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Previous studies using purified RNA polymerase from mustard (Sinapis alba) chloroplasts showed control of transcription
by an associated protein kinase. This kinase was found to respond to reversible thiol/disulfide formation mediated by
glutathione (GSH), although at concentrations exceeding those thought to exist in vivo. In the present study, several lines
of evidence are presented to substantiate the functioning of this regulation mechanism, also in vivo: (a) Studies on the
polymerase-associated transcription kinase revealed that at appropriate ATP levels, GSH concentrations similar to those in
vivo are sufficient to modulate the kinase activity; (b) GSH measurements from isolated mustard chloroplasts showed
considerable differences in response to light intensity; (c) this was reflected by run-on transcription rates in isolated
chloroplasts that were generally higher if organelles were prepared from seedlings incubated under high-light as compared
with growth-light conditions; (d) the notion of a general transcriptional switch was strengthened by in vitro experiments
showing that the kinase not only affects the transcription of a photosynthetic gene (psbA) but also that of a non-
photosynthetic gene (trnQ); and (e) the polymerase-kinase complex revealed specific differences in the phosphorylation state
of polypeptides depending on the light intensity to which the seedlings had been exposed prior to chloroplast isolation.
Taken together, these data are consistent with GSH and phosphorylation-dependent regulation of chloroplast transcription
in vivo.

Interest in chloroplast molecular biology has fo-
cused to a large extent on two main aspects: (a) These
organelles are the important sites of photosynthesis
and other biosynthetic key reactions (Aro and
Andersson, 2001), and (b) they have their own genes
and significantly contribute to cellular gene expres-
sion in response to environmental conditions (Bogo-
rad and Vasil, 1991; Sugita and Sugiura, 1996). An
integrating feature that has become increasingly rec-
ognized is the close physical proximity and func-
tional relationship between photosynthetic electron
transport and chloroplast gene expression. Both pro-
cesses were found to be interdependent, suggesting
two-way signaling mechanisms including sensor(s)
of photosynthetic electron transport and redox regu-
lation (Allen, 1993). This is strikingly evident under

situations such as photostress at high-light (HL) in-
tensity, which results in accelerated turnover rates of
photosynthetic (reaction center) proteins (Aro et al.,
1993). Usage of specific inhibitors of photosynthetic
electron transport such as 3-(3,4-dichlorophenyl)-1,1-
dimethylurea (Trebst, 1980) has provided further
support for the notion that chloroplast gene expres-
sion is under redox control.

Redox regulation of plastid gene expression was
first demonstrated to play a role in the case of trans-
lation initiation in Chlamydomonas reinhardtii. This
process was shown to depend on the activity state of
a redox-responsive oligomeric protein complex
which is capable of binding to the 5�-untranslated
region of psbA mRNA (Danon and Mayfield, 1994).
With the identity and function of its components now
becoming fully resolved, this mRNA binding com-
plex can serve as a paradigm for redox-regulatory
mechanisms in eukaryotic photosynthetic organisms
(Bruick and Mayfield, 1999; Trebitsh et al., 2000). It
has become clear more recently, however, that other
steps in chloroplast gene expression are subjected to
photosynthetic redox control as well. These steps
include translation elongation (Kuroda et al., 1996;
Kettunen et al., 1997; Zhang et al., 2000), RNA deg-
radation (Liere and Link, 1997; Salvador and Klein,
1999), and RNA splicing (Deshpande et al., 1997).
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Available evidence suggests that transcription, the
very first step in chloroplast gene expression, is also
under redox control. Pool sizes of specific plastid
RNAs respond to light intensity in vivo (Kettunen et
al., 1997). In addition, the transcription rate of chlo-
roplast genes has been shown to be affected by the
spectral quality of light (photosystem I versus pho-
tosystem II excitation; Deng et al., 1989; Pfann-
schmidt et al., 1999) and electron transfer inhibitors
(Pfannschmidt et al., 1999).

Plastids contain two different types of RNA poly-
merase, a single-subunit (“phage-type”) enzyme of
nuclear origin (NEP) and a multisubunit (“bacterial-
type”) enzyme with chloroplast-encoded catalytic
subunits (plastid-encoded polymerase [PEP]; Maliga,
1998). As shown for mustard (Sinapis alba), the latter
exists in two subforms, PEP-A and PEP-B, which can
be distinguished on the basis of their size and com-
plexity, their biochemical properties and sensitivity
to transcription inhibitors, and their relative abun-
dance in different plastid types (Pfannschmidt and
Link, 1994). Whereas the rifampicin-sensitive PEP-B
form predominates in etioplasts (and perhaps other
non-green plastid types), the rifampicin-resistant
PEP-A form is the major chloroplast RNA polymer-
ase in functional chloroplasts (Pfannschmidt and
Link, 1997). This latter enzyme seems to be respon-
sible for the transcription of most plastid genes, in-
cluding those for proteins involved in photosynthesis
(Hajdukiewicz et al., 1997; Maliga, 1998).

PEP-A shares a common catalytic core with PEP-B,
but contains a number of accessory proteins, the
identification of several of which has recently been
achieved by using protein sequencing techniques
(Pfannschmidt et al., 2000). One polymerase-
associated protein, possibly with a central regulatory
function, was independently purified from mustard
cotyledons and characterized as a Ser-/Thr-type pro-
tein kinase related to the CK2 family (Baginsky et al.,
1997, 1999). This enzyme, named plastid transcrip-
tion kinase (PTK), was found to respond to changes
in thiol/disulfide redox state mediated by glutathi-
one (GSH), indicating that it may serve as a compo-
nent of a signal transduction pathway that connects
photosynthetic electron transport (via the production
of reducing equivalents) with chloroplast transcrip-
tion (Link et al., 1997). Consistent with this idea, in
vitro transcription reactions performed with the
kinase-polymerase complex and a cloned DNA tem-
plate carrying the psbA promoter were specifically
up-regulated both by Ser/Thr kinase inhibitors and
reduced GSH (Baginsky et al., 1999).

Although these in vitro data seemed to imply that
PTK might be a redox-regulatory component of chlo-
roplast transcription also in vivo, the objective of the
current study was to address this question further
from both sides. The approaches that were taken
include a search for in vitro conditions that more
closely reflect the in vivo situation, as well as in

organello run-on transcription and phosphorylation
assays to monitor changes in the chloroplast tran-
scription machinery and its activity, induced by re-
dox changes in the organelle. In vivo studies were
carried out using HL illumination conditions (Aro et
al., 1993; Karpinski et al., 1997) as a means for shift-
ing the chloroplast redox state.

RESULTS

In Vitro Assay Conditions under Which the PTK Is
Sensitive to Physiological Concentrations of GSH

In previous work we found GSH to be an effective
inhibitor of the PTK at a concentration of 20 to 30 mm
(Baginsky et al., 1999). On the other hand, the or-
ganellar GSH concentration was estimated to be
within a range of only 1 to 10 mm (Noctor and Foyer,
1998), i.e. a concentration too low to be significantly
inhibitory in vitro under the previously used assay
conditions. To help resolve this apparent discrep-
ancy, we investigated conditions under which the in
vitro assay would more closely resemble the in vivo
situation.

Of all parameters that were tested, alterations in
the concentration of the ATP phosphodonor gave the
most significant effect. As shown in Figure 1, using
decreasing ATP levels (at a constant ratio of labeled
to unlabeled ATP), we found an increasing inhibitory
effect of GSH on the kinase activity. Approximately
90% inhibition was noticeable with 10 �m ATP in the
presence of 5 mm GSH in this experiment, and at
least 80% to 90% inhibition was found in two other
independent experiments that were carried out with
different PTK preparations (not shown). The GSH
concentration of 5 mm that consistently gave strong
inhibition of kinase activity in vitro is in good corre-
lation with the expected in vivo concentration (1–10

Figure 1. Effect of reduced GSH on PTK activity in vitro. Heparin-
Sepharose-purified PTK preparations were incubated with decreasing
amounts of GSH at various ATP concentrations at 20°C for 20 min.
Phosphorylation reactions were carried out using �-32P-ATP and
casein as a substrate, and the phosphorylated products were ana-
lyzed by SDS-PAGE and autoradiography. A representative experi-
ment is shown and comparable data were obtained in two indepen-
dent experiments with different PTK preparations.
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mm; Noctor and Foyer, 1998). An inhibitory effect
similar to that one found with casein (Fig. 1) was
also observed with chloroplast proteins (Heparin-
Sepharose column fractions; see “Materials and
Methods”) as substrates for this kinase (data not
shown). Taken together, these experiments are con-
sistent with the notion that PTK could be a target for
redox regulation in vivo at the GSH concentrations
that exist in chloroplasts.

GSH Content and Redox State in Chloroplasts from
Mustard Seedlings Treated at Different
Light Intensities

To further address the potential role of GSH as a
regulator of chloroplast transcription in vivo, we
sought conditions that would induce changes in the
GSH concentration and/or redox state in the chloro-
plast. Because HL intensity is known to serve this
function (Karpinski et al., 1997), mustard seedlings
were exposed to 1,000 (HL) or only 50 (growth light
[GL]) �mol photons m�2 s�1 for 3 h. Chloroplasts
were then isolated, and the GSH concentrations and
GSH to oxidized GSH (GSSG) ratios were deter-
mined. As judged from the equal chlorophyll (chl)
content present in the HL and GL plastids on a
similar plastid number basis, this treatment did not
seem to result in appreciable photo-oxidative dam-
age in the cotyledons. As can be seen in Table I,
exposure to high irradiance resulted in a significant
change in the GSH/GSSG ratio in chloroplasts, which
was more than 3-fold higher upon the HL treatment
of plants than in the GL conditions.

Run-On Transcription with Chloroplasts from HL and
GL Seedlings

Next, we asked whether the light intensity-
dependent changes in the plastid GSH/GSSG ratio
were accompanied by changes in the transcriptional
activity. To test this, we isolated chloroplasts from
seedlings exposed for 3 h either to GL or HL illumi-
nation and carried out in organello run-on transcrip-
tion in the presence of radiolabeled UTP. Chloroplast
isolation typically yielded up to 90% intact plastids
(not shown). Labeled transcripts were isolated and
hybridized against chloroplast genes. Figure 2A
shows a typical dot blot pattern obtained, and in
Figure 2B the results from five independent run-on
experiments are summarized. Based on equal
amounts of total radioactivity used in each hybrid-

ization experiment, these data indicate a relative in-
crease in transcriptional activity in HL- versus GL-
treated seedlings for all the genes that were tested. It
is interesting that this HL effect did not appear to be
specific for photosynthesis-related genes because a
similar induction of transcription was observed also
for the 16S rRNA gene (Fig. 2) and for tRNA genes
(trnS and trnG; data not shown).

PTK Affects the PEP-A in Vitro Transcription Activity
Driven by Promoters of Both Photosynthetic and Non-
Photosynthetic Genes

We have shown previously that phosphorylation of
the RNA polymerase leads to decreased transcrip-
tional activity from the psbA promoter in vitro (Ba-

Table I. GSH to GSSG ratios and GSH content in chloroplasts
from differentially light-treated mustard seedlings

Light GSH/GSSG GSH

nmol (mg chl)�1

GL 20 � 13 0.74 � 0.03
HL 73 � 4 0.48 � 0.03

Figure 2. Chloroplast run-on transcription. A, Dot-blot autoradio-
grams following transcription using chloroplasts from 5-d-old mus-
tard seedlings that were illuminated under GL or HL conditions for
3 h before isolation of chloroplasts. Newly synthesized transcripts of
several representative genes for proteins related to photosynthesis as
well as 16S ribosomal RNA sequences were analyzed. B, Relative
transcription rates as measured by chloroplast run-on transcription
assays (3 � 107 plastids per reaction). Gene-specific activities were
calculated by normalizing the amounts of hybridized labeled run-on
transcripts to the total transcriptional activity of the corresponding
run-on reaction. The values are given as the percentage of the psbA
transcription rate at HL (100%) in arbitrary units. The values are the
mean of five independent experiments. Black bars represent samples
isolated after HL and white bars those after GL treatment (3 h at 1,000
and 50 �mol photons m�2 s�1, respectively).
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ginsky et al., 1999). To decide whether or not this
inhibitory effect was restricted to this particular pro-
moter, we tested the role of PTK in the same in vitro
system, yet with the trnQ promoter, i.e. a chloroplast
promoter for a non-photosynthetic gene (encoding
tRNAGln; Sugita and Sugiura, 1996). The partially
purified RNA polymerase was first treated with PTK
in the presence of ATP and then re-isolated and
further purified by glycerol gradient centrifugation.
In control experiments, the polymerase was “mock”
phosphorylated in the absence of ATP and then car-
ried through the same additional purification. Silver
staining revealed that the polypeptide patterns of the
phosphorylated and mock-phosphorylated prepara-
tions were virtually identical, indicating that the PTK
treatment did not affect the subunit composition of
the RNA polymerase under these conditions (data
not shown).

To investigate the effect of phosphorylation state
on the transcriptional properties of the purified poly-
merase, we carried out in vitro transcription assays
followed by nuclease S1 treatment to determine the
amounts of correctly initiated transcripts at either the
psbA (Fig. 3, lanes 1–5, left) or trnQ promoter (Fig. 3,
lanes 6–10, right). In both sets of experiments,
phosphorylation of the polymerase prior to RNA
synthesis resulted in a decrease of specific transcript
formation as indicated by the loss of correctly sized
S1-resistant material (arrowheads). Although this ef-
fect was most pronounced for the trnQ transcripts
(Fig. 3, lanes 9 and 10), the amount of specific psbA
transcripts also was reduced when the polymerase
was phosphorylated (Fig. 3, lanes 4 and 5). Taken
together, the results obtained with the two different
promoters support the notion (Fig. 2) that PTK-
mediated control of plastid transcription is not re-
stricted to a single class of chloroplast genes, but
applies to both photosynthetic (psbA) and non-
photosynthetic (trnQ) genes.

Both PTK Activity and the Phosphorylation State of
Polymerase-Associated Polypeptides Undergo
Changes during HL Treatment

We next addressed the question of whether the HL
activation of chloroplast transcription was correlated
with a change in PTK activity, and with an altered
phosphorylation state of the RNA polymerase.

To compare PTK from chloroplasts of HL versus
GL plants, we purified the enzyme up to the phos-
phocellulose step (see “Materials and Methods”).
This intermediate purification step was chosen be-
cause on one hand, this material lacks many contam-
inating proteins still present after the preceding hep-
arin-Sepharose step, and on the other hand, it
still contains both the polymerase-bound (kinase-
polymerase complex) and “free” (kinase complex)
forms of PTK (Baginsky et al., 1997). The latter would
have been lost in the final (glycerol gradient) step of

the standard procedure for preparation of the highly
purified kinase-polymerase complex, which there-
fore was omitted here. The phosphocellulose-bound
material was eluted and analyzed for stained
polypeptides and autophosphorylation activity in the
presence of �-32P-ATP using the endogenous chloro-
plast proteins as substrates (Fig. 4, A and B).

As shown in Figure 4A, the polypeptide composi-
tion of the PTK preparations from HL as compared
with GL seedlings was very similar, the only differ-
ence being the accumulation of an about 94-kD pro-
tein in HL-treated seedlings. Phosphorylation activ-
ity, however, could only be observed in the GL
preparation (Fig. 4B), with no radioactive signal in
the HL sample, even in overexposed films (not
shown). In the GL sample, a single band was phos-
phorylated by the endogenous kinase following in-
cubation of the preparation with labeled ATP (Fig.
4B). The size range of this band at approximately 72
to 76 kD matches that of the polymerase subunit(s)
previously shown to be preferred PTK substrates in

Figure 3. Effect of phosphorylation on in vitro transcription of psbA
(D1 reaction center protein of photosystem II; left) and trnQ (Gln-
specific tRNAGln; right) genes by chloroplast PEP-A RNA polymerase.
Heparin-Sepharose-purified fractions containing both the polymer-
ase and associated kinase (PTK) activity were first incubated in
phosphorylation buffer in the presence (�P; lanes 3, 5, 8, and 10) or
absence of ATP (lanes 2, 4, 7, and 9). The polymerase was then
further purified by glycerol gradient centrifugation and used to study
the in vitro effect of PEP-A phosphorylation on the intensity of
specific transcript formation from the chloroplast psbA and trnQ
promoters. Following RNA synthesis, transcripts were hybridized to a
5�-labeled DNA probe containing the respective promoter and a
portion of the transcribed region (see “Materials and Methods”). The
hybrids were challenged with nuclease S1 and the S1-protected
products were analyzed on sequencing gels (f, full-length DNA
probe; s, transcripts of sizes expected for initiation at the correspond-
ing promoters). Controls lacked either DNA (�DNA; lanes 2 and 3
and 7 and 8) or proteins (�pol; lanes 1 and 6).
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highly (glycerol gradient-) purified kinase-poly-
merase complexes (Baginsky et al., 1999).

The apparent lack of 32P-incorporation into the HL
sample suggested a lower or entirely lost PTK activ-
ity relative to that in the GL sample. However, an
alternative explanation for this result was that the HL
protein(s) might have existed e.g. in a more highly
phosphorylated form prior to the labeling reaction
and therefore were not accessible to in vitro phos-
phorylation by PTK. To distinguish between these
two possibilities, the phosphocellulose-purified
preparations were incubated with �-32P-ATP in the
presence of an exogenously supplied protein kinase.
Because of the known similarity of PTK with CK2-
type kinases (Baginsky et al., 1999), a purified CK2
from rat liver was chosen.

As is evident from the autoradiogram in Figure 4C,
a labeled 72- to 76-kD band was generated both in the
GL and HL samples following phosphorylation by
the heterologous kinase. Although the intensity of
this band was lower in the HL lane, its presence
indicated that phosphorylation sites were accessible
in the HL sample. Hence, the absence of labeled
products in the HL autophosphorylation assay (Fig.
4B) seemed to reflect inactivation of PTK as a result
of the HL treatment of seedlings.

In addition to the band at 72 to 76 kD, several other
labeled bands were visible following phosphoryla-
tion by heterologous CK2 (Fig. 4C). A number of
them had about equal intensity in both the HL and
GL samples (e.g. those marked by dots at approxi-
mately 35 and 20 kD), whereas others (marked by

asterisks) revealed reduced intensity in either the GL
(at 65 and 29 kD) or HL samples (at 62 and 30 kD).
These additional bands indicate a more stringent
substrate specificity of the endogenous PTK as com-
pared with the heterologous CK2 under the experi-
mental conditions used here. The (differentially la-
beled) extra bands generated by CK2 may represent
additional targets for phosphorylation control in
vivo.

DISCUSSION

Although chloroplast transcription is considered
not to be regulated to the same extent as various
posttranscriptional steps in plastid gene expression
(Deng and Gruissem, 1987; Stern et al., 1997), this
view has become gradually modified as more molec-
ular details have emerged (Baumgartner et al., 1993;
DuBell and Mullet, 1995; Pfannschmidt et al., 1999).
Perhaps one of the strongest arguments in favor of
redox regulation of chloroplast transcription was ini-
tially based on prokaryotic systems, with focus on
two-component (Stock et al., 2000) signaling mecha-
nisms involving (His kinase) sensors and transcrip-
tional regulators in bacteria (Allen, 1993). Despite
demonstrations of two-component-type regulatory
systems in eukaryotes (Chang and Stewart, 1998),
however, this model has not yet been experimentally
confirmed for higher plant chloroplasts.

Instead of the bacterial two-component His kinase
system, there is now accumulating evidence support-
ing a scenario in which the major chloroplast RNA

Figure 4. Phosphorylation of chloroplast RNA polymerase-associated proteins from seedlings illuminated under HL and GL
conditions. The enzyme complex was partially purified by heparin-Sepharose, followed by phosphocellulose chromatog-
raphy. A, Polypeptides of chloroplast RNA polymerase preparations isolated from GL and HL seedlings, as revealed by
SDS-PAGE and silver staining. B and C, In vitro phosphorylation assays in the presence of �-32P-ATP. Polymerase-associated
polypeptides from GL or HL plants were subjected to phosphorylation reactions using either the endogenous PTK activity
(autophosphorylation; B), or by adding exogenous CK2 from rat liver (CK2-phosphorylation; C). The kinase-treated
polypeptides were separated thereafter by SDS-PAGE and the dried gel was exposed to x-ray film. The horizontal arrows
indicate the band in the 72- to 76-kD region, which is visible in A through C. Asterisks denote bands that differ in their
intensity and dots denote bands with similar intensity in the GL and HL lanes in C.
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polymerase PEP-A is controlled by an associated
Ser/Thr kinase of the CK2 type (Baginsky et al., 1997;
K. Ogrzewalla and G. Link, unpublished data). The
identified enzyme, named PTK, controls chloroplast
transcription via phosphorylation of sigma-like tran-
scription factors and several other polypeptides that
are associated with the plastid transcription appara-
tus (Baginsky et al., 1999; Pfannschmidt et al., 2000).

PTK has been shown previously to be subject to
thiol (SH) group regulation by GSH, i.e. a major
redox mediator in chloroplasts (Karpinski et al., 1997;
Noctor and Foyer, 1998). In the present work, the
inhibitory effect of GSH on PTK activity was further
investigated by searching for conditions in which
PTK would respond to physiological concentrations
of GSH. When the ATP concentration was reduced to
10 �m, PTK activity was severely inhibited by 5 mm
GSH, a concentration that is within the range mea-
sured in the organelle (1–10 mm; Noctor and Foyer,
1998). Although ATP concentrations as low as 10 �m
are seldom measured in chloroplasts (Stitt et al., 1980;
Kuroda et al., 1992), it must be kept in mind that our
experiments were performed in vitro, and that ATP is
not likely to be the only factor that modulates the
GSH effect in intact chloroplasts.

To examine the GSH effect in vivo, we chose HL
treatment of seedlings as a tool to induce reduction of
the chloroplast GSH pool (Table I). In addition of
triggering changes in the organellar redox state, HL
irradiance is also an elicitor of gene expression re-
sponses, and this system has been well characterized
in terms of the associated metabolic changes, includ-
ing those that involve redox-reactive compounds
(Noctor and Foyer, 1998). In the present study, we
have investigated transcription in chloroplasts iso-
lated from HL- versus GL-treated plants. The in or-
ganello run-on assays (Fig. 2) suggest that the tran-
scriptional activity of all genes investigated was
increased during the HL treatment when compared
with the GL controls. The observation of a global
activation of transcription in response to HL is in line
with a possible stress-related signaling within the
chloroplast. To address the question of whether PTK
might be involved in a global regulation of plastid
transcription, we tested the effect of PTK-mediated
phosphorylation on in vitro transcription using two
different chloroplast promoters. As shown in Figure
3 for both the psbA and trnQ promoters, despite
quantitative differences, PTK seems capable of affect-
ing the transcription of more than a single class of
plastid genes. This would be consistent with a global
up-regulation of transcription under HL conditions
in vivo, when PTK is inhibited by elevated GSH
levels (Table I, Figs. 1–3).

In an attempt to obtain a link between redox con-
ditions (Fig. 1, Table I), PTK activity (Fig. 1), and
transcription rates (Fig. 2), we searched for possible
targets for PTK among the polymerase-associated
polypeptides. As shown in Figure 4A, a single la-

beled band in the 72- to 76-kD region was visible
upon autophosphorylation of the partially purified
kinase-polymerase complex. In highly purified
PEP-A preparations (Pfannschmidt et al., 2000), this
region contains at least three different polypeptides,
one of which has recently been identified as the
��-core subunit of the polymerase (K. Ogrzewalla, A.
Sickmann, S. Jung, H.E. Meyer, and G. Link, unpub-
lished data). It remains to be clarified whether this
one and/or any of the other polymerase-associated
polypeptides in this region is the preferred substrate
for PTK.

Phosphorylation of additional bands was notice-
able in Figure 4C after incubation of the partially
purified PEP-A fraction with exogenous CK2 from
rat liver. This may mean that the substrate specificity
of the heterologous kinase was less restrictive than
that of the authentic enzyme. In an alternate manner,
the latter may have lost the capacity to use these
additional substrates, e.g. as a result of conforma-
tional changes and/or removal of additional factor(s)
during the isolation procedure. The additional phos-
phorylation bands would also be consistent with the
idea that, besides PTK, another (CK2-type) kinase
also might be involved in vivo but was purified away
in vitro. It is interesting to note that one of the labeled
bands in Figure 4C migrates at 29 kD, i.e. the ex-
pected size of one of the chloroplast sigma-like fac-
tors (SLF29; Tiller et al., 1991), which was earlier
shown to be subject for phosphorylation/dephos-
phorylation in vitro (Tiller and Link, 1993). Whether
or not the plastid sigma factors are under SH group
redox control in vivo is currently unknown. Further
progress in addressing this question thus will be
tightly linked to the identity and function of the
transcription regulatory kinase(s) involved.

One important objective of the current work was to
unravel the details of the signaling network connect-
ing photosynthesis and gene expression, and to help
in bridging gaps between the transcription data
mostly obtained by in vitro experiments and the
physiological situation in vivo. As is summarized in
Figure 5, by combining the results from in vitro ex-
periments with those obtained from intact chloro-
plasts, we suggest a mechanism by which changes in
the SH group redox state of the organelle could be
transduced into transcriptional responses. The use of
transgenic plants with a modified GSH pool (Creis-
sen et al., 1999) might prove very helpful for future
experiments aiming to test the present model. A cen-
tral component in this scheme is the redox-
responsive transcription kinase PTK, the activity of
which seems to reflect the irradiation conditions (HL
versus GL in Fig. 4). The cloning and targeted ma-
nipulation of this enzyme in transgenic backgrounds
might help open up new avenues in our understand-
ing of redox regulation of chloroplast gene
expression.
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MATERIALS AND METHODS

Plant Material and Light Treatments

Mustard (Sinapis alba) seedlings were grown in continu-
ous light at 50 �mol photons m�2 s�1 (GL) for 5 d. There-
after, they were either maintained under GL conditions, or
they were transferred to 1,000 �mol photons m�2 s�1 for
the HL treatment for 3 h. The cotyledons were harvested on
ice and then quickly processed as outlined below.

Assay for Protein Kinase Activity

PTK activity was assayed as described (Baginsky et al.,
1999), except that hydrolized and partially dephosphory-
lated bovine casein (C-4765, Sigma, St. Louis) was used as
an efficient protein substrate.

Chloroplast run-on Transcription

Chloroplast isolation for in organello run-on transcrip-
tion was performed as described (Mullet and Klein, 1987)
using 3 � 107 plastids per assay. DNA probes representing
mustard chloroplast genes for detection of labeled tran-
scripts were psaAB (insert of plasmid pSA244-EBH1.9; Di-
etrich et al., 1987), psbA (pSA452a; Link, 1981), psbD (H.
Summer and G. Link, unpublished data; GenBank acces-
sion no. AF209094), petA (pSA120a; Dietrich et al., 1987),
rbcL (pSA204; Link, 1981), ycf3 (pSAYCF3; Summer et al.,
2000), rrn16 (pBSH895; Pfannschmidt and Link, 1997), trnS
(pSA364-EX0.9; Neuhaus and Link, 1990), and trnG
(pSA364 derivative pBSE996; Liere and Link, 1994). Gene-
specific activities were quantified with a phosphoimager
by subtracting the background signal of the corresponding
plasmid vector, and by normalizing the value to the total
transcriptional activity of the corresponding run-on
reaction.

Determination of GSH
Concentration from Chloroplasts

Chloroplasts were isolated and resuspended in 7.5 mm
Na-ascorbate (in 125 mm Na-phosphate and 6.3 mm EDTA,
pH 7.5). Chl was extracted from the chloroplast samples in
80% (v/v) buffered acetone {25 mm HEPES [4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid]-NaOH,
pH 7.5}, quantitated according to Porra et al. (1989), and the
samples were adjusted to the same chl concentration. All
steps were done in a cold room (�4°C) using ice-cold
solutions. Proteins were removed from the samples by
centrifugation at maximum speed in a bench centrifuge
(0°C; 15 min), boiling at 100°C for 4 min, and final recen-
trifugation of 15 min. The supernatant was used for deter-
mination of GSH concentration (Griffith, 1980). For mea-
surements of total GSH amounts, 200 �L of sample
(corresponding to 0.5 mg chl) were mixed with 700 �L of
0.3 mm NADPH and 100 �L of 6 mm 5–5�-dithiobis-(2-
nitrobenzoic acid). The mix was warmed to 30°C, the reac-
tion was started by adding 10 �L of GSH reductase (50
units mL�1), and the kinetics of A412 changes were
recorded.

For measurements of GSSG, 200 �L of sample were
thoroughly mixed with 700 �L of 0.3 mm NADPH, 100 �L
of 6 mm 5–5�-dithiobis-(2-nitrobenzoic acid), and 4 �L of
2-vinylpyridine. The mix was kept at 25°C, and the kinetics
of A412 changes were recorded at 0-, 20-, and 40-min time
points, by warming the sample to 30°C and adding 10 �L
of GSH reductase (50 units mL�1). All solutions were pre-
pared in a buffer containing 125 mm Na-phosphate and 6.3
mm EDTA, pH 7.5. Standard curves (0, 10, 50, 100, and 200
ng) were done for GSSG (for GSSG measurements) and
GSH (for total GSH measurements), and the results were
fitted to the corresponding standard curve with the linear
regression model of the FigP program (Biosoft, Cambridge,
UK). The results are the average of two independent mea-
surements for each light treatment.

In Vitro Transcription and S1 Analysis

Transcription reactions were performed with highly pu-
rified PEP-A RNA polymerase from mustard (Baginsky et
al., 1999). Prior to the final glycerol gradient centrifugation
step, the polymerase complex was phosphorylated by the
endogenous PTK activity in the presence of unlabeled ATP,
or it was mock phosphorylated in the absence of ATP. The
DNA templates used in the transcription reactions were
circular plasmids that carry chloroplast promoters and
flanking sequences: pSA05/H120 carrying the psbA pro-
moter (Baginsky et al., 1999), and pSA364-ET0.2 containing
the trnQ promoter from mustard (Neuhaus and Link,
1990). RNA isolation, DNA-RNA solution hybridization,
treatment of hybrids with nuclease S1 (Roche, Basel), and
subsequent analysis of S1-resistant products on 6% (w/v)
sequencing gels were as previously described (Baginsky et
al., 1999). 5�-End-labeled DNA probes were generated by
treatment with calf intestinal alkaline phosphatase (Roche),
followed by incubation with �-32P-ATP and polynucleotide
kinase (New England Biolabs, Beverly, MA). The 120-bp

Figure 5. Hypothetical model suggesting a mechanism connecting
light-mediated changes in thiol redox state to transcriptional re-
sponses of chloroplast gene expression.
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BamHI/EcoRI fragment of pSA05/H120 served as the psbA
probe and the 200-bp EcoRI/HindIII fragment of pSA364-
ET02 as the trnQ probe (Pfannschmidt and Link, 1997).

Purification of RNA Polymerase and
Phosphorylation Assays

Chloroplasts were isolated, purified by Suc density gra-
dient centrifugation, and lysed as described (Tiller et al.,
1991). In brief, the lysate was adjusted to 200 mm ammo-
nium sulfate and then subjected to heparin-Sepharose
chromatography. The column was washed with three vol-
umes of the same buffer, bound proteins were subse-
quently eluted with a linear 0.2 to 1.6 m ammonium sulfate
gradient, and the polypeptide composition of the fractions
was analyzed by SDS-PAGE and silver staining. The frac-
tions containing RNA polymerase were pooled, dialyzed
against the column buffer containing 10% (v/v) glycerol,
adjusted to 50 mm ammonium sulfate, and subjected to
phosphocellulose chromatography. Following washing of
the column with 3 volumes of the same buffer, bound
proteins were eluted using a linear 0.05 to 1.6 m ammonium
sulfate gradient. Fractions containing RNA polymerase
were pooled and dialyzed against the column buffer con-
taining 50% (v/v) glycerol.

For the autophosphorylation of polymerase-associated
polypeptides by the endogenous PTK activity, samples
after the phosphocellulose step were incubated in kinase
buffer in the presence of �-32P-ATP at 30°C for 30 min
before they were subjected to SDS-PAGE and autoradiog-
raphy as described (Baginsky et al., 1999). For the assess-
ment of phosphorylation state, fractions were incubated
with added CK2 from rat liver. Fifty-microliter reactions
containing 60 units of enzyme (Promega, Madison, WI) in
the buffer provided by the same supplier were used.
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