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Abstract

Chloroplast and etioplast in vitro transcription systems from mustard have different functional proper-
ties, which 1s reflected in differences in phosphorylation status. Here we report another transcription
control mechanism, which involves two plastid DNA-dependent RNA polymerases designated as peak A
and peak B enzymes. Both are large multi-subunit complexes, but differ in their native molecular mass
(> 700 kDa for peak A and ca. 420 kDa for peak B) and in their polypeptide composition. The A enzyme
is composed of at least 13 polypeptides, while the B enzyme contains only four putative subunits. Peak B
activity is inhibited by rifampicin, whereas that of peak A is resistant. RNA polymerase activity was
compared for plastids from cotyledons of 4-day-old seedlings that were grown either under continuous
light (chloroplasts) or in darkness (etioplasts), or were first dark-grown and then transferred to light for
16 h (‘intermediate-type’ plastids). While the total activity was approximately the same in all three cases,
enzyme B was the predominant activity obtained from etioplasts and enzyme A that obtained from
chloroplasts. Both had equal activity in preparations from the ‘intermediate-type’ plastid form. Both
activation/inactivation and differential gene expression seem to play a role in the regulation of the plastid
transcription machinery.

Introduction

Plastids and mitochondria contain their own
DNA and a complete gene expression system, but
they nevertheless depend on nuclear gene prod-
ucts that are imported into these organelles [4, 5,
19]. Nucleo-plastidic interactions not only play
an important role in the assembly and function of
major plastid proteins such as Rubisco and the

photosynthetic complexes, but also seem to con-
trol the organelle gene expression system itself [3,
59, 52].

Since the initial findings on RNA synthesis in
isolated chloroplasts [29] the organelle transcrip-
tion apparatus has been extensively studied (for
review see [3, 26, 40]). One major approach
towards the understanding of the basic mecha-
nisms and cellular integration of plastid gene
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transcription was the purification of a soluble,
DNA-dependent chloroplast RNA polymerase
from maize [7, 58, 28]. Using different purifica-
tion schemes, similar preparations were also ob-
tained from other species such as spinach [ 36, 35,
34] and pea [61, 49]. However, the results of this
extensive biochemical work have not yet led to a
common definition of subunit structure and func-
tion of chloroplast RNA polymerase(s).

Important clues came from the molecular dis-
section of the plastid DNA using recombinant
techniques. It was shown for several plant species
that their organelie genome contains homologues
of the rpoA, rpoB and rpoC genes from Escherichia
coli, which encode the o, f and ' subunits, re-
spectively, of the bacterial RNA polymerase [24,
47, 56, 57, 67, 16]. The in vivo function of these
genes could be demonstrated [24, 54, 48] and,
in the case of maize, the gene products were
obtained as subunits of purified plastid RNA
polymerase and were identified by N-terminal
sequencing [22, 23].

Although the existence of an ‘E. coli-like’ RNA
polymerase in plastids is now widely accepted,
increasing evidence suggests that this enzyme
might not be exclusively responsible for plastid
RNA synthesis. For example, the complex poly-
peptide pattern of the purified preparations of
chloroplast RNA polymerase from spinach [34]
and pea [49] could not be fully reconciled with
the expected subunit structure inferred from gene
analysis. Likewise, the exact relationship among
the (soluble) ‘E. coli-like’ enzyme and a DNA-
associated activity (TAC = transcriptionally ac-
tive chromosome) [17, 38] still remains to be
clarified. Initial indications for the existence of
more than one type of plastid RNA polymerases
were obtained by studies with the antibiotic
rifampicin, a potent inhibitor of bacterial RNA
polymerase [18], which was found to partially
inhibit crude RNA polymerase preparations from
Chlamydomonas [60] and maize [6]. However,
subsequent work using more highly purified plas-
tid enzymes did not show rifampicin sensitivity
(reviewed in [26]).

More recent indications for a second, possibly
nuclear-coded RNA polymerase, come from

in vivo experiments with three different plant sys-
tems, i.e. heat-bleached rye seedlings [11], the
‘albostrians’ mutant of barley [21], and the para-
sitic plant Epifagus [13, 43]. Although each of
these systems contains defective plastids, either
by loss of functional organelle ribosomes (rye and
barley) or by lacking certain plastid genes includ-
ing the rpoBC, C, operon (Epifagus), plastid RNA
sequences were detected in vivo in all three cases.
Hence, these findings could be easily reconciled
with the existence of a second (nuclear-encoded)
RNA polymerase inside the plastid compartment,
although it is difficult to eliminate the possibility
that the RNA detected in these in vivo experi-
ments might come from a minor fraction of cells
that remained fully functional. This emphasizes
the need for direct biochemical evidence for the
proposed nuclear-encoded plastid RNA poly-
merase.

We have been interested in transcriptional con-
trol operating during plastid development in the
crucifer mustard (Sinapis alba). Previous studies
have shown differential in vivo transcript patterns
for plastid genes from light-grown versus dark-
grown seedlings [39, 25, 46]. Further work sug-
gests that this is reflected in part in changes in
properties of the organelle transcription appara-
tus [51, 10, 15, 65, 63]. In the present study, we
purified RNA polymerase activities from three
different plastid types, i.e. chloroplasts, etioplasts,
and partially converted ‘intermediate-type’ plas-
tids from greening seedlings. In each case, two
different enzyme forms, designated peak A and
peak B, were detected during purification. We
show that peak B resembles the bacterial enzyme,
while peak A does not. We describe enzymatic
characteristics, native molecular weights and
polypeptide patterns of the A and B activities,
and compare their relative activities in prepara-
tions from the three different plastid types.

Materials and methods

Preparation of plastid RNA polymerase activities

4-day-old mustard seedlings were grown either
96 h in the dark, 80 h in the dark followed by 16 h



illumination, or 96 h in the light, and plastids were
isolated as described [7, 51]. Etioplasts were
found to be free of mitochondrial contamination
as suggested by the lack of oxygen consumption
and absence of fumarase activity [37]. The plas-
tids were lysed and transcriptionally active ma-
terial then purified by chromatography on a 8 ml
heparin-Sepharose CL-6B column [9, 15, 65, 63].
The transcriptionally active fractions eluting at
0.1-0.9 M (NH,),SO, were pooled and then di-
alysed against buffer containing 50 mM Tris-HCI
pH 7.6, 0.1 mM EDTA, | mM 2-mercaptoetha-
nol, 109, glycerol, 50 ug/ml PMSF, 1 mM ben-
zamidine and 0.19, Triton X100. 400 pul of this
solution was layered on top of a 3.6 ml linear
glycerol gradient containing 15-309, glycerol,
50 mM Tris-HCl pH 7.6, 0.1 mM EDTA, 1 mM
2-mercaptoethanol and 0.19%, Triton X100 and
centrifuged at 32000 rpm (120000 x g) for 15 hin
a Kontron TST 60.4 rotor. After centrifugation
the glycerol gradients were fractionated into
200 ul aliquots. These fractions were immediately
analysed.

RNA polymerase assay

In vitro transcription activity was assayed in a
standard 50 ul reaction mixture containing
50 mM Tris-HCI pH 8.0, 50 mM KCl, 10 mM
MgCl,, 2 mM DTT, 0.6 mM each of ATP, CTP
and GTP, 12.5uM [5,6-°’HJUTP (1 Ci/mmol;
Amersham), 15 ul protein sample and 5 ug heat-
denatured calf thymus DNA as template. After
incubation for 30 min at 30 °C, the total amount
of RNA synthesized was determined by scintil-
lation counting of trichloroacetic acid (TCA)-
precipitable material [51].

Denaturing SDS-PAGE and protein staining

Polypeptides were analysed by denaturing SDS-
PAGE on 5-15%, polyacrylamide gels [32], fol-
lowed by silver staining [42]. The sample buffer
contained 4%, SDS, 2% bromophenol blue, 2%,
glycerol and 75 mM Tris-HCI pH 6.8 as well as
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10 mM each of PMSF, benzamidine, phenan-
throline and e-amino-n-caproic acid. This non-
reducing sample buffer was found to increase the
quality of the resolution of protein bands without
artefactual bands that were sometimes generated
in the presence of reducing agents. For protein
denaturation, samples were then incubated at
30 °C for 30 min prior to electrophoresis. Higher
temperatures resulted in protein degradation. For
two-dimensional gel electrophoresis the same
sample buffer, containing in addition 29, 2-mer-
captoethanol, was used.

Protein quantification

Protein concentration of samples was determined
by the Bradford assay [8].

DNA polymerase activity assay

DNA polymerase activity in glycerol gradients
was determined in a standard reaction mixture
containing 40 mM Tris-HCl pH 7.5, 20 mM
MgCl,, 50 mM NaCl, 0.1 mM each of dGTP,
dCTP and dTTP, 0.01 mM of dATP, 0.01 mM of
[**P]-dATP (400 uCi/mmol, Amersham), 20 ul
protein samples and 5 ug single-stranded plasmid
pBS (Stratagene) annealed with T7 primer as
template. After incubation for 30 min at 30 °C,
the total amount of DNA synthesized was deter-
mined by scintillation counting of TCA-precipi-
table material.

Results

Two different RNA polymerase activities from plas-
tids of mustard seedlings

The initial goal of our work was to develop a
rapid and efficient purification procedure for
chloroplast RNA polymerase that would allow
further functional characterization of the enzyme.
As shown in the purification scheme in Fig. 1A,
the procedure involved chromatography of the
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Fig. 1. A. Purification scheme for plastid RNA polymerase
activities from mustard (Sinapis alba L.). Plastids prepared
from cotyledons of 4-day-old seedlings were lysed and the
proteins then loaded on a heparin-Sepharose column. Bound
proteins were eluted with a linear ammonium sulphate gradi-
ent. The high-salt material (1.0~1.3 M) lacks transcription ac-
tivity and contains free ‘sigma-like’ transcription factors
(SLFs) [65]. The low-salt fractions (0.1-0.9 M) containing
RNA polymerase activity were pooled and further purified by
glycerol gradient centrifugation. The analysis of the gradient
fractions showed two distinct RNA polymerase activities des-
ignated as peak A and peak B. B. Relative activities of peak A
and peak B in different plastid types. Plastids were isolated
from seedlings that were either dark-grown (ET, etioplast),
dark-grown and then illuminated for 16 hours (PT16, plastids
after 16 h illumination), or light-grown (CP, chloroplasts). The
values for the A/B activity ratios were obtained by integrating
the peaks shown in Fig. 2 (see also Table 1).

chloroplast lysate on heparin-Sepharose as de-
scribed [65, 63, 64], followed by an additional
glycerol gradient centrifugation step. This simple
two-step procedure yielded reasonable amounts
of enzyme that were free of contaminating lower-
molecular-weight proteins but also resulted in an
unexpected separation of two RNA polymerase
activities designated peak A and peak B (Fig. 1).
These two peaks appear to represent different
RNA polymerase forms of distinct size and
polypeptide composition (Figs. 2, 3 and 4).

When the purification procedure outlined in
Fig. 1A for chloroplasts (CP) was repeated with
etioplasts (ET) or ‘intermediate’-type plastids
from greening seedlings (PT16), in each case both
peak A and peak B could be detected after the
glycerol gradient step (see Figs. 2A and 2B for
CP, Figs. 2C and 2D for ET and Figs. 2E and 2F
for PT16), yet with different relative activities
(Fig. 1B and Table 1).

As shown in Table 1, using the same amount of
starting material, there was a weak increase in
total RNA polymerase activity after the heparin-
Sepharose step from etioplasts via PT16 plastids
to chloroplasts, whereas the specific activity de-
creases in the reverse order. Integration of the
peak A and peak B activities after the glycerol
gradient step (Figs. 1B and 2, Table 1) revealed
an activity shift from peak B in etioplasts towards
peak A in chloroplasts (almost one order of mag-
nitude variation in A/B ratio). The PT16 plastids
showed an intermediate situation with almost
equal peak A and B activities.

Transcriptional properties of the peak A and peak B
RNA polymerase forms

The two resolved peaks were characterized by
variation of the standard in vitro transcription
assay (see ‘Materials and methods’). As shown in
Table 2, both RNA polymerase activities are
DNA-dependent. In both cases, transcription
takes place with either denatured or supercoiled
DNA templates and is inhibited by actinomy-
cin D. Omission of one or three of the four ribo-
nucleotides resulted in a total loss of activity. The
ribonucleotides cannot effectively be replaced
with deoxyribonucleotides, although a significant
residual activity was noted in the case of the B
enzyme. However, this is probably not an inher-
ent property of this enzyme form but may be due
to contamination. A DNA polymerase assay (see
‘Materials and methods’) detected activity in the
upper portion of the gradient, with a maximum
only three fractions above that of peak B (data
not shown).

Inhibition experiments showed that both
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Fig. 2. Separation of RNA polymerase activities by glycerol gradient centrifugation. A, C, E. Protein content and activity profiles
along the gradients. B, D, F. Silver-stained polypeptides of fractions from the gradients shown in A, C and E. RNA polymerase
peak A and peak B regions are indicated on top of each panel. Proteins were prepared from etioplasts (A, B}, plastids after 16 h
illumination (C, D), and from chloroplasts (E, F). The heavy band at 55 kDa in panels B and D represents Rubisco large sub-
unit which is associated with heparin-Sepharose-stage RNA. polymerase preparations to variable degrees (not shown). In E and
F, a chloroplast preparation was chosen which contains little contamination by this band. For sizes of marker proteins (right
margins of panels B, D and F), see legend to Fig. 4.
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Table 1. Purification of mustard peak A and peak B RNA polymerase activities from different plastid types

Purification Plastid Total protein® Total activity® Yield Specific activity Purification
step type?® (mg) (cpm x 10%) ) (cpm xmg ™) factor? (fold)
heparin-Sepharose:

ET 6.57 2654 100 403.9 1.00

PT16 11.07 2716 100 245.3 1.00

CP 24.89 2851 100 114.5 1.00
glycerol gradient:

ET 1.48 302 11.04 204.1 0.51
peak A PTI16 1.57 1324 48.70 843.3 3.44

CP 4.18 2306 80.90 551.7 4.80

ET 3.98 2242 84.50 563.3 1.39
peak B PT16 4.17 1340 49.30 321.3 1.31

CP 1.47 251 8.80 170.7 1.49

@ Abbreviations: ET, etioplast; PT16, ‘intermediate’ plastid type after 16 h illumination; CP, chloroplast.

® From 1.5 kg mustard cotyledons as starting material.

¢ Data presented are mean values obtained by three independent determinations. Background activities determined with samples
that were TCA-precipitated at zero times (less than 109, of values for active samples) were previously subtracted.
9 No activity was detected prior to heparin-Sepharose. Based on comparison of polypeptides, the latter fraction represents a

> 500-fold purification over the plastid crude extract.

peak A and peak B are heparin-sensitive. No ef-
fect was noted in the presence of relatively high
concentrations of w«-amanitin, indicating that
there was no contamination by nuclear RNA
polymerases. Using rifampicin, an inhibitor of
prokaryotic RNA polymerases [ 18], showed that
peak A was unaffected or even slightly stimulated
in the presence of this drug. In contrast, an al-
most complete inhibition of the peak B activity
resulted at inhibitor concentrations as low as
0.1 ug/ml. This inhibitory effect was found re-
gardless of whether denatured or supercoiled
DNA templates were used. Another rifamide,
rifamycin SV, resulted in a comparable degree of
inhibition of peak B activity (Table 2).

A partial inhibition by rifampicin was noted for
the transcriptionally active (low-salt) fraction
upon heparin-Sepharose chromatography, i.e. the
first purification step where RNA polymerase ac-
tivity became detectable (Table 1). Using 10 pg/
ml of the drug, 78.9%, (ET), 51.3% (PT16), and
20.2%, (CP) inhibition was observed. These val-
ues correspond to enzyme A/B ratios of 1:3.7
(ET), 1.1:1 (PT16), and 3.9:1 (CP), respectively,
which is within the range of values obtained for
the separated enzyme forms after glycerol gradi-
ent centrifugation (Table 1).

Molecular weight and polypeptide composition of
peak A and peak B enzyme forms

To estimate the molecular weight of the peak A
and peak B activities, we used calibrated glycerol
gradients containing marker proteins. As shown
in Fig. 3, this gave native molecular weight values
of around 420 kDa for peak B and of at least
700 kDa for peak A. Due to the lack of appro-
priate high-molecular-weight marker proteins the
latter value is a minimum estimate. Peak A
showed a complex polypeptide pattern, consist-
ing of seven major bands (141, 110, 107, 78, 72,
48 and 29 kDa) and at least six minor bands (72,
36, 35, 26, 16 and 13 kDa). The sum of these
molecular masses is 781 kDa, which is in reason-
able agreement with the molecular mass of the
native complex. Further evidence that these 13
polypeptides are constituents of the peak A en-
zyme was obtained by two-dimensional analysis
using non-denaturing gel electrophoresis in the
first dimension and SDS-PAGE in the second
dimension (data not shown). This indicates that
the peak A enzyme is a large multi-subunit com-
plex, which is not a larger aggregate of the peak B
enzyme, but rather contains a distinct polypep-
tide pattern.



Table 2. Characterization of purified plastid RNA poly-
merase.

Reaction mixture RNA polymerase activity (%)

Peak A Peak B E. coli

Control (full system) 100.0 100.0 100.0
- template DNA 2.3 0 0
+ Actinomycin D

10 pg/ml 29.9 5.4 373

100 pg/ml 2.8 4.7 18.8
- ATP 0 0 2.9
- ATP, GTP, CTP 0 0 0
+ dNTPs 0 14.3 2.5
supercoiled 48.8 68.8 n.d.

template DNA

+ Heparin

0.1 pg/ml 0 0 1.2

1 pg/ml 0 0 1.0
+ ®-Amanitin

100 pg/ml 95.9 117.9 110.5

250 pug/ml 110.5 123.3 118.0
+ Rifampicin

0.01 ug/ml 115.5 64.3 61.6

0.1 pg/ml 114.8 10.0 2.4

1 ug/ml 117.4 5.5 (10.7)* 1.1
+ Rifamycin SV

0.01 ug/ml n.d. 95.9 n.d.

0.1 pg/ml n.d. 28.1 n.d.

1 pg/ml n.d. 11.3 n.d.

Transcription assay using either E. coli RNA polymerase or
glycerol gradient purified plastid enzyme peak A or B were
carried out as described in Material and methods in the ab-
sence or presence of the indicated assay components or in-
hibitors. To test deoxyribonucleotides (ANTPs) as substrates
for peak A and B, DNA polymerase assays were performed
(see Materials and methods), with T7 DNA polymerase as
a positive control (data not shown). Stock solutions of in-
hibitors were 1 mg/ml each. Actinomycin D, heparin and
a-amanitin were dissolved in water and the rifamides in
methanol. Control reactions each contained the same amounts
of stock solution without inhibitors.

* Numbers in parenthesis: percentage of activity with super-
coiled template: plasmid pSA05/H120 carrying the plastid
pshbA promoter in pUCI13 [15].

The analysis of the polypeptide composition of
the peak B activity proved to be more difficult
because of contaminating proteins from the upper
portion of the glycerol gradient (see Fig. 2). The
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Fig. 3. Molecular weight assessment of peak A and peak B
RNA polymerase in glycerol gradients. The gradients were
calibrated with native marker proteins, which are indicated by
numbers (). 1, thyreoglobuline (669 kDa); 2, E. coli RNA
polymerase (450 kDa); 3, f-galactosidase dimer (232 kDa); 4,
p-galactosidase monomer (116 kDa). The peak positions of
the markers were determined by fractionation of the gradient,
followed by SDS-gel electrophoresis and silver staining.
Gradient-purified peak A and peak B were layered on top of
the same gradients as the markers and their positions were
determined using the RNA polymerase assay (@).

combined kDa values of all consistently observed
polypeptides (dots in lane ‘B’ in Fig. 4) gave a
total molecular mass of about 700 kDa, not cor-
responding to the 420 kDa native peak B com-
plex (Fig. 3). Unfortunately, two-dimensional gel
electrophoresis could not be used as an alterna-
tive method because of instability of the peak B
enzyme in the native first dimension (not shown).
Nevertheless, the three most prominent polypep-
tides associated with peak B fractions in Figs. 2B
and 2D, with apparent molecular masses of 154,
120 and 38 kDa (arrowheads in Fig. 4, lane ‘B’),
co-purify with the enzymatic activity (Fig. 2),
while other bands seem to represent contaminants
from upper fractions of the glycerol gradient. The
apparent sizes of these three major peak B-
associated polypeptides closely match those of
the rpo gene products ", f and o from spinach
[24]. In addition, a less intensely stained 72 kDa
polypeptide in Fig. 4, lane ‘B’, could be the ma-
ture processed form of the §’ subunit, which has
a molecular mass of 71 kDa in spinach [14].
These four polypeptides together account for
384 kDa, which compares reasonably with the
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Fig. 4. Molecular sizes of putative subunits of the two plas-
tid RNA polymerase forms. Polypeptide patterns are shown
for peak A from chloroplasts (lane ‘A’), peak B from etioplasts
(lane ‘B’), and for E. coli RNA polymerase (lane ‘E.c.’; §', B,
o and o polypeptides marked by arrows). The kDa values for
peak A and B polypeptides (dots in lanes ‘A’ and ‘B’) are given
in the left margin. Several unlabelled minor bands in lane ‘A’
were not detected after two-dimensional gel electrophoresis.
Arrows to the right of lane ‘B’ mark the putative plastid RNA
polymerase subunits " (154 kDa), ' (120kDa), § (71—
78 kDa), and o (38 kDa). Other polypeptides of peak B are
not considered to be subunits as they are enriched in the top
portion of the glycerol gradient (see Fig. 2). The marker pro-
teins with sizes indicated in the right margin were o,-
macroglobulin (170 kDa), f-galactosidase (116 kDa), trans-
ferrin (76 kDa) glutamic dehydrogenase (53 kDa), aldolase
(39kDa), chymotrypsin (25kDa), and cytochrome C
(12.5 kDa).

420 kDa for the native peak B enzyme (Fig. 3),
considering an additional 29, 52 or 67 kDa for
one of the three known sigma-like factors (SLFs)
present in low amounts [65, 63].

In the absence of amino acid sequence infor-
mation and comparison to the mustard rpo genes,
this is a tentative assignment of putative subunits.
It could be argued that, for example, the 72 kDa
(B") band is quite weak in Fig. 4, lane B, and also
in the peak B fractions of the glycerol gradients in
Figs. 2B and 2D, while its intensity seems to in-
crease towards the top of the gradients. However,
although partial dissociation of the peak B holo-

enzyme cannot be excluded, the strong 70-
75 kDa band close to the top of the glycerol gra-
dients clearly consists of several different
polypeptides that can be separated upon pro-
longed electrophoresis (not shown).

Discussion

A number of different purification schemes have
been developed to purify plastid RNA polymerase
(for review see [3, 26]). We present here a short
two-step procedure designed to minimize loss of
enzymatic activity and to reduce as much as pos-
sible the dissociation of subunits or additional
factors during the purification. Furthermore, this
short and reproducible technique has been found
suitable for comparative investigations of RNA
polymerase activities from different plastid types.

The accumulation of some but not all plastid
mRNAs was reported to be light-stimulated in a
number of plant species, including maize [2, 53],
mustard [39, 14, 25], pea [62, 66], spinach [12,
45] and sorghum [55]. It has become a common
notion that the degree of light regulation of plastid
gene expression seems to depend on the species,
developmental stage and tissue type (see e.g. [41,
20]). Since the molecular mechanisms involved
appear partially to reside at the transcriptional
level [30, 15, 64], we were interested to charac-
terize the organelle transcription apparatus in
greater detail, using different plastid types.

We have purified RNA polymerase activity
from chloroplasts of light-grown seedlings and
from etioplasts of dark-grown seedlings. In addi-
tion, we used ‘intermediate-type’ plastids from
seedlings that were first grown in darkness and
then transferred to light. As shown in Table 1, the
total activity obtained from equal amounts of
starting material (1.5 kg of mustard cotyledons)
was almost constant or slightly increased from
etioplasts towards chloroplasts, whereas the spe-
cific activity of the preparations decreased in the
opposite direction. This most likely reflects the
accumulation of photosynthesis-related major
proteins during light-induced greening.

Further purification of the RNA polymerase



activity from each plastid type by glycerol gradi-
ent centrifugation led to separation into two ac-
tivity peaks, designated peak A and peak B,
which appeared to be inversely regulated in these
two plastid types. While there is an almost tenfold
excess of peak B activity over that of peak A in
etioplast preparations, the reverse is true for the
chloroplast preparations, and both peaks have
approximately the same activity in preparations
obtained from the ‘intermediate-type’ plastids of
greening seedlings (Table 1). Interestingly, the
protein content of the corresponding peaks from
etioplasts and intermediate plastids is very simi-
lar, but is different from that of the respective
chloroplast peak (Table 1). This might mean that
two mechanisms contribute to the light-dependent
differentiation of the plastid transcription appa-
ratus during greening. Temporally the first event
seems to be an activation of the ‘A’ enzyme and
inactivation of the ‘B’ enzyme, possibly by protein
modification such as phosphorylation [64]. This
is then followed by a subsequent increase
(peak A) and decrease (peak B)in the actual con-
centration of proteins associated with the two
activity peaks. In essence, these findings indicate
a significant change in the plastid transcription
apparatus during the light-induced conversion
from the etioplast towards the chloroplast state.
This change seems to consist of two phases, the
first of which is characterized by altered activities
of peak A versus peak B in the absence of signif-
icant changes in protein content. The second
phase appears to consist of differential gene ex-
pression for individual components of the tran-
scription machinery, reminiscent of those known
for other macromolecular complexes of the or-
ganelle such as the photosynthetic apparatus [44,
20].

What might be the relationship and function of
the peak A and peak B activities? Both peaks
show a distinct migration behaviour in glycerol
gradients indicating different size of the active
complexes (Fig. 3). Although these experiments
leave the formal possibility that peak A might re-
present a larger aggregate (e.g. dimer) of the
peak B enzyme form, this is unlikely in view of the
distinct polypeptide patterns obtained upon
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SDS-PAGE (Fig. 4). Virtually none of the
polypeptides in each preparation seems to have a
counterpart amongst those of the other prepara-
tion, indicating that peak A and peak B are en-
tirely distinct enzymes. However, although less
likely, another possibility for the different SDS-
PAGE patterns would be that the peak A and
B-associated polypeptides are related but might
be subject to differential modification, such as
phosphorylation, glycosylation, acetylation or
specific proteolysis. Hence, in order to fully an-
swer these questions, it will be necessary to ob-
tain sequence information of the various polypep-
tides.

How do the enzyme preparations of our present
study compare to plastid RNA polymerase ac-
tivities that were previously reported? In maize,
two activities could be partially separated by using
a different procedure [68] and only one of them
was studied further with regard to polypeptide
structure. This latter activity was shown by pro-
tein sequencing to be related to the E. coli RNA
polymerase [22, 23]. Two different RNA poly-
merase activities were likewise reported for pea
chloroplasts [33], each with distinct transcription
preference for the rrn versus psb4 promoter.
Since the two activities share immunochemically
related polypeptides, it is possible that they re-
present two forms of one and the same enzyme
that are associated with different sets of auxiliary
polypeptides. Multiple plastid RNA polymerase
activities were also reported for spinach, the major
form of which seems to represent the E. coli-type
enzyme based on its immunological relationship
to the bacterial protein [34].

Interestingly, in none of these cases it was re-
ported that highly purified plastid RNA poly-
merase is inhibited by the antibiotic rifampicin,
although an inhibitory effect was previously
shown for partially purified preparations [6]. A
reasonable explanation for this discrepancy
would be that the product of the plastid rpoB
homologue contains sufficient amino acid substi-
tutions within the region responsible for rifampi-
cin binding in the bacterial 8 subunit [26]. The
partial rifampicin sensitivity of crude enzyme
preparations could be mediated by other proteins
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present in such fractions. However, another pos-
sible explanation comes from our observation that
there is a plastid-type-specific activity shift of
peak A versus peak B (Fig. 1B). Since only
peak B is sensitive against rifampicin but ex-
pressed very weakly in mature chloroplasts, inhi-
bition is hardly detectable using more crude en-
zyme preparations from this plastid type. On the
other hand, since peak B seems to represent the
E. coli-like RNA polymerase form, one would ex-
pect rifampicin sensitivity in extracts from etio-
plasts or intermediate plastid types during green-
ing. Indeed, the earlier experiments with maize
which showed a partial inhibition by rifampicin
were done with dark-grown seedlings that were
then transferred to light in order to allow green-
ing [6].

Recently, the possible existence of a T7-like
plastid RNA polymerase consisting of a single
110 kDa polypeptide was reported for spinach
chloroplasts [37]. Our present work using prepa-
rations from 4-day-old mustard seedlings did not
substantiate these findings. However, similar to
the situation in spinach, a second (minor) peak
was noted upon heparin-Sepharose chromato-
graphy when 14-day-old mustard plants were
used for chloroplast preparation, indicating the
possible existence of an additional developmen-
tally regulated RNA polymerase in mature tissue
(unpublished data). It remains to be seen if the
110 kDa polypeptide reported for spinach is
functional as a complete RN A polymerase in vivo
or, alternatively, represents the catalytic core of a
larger complex yet to be characterized. In any
case, these findings stress the importance of anal-
ysing different plastid types of different develop-
mental stage and/or tissue type in order to detect
the full complement of proteins that together re-
present the organelle transcription apparatus [55,
31, 50]. In our present work we have investigated
the peak A and peak B activities in different plas-
tid types in seedlings of the same age (4 days old).
It is conceivable that earlier in development at the
proplastid stage, plastid transcription might be
driven exclusively by the E. coli-like RNA poly-
merase B. Subsequent differentiation in the light
then stimulates a shift towards plastid RNA poly-

merase A, which becomes dominant in the ma-
ture chloroplast. Although the exact sequence of
events likely needs further refinement and modi-
fication, there are already data available that sup-
port this view. In barley, the rpoBC operon is
expressed very early and the abundance of rpoB
transcripts declines rapidly with further plastid
development [1]. Likewise, transcript levels for
the rpo genes from rice were found to decline with
age, with only low levels of rpoA, rpoC, and rpoC,
transcripts and virtually none for rpoB transcripts
detectable in 10-day-old seedlings [27].

The maize plastid RNA polymerase which was
identified as the E. coli-like enzyme by N-terminal
sequencing was purified from plastids of plants
which were grown 7-8 days in the dark after 16 h
of illumination [22, 23, 68]. Hence, similar to the
PT16 plastids of our present work, both peak A
and peak B RNA polymerases might be present
under these conditions in a roughly 1:1 ratio in
maize as well. Indeed, two types of RNA poly-
merase activities were purified from these plastids
of greening maize leaves [68], one of which (PF
peak) was characterized further and identified as
the E. coli-like enzyme. Although the nature of the
other activity (BF peak) is still unknown, it might
well represent a peak A-type RNA polymerase.
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