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Chloroplast endoribonuclease p54 involved in RNA
3'-end processing is regulated by phosphorylation
and redox state

Karsten Liere * and Gerhard Link*
Plant Cell Physiology and Molecular Biology, University of Bochum, D-44780 Bochum, Germany

Received March 4, 1997; Revised and Accepted April 28, 1997

ABSTRACT In previous work an RNA-binding protein was purified from

o _ ) ) mustard $inapis albachloroplasts30) and identified as a 54 kDa
Chloroplast RNA-binding protein p54 is an endoribo- endoribonuclease involved ih@nd formation ofrnK andrps16
nuclease required for 3 ' end-processing of plastid precursor transcripis vitro (31). This protein, referred to as p54,
precursor transcripts. We find that purified p54 can ~ \as shown to interact with regions containing the conserved 7mer
serve as a phosphate acceptor for protein kinases in" motif UUWUAUCU (16).
vitro . Both the processing and RNA-binding activities Here we show thatn vitro both the RNA-binding and
of p54 are enhanced by phosphorylation and processing activities of p54 can be modulated by phosphorylation
decreased by dephosphorylation. In addition, the and the redox-reactive SH reagent glutathione, but not by DTT
enzyme is activated by the oxidized form of glutathione and thioredoxin reported to affect other plastid RNPs
and inhibited by the reduced form, whereas other (25,26,28,29). This suggests that more than a single mechanism
redox reagents that were tested showed no effect. may exist for the control of post-transcriptional gene expression
Kinase treatment of p54 prior to oxidation by gluta- by phosphorylation and redox poise in these orgarieliggo.
thione resulted in highest levels of activation, suggest-
ing that phosphorylation and redox state act together MATERIALS AND METHODS
to control p54 activity  in vitro and possibly also invivo .

Plasmid DNA

INTRODUCTION Plasmid pSPTH80/40 contains tineK 3' region and has been

previously described(). Therpsl6gene 3region is represented
Chloroplasts, the site of photosynthesis, have a central role in #e plasmid pSPTS374 as describad).( Plasmids pSPTT317
biochemistry and genetics of plant cells. They contain their owihd pSPTES358 contain thraQ andtrnH 3 regions {6) and
DNA and a full complement of proteins involved in all stages oflasmid pSPTHT150 represents fisdA3-region @0).
plastid gene expression. Post-transcriptional events are thought to
play a major regulatory role, as reflected by the complex array gf vitro transcription
RNA maturation mechanisms, i.e. internal cleavage of polycistronic . ,
transcriptsgis- andtrans-splicing, RNA editing and processing [N Vitro transcripts were synthesized by T3 and T7 RNA
of both the 5 and 3-transcript endsl(7). Processing at-@nds  Polymerases from linearized plasmid DNA and were prepared as
has a role in RNA stability in many systems (for review, see e.gescribed0).
8-10) including plastid RNAs(1,12). Both structural sequence
elements within the'3egion of plastid transcripts and their cognateurification of the endoribonuclease p54

binding proteins have been successfully isolated §-18; for g h54 was purified from chloroplasts of light-grown mustard

review seel2,19). o o seedlings$inapis albd..) by chromatography on DEAE—cellulose,
It is Well-establlshgd that RNA-binding proteins in nUCIearheparin—Sepharose and poly(U)-Sepharose as descitied (

systems can be subject to control by phosphorylalior2t).  protein was determined using the Bradford as8dydnd by

This was shown also to be the case for a 28 kDa chloropl ; | ; il ;
RNA-binding protein from spinach (28RNP), which is requiregﬁmparatlve gel scanning after silver stainfsig(

for petD 3-end processing26-27). Similarly, a plastid protein
complex fromChlamydomonasinhardtii, which binds tgsbA
5-RNA sequences and has been implicated in translation#P-labelled RNAs were synthesizeditro by T3 and T7 RNA
control, is regulated by phosphorylatict8), Furthermore, the polymerases from linearized plasmid DNA and were then
RNA-binding activity of this plastid RNP complex responds tacrosslinked with proteins in 30 mM Tris—HCI pH 7.0, 50 mM KCl,
changes in redox potential mediated by dithiothritol (DTT) an&0 mM MgCb, 25ug/ml poly(C) as describe@). RNA-bound
thioredoxin R9). proteins were analyzed on 10% SDS—polyacrylamide gels.

RNA—protein crosslinking by UV light
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Figure 1.In vitro phosphorylation of p54. Purified p54 after poly(U)-Sepharose EnE = g b 1 i
chromatography (pU-F) was incubated in the presence38PJATP without 75 = ; i 75 - il i .
(lane 2) or with the catalytic subunit of bovine heart kinase (PKA; lanes 3-5 and sum e L . -
7), or with a partially purified plastid kinase (PTtne 9) for 30 min at 3. ] i
Lanes @and 8, phosphorylation patterns of the two kinase preparations without - * |k

p54. Lanes 4nd 5, p54 preincubated with eitherdlpoly(U) or 1qug salmon d
testis DNA (ST-DNA). Lane 7, PKA phosphorylated p54 with subsequent 5 -
dephosphorylation with calf intestine alkaline phospatase (CIAP). Proteins
were resolved on a 10% SDS—polyacrylamide gel. Lane 1, control lane showinc
silver-stained p54 after poly(U)-Sepharose chromatography. The location of
p54 is indicated by arrowheads.

1234567 891011213 1234567 BR0M2E

Figure 2. Phosphorylation affects tirevitro processing activity of purified p54.
32P-JabelledrnK (A) andrps16(B) in vitro 3 transcripts were incubated with the
CIAP-treated (p54C; lanes 2-5), PKA-treated (p54K, lanes 6-9) or untreated p54
In vitro processing of RNA (lanes 10-13) for the times (min) indicated at the top. Lane 1, control lane with
no protein. Processing products are marked by lower case letters.
RNAs spanning thenK orrps163' regions were incubated with

5 ul purified pS4 (B ng protein) in the presence qid poly(C)  sigmay, cystine (CysCys, Sigma), or oxidized glutathione (GSSG,
in a final volume of 2Qul using the binding conditions outlined Sigma), or with the reductargsnercaptoethanol (EtSH, Sigma),

al_)ove. After 30 min at room temperature, the RNA was extractg@niothreitol (DTT, Sigma), cysteine (CysSH, Sigma), or reduced
with phenol/chloroform, ethanol-precipitated, and analyzed Oflutathione (GSH, Sigma) before the addition of labelled RNA.

6% sequencing gels. Escherichia colithioredoxin (5uM; MBI Fermentas) was
reduced with a 5000 molar excess of DTT or oxidized with a
In vitro phosphorylation and dephosphorylation of p54 5000-fold molar excess of menadione, respectively, prior to the

individual experiments. In redox-reversibility assays, p54 was
eincubated for 10 min with 20 mM of either oxidized or reduced
lutathione and subsequently treated for additional 10 min with
n equimolar amount of the indicated redox reagent.

Ten microlitre samples of purified p54 (16 ng) were added to t

binding buffer containing ICi [y-32P]JATP and either 2ug

(38 U/mg) of the catalytic subunit of bovine heart kinase (PK/-\gl

Sigma) or 0.fug of a partially purified chloroplast kinase (RT.K

The mixture was incubated in a total volume ofibét 30°C for

30 min. Phosphorylated proteins were analyzed by SDS—polfi—ESULTS

acrylamide gel electrophoresis and autoradiography. For usepRosphorylation of endoribonuclease p54

RNA processing or UV crosslinking experiments, p54 was

phosphorylated as describeboge, except in the presence of We have previously shown that chloroplast p54 plays a role in the

0.15 mM unlabelled ATP and withowt$2P]ATP. The reaction 3'-end processing &finK andrps16precursor transcript8{). To

was terminated by overnight dialysis against standard bindirigst whether p54 can be phosphorylatedtro, we incubated the

buffer without MgCh. purified protein with §-32P]JATP in the presence or absence of a
The p54 protein (10l; 16 ng) was dephosphorylated in bindingprotein kinase. As shown in Figurdane 2, no autophosphorylation

buffer containing 8 mU calf intestine alkaline phosphatase (CIAPf p54 could be detected, demonstrating that p54 has no kinase

Boehringer Mannheim). The reaction was incubated in a totaftivity. Following incubation with a partially purified serine/

volume of 50ul for 30 min at 30C and subsequently dialysed threonine kinase from mustard chloroplasts (Higlane 8)

against binding buffer without MggIiControl p54 samples were (PTKs; S. Baginsky, K. Tiller and G. Link, unpublished), a

treated in the same way, but neither ATP, kinase nor CIAP welgbelled band at 54 kDa was revealed, indicating that p54 was
present. phosphorylatedh vitro (Fig. 1, lane 9). When p54 was treated

with the catalytic subunit of bovine heart kinase (PKA), this again
resulted in a radioactive signal at 54 kDa (Fig.lane 3).
However, in contrast to the 28RNP from spinach chloroplasts
RNA binding and processing assays were carried out wii{24), preincubation of p54 with either poly(U) (Fig.lane4) or
standard binding mixtures that were pretreated for 10 min at roddiNA from salmon testis (Fid., lane 5) did not further stimulate
temperature with 20 mM either of the oxidants menadione (K&s phosphorylation.

In vitro redox assays of p54
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Figure 3. In vitro processing activity of p54 in the presence of redox reag&hfrqcessing dfnK 3'-precursor RNA. Reactions as in Figure 2, containing untreated

p54 (lanes And 20) or p54 treated for 10 min with either dithiothreitol (DTT, lanesi@d21) 3-mercaptoethanol (EtSH, lanes 5-7), reduced (GSH, lanes 8-10),

or oxidized glutathione (GSSG, lanes 11-13), cysteine (CysSH, lanes 14-16), cystine (CysCys, lanes 17-19), reduced (lane 22) or oxidized thioredoxin (lane 2
the oxidant menadione (K3, lane 23) at concentrations indicated above ead) Brexdssing afps163'-precursor RNA. The protein was untreated (lane 1) or
treated with reduced (GSH; lane 2) or oxidized glutathione (GSSG; lane 3), DTT ([aneeddaptoethanol (EtSH; laBg reduced (lane 6) or oxidized thioredoxin

(lane 7) before RNA processing assays.

To test whether the phosphorylated form of p54 is a substrgtartially reversed by treatment of p54K with phosphatase or p54C
for dephosphorylation by calf intestine alkaline phosphatasgith PKA prior to the processing assay (Fglanes 7 and 15).
(CIAP), labelled p54 was treated after overnight dialysis witlence, together these data indicate that the phosphorylation state
CIAP. This experiment resulted in a significant reduction in thenodulates the activity, but not cleavage specificity, 'eénd
amount of labelled p54 and PKA (Fig.lane7), indicating that  processing.
indeed phosphorylated p54 is dephosphorylated by CIAP treatment.

The endonuclease activity of p54 is modulated by redox state
Phosphorylation affects p54 processing activity but not

specificity To determine if the RNA processing activity was affected by

redox state, purified p54 was incubated with either reducing or
To test if the RNA processing activity is modulated by p54xidizing reagents and then analyzedriaK processing activity
phosphorylation, we analyzed the products generated by incubat{@iig. 3A). Neither the reductants DTT @ mercaptoethanol
with either the untreated (p54), the phosphorylated (p54K) or tliEtSH) (Fig.3A, lanes 1-7), nor cysteine (CysSH; lanes 14-16)
dephosphorylated (p54C) protein. and cystine (CysCys; lanes 17-19), showed any significant effect.
As previously shown3(l), in vitro processing dirnK 3-RNA  However, 10 mM of the reduced form of the thiol tripeptide
by p54 resulted in four sets of RNA cleavage products in the rangleitathione (GSH) decreased the processing activity Aig.
of 115, 90, 65 and 45 nt (FBA, a—d). Cleavage gps163-RNA  lane 9) and 20 mM completely abolished it (B4, lane 10).
gave products in the range of 390, 300, 235, 215, 190, 160, 14t;ubation of p54 with the oxidized form of glutathione (GSSG)
80, 75, 60 and 40 nt (FigB, a—k). Dephosphorylation of p54 led to a slight increase in activity (Fi§A, lanes 11-13).
nearly abolished the processing activity with eitivd€ orrps16  Thioredoxin, another possible redox regulator, was tested in its
RNA (54C; lanes 2-5), whereas the phosphorylated form (p54keduced form in the presence of DTT (F&4, lanes 21 and 22),
lanes 6-9) revealed higher activity than untreated p54 (lanes 10-18).in its oxidized form in the presence of menadione (K3)
However, except for a small (1 nt) shift of the major band at ‘a{FFig. 3A, lanes 23 and 24). However, neither was found to
the sizes of the cleavage products remained mostly unaffecteabdulate the p54 processing activity. This suggests that a redox
The intermediate activity of the untreated p54 suggests that tregjulatory site exists on p54, which may be accessible for binding
protein is already phosphorylated to a certain degree in its nativg the tripeptide glutathione only.
state upon isolation from chloroplasts, and its activity can be When the various redox reagents were tested in p54 processing
further stimulated by kinase treatmemvitro. Furthermore, the experiments withps163'-RNA (Fig.3B), results similar to those
phosphorylation-dependent activation or inhibition could bevith trnK 3'-RNA were obtained Again, GSH decreased (lane 2)



2406 Nucleic Acids Research, 1997, Vol. 25, No. 12

A B :c% &rg :gq:
@ W <L 0l
& % 1. -85 PKA CUUE CIAP OUa
1.-|—-—;G$H G|—|S$G 4 5- rmorro TT I 1 TTr7r1
=, v I
a Laad IThagg Tkl
@ % 55 ns bp 2 ____mmzzz_mmﬁﬂa
bp 2.--G2 -do pp = HGEA p 2. OOoa=0000
154_?90. 0= 154 . BOSSE 154 = =il
._I fak =a L ] -..*a - .. ' T | *a
b 4 "b -
] < == @b - l -‘b
75= [ : ol E
L 1 1 - ?5-‘
8% wc 75 = E -
' - a c
- ' ' *
. . e
et =
« -fd
- | - -4 d

1234 56 7 12345
123456878 8101112131415

Figure 4. Glutathione specifically affects p54 processing activity.Redox ) . .
reversibility of p54 processing activity witink 3-RNA. Lane 1, control lane Figure 5. Phosphorylation and redox state together control p54 processing

with untreated p54. Lanes 2—4, p54 incubated with reduced glutathione (GSHfCVity: The purified pS4 from chloroplasts was pretreated as indicated in the
alone (lane 2) or subsequently treated with either oxidized glutathione (GSSG!1rSt line at the top (1) and then as listed in the second line (2). Then it was added
lane 3) or menadione (K3, lane 4) before processing. Lanes 5-7, p54 treatetP processing reactions containimK 3-RNA. ', no treatment of p54; PKA,

with oxidized glutathione (GSSG) alone (lane 5) or subsequently treated with Posphorylation by protein kinase A; CIAP, dephosphorylation by alkaline
either GSH (lane 6) or DTT (lane 7). The band migrating slightly ahead of bandPhosphatase; GSH, GSSG, treatments with the reduced and oxidized forms of
ain lanes 2, 4 and 6 was not detected in other experim@ntlutathione glutathione (20 mM), respectively.

SH-groups control p54 processing activity. Reactions contained untreated p54

(lane 1), GSH-reduced p54 (lane 2), and GSSG-oxidized p54 (lane 4). Lane 3, . o

GSH preincubated with cystine; lane 5, GSSG treated with cysteine befor§10t by dephosphorylation (lane 13; GSH/CIAP). Oxidized enzyme

addition of p54. (lane 3; GSSG) was at least as active as the untreated control (lane
1) and was not appreciably affected by phosphorylation (lane 9;

and GSSG slightly increased the processing activity (lane 3), afpSG/PKA), but was strongly inhibited by dephosphorylation (lane
none of the others showed any significant effect (lanes 4—7). 14; GSSG/CIAP). Oxidation of p54 followed by phosphorylation
We next tested the reversibility of the glutathione effects on tHine 9) also resulted in processing activity comparable to that by
p54 processing activity. As shown in Figdfefor trnK 3-RNA,  phosphorylation alone (lane 4; PKA). This activity (lane 4) was no
the decrease in p54 endonucleolytic activity by GSH (lanes 1 al@inger detectable upon subsequent reduction (lane 5; PKA/GSH),
2) could at least partially be reversed by subsequent treatm&Hggesting that GSH is always inhibitory to p54, regardless of the
with GSSG (lane 3), but not with the oxidant menadione (lane 4yrder of addition. _ o
Conversely, the stimulation of activity by GSSG (@i, lanes ~ Incubation of phosphorylated p54 (lane 4) with oxidized
1 and 5) was reversed by GSH (I&)dut not by the reductant glutathione (lane 6; PKA/GSSG) led to a higher activity than the
DTT (lane 7). Although neither cysteine (CysSH) nor cystin&everse order of treatments (lane 9; GSSG/PKA). Incubation of
(CysCys) had any effect on their own (Hgthey were found p54 with ClAP/GSSG in either order (!anes 12 and 14) resulted
to modulate that of glutathione (FigB). When GSH was N only weak activity, although not quite as low as with CIAP
pretreated with cystine (CysCys) prior to incubation with p54 ar@done (lane 10). This weak residual activity might be due to
RNA, this resulted in partial recovery from the inhibitory GSHNcomplete dephosphorylation by CIAP in the presence of GSSG.
effect (lanes 2 and 3). Pretreatment of GSSG with cysteineThese experiments suggest that both phosphorylation and
(CysSH) led to a small but significant decrease in activity (lanéXidation together determine the level of p54 activity, and that the
4 and 5). Together, these results indicate that the processfggporal order of treatments is important. Initial phosphorylation

activity of p54 is specifically modulated by glutathione. followed by GSSG treatment (lane 6) is the most effective
combination that gives maximal processing activity.

The temporal order of phosphorylation and redox
treatments is important for 3-RNA processing activity The RNA binding and processing activities of p54 respond
of p54 similarly to phosphorylation and redox potential

To test whether phosphorylation and redox state may act togetheTafind out whether the RNA-binding activity of p54 is affected
regulating the p54 activity, we carried tuK 3-RNA processing by phosphorylation, UV crosslinking experiments were carried
experiments with p54 that had been pretreated in various combiart with p54 andinK orrps163-RNAs (Fig.6A). Preincubation
tions (Fig.5). Reduced p54 (lane 2; GSH) was inactive and couldf p54 with CIAP almost completely abolished the RNA-binding
be partially reactivated by phosphorylation (IBn€SH/PKA), but  signal (Fig6A, lanes 2 and 5). Treatment with PKA gave a more
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Table 1. Post-translational modifications modulate the activity of the p54

A K 3'rps16 endoribonuclease
T 9 5 g § Modification Treatment Effect
2282 22% _
- - = Phosphorylanon_ (PKA) ++
1 23 4 5 & Dephosphorylation (CIAP) -
Reduction (GSH) -——=
Oxidation (GSSG) +
B Itk Phosphorylation/reduction (PKA/GSH) -———
< © Phosphorylation/oxidation (PKAI/GSSG) +++
x g 4 ® Reduction/phosphorylation (GSH/PKA) —-—
_ EiEnank Oxidation/phosphorylation (GSSGIPKA) ++
o M mm . .
p5aK e Dephosphorylation/reduction (CIAP/GSH) -——=
1 2 32 4 § Dephosphorylation/oxidation (CIAP+GSSG) -—
Reduction/dephosphorylation (GSHICIAP) -———
Oxidation/dephosphorylation (GSSGICIAP) -—
C 3tk
2 3 The positive (+) or negative () response of p54 to the various treatments as
0N '|: ) detailed in Figures 1-6 is indicated by the number of symbols.
—J0ox
T — DISCUSSION
pS4K = e In the present study we have obtained results indicating that both
12 3 465

phosphorylation and redox state influence the activity of p54, a
Figure 6. RNA-binding and processing activities of p54 are similarly regulated. plast|d end,onbonUCIease I,nVOIVed in RNAe&d processmg_
(A) Phosphorylation controls the RNA-binding activity. UV crosslinking of (31). Protein phosphorylation has been reported to be wide-
purified chloroplast p54 with labellethK (lanes 1-3) antps16(lanes 4-6)  spread in chloroplast84) and seems to affect proteins of many
3-end RNAs. The protein was either untreated (p54, lanes 1 and 4)different functions, including those involved in organellar gene
dephosphorylated (p54C, lanes 2 and 5), or phosphorylated (p54K, Ianes3a@;j(pression_ Known examples of the latter are the sigma—like

6). B) Phosphorylation does not affect the specificity of RNA-binding. UV o L .
crosslinking assays were carried out with labatiedl 3-RNA alone (lane 1) transcription factors (SLFsj§), 3-RNA binding protein 28RNP

orin the presence of excess unlabelleRI$As as indicatedd) Redox control ~~ (26) and the 5binding translational control complex8§)
of p54 RNA-binding activity depends on phosphorylation state. UV crosslink- Interestingly, these proteins were all found to be inhibited by

ing assays withmK 3-RNA and untreated (p54), dephosphorylated (p54C) or nhosphorylation and activated by dephosphorylation. The opposite
F&Ofgggxnfrl:;egdegrzgéilrlgiggtzeyén:t.tﬁza:gg?ns were incubated without () or withg g o to be true for p54, however, where phosphorylation
resulted in elevated levels of both processing and RNA-binding
activity and dephosphorylation completely inhibited these activities.
intense binding signal (lanes 3 and 6) than untreated p54 (larfegthermore, p54 phosphorylation is not stimulated by DNA or
1 and 4). Hence, the binding activity of p54 reponds similarly tRNA, as was reported for 28RNES], neither is it dependent on
changes in phosphorylation state as the processing activity. ADP (not shown), as was found for the translation control
To test whether the specificity of RNA-binding by p54 iscomplex @8). Together these differences may indicate the
altered by phosphorylation (p54K), competition experimentexistence of multiple pathways for phosphorylation control of
were carried out with a 100-fold excess of unlabelled competitptastid gene expression, or, alternatively, of different branches of
RNAs (Fig.6B). As for the untreated p546,29), the presence a single signaling pathway. In addition, other post-translational
of excesdrnK andrps163-RNAs resulted in disappearance of modifications could be involved in the differential responses of
the binding signal at 54 kDa signal (Fé@, lanes 2 and 5). The these various proteins to changes in phosphorylation state.
psbA3-RNA partially decreased its intensity (lane 4), an@® For instance, it was recently shown that th&SA binding
RNA showed little if any competition effect (lane 3). Theseactivity of the translational control complex fr@hlamydomonas
results indicate that the specificity of RNA binding by p54 is nois enhanced by the reductant DTT and reduced thioredtin (
affected by phosphorylation. In our present work we have provided evidence that the activity
To study the influence of the redox state on the RNA-bindingf p54 can be specifically modulaiadiitro by glutathione rather
activity, the untreated (p54), phosphorylated (p54K) or dephotiian DTT or any of several other reductants. In addition, p54 is
phorylated (p54C) protein forms were incubated with redoinhibited rather than activated by the reduced sulfhydryl form
reagents and then subjected to UV crosslinking assay${ig. (GSH) and is slightly activated by the oxidized disulphide form
Neither DTT nor menadione (K3) were found to significantl(GSSG) of glutathione. Hence, although redox regulation is a
affect the binding activity (lanes 4 and 5) compared to reactioe®emmon mechanism for the control of plastid gene expression at
without redox reagents (lane 1). However, GSH completelyarious levels, the details can vary considerably.
abolished the activity (lane 2) and GSSG enhanced the activity ofGlutathione is a multifunctional thiol peptide, which appears to
both p54 and p54K and partially restored that of p54C. Thede essential in animal and plant cells. Apart from its role as a
results demonstrate that the RNA-binding activity of p54major sulphur sink, it is involved in a number of important
responds to redox reagents and phosphorylation in much the sagraeesses, including protection against oxidative stress, detoxifica-
way as the processing activity. A summary of the data presentih of xenobiotics and regulation of gene expression in response
in Figuresl—6 is given in Tabld. to environmental stres8@43). In plants, chloroplasts are the
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major site of glutathione synthesi89(40). The glutathione 8
concentrations reported for isolated chloroplasts are 5-10 timgs
lower than those found to be effective in our p54 binding an
processing assays vitro (39). A possible explanation for this 12
difference might be the loss of an additional factor inrthviiro 13
system. However, we did not observe an increase in glutathione
sensitivity with less purified p54 preparations (data not show g
In addition, thén vitro glutathione concentration of the site of p544¢
action may be different from that measured for entire chloroplasts.
The intracellular balance of the oxidized and reduced forms is
maintained by the mostly plastid-located enzyme glutathio
reductase0). GR is a key enzyme in the protection mechanism
against photooxidative stress, the glutathione—ascorbate cygle
(44), and both its biosynthesis and activity are regulated by
environmental stress condition&). 21
The 3-RNA binding activity of the translational control
complex fromChlamydomonawas found to be antagonistically
regulated by phosphorylation and reducing reagés89d). In 23
our experiments with p54, we also find antagonistic effects, yet
in the opposite direction. The most efficient activation of p54 wa&
obtained by phosphorylation prior to oxidation by GSSG,
Phosphorylation might be a prerequisite for further activation of5
p54 by oxidized glutathione, e.g. by mediating a conformationab
change that promotes specific SH group modification. 27
It is notable that p54 cleaves at the intergenic region af,
precursor transcripts that originate from thK promoter and g
contain botlrnK andpsbAsequenced §,45,46). As aresult, two 30
classes ofsbAtranscripts with different'ssequences exist, one 31

22

being generated by this cleavage reaction, the other by transcrip@n

from the own promoter of thesbAgene 16,47). These different
5'-regions might be starting points for translation control as wejl
as for post-translational modification88(29,48-53). Hence, 35
apart from its role itrnK 3-RNA maturation, p54 (and possible 36
associated proteins) may play a role in the stability and translatidh
of thepsbARNA. 38

39
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