
belangrijke technische verbetering wat betreft het maken van elektroden ontdekt (twee
maal ‘fire-polishen’). Ik wens je veel succes bij je eigen promotie onderzoek.

Als laatste moet ik Saskia bedanken. Jij hebt je altijd erg geinteresseerd in wat
ik op het lab allemaal aan het doen was. Jou interesse heeft mij geholpen om mijn
onderzoek van een andere kant te bekijken. Niet alleen voor de inhoud van dit
proefschrift heb je veel belangstelling gehad, ook de eerste ideeén voor het ontwerp

van de voorkant komen van jou.
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Stellingen

1. Een anion kanaal van de chloroplast envelop is betrokken bij chloroplast ejwit
import.
Dit proefschrift (hoofdstuk 2)

2. Het functioneren van een specifick anion kanaal in de binnenmembraan van de
chloroplast envelop is essentieel voor chloroplast eiwit import.
Dit proefschrift (hoofdstuk 3)
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4. De verplichting voor een promovendus om ten minste zes verdedigbare stellingen
bij het proefschrift te voegen, zou tevens een verplichting voor de commissie in

moeten houden er ten minste één vraag over te stellen.

5. Een goede methode om de wetenschappelijke literatuur bij te houden is twee uur
per dag per trein te reizen.

6. Het voeren van een zogenaamd “zero tolerance” beleid tegen hanggroepjongeren

is een vorm van leeftijdsdiscriminatie.

Stellingen behorende bij het proefschrift “The electrophysiology of chloroplast
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Chapter 1

General Introduction



Chloroplasts

Plant cells contain organelles called plastids. Dependent on the tissue type
different plastid types are found. In green tissue chloroplasts are present. In these
plastids photosynthesis takes place. The chloroplast interior is separated from the
cytosol by two membranes, which form the envelope. The interior contains an internal
membrane, the thylakoid. The thylakoid membrane is the actual site of
photosynthesis. A schematic representation of the chloroplast is shown in Fig. 1. The
outer envelope membrane contains large pore like proteins, which allow the passage
of solutes with a molecular mass of less than approximately 10 kDa (1). The osmotic
barrier between the chloroplast interior (the stroma) and the cytosol is formed by the
inner envelope membrane. The intermembrane space between the two envelope
mernbranes remains an unexplored territory. No proteins are yet described to be
located in the intermembrane space. The physiological relevance of this compartment
is therefore unclear. This is in contrast to the situation in mitochondria, where proteins
in the intermembrane space were found to be essential for mitochondrial biogenesis
(2-4). The chloroplast stroma however contains different enzymes, as does the
thylakoid lumen (the space surrounded by the internal thylakoid membrane). In the
chloroplast stroma DNA is also found. This DNA encodes for a small number of the
proteins found in the chloroplast. To understand this semi-autonomous nature of the
organelle it is important to consider the evolutionary process that has led to its
existence. It is thought that an endosymbiotic event between an early eukaryotic cell
and a photosynthetic prokaryote was the first onset of the evolution of chloroplasts. In
the course of the evolution the majority of the original prokaryote genes were

transferred to the nuclear DNA. Along with this gene transfer, the necessity of an




efficient pathway to import the proteins, that were now nuclear encoded and

synthesised in the cytosol, arose.

Intermembrane space

Thylakoid membrane

Inner membrane

Outer membrane

Fig. 1 Schematic representation of a chloroplast

Chloroplast protein import

Chloroplast proteins that are nuclear encoded, and therefore have to be
translocated across the envelope, are synthesised as precursors with an N-terminal
extension, termed transit sequence. The transit sequence is both necessary and
sufficient for protein targeting to the chloroplast (5). After translocation into the
stroma the transit sequence is removed from the precursor by a specific peptidase (6).

The transit sequence consists of four distinct functional domains. The first domain is



important for the initial binding of the precursor to the chloroplast envelope. This
domain contains the extreme N-terminal amino acids of the transit sequence. The
second domain, corresponding to amino acids 15 to 25 in the precursor of ferredoxin,
is important in full translocation of the precursor. Initial recognition and binding is
however unaffected by deletions in this region. The third region, roughly containing
amino acids 26 to 38 is relatively unimportant for (ransit sequence functioning.
Deletions in this region do however affect the overall efficiency of impost. The last
region of the transit sequence plays a role in the final processing of the precursor (i.e.
the removal of the transit sequence by the stromal processing peptidase). (7)

The translocation of precursor proteins across the chloroplast envelope is an
energy-dependent process. The import of proteins into chloroplasts tilises ATP to
meet its energy demand (8). In contrast to the situation in mitochondria there is no
need for a proton-motive force in chloroplast protein import (9). The first step in
chlaroplast protein import is the binding of the precursor protein to the outer surface
of the organelle. This binding step was found to require ATP (10) or GTP (11, 12).
The site of utilisation of the NTP in the initial binding step is the intermembrane
space (11). The subsequent step in protein import is the translocation of the precursor
across the outer membrane. This step can only be driven by ATP, that is provided in
the intermembrane space {13). Translocation across the inner envelope membrane

requires ATP in the chloroplast stroma (9, 13).

The import machinery
It was shown that both chloroplast envelope membranes have independent protein
import machineries (13), termed Translocon of the Quter membrane of Chloroplasts

(Toc) and Translocon of the Inner membrane of Chloroplasts (Tic), respectively (14).




Several components of both translocons have been identified on a molecular level. A

model of protein import is shown in Fig, 2.

The import receptor on the outer surface of the chloroplast was identified as a 86
kDa protein of the outer membrane and termed Toc86 (15-17). Recently, however, it
has been found that Toc86 is a proteolytic fragment of a larger protein of 159 kDa
{18). Here the name Toc86 will be used, because only work is described where the
protein will be digested to the 86 kDa fragment. Toc86 was found to be a GTP
binding protein (12). Another GTP binding protein of the chloroplast outer membrane
was also found to be involved in protein import, Toc34 (12, 19). It is thought that
Toc86 and Toc34 cooperate in the initial binding of the precursor protein to the
chloroplast (20). Toc86 and Toc34 are thought to function in a larger multisubunit
complex in the chloroplast outer membrane (19, 21). The other constituent of this
complex is Toc75 (15, 17, 20). Toc75 has been proposed to be the protein conducting
channel of the translocon of the chloroplast outer membrane. It could be shown that
the reconstituted Toc75 has ion channel activity (22). Two Hsp70 homologues were
also shown to be part of the cuter membrane import machinery. Both are associated
with the outer membrane. One is facing the cytosol (23, 24) the other one is exposed
to the intermembrane space (17, 25).

The function of components involved in translocation of precursors across the
inner envelope membrane is less clear. First of all there is Tic22 (20), this protein is a
peripheral membrane protein of the inner membrane facing the intermembrane space
{26). It is thought to route the precursor protein to the translocation channel of the
inner membrane when it has inserted across the outer membrane. Another component
of the translocon of the inner membrane is Tic2( (20, 21). This protein is an integral

membrane protein of the inner membrane (26) of unknown function.



Fig. 2 Model for protein import into chloroplasts

A protein of 55 kDa containing a Rieske-type iron sulphur cluster was also proposed
to be part of the Tic complex (27). Finally a integral inner membrane protein of 110
kDa is part of the Tic complex (17, 28, 29). Tic110 contains a large hydrophilic part
that faces the chloroplast stroma and is therefore thought to function as a recruiting
site for stromal factors (30). Two soluble stromal chaperons are shown to be involved
in protein import. These proteins are cpn60 (31) and a Hsp100 homologue, ClpC (27,
29, 32). Both of these stromal proteins were shown to interact with Ticl 10.

It has been found that a small fraction of the Toc and Tic complexes are
preformed in the envelope in the absence of precursor (29, 32). This fraction was
shown to form a large Toc-Tic supercomplex, which contains all the components
described thusfar (26). Upon interaction with a precursor protein the remainder of the
Toc and Tic complexes are assembled. Translocation of the precursor across both the

outer and the inner membrane has been shown to occur simultaneously, as illustrated




by the finding that a precursor protein spans both envelope membranes while
translocating (33, 34). A role for chloraplast specific lipids in the outer membrane has
been suggested in the correct targeting of precursors to the chioroplast and in the
initial interaction with the outer surface (35-40). It has also been suggested that
interaction of the transit sequence with lipids induces the correct secondary structure
of the transit sequence for efficient import (41),

A homologue of Toc75 is alse found in the cyanobacterium Syrechocystis (42).
This homologue was shown to have comparable ion channel activity as the higher
plant Toc75 (18).These findings support the hypothesis that the chloroplast has
evolved from a photosynthetic prokaryote taken up by a primitive eukaryote. It also
shows that the protein import machinery used by the chloroplast is an adapted version

of a transport system already present in the prokaryotic ancestor.

The patch clamp technique and ion channels

The so called patch clamp technique allows the study of ion transport across a
biological membrane on the level of individual ion channels (43). The narrow tip of a
heat-polished glass pipette is pressed against a membrane surface. When subsequently
suction is applied to the pipette interior, a seal between the membrane and the glass is
formed, resulting in a very high electrical resistance (10-100 G€). The patch at the tip
of the pipette is now electrically isolated from the rest of the membrane and can be
voltage clamped. Due to the high resistance the leak current becomes of the same
order of magnitude as currents passing through individual ion channels. This
configuration is called cell attached patch (CAP, Fig. 3). When the pipette is moved
away from the cell, the patch is separated from the rest of the membrane, resulting in

an inside out patch (I0P). When additional suction or a short electrical pulse is




applied to the pipette interior in the CAP, the membrane patch is ruptured. The
configuration obtained by this procedure is termed whole cell (WC) configuration. In
the WC configuration the entire membrane is voltage clamped and the measured
currents are the result of the action of the different ion transporters present in the
membrane. The WC configuration is also the starting point of the fourth possible
patch clamp configuration. Moving the pipette away from the cell in the WC
configuration results in the isolation of the ruptured patch from the membrane. This
causes a spontaneous fusion of the remaining membranes on the outside of the pipelte,
resulting in a new paich, called an outside out patch (OOP). The experiments
described in this thesis mainly make use of the IOP configuration; a limited number of
experiments were performed in the CAP configuration. Three of these four
configurations (CAP, IOP, and OOP) allow the current passing through single ion
channels to be measured directly.

d cap T * I0P
@)

.

OOP

Fig. 3 Different patch clamp configurations




Ion channels are membrane protein structures that allow the passage of ions at
rates in the range between 10° and 10 s”'. The transport is not directly coupled to the
input of free energy, i.e. the transport is ‘passive’. These properties suggest a simple
view of ions diffusing through a pore in the membrane. Ton channels do however
show a certain degree of selectivity. This means that a particular ion channel only
allows the passage of one particular jon or a class of ions, e.g. K™ or anions.
Selectivity impiies, that the channel must contain sites for recognition of the
permeating ion, proving the view of a diffusion pore to be too simple. Selectivity for a
particular ion varies greatly among different channels. Some channels show a very
strict selectivity for one ion, while others hardly show any selectivity at all. Ion
selectivity can be used as a characteristic to describe an ion channel.

Another obvious characteristic to describe channels is their conductance. Given
the jonic conditions, the conductance of a channel is considered to be fixed. Some ion
channels show multiple conductance levels between the non-conducting and the
maximum conductance level. Such levels are called sub-conductance levels. A third
characteristic of ion channels is their kinetic behaviour. Channels can switch from the
closed (non-conducting) to the open (conducting) state almost instantaneously (in a
time well below the resolution of the patch clamp technique). After opening or closing
the channel can reside in the open or closed state for a limited amount of time. The
mechanism of opening and closing of ion channels is called channel gating. Gating
can be affected by ligands or by changes in membrane potential.

Ton channels are found in the plasma membranes of cells of all kinds of
organisms, such as bacteria (e.g. 44), animais (e.g. 43), and plants (e.g. 45).
Furthermore ion channels are observed in membranes of organelles such as

mitochondria (e.g. 46), vacuoles (e.g. 47), and chloroplasts (e.g. 48). The




omnipresence of ion channels suggests that they have evolved early in evolution. This

illustrates the importance of jon channels for living cells.

Ion channels of the chloroplast envelope

The outer envelope membrane of the chloroplast has been found to contain pore
forming activity. This activity can be partly ascribed to a porin like channel of large
conductance found in this membrane (1). The single channel conductance of this
channel (in 100 mM KCl) was found to be 720 pS. Two other large conductance
channels are also described to be present in the chloroplast outer envelope, showing
conductances of 520 and 1020 pS, respectively (4%, 50). Both of these channels are
slightly cation selective. The 520 pS channel was suggested to be related to the
Voltage Dependent Anion Channel found in the mitochondrial outer membrane (51).
Recently a general solute channel of high conductance was found in the outer
chloroplast envelope membrane (52). This channel is also slightly cation selective
and it is likely to represent the porin activity found in the outer membrane. Besides
this general solute channel highly specialised channels are also present in the outer
envelope membrane. One example is Toc75, which is considered to be the protein
translocating channel (22). Another specialised channel is a high conductance channel
that is very selective for the passage of amino acids (53).

A high conductance (~500 pS) channel was also described to be present in the
inner envelope membrane of chloroplasts (50, 54). This channel was shown to be
anion selective and strongly voltage dependent. Under physiological conditions the
channel is thought to be closed, which is consistent with the permeability barrier
function of the inner envelope membrane. An anion channel of smaller conductance

{~60 pS) has also been found in the inner membrane (50). The exact function of this




channel is presently not clear. It was also shown that two translocators present in the
chloroplast inner envelope membrane can function as ion channels. First of ali the
triose phosphate / phosphate translocator was shown to have anion channel] activity
(55). The second translocator that was shown to have ion channel activity is the 2-
oxoglutarate / malate translocator (50).The physiological relevance for this
translocator ion channel activity remains unclear. A K*-selective channel with a single
channe] conductance of approximately 100 pS is also observed in the inner membrane
(50, 56-58). This channel is thought to function in the H" / K* counterflux across the
envelope, which is important in the regulation of the stromal pH and photosynthesis.
Indirect evidence has been provided for the existence of a Ca**-selective ion channel

in the inner envelope membrane (59).

Scope of this thesis

The study described in this thesis was aimed at identifying and understanding the
electrophysiological response of the chloroplast envelope during protein import. For
this purpose the patch clamp technique was used. Advantage was taken of the known
import characteristics of different deletion mutants of the precursor protein of
ferredoxin (7).

Chapter 2 describes the identification of a anion channel of the inner membrane,
that is involved in chloroplast protein import. The channel 15 inactivated by the
addition of a precursor protein. The inactivation is shown to be dependent on the
availability of ATP and the presence of a functional transit sequence.

In chapter 3 the intermediate step in protein import that leads to the inactivation
of the channel described in chapter 2 is uncavelled. The channel has been named

Protein Import Related Anion Channel (PIRAC). The possible involvement of stromal

11



factors in channel gating is investigated. Finally this chapter describes the correlation
between anion channel activity and protein import by using the anton channel blocker
DIDS. 1t is found that the particular channel described is inactivated upon association
of the translocating precursor with Tic. Stromal factors were found to be not involved
in channel gating or in channel inactivation during protein import. Blocking the
channel with the anion chanael blocker DIDS causes an inhibition of in vitre protein
import.

The experiments described in chapter 4 were aimed at investigating the
mechanism of channel inactivation during protein import. Precursor protein induced
channel inactivation was found to be caused by the induction of a long lived closed
state of the channel. It is found that there is a direct interaction between the precursor
protein and the channel. Furthermore the ability of the precursor to another
chloroplast protein (the small subunit of Rubisce) was shown to induce an
inactivation of PIRAC identical to the inactivation induced by preferredoxin.

In chapter 5 some gating characteristics of the channel are described. Furthermore
a possible association of the channel with Tic is investigated using antibodies to a
known component of Tic. A first approximation of the pore size of the channel, using
the gating characteristics, reveals that the channel dimensions are comparable to the
dimensions of the protein conducting channel of the outer envelope membrane. The
channel is found to be associated with Tic, based on the ability of antibodies to
Tic110 to irreversibly inactivate the channel,

Finally in chapter 6 the characteristics of the channel will be discussed in relation
to protein import, Possible roles of this channel in protein transiocation will be

discussed in view of the experimental evidence provided in the preceding chapters.
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Chapter 2

A 50 pS anion channel of the chloroplast envelope is

involved in chloroplast protein import
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ABSTRACT

Single channel recordings were used to investigate the changes on the pea
chloroplast envelope during protein import. In the inside out patch configuration a 50
pS anion channel of the chloroplast envelope membrane was identified. The open time
probability of the channel was decreased by the addition of the wild-type precursor
protein of ferredoxin (wt-preFd) to the pipette filling solution in the presence of 0.5
mM ATP. In the absence of ATP or in the presence of 50 pM ATP wt-preFd did not
affect the open time probability of the channel. A deletion mutant of preFd , A6-14-
preFd, that is inactive in in vitro import, was also unable to affect the open time
probability of the 50 pS anion channel. In the presence of 100 uM ATP wt-preFd
decreased the open time probability of the channel to a lesser extent, as did the transit
peptide alone. It is concluded that the 50 pS anion channel could be part of the protein
import machinery of the inner membrane.

In addition the precursor protein under import conditions induced burst-like
increases of the envelope conductivity. The implication of both responses for the

chloroplast protein import process are discussed.
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INTRODUCTION

A large part of the chloroplast proteins is nuclear encoded. These proteins are
synthesized in the cytosol and have to be imported into the chloroplast. Nuclear
encoded chloroplast proteins are therefore synthesized with an N-terminal extension
called transit sequence. The transit sequence is both necessary and sufficient to target
a protein to the chloroplast (1). Several components of the chloroplast import
machinery have been identified (2, 3). A role for chloroplast envelope channels has
been proposed in protein import (2-4). However little is known about the function of
channels in the import process and the response of the envelope during protein import.
An increase in envelope conductivity during protein import is shown to occur in
Peperomia metallica chloroplasts (4). This increase was identified using
electrophysiological measurements in the whole chloroplast configuration. It was
suggested that the opening of protein translocation channels is the cause of the
observed response of the envelope.

Ion channels in the chloroplast envelope are also thought to be involved in
osmoregulation during photosynthesis. Several ion channels of the inner as well as the
outer envelope membrane have been identified by reconstitution of the channels in
giant liposomes or in planar lipid bilayers (5-8). Direct electrophysiological
measurements on isolated chloroplasts have also revealed a number of envelope ion
channels (9,10),

In this report the use of single channel recordings in investigating the role of
chloroplast envelope components in protein import is described for the first time. The
involvement of a chloroplast envelope anion channel in protein import is identified. A

hitherto unidentified electrical response of the chloroplast envelope associated with



protein import is also described. The implication of both responses for the chloroplast

protein import process are discussed.

EXPERIMENTAL PROCEDURES
Precursor protein

The precursor of the Silene Pratensis stromal protein ferredoxin (preFd) was
overexpressed in Escherichia coli and isolated as described before (11). The mutant
precursor of ferredoxin (A6-14-preFd) is a deletion mutant lacking amino acids 6 to
14 from the N-terminus of the transit sequence. This mutant is shown to be greatly
impaired in initial binding and import efficiency in in vitro import into pea

chioroplasts (11). The transit peptlide used here is a synthetic peptide.

Chloroplast isolation

Chloroplasts were isolated from pea leafs by cutting them gently with a razor
blade in buffer containing: 2.5 mM TES/KOH, pH 7.2, 225 mM Sorbitol, 25 mM KCI
and 2 mM CaSO,. The sliced preparation was transferred directly to a 2 ml chamber,
which was mounted on a light microscope to allow visual selection of single intact

chloroplasts.

Electrophysiological measurements

For recording the currents across the chloroplast envelope a standard patch clamp
technique was used (12). Electrodes were pulled from borosilicate glass by a two step
pull, and extensively firepolished. Electrodes were filled with buffer containing: 2.5
mM TES/KOH, pH 7.2, 250 mM KCl and 2 mM CaSQO,, leading to a 10-fold KCl1

gradient. Electrode resistances were found to be typically around 20 MQ. To identify
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the electrical response of the chloroplast envelope during protein import, precursor
protein or transit peptide was added to the pipette filling solution. Different amounts
of MgATP were added to the bath solution in these experiments.

Currents were measured using an EPC-7 (List-Medical, FRG) or an Axopatch
200B patch clamp amplifier (Axon Instruments, USA). The data were filtered using
an 8-pole Bessel filter (Frequency Devices, USA or the internal filter of the Axopatch
200B) at a minimum cut-off frequency of 1 kHz. The filtered data were digitised at 10
kHz using a CED 1401+ (Cambridge Electronic Design, UK). Data were analysed
with the Patch and Voltage Clamp Softwa.re (Cambridge Electronic Design, UK).

Current recordings were made from inside out patches, obtained by lifting the
pipette away from the chloroplast after giga-seal formation (12). Potentials are given
with regard to the pipette interior, the bath was kept at ground, using a 1 M KCl agar

bridge. Data are given as mean + the standard deviation.

RESULTS AND DISCUSSION

In the inside out patch configuration single channel recordings of the pea
chloroplast envelope could be obtained. Regarding the high seal resistances it is
highly unlikely, that the seals consist of the outer membrane alone, due to the
abundance of large pores in the outer membrane (13). No light-induced currents (14)
were ever observed directly after making the patch (i.e. in the attached configuration)
or after excision of the patch. This indicates that the thylakoid membrane was not
included in the patch. The observed current is likely to run mainly across the inner
membrane in a seal consisting of a sandwich like structure of the outer and the inner

membrane.
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A 50 pS anion channel was found to be involved in protein import. The channel
could be blocked by the precursor of the stromal protein ferredoxin in the presence of
ATP. Preferredoxin also induced a burst-like increase in the envelope conductivity.
Activity of other jon channels could be observed only very rarely under the

experimental conditions used here.

The 50 pS anion channel

An anion selective channel in the chloroplast envelope could be identified in the
inside out patch configuration. Small portions of single channel recordings of this
channel at different holding potentials are shown as an example in Fig. 1A. Fig. 1B
shows an I/V plot of the channel in 25/250 mM KCl. The single channei conductance

of the channel as calculated from the slope of the IV plot is 50 pS.

10 mVY Ty

ooy i v

1{pa)

Fig. 1 A: Single channel recordings of the 50 pS anion channel of the chloroplast envelope at ditferent
holding potentials. The upper level of the current trace is that of the fully closed state. B: I/V plot of the
channel in the open state in 25/250 mM KCI. Error bars represent the standard deviation of an average

of ten experiments on individual chloroplasts.
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The selectivity of the channel was derived from the reversal potential (Vg) which is
+35 mV in the applied 10-fold KCl gradient. At holding potentials above the Vp the
channel did not show any activity {(not shown). The channel is mainly in the fully open
state at holding potentials lower than Vg, showing few but relatively long closures.
The open time probability of the channel is independent of Vy at holding potentials
lower then Vy (data not shown).

Several authors have described anion channels in the chloroplast envelope. The
properties of the 50 pS anion channel described here differ from those described
before. Most of the anion channels described have a considerably larger single channel
conductance than the 50 pS found for the channel described here {7-10). Anion
channels with smaller single channel conductance found before all have one or more

substates, in contrast to the channel described here (6,8).

Effect of precursor protein

In the presence of 0.5 mM MgATP in the bath solution the 50 pS anion channel
could be blocked by 0.8 ng/ml precursor of ferredoxin (preFd) in the pipette filling
solution (i.e. the outside of the envelope). This blockade is concluded from a decrease
of the open time probability (Po) of the channel. The Py was decreased from 0.86 +
0.10 (n=10) in the control situation to 0.16 + 0.08 (n=5) in the presence of wt-preFd in
the pipette solution and ATP in the bath solution. The data on open time probabilities
were calculated from the all point amplitude histograms of single channel recordings
of individual chloroplasts. The single channel conductance is not affected by the
addition of wt-preFd. In Fig. 2A a single gating event taken from two individual single
channel recordings is shown to illustrate the effect of wt-preFd on the 50 pS anion

channel. Fig. 2B shows as an example the corresponding all point amplitude
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histograms, reflecting the distribution of current levels (15), of the whole single
channel recording (approximately 2 minutes). The all point amplitude histograms in
Fi. 2B show that in the presence of wt-preFd the channel was mainly in the closed
state. The single channel recordings illustrate that there were few but relatively long
openings in the presence of wt-preFd (Fig. 2A). A flickering block as described for the
Multiple Conductance Channel (MCC) of the mitochondrion inner membrane (16)
was not observed. In contrast to the channel described here the MCC is slightly cation
specific and it has a considerably larger conductance than the chloroplast envelope
channel that is blocked by precursor protein. A further difference is the occurrence of
multiple subconductance levels of MCC, while the channel described in this report
completely lacks subconductance jevels. In a further comparison between the
chloroplast and mitochondrion protein import systems it would be interesting to
determine if the anion channef described here is also tightly associated with
components of the import machinery. MCC can only function normally if associated

with a component of the mitochondrial import machinery, namely Tim22 (17).

Controle - E wt.prgfd

Fig. 2 A: Single gating event taken from single channel recordings of the 50 pS anion channel in the

absence and in the presence of wt-preFd. Vi = 0 mV. B: All point amplitude histograms of the channel
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in the presence and in the absence of wt-preFd. Vi = 0 mV. These histograms indicate a decrease in the
open time probability (P,) of the channel from 0.86 to 0.16 in the presence of wi-preFd and ATP.

The characters ¢ and o mean closed and open states of the channel respectively

At a MgATP concentration of 50 UM or in the absence of ATP the anion channel
was not affected by the presence of preFd in the pipette filling solution. In Fig. 3 the
open time probabilities of the 50 pS anion channel with different pipette filling
solutions and different ATP levels of the bath solution are represented.

When 100 pM MgATP was present in the bath solution preFd decreased the P, of
the channel 10 a lesser extent than in the presence of 0.5 mM ATP (see Fig. 3).

The addition of 0.8 pg/ml of the deletion mutant of preferredoxin, A6-14-preFd to
the pipette filling solution, in the presence of 0.5 mM ATP in the bath solution did not
block the 50 pS anion channel (see Fig. 3). This deletion mutant of preferredoxin has
been shown to be greatly reduced in initial binding and import efficiency (11).

These results suggest that the decrease in the open time probability caused by preFd is
associated with binding of the precursor to the protein import machinery and
subsequent translocation across the chloroplast envelope.

The presence of 1.5 ug/ml ferredoxin transit peptide (ipFd) in the pipette filling
solution and 0.5 mM ATP in the bath solution also resulted in a decrease of the open
timne probability of the anion channel. The décrease caused by tpFd is however less

than that caused by preFad (see Fig. 3).

25



06 1

044

024

04

Control w t-preFd tr-Fd wt-preFd wt-preFd wtpreFd delta6-14
ATP (uM} 500 - 500 100 50 no 500

Fig. 3 Open time probability the 50 pS anion channel with different pipetie filling solutions and
different ATP levels in the bath solution. The error bars represent the standard deviation of the average
of abserved open time probabilities in single channel recordings with indicated pipette filling solution
and ATP level in the bath solution. n refers to the number of recordings with individual patches of

different chloroplasts.

Burst-like response

Addition of 0.8 pg/ml of the transport competent wt-preFd to the pipette filling
solution also causes transient, bursi-like increases in conductivity of the chloroplast
envelope. A typical example of such a response at a holding potential of 0 mV is
represented in Fig. 4. The burst-like increase in the conductivity of the envelope could
be observed in about 50 % of the single channel recordings, when wt-preFd was
present in the pipette filling solution and 0.5 M ATP was present in the bath

solution.
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Fig. 4 Typical example of a burst-like increase in envelope membrane conductivity induced by the
presence of (.8 pg/m] wt-preFd in the pipette filling solution, in the presence of 0.5 mM ATP in the

bath solution. Vi = 0 mV,

The addition of the deletion mutant (0.8 pig/ml}, A6-14-preFd to the pipette
solution in the presence of 0.5 mM ATP does not result in a chloroplast envelope
response, like that shown by the wild type precursdr {(not shown). This implies that
only a transport competent precursor can trigger the observed response. This strongly
suggests that the envelope response triggered by wt-preFd is a result either of the
binding of the precursor to or of the translocation of the precursor across the envelope.

In the presence of 50 uM or 100 pM ATP, which is needed to support binding in
an in vitro import assay, preFd is unable to trigger the envelope response. Also in the
absence of MgATP in the bath solution, wt- preFd was unable to trigger the envelope

response. The dependency of the wt-preFd triggered response on high ATP
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concentrations strongly suggest that the response is associated with protein
translocation across the envelope and not with binding of the precursor to the
chloroplast import machinery.

The wt-preFd triggered burst-like response of the chloroplast envelope is
consistent with the conductivity increase observed in whole-chloroplast recordings
with the chloroplasts of Peperomia metallica (4). Recently an increase in
permeabillity has also been described for the mitochondrial envelope in response to a

presequence (20).

Implications for Import

The 50 pS anion channel might represent the protein import channel of the inner
membrane. The decrease in open time probability caused by preFd and tpFd in the
presence of 0.5 mM ATP could be a consequence of the translocation of the precursor
or transit peptide through the channel. Because tpFd is smaller than preFd the
decrease in open time probability caused by tpFd is smaller than that caused by preFd.
It is also possible that binding of the precursor protein to the outer membrane import
machinery induces a change in conformation of components of this machinery in the
intermembrane space. Due to this change in conformation the 50 pS anion channel of
the inner membrane could be blocked. Binding of the precursor to the chloroplast has
been shown to require low levels of ATP in the intermembrane space (18), while
translocation of the precursor requires higher amounts of ATP (19). The dependency
of the blockade of the anion channel on low amounts of ATP suggest that this
blockade is already induced by the binding of preFFd to the chloroplast import
machinery and that the subsequent translocation of the precursor protein increases the

blockade. This and the fact that the 50 pS anion channel is likely to be a component of
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the inner membrane favours the Iast possibility as an explanation for the blockade of
the channel by preFd.

The dependency of the burst-like response on higher amounts of ATP suggests
that this response is the result of translocation of the precursor protein across the
envelope rather than only binding to the import machinery. During this translocation
the import machineries of the outer and the inner membrane become linked (21). This
process might induce a change in orientation between the outer and the inner
membrane, ¢.g. the formation of a contact site. The burst like response observed coutd
be caused by such a change in orientation of the outer membrane relative 1o the inner
membrane in the patch during protein import.

The use of different deletion mutants of preFd, with known import properties (11)
can give further insight into the mechanisms which lead to the two effects of protein

import on the chloroplast envelope observed.
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Chapter 3

Functioning of the protein import related anion channel

is essential for protein import
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ABSTRACT

The ability of preferredoxin to inactivate a 50 pS anion channel of the chloroplast
inner-membrane in the presence of an energy source was investigated using single
channel recordings. It was found that preferredoxin cannot inactivate the channel
when GTP is the only energy source present, From this it is concluded that the
precursor has to interact with the Tic complex to be able to inactivate the 50 pS anion
channel. The ability of two mutants of preferredoxin, with deletions in their transit
sequence, to inactivate the channel was also tested. Both mutants have been shown to
have a similar binding affinity for the chloroplast envelope, but only one is able to
fully translocate. The mutants were both able to inactivate the channel in a
comparable manner. From this it is concluded that full translocation is not necessary
for the inactivation of the channel. It is also shown that preferredoxin is capable of
inactivating the 50 pS anion channel in the chloroplast attached configuration as was
previously found in the inside-out configuration, From this it is concluded that
stromal factors do not influence the protein import induced inactivation of the 50 pS
anion channel of the chloroplast inner membrane. Finally the effect of the anion
channel blocker DIDS on the channel activity and on protein import was investigated.
It is found that DIDS blocks the channel. Furthermore the addition of the channel
blocker reduces that efficiency of import to 52 %. This leads to the conclusion that

correct functioning of the channel is required for protein import.

34




INTRODUCTION

Chloroplasts are surrounded by two membranes. A large part of the chloroplast
proteins is nuclear encoded. These proteins are synthesized in the cytosol and have to
be imported into the chloroplast. Nuclear encoded chloroplast proteins are therefore
synthesized with an N-terminal extension catled transit sequence, The transit sequence
is both necessary and sufficient to target a protein to the chloroplast (1). Several
components of the chloroplast import machinery have been identified (for recent
reviews see Refs. 2 and 3). The two surrounding membranes both have their own
import machinery, that can function independent of each other (4). The outer
membrane machinery has been termed Toc (translocon of the outer membrane of
chloroplasts) and the inner membrane machinery has been named Tic (translocon of
the inner membrane of chloroplasts) (5).

The involvement of an anion channel of the chloroplast envelope in protein
import was identified in chapter 2. This envelope channel, which is located in the
inner membrane, will be called Protein Import Related Anion Channel (PTRAC) here,
The PIRAC was shown to be inaclivated, i.e. the open probability of the channel (Pg)
decreased, by the addition of precursor protein. The inactivation was found to be
dependent on ATP and the presence of a functional transit sequence. The exact role of
PIRAC in chloroplast protein import is however not known yet.

Several steps can be distinguished in protein import into chloroplasts. These steps
are distinguishable on the basis of their different energy requirement (for review see
Ref. 2). First of all the precursor protein can associate with the Toc complex on the
outer surface of the chloroplast. This step is energy independent and therefore does
not require the hydrolysis of NTPs. After association with the outer surface of the

chloropiast the precursor can translocaie across the outer membrane. This
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translocation is dependent on NTP, it can be stimulated by either ATP or GTP. The
subsequent association of the precursor with the Tic complex requires the hydrolysis
of ATP. Higher amounts of ATP are needed for full translocation across the inner
membrane, The final step in chloroplast protein import is the removal of the transit
sequence by the processing peptidase in the stroma.

In this report the involvement of PIRAC in chloroplast protein import is studied
in more detail. Single channel recordings are made in the inside-out configuration and
in the chloroplast attached configuration. To clarify the inactivation of PIRAC during
protein import use was made here of two deletion mutants of the precursor of the
stromal protein ferredoxin, with known in vitro import characteristics (6).
Furthermore the NTP dependence of the precursor induced inactivation of PIRAC was
investigated. Finally the effect of the anion channel blocker DIDS on PIRAC and

protein import was measured.

EXPERIMENTAL PROCEDURES
Precursor protein

The precursor of the Silene Pratensis stromal protein ferredoxin (preFd) was
overexpressed in Escherichia coli and isolated as described before (6). Two mutant
precursors of ferredoxin were used. Both are deletion mutants lacking amino acids of
the transit sequence, A15-25 lacks amino acids 15 to 25 from the N-terminus and A35-
42 lacking amino acids 35 to 42 from the N-terminus. The A15-25 mutant is shown to
be inactive in in vitro import into pea chloroplasts. It does however compete with the
wild type precursor for binding sites (6). The A35-42 deletion mutant can be imported
in an ir vitro import assay; this mutant also competes with the wild type precursor for

binding sites (6).
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Chloroplast isolation

Chloroplasts for electrophysiclogical experiments were isolated from pea leaves
by cutting them gently with a razor blade in buffer containing: 2.5 mM TES/KOH, pH
7.2, 225 mM Sorbitol, 25 mM KCl and 2 mM CaSO,. The sliced preparation was
transferred directly to a 2 mi chamber, which was mounted on a light microscope to
allow visual selection of single intact chloroplasts. Chloroplast for in vitro import

experiments were isolated as has been described before (7).

Electrophysiological measurements

For recording the currents across the chloroplast envelope a standard patch clamp
technique was used (8). Electrodes were pulled from borosilicate glass by a two step
pull, and extensively firepolished. Electrodes were filled with buffer containing: 2.5
mM TES/KOH, pH 7.2, 250 mM KCl and 2 mM CaS0y, leading to a 10-fold KC!
gradient. Electrode resistances were found to be typically around 30 MQ. To clarify
the inactivation of PIRAC during protein import, precursor proteins were added to the
pipette filling solution (i.e. the outside of the chloroplast envelope). ATP or GTP was
added to the bath sohition at least 5 minutes before electrophysiological experiments
were started.

Currents were measured using an Axopatch 200B patch clamp amplifier (Axon
Instruments, USA). The data were filtered at a cut-off frequency of 1 kHz, using an 8-
pole Bessel filter (internal filter of the Axopatch 200B). The filtered data were
digitized at 10 kHz using a CED 1401+ (Cambridge Electronic Design, UK). Data
were analyzed with the Patch and Voltage Clamp Software (Cambridge Electronic

Design, UK).
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Current recordings were made from inside-out patches, obtained by moving the
pipette away from the chloroplast after giga-seal formation, or from chloroplast
attached patches (8). Potentials are given with regard to the pipette interior, the bath
was kept at ground, using a 250 mM KCI agar bridge. Data are given as mean = the

standard deviation.

In vitro import experiments

Import assays were performed essentially as described before (6). Briefly, *H-
leucine labelled preFd was prepared in an in vifro transcription translation. Different
concentrations of DIDS were added to the isolated chloroplast suspension. Import
experiments were started by adding translation mixture to the chloroplasts. The

samples were incubated for 30 minutes at 25°C in the light to allow import.

RESULTS

Regarding the high seal resistances it is highly unlikely, that the seals consist of
the outer membrane alone, due to the abundance of large pores in the outer membrane
(9). No light-induced currents {10) were ever observed directly after making the patch
(i.e. in the attached configuration) or after excision of the patch. This indicates that the
thylakoid membrane was not included in the patch. The observed current is likely to
run mainly across the inner membrane in a seal consisting of a sandwich like structure

of the outer and the inner membrane.
NTP dependence of PIRAC inactivation

The NTP dependence of the precursor mediated inactivation of PIRAC was

clarified by adding GTP, together with an equimolar amount of Mg®*, to the pipette
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filling solution. The precursor of ferredoxin is unable to inactivate the channel in the

presence of GTP. When 0.8 pg/ml wt-preFd was present in the pipette filling solution
together with 0,5 mM GTP there was no significant decrease in Py of PIRAC as
compared to the control without preFd in the pipette filling solution. Fig. 1A shows
small parts of single channel recordings of PIRAC in the presence of 0.5 mM GTP in
the pipette solution and in the absence or presence of 0.8 mg/ml wt-preFd in the
pipette filling solution respectively. The P was calculated from the all point
amplitude histograms of the entire single channel recordings, which are shown in Fig,
1B (11). Preincubation of the isolated chloroplast in bath solution containing 0.5 mM

GTP and Mg2+ did also not result in a precursor protein induced inactivation of

PIRAC {not shown).
A B
c
Control
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: |
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+ preFd i

Fig. 1. A: Single channel recordings of PIRAC in the inside-out patch configuration, with 0.5 mM GTP
in the pipette filling solution, in the absence and presence of wt-preFd. Recordings were made at a
holding potential of -20 mV. B: All point amplitude histograms of PIRAC, with 0.5 mM GTP in the

pipette filling soluticn, in the absence and presence of wi-preFd in the pipette filling solution. The
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histograms show that wt-preFd is unable of deactivating PIRAC with GTP as an energy source. The

character ¢ indicates the closed state of the channel.

Deletion mutants

The deletion mutant, A15-25-preFd, inactivates PIRAC in the presence of ATP.
The Pg is decreased from 0.82+0.1 (n=10) in the control situation to 0.36+0.09 (n=16)
with A15-25-preFd in the pipette filling solution. Fig. 2A shows parts of single
channel recordings of PIRAC in the control situation and with A15-25-preFd added to
the pipette filling solution. Open probabilities were calculated from all point
amplitude histograms of single channel recordings, examples of these are shown in
Fig. 2B. The deletion mutant A35-42-preFd does also inactivate. The Pg of PIRAC in
the presence of A35-42-preFd in the pipette filling solution was 0.28+0.11(n=19) (Fig.

3).

A

Control

L C
2pA

+ A15-25-
preFd

Fig. 2. A: Single channel recordings of PIRAC, in the inside-out patch configuration, with 0.5 mM

MgATP in the bath solution, in the absence and presence Al5-25-preFd in the recording pipette.
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Recordings were made at a holding potential of O mV. B: All point amplitude histograms of single
channel recordings of PIRAC in the absence and presence of A15-25-preFd. The all point amplitude
histograms indicate a decrease in P of PIRAC from 0.86 to 0.36 in the presence of A15-25-preFd. The

characters ¢ means closed of PIRAC.

Control wt-preFd  delta15-25- delta35-42-
preFd preFd

Fig. 3. Open time probability of PIRAC in the absence and presence of different precursor proteins in

the pipette filling solutions, respectively. Error bars represent the standard deviation.

Influence of stromal factors

Stromal components are known to be involved in protein import into chloroplasts
(12-14), These stromal factors might influence the gating behavior of PIRAC, both in
the control situation and during inactivation by a precursor protein. To identify the
effect of stromal factors on the gating behavior of PIRAC single channel recording
were performed in the ‘chloroplast attached’ configuration (8). In this configuration
the patch of membrane, across which the current is measured, is not excised from the

whole membrane and the chioroplast remains intact during the measurement. In the
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chloroplast attached configuration the single channel conductance of PIRAC is found
to be 50 pS (data not shown) and is identical to the single channel conductance
measured in the inside-out configuration (15). The 50 pS single channel conductance
of PIRAC in both recording configurations is determined by the 250 mM KCi
concentratton in the pipette filling solution.

Fig. 4 shows the gating behavior of PIRAC in the chloroplast attached
configuration. The influence of preFd on the gating behavior in this configuration is
also shown in Fig. 4. In the chloroplast attached configuration the Pg of PIRAC in the
control situation is 0.89x0.09 (Fig. 4B). This is identical to the Po of PIRAC in the
instde-out configuration. When .8 pg/ml wt-preFd was included in the pipette filling

solution the Pg of PIRAC was decreased to 0.27+0.09 (Fig. 4B).

A e B f\

Control . N

+ preFd N

Fig. 4. A: Single channel recordings of PIRAC in the chloroplast attached configuration in the absence
and presence of preFd in the pipette filling selution. Recordings were made at a holding potential of —
20 mV, with 0.5 mM MgATP in the bath soluticn. B: All point amplitude histograms of PIRAC in the

chloroplast attached configuration in the absence and presence of preFd. The histograms show that the
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inactivation of PIRAC in the chloroplast attached configuration is similar to that in the inside-out

configuration reported earlier (15). The character ¢ indicates the closed state of PIRAC,

Effect of DIDS on PIRAC activity

DIDS is a known inhibitor of anion channels (16). From the single channel
recordings in the presence of 10 or 50 p.M DIDS, shown in Fig. 5, it is clear that
DIDS is able to block PIRAC activity. The additicn of DIDS to the cytosolic side of
the envelope patch changes the gating properties of PIRAC: the long open intervals
present in the control situation are transformed into flickering bursts of channel
opening. When 10 uM DIDS was added to the pipette filling solution together with
preFd, flickering bursts of channel opening were accompanied by long inactive
periods of the channel (not shown). This indicates, that DIDS and preFd can interact
with PIRAC simultaneously. When a concentration as high as [00 pM of DIDS was
used channel activity could only be observed for several tens of seconds after
formation of the inside out patch. In this relatively short period of PIRAC .activity the
channel opened in short flickering burst, typical for DIDS block. After several tens of
seconds single channel activity completely disappeared. The disappearance of channel
activity, channel rundown, also occurs in control measurements. However in the
control situation channe] rundown is very rare and never associated with flickering
bursts of channel activity. The disappearance of PIRAC activity in the presence of
100 uM DIDS therefore must be ascribed to DIDS block.

Fig. 6 shows the open probability of PIRAC as a function of the holding potential
in the absence and presence of 10 uM DIDS, respectively. This figure shows, that in

the control situation the Py is independent of the Vy in the range shown. In the
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presence of DIDS however the P decreases with increasing Vy. This indicates that

PIRAC blocking by DIDS is voltage dependent.

+ 10 pM
Control DIDS

+ 50 uM

Fig. 5. Single channel recordings of PIRAC in the absence and presence of 10 uM and 50 uM DIDS,
respectively. Recordings were made at a holding potential of -20 mV. The single channel recordings

show an increase in ‘flickering’ behavior with increasing DIDS concentration.

Effect of DIDS on in vitro import

Addition of DIDS resulted in a decrease in import efﬁciéncy preFd into isolated
pea chloroplasts. The import of preFd was decreased to 52% of the import in the
control situation by the presence of 100 pM DIDS. The import efficiency of preFd in

the presence of different concentrations of DIDS relative to the control sitnation is
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shown in Fig, 7. The figure shows that the DIDS induced decrease in import

efficiency is concentration dependent.

-40 -20 0

Fig. 6. Open probability of PIRAC as a function of the holding potential in the absence () and

presence () of 10 uM DIDS, respectively.

DISCUSSION

The binding of a precursor protein to the outer surface of a chloroplast has been
found to be stimulated in the presence of GTP (4, 17). The subsequent translocation
across the outer membrane (and further steps of protein import) has been shown to
require the hydrolysis of ATP (17). However it was suggested recently that GTP can

induce the translocation of a precursor protein across the outer membrane as well, but

45






