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Introduction

Among bacteria, one of the most significant systems that regu-
lates gene expression is the stringent response, which enables
cells to adapt to stressful conditions such as nutrient depriva-
tion. Guanosine 5’-diphosphate 3’-diphosphate (ppGpp) plays
an important role as a key mediator of the stringent response

and is thus called bacterial alarmone.[1] In bacteria, ribosome-
dependent ppGpp synthesis is catalyzed by the relA gene
product, ppGpp synthetase, which is expressed in response to
the binding of uncharged tRNA to the ribosomal A site. The
binding of ppGpp to RNA polymerase (RNAP) causes eitherACHTUNGTRENNUNGactivation or suppression of various genes. The stringent re-
sponse is involved in the induction of secondary metabolism
and differentiation in bacteria.[2, 3] The significance of ppGpp in
bacterial physiology has drastically increased with the recent
discovery that ppGpp induces bacterial quorum sensing, which
consists of a range of intercellular signalling mechanisms to
determine population density[4, 5] and controls various aspects
of pathogenic and symbiotic bacterium–host interactions.[6–9]

In plants, chloroplasts have their own genomes and mecha-
nisms for gene expression.[10] In addition to photosynthesis,
there are many similarities between chloroplasts and cyano-
bacteria. With only a few exceptions, phylogenetic trees based
on proteins reveal that all chloroplasts in plants and cyanobac-
teria are congenetic ; this strongly supports the idea that chlor-
oplasts originated from cyanobacteria.[11] RNAPs in plastids are
classified into two categories: one is plastid-encoded plastid
RNA polymerase (PEP) and the other is nuclear-encoded plastid
RNA polymerase (NEP).[12, 13] PEP, which is similar to bacterial
RNAP, contains a core complex composed of a, b, b’, and b’’
subunits and a number of accessory proteins.[14–16] NEP is anal-
ogous to T7 phage RNAP, and at least two kinds of NEP
(RpoTp and RpoTmp) exist in plastids. RpoTp is imported to
plastids, and RpoTmp is transferred to both plastids and mito-
chondria.[17, 18] In maize and mustard (Sinapis alba L.), it was re-
ported that the bacterial property of PEP appears in etioplasts
and greening chloroplasts.[19, 20] Differential control of NEP and

Chloroplasts, which are thought to have originated from cya-
nobacteria, have their own genetic system that is similar to
that of the bacteria from which they were derived. Recently,
bacterial alarmone guanosine 5’-diphosphate 3’-diphosphate
(ppGpp, 1), a key regulatory molecule that controls the strin-
gent response, was identified in the chloroplasts of plant cells.
Similar to its function in bacteria, ppGpp inhibits chloroplast
RNA polymerase; this suggests that ppGpp mediates gene ex-
pression through the stringent response in chloroplasts. How-
ever, a detailed mechanism of ppGpp action in chloroplasts re-
mains elusive. We synthesized 6-thioguanosine 5’-diphosphate
3’-diphosphate (6-thioppGpp) as a photoaffinity probe of

ppGpp; this probe thus enabled the investigation of ppGpp
binding to chloroplast RNA polymerase. We found that 6-thi-
oppGpp, as well as ppGpp, inhibits chloroplast RNA synthesis
in vitro in a dose-dependent manner. Cross-linking experi-
ments with 6-thioppGpp and chloroplast RNA polymerase indi-
cated that ppGpp binds the b’ subunit (corresponding to the
Escherichia coli b’ subunit) of plastid-encoded plastid RNA poly-
merase composed of a, b, b’, b’’, and s subunits. Furthermore,
ppGpp did not inhibit transcription in plastid nucleoids pre-
pared from tobacco BY-2 cells ; this suggests that ppGpp does
not inhibit nuclear-encoded plastid RNA polymerase.
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PEP activities causes dynamic changes in plastid gene expres-
sion during plastid differentiation. In the process of evolution,
plants seem to specialize their cellular functions, and this even-
tually leads to the ability to differentiate plastids variedly.

Despite the fact that the genetic systems between chloro-
plasts and bacteria are homologous, the functional capability
of ppGpp in plant cells has been largely overlooked. Recently,
relA/spoT homologous genes (rsh) encoding a protein with
ppGpp synthetic activity were found in several plants.[21–24]

Most plant RSH proteins involve chloroplast transit sequences
in their N-terminal regions. These results harmonize with ana-
lytical data showing that ppGpp localizes in chloroplasts.[25]

Furthermore, ppGpp inhibits chloroplast RNAP activity dose-
dependently in vitro. Judging from these previous works, it
seems highly likely that the bacterial-type stringent response
regulated by ppGpp also exists in higher plants. Supporting
this notion is the fact that ppGpp production in plants isACHTUNGTRENNUNGinduced under stressful conditions, most likely mediated by
plant hormones.[25] Furthermore, in addition to the rsh genes,
novel relA/spoT homologues known as crsh (Ca2 +-activated
relA/spoT homologue), which contain two EF-hand motifs at
the C terminus, were reported in rice and Arabidopsis thali-
ana.[26, 27] Moreover, crsh in A. thaliana was shown to play a role
in plant fertilization.[27] These investigations are quite intriguing
from the view of stress adaptation, plant fertilization and the
evolution of plants and chloroplasts. However, the details of
ppGpp function in plants remain elusive.

To identify the ppGpp-binding subunit in E. coli RNAP, radio-
active cross-linkers 8-N3ppGpp[28] and 6-thioppGpp (2)[29] have
been used. Binding experiments with these compounds how-
ever have given rise to different results, in which 8-N3ppGpp
and 6-thioppGpp differentially bind to the b and b’ subunits,
respectively. The position of the cross-linking moiety on gua-
nine appears to render these cross-linkers different in their
binding to E. coli RNAP subunits. The recent X-ray crystal struc-
ture of Thermus thermophilus RNAP complexed with ppGpp
demonstrates that ppGpp binds
proximally to the active site lo-
cated between b and b’ subu-
nits, and that the oxygen of the
carbonyl group at the 6-position
of ppGpp is vicinally oriented to
the b’-subunit in RNAP.[30] As a
first step in clarifying the bio-
chemical activity of ppGpp on
chloroplast RNAP, we synthe-
sized 6-thioppGpp by using
chemical and enzymatic reac-
tions and identified the subunit
to which ppGpp binds in chloro-
plast RNAP. The present data
also suggest that ppGpp plays
an important role in the regula-
tion of chloroplast gene tran-
scription.

Results and Discussion

Synthesis of 6-thioppGpp

Previously, radioactive 6-thioppGpp was prepared from 6-thio-
guanosine 5’-triphosphate (6-thioGTP) and [g-32P]ATP by the
phosphate transfer reaction of crude RelA enzyme obtained
from E. coli.[29] Because 6-thioGTP was the starting material,ACHTUNGTRENNUNGradioactive 6-thioppGpp was obtained along with radioactive
6-thioguanosine 5’-triphosphate 3’-diphophate (6-thiopppGpp),
and hence radioactive 6-thioppGpp needed to be purified by
using anion exchange column chromatography. We attempted
to synthesize 6-thioppGpp through 6-thioGDP (7) to avoid
contamination of 6-thiopppGpp with 6-thioppGpp and simplify
the separation of radioactive compounds (Scheme 1). The
starting material, 6-thioguanosine (3), was protected as a 2’,3’-
O-methoxymethylidene derivative (4). The tosyl group was in-
troduced at the 5’-position of 2 (without the other protection
group) to give 5 in a reasonable yield (59 %) after treatment
with nBuLi. After deprotection of the acetal group at the 2’-
and 3’-positions of 5, the resulting compound 6 was reacted
with tris(tetra-n-butylammonium) pyrophosphate to give 6-thi-
oGDP (7). Finally, 7 was subjected to an enzymatic reaction of
pyrophosphate transferase with ATP to obtain 6-thioppGpp (2)
as a lithium salt.[30] The completion of this reaction was moni-
tored by HPLC analysis. To synthesize radioactive 6-thioppGpp,
6-thioGDP (7) was incubated in a reaction mixture containing
[g-32P]ATP and a pyrophosphate transferase. After 2 h, this re-ACHTUNGTRENNUNGaction mixture was extracted by phenol/chloroform, and to
remove traces of phenol, an equal volume of chloroform was
added to the aqueous layer. The aqueous solution containing
radioactive 6-thioppGpp was used for cross-linking.

Previously, 6-thioGDP was synthesized together with 6-thio-ACHTUNGTRENNUNGGTP; however, the compounds were not easily separated by
anion exchange column chromatography.[31] We report here
new a synthetic method for 6-thioGDP, an intermediate of 6-

Scheme 1. Synthesis of 6-thioppGpp (2). a) (CH3O)3CH, pyridine-HCl, DMSO, RT, 40 h; b) 1: nBuLi, THF, �78 8C,
15 min, 2: tosyl chloride, THF; 0 8C, 1 h; c) TFA, MeOH/H2O (2:1), RT, 16 h; d) (Bu4N)3HOPP, CH3CN, RT, 96 h ; e) ATP,
pyrophosphate transferase, glycine buffer (pH 10), 37 8C, 2 h.
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thioppGpp, which is easy to carry out and chemically well-
defined. These reactions obtained milligram quantities of the
final product sufficient for small-scale biochemical experiments.
Moreover this synthesis provided 6-thioppGpp without con-
tamination of 6-thiopppGpp. This synthetic method will be
able to produce other photoaffinity probes containing GDP as
a partial structure.

The inhibitory activity of 6-thioppGpp in chloroplast RNA
polymerase reaction

Chloroplasts of spinach (Spinacia oleracea) have been used as
a model for studying the function of chloroplasts. The com-
plete nucleotide sequence of the plastid chromosome ofACHTUNGTRENNUNGspinach has been reported.[32] Therefore, we selected spinach
chloroplasts for RNAP preparation. Since purification of chloro-
plast RNAP from mature plant leaves is difficult due to the as-
sociation of many proteins with chloroplast RNAP,[15] we used
partially purified chloroplast RNAP (see the Experimental Sec-
tion) to examine the inhibitory activities of 6-thioppGpp and
ppGpp. As expected, ppGpp and 6-thioppGpp both inhibited
the activity of RNAP dose dependently at concentrations rang-
ing from 200 to 1,000 mm (Figure 1). High concentrations of
ppGpp were required to inhibit chloroplast RNAP activity sub-
stantially. In this regard, it is noteworthy that the inhibitory
effect of ppGpp observed in vitro was always much smaller
than that observed in vivo.[33, 34] Gourse and colleagues[35] sug-
gested that this discrepancy reflects, at least in E. coli, the level
of the DksA protein, which amplifies the effects of ppGpp. A
similar mechanism for amplifying the effect of ppGpp might

operate in chloroplasts, though a DksA homologue has not yet
been found in plants.

The extent of inhibition by 6-thioppGpp in the RNAP reac-
tion was almost the same as that of ppGpp; this reflects the
fact that structural differences between these compounds are
minimal. Given that they have the same inhibitory activity and
only slight structural differences, 6-thioppGpp and ppGpp are
considered to bind the same site on chloroplast RNAP. Thus,
we employed 6-thioppGpp for identification of the ppGpp
binding site in chloroplast RNAP.

Cross-linking of 6-thioppGpp to chloroplast RNA polymerase

In this study, radioactive 6-thioppGpp was converted from 6-
thioGDP by pyrophosphate transferase.[30] An equivalent
amount of [g-32P]ATP to 6-thioGDP was added to the reaction
mixture. Accordingly, the radioactive nucleotide in the reaction
mixture was almost solely radioactive 6-thioppGpp due toACHTUNGTRENNUNGeffective enzymatic catalysis. The small amount of unreacted
[g-32P]ATP was considered not to pose a serious problem for
cross-linking. Therefore, the reaction mixture was not purified.
A mixture of radioactive 6-thioppGpp and chloroplast RNAP
was subjected to UV irradiation for photoactivation. The results
of SDS-PAGE analysis indicate that a protein with a molecular
size of 75 kDa cross-linked with radioactive 6-thioppGpp (Fig-
ure 2 A). The competition experiments demonstrate that cross-

linking of radioactive 6-thioppGpp was severely inhibited by
the co-existence of ppGpp (Figure 2 B); this indicates that the
binding site of radioactive 6-thioppGpp was identical with that
of ppGpp. A broad protein band with the molecular weight of
about 66 kDa was identified as bovine serum albumin (BSA),
which was contained in cross-linking reaction buffer.

Peptide fingerprinting and identification

The protein band corresponding to the radioactive band was
excised and digested by trypsin and then its MALDI-TOF MS
spectrum was measured. A database search (MASCOT) of

Figure 1. In vitro inhibition of chloroplast RNAP by 6-thioppGpp and ppGpp.
Partially purified chloroplast RNAP from spinach (S. oleracea) was incubated
in the presence of [3H]UTP and various concentrations of 6-thioppGpp and
ppGpp. [3H]UTP incorporation was determined by liquid scintillation count-
ing. The mean values from three independent experiments are shown. Verti-
cal bars represent standard errors. *, no ppGpp and 6-thioppGpp; &,
200 mm ; ~, 500 mm ; ^, 1000 mm.

Figure 2. Cross-linking of chloroplast RNAP with radioactive 6-thioppGpp.
A) SDS-PAGE of chloroplast RNAP visualized by silver stain and cross-linked
with radioactive 6-thioppGpp. B) competition experiment. 100-fold amount
of normal ppGpp was added.
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major peaks indicated that the protein cross-linked with 6-thio-ACHTUNGTRENNUNGppGpp was the b’ subunit of plastid-encoded plastid RNAP
(PEP; Figure 3 and Table 1). Accordingly, we conclude that
ppGpp binds the b’ subunit of PEP to inhibit transcription.

PEP, which is composed of a, b, b’, b’’, and s subunits, has
high similarity to cyanobacterial RNAP.[36, 37] The plastid genome
encodes the genes of the former four subunits, rpoA, rpoB,
rpoC1, and rpoC2, whereas the nuclear genome encodes the
gene of the s subunit. The subunit corresponding to the b’
subunit in E. coli RNAP is divided into the b’ and b’’ subunits
(75 kDa and 154 kDa) in PEP as well as RNAP of cyanobacteria.
The amino acid sequences of b’ and b’’ subunits show homolo-
gy with the N- and C-terminal regions of E. coli RNAP (43 %
and 27 %, respectively).[38] The b’ subunit that is found to bind
ppGpp in our study has similarity to the b’ subunit of E. coli
RNAP. The present result was therefore analogous to theACHTUNGTRENNUNGresults from ppGpp-T. thermophilus RNAP crystal structure anal-
ysis[30] and E. coli RNAP binding experiments with 6-thio-ACHTUNGTRENNUNGppGpp.[29]

Effects of ppGpp on transcription in isolated chloroplast and
proplastid nucleoids

Several reports have suggested that plastids of BY-2 cells,
which are derived from Nicotiana tabacum L. cv. Bright Yellow-
2, have functional and morphological properties similar to un-
differentiated proplastids from meristematic cells.[39, 40] The NEP,
which is similar to T7 phage RNAP, is a predominant transcrip-
tional enzyme and is responsible for activation of plastid-en-
coded transcriptional machinery in proplastids. Since we found
that ppGpp binds the b’ subunit of PEP, we next studied
whether or not ppGpp selectively inhibits transcriptional activi-
ty of chloroplast nucleoids (from matured tobacco leaves) and
proplastid nucleoids (from BY-2 cultured cells). Interestingly,
ppGpp differentially inhibited transcription of each plastidACHTUNGTRENNUNGnucleoid (Figure 4). While transcription in chloroplast nucleoids

Figure 3. MALDI-TOF/MS spectral data of tryptic digested peptides from the protein cross-linked with radioactive 6-thioppGpp. Both peaks of 1045 and 1672
are angiotensin and neurotensin peptides for internal standard.

Table 1. Peptide mass fingerprinting analysis of the protein correspond-
ing to the radioactive band.

Found (m/z) Calculated (m/z) Amino acid sequence assigned

2305.1955 2305.2226 27ILPNGEIVGEVTKPYTFHYK46

1939.9585 1939.9588 173YSIPLFFTTQGFDTFR188

1746.9320 1746.9683 440ILQEVMQGHPVLLNR454

1655.9023 1655.8962 327LVQEAVDTLLDNGIR341

1540.8896 1540.8845 461LGIQAFQPILVEGR474

1363.8114 1363.8056 382SVIVVGPSLSLHR394

1340.6587 1340.6515 287LMSSDINELYR297

1334.6783 1334.6910 303NNTLTDLLSTSR314

1146.6276 1146.6266 654TTVGHISLYR663

1072.5647 1072.5633 201EQLADLDLR209

1034.5953 1034.5880 646EIIDIYIR653

981.4814 981.4887 355SFSDVIEGK363

974.5105 974.5265 191EISTGAGAIR200

Figure 4. Effects of ppGpp on transcription in isolated chloroplast- (PEP) and
plastid- (NEP) nucleoids. The transcription assay was performed in the pres-
ence of [3H]UTP and various concentrations of ppGpp. [3H]UTP incorporation
was determined by liquid scintillation counting. The mean values from three
independent experiments are shown. Vertical bars represent standard errors.
*, no ppGpp; &, 200 mm ; ~, 500 mm ; ^, 1000 mm.
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was evidently inhibited by 200 to 1,000 mm ppGpp, virtually no
inhibition was detected in proplastid nucleoids transcription
even at 1000 mm ppGpp; this indicates the differential ppGpp
sensitivity of each plastid nucleoid. Apparently, this is a reflec-
tion of the fact that chloroplast nucleoids and proplastid nu-
cleoids have different transcriptional machinery.[39] Accordingly,
we conclude that ppGpp selectively inhibits transcription by
PEP (bacterial type RNA polymerase) and exerts its effects after
proplastids differentiate into chloroplasts.

NEP initially transcripts a set of genes (rRNA, ribosomal pro-
teins, and PEP) that are involved in the gene expression
system in chloroplasts. PEP then carries out transcription of
most chloroplast genes. Recently, s factors and their mode of
action have been extensively studied to elucidate the regulato-
ry mechanism of chloroplast transcription.[40] For transcription
by PEP, a number of s factors encoded in nuclei are recruited
as the situation demands, and transcription is controlled ac-
cording to environmental changes and the differentiated state
of the plastid.[36, 37] Our present data show that inhibitory activi-
ty of ppGpp for PEP would be not only under the control of
plant hormones such as jasmonic acid,[25] but also depends on
the differential stages of plastids.

Conclusions

In the present study, we established an efficient synthetic path-
way for 6-thioppGpp, which is a photoaffinity probe of ppGpp
that inhibits chloroplast RNAP in vitro as well as ppGpp. The
cross-linking of radioactive 6-thioppGpp with chloroplast RNAP
indicated that ppGpp binds the b’ subunit of PEP, a bacterial
type RNAP in chloroplasts. Furthermore, ppGpp was shown to
inhibit PEP functions selectively, but not NEP, which is a phage
type RNAP. Thus, ppGpp appears to be an important second
messenger that not only regulates chloroplast functions, but
also has eventual consequences for the whole plant. The proof
that ppGpp acts as an alarmone in plants requires more exper-
imental work, however. The elucidation of the functions of
ppGpp would provide new insights into plant physiology, as
represented by the gene expression system in chloroplasts.

Experimental Section

Spectrometry : 1H NMR spectra were recorded on Brucker AMX-500
FT NMR (500 MHz) spectrometers, and CDCl3 (7.26 ppm), CD3OD
(3.30 ppm), or [D6]DMSO (2.49 ppm) were used as internal stand-
ards. When measured in D2O, sodium 2,2,3,3-tetradeuterio-3-tri-ACHTUNGTRENNUNGmethylsilylpropanoate (0.00 ppm) was employed. 31P NMR spectra
were taken on a Brucker AMX-500 FT NMR spectrometer (202 MHz)
with phosphoric acid (5 %) in D2O (0.00 ppm) as an external stan-
dard. Mass spectra were taken on a Jeol JMS-AX500 mass spec-
trometer and Voyager MALDI TOF mass spectrometer (Applied Bio-
systems; Caarlsbad, USA). The specific rotation values were mea-
sured on a Jasco DIP-310 instrument. Chemical reagents were pur-
chased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan),
unless otherwise noted.

2’,3’-O-(methoxymethylidene)-6-thioguanosine (4): Trimethyl or-
thoformate (5 mL, 31.0 mmol) was added by syringe to a flask con-
taining (500 mg, 1.7 mmol) of 6-thioguanosine (3, Acros Organics,

Geel, Belgium). This was followed by the addition of pyridine hy-
drochloride (300 mg, 2.6 mmol). DMSO (0.7 mL) was added with
stirring and the amber suspension was stirred for 40 h at ambient
temperature. The obtained suspension became clear after addition
of methanol (10 mL) and sodium methoxide (150 mg, 2.8 mmol),
and it was stirred for 3 h. After evaporation of the reaction mixture,
the resulting residue was purified by flash column chromatography
on silica gel (MeOH/CHCl3 3:97) to yield 4 as a pale yellow powder
(460 mg, 81 %). 1H NMR (500 MHz, [D6]DMSO) diastereoisomers A
and B d= 12.0 (s, 1 H; NH), 8.10, 8.07 (s, 1 H; H-8), 6.83 (s, 2 H; NH2),
6.12, 6.04 (s, 1 H; acetal), 6.06, 5.95 (d, J = 3.0 Hz, 1 H; H-1’), 5.28 (m,
1 H; H-2’), 5.11 (m, 1 H; 5’-OH), 5.01 (m, 1 H; H-3’), 4.21, 4.12 (q, J =
3.8 Hz, 1 H; H-4’), 3.54 (m, 2 H; H-5’), 3.32, 3.30 (s, 3 H; OCH3); EI-MS
(m/z) 341 (M+) ; HR-MS: calcd for C12H15N5O5S: 341.0794, found:
341.0758.

2’,3’-O-(methoxymethylidene)-5’-O-tosyl-6-thioguanosine (5):
nBuLi (0.16 mL, 1.59 m in n-hexane solution) was added to a solu-
tion of 4 (40 mg, 0.12 mmol) in dry THF (1 mL) at �78 8C under an
argon atmosphere. After stirring for 15 min, the solution was
warmed to 0 8C and stirred for additional 10 min at same tempera-
ture. A solution of tosyl chloride (25.1 mg, 0.13 mmol) in dry THF
(0.5 mL) at 0 8C was then added to the reaction mixture, and stirred
at this temperature for 1 h. The reaction mixture was poured into
ice-cold water (30 mL) and extracted with CH2Cl2 (30 mL). The or-
ganic layer was washed with a saturated NaCl aqueous solution
(30 mL) and dried over Na2SO4. The organic layer was evaporated
to afford a residue. The resultant residue was purified by silica gel
column chromatography (MeOH/CHCl3 1.5:98.5) to give 5 (34 mg,
59 %): diastereoisomers A and B: 1H NMR (500 MHz, CDCl3): d= 7.69
(s, 1 H; H-8), 7.63 (m, 2 H; aromatic-H), 7.20 (m, 2 H; aromatic-H),
6.03, 5.90 (d, J = 2.3 Hz, 1 H; H-1’), 5.98, 5.91 (s, 1 H; acetal-H), 5.44,
5.39 (dd, J = 6.5, 2.0 Hz, 1 H; H-2’), 5.26, 5.15 (dd, J = 6.5, 3.0 Hz, 1 H;
H-3’), 5.22 (s, 2 H; NH2), 4.47 (m, 2 H; H-5’), 4.07 (m, 1 H; H-4’), 3.39,
3.31 (s, 3 H; OCH3), 2.38 (s, 3 H; aromatic-CH3); FAB-MS (m/z): 452
[M�H]� ; HR-MS: calcd for C19H20N5O7S2: 494.0804, found: 494.0816.

5’-O-tosyl-6-thioguanosine (6): Trifluoroacetic acid (2.2 mL) was
added to a solution of 5 (86 mg, 0.17 mmol) in a mixed solution of
MeOH and H2O (10 mL total, 2:1), and the reaction mixture was
stirred at room temperature for 16 h. After concentration in vacuo,
the obtained residue was dissolved in a mixed solution of EtOH
and H2O (1:2). The suspension was treated with NH4HCO3 (250 mg,
3.2 mmol), and warmed at 40 8C for 15 min. The suspension was
then cooled to 4 8C, and was allowed to precipitate at the same
temperature for 1 h. After recovery of the precipitate by filtration,
it was dried to yield 6 (60 mg, 76 %). [a]25

D =++8.68 (c = 0.13, DMSO);
1H NMR (500 MHz, CD3OD): d= 7.85 (s, 1 H; H-8), 7.69 (d, J = 8.1 Hz,
2 H; aromatic-H), 7.27 (d, J = 8.1 Hz, 2 H; aromatic-H), 5.74 (d, J =
4.5 Hz, 1 H; H-1’), 4.55 (t, J = 4.7 Hz, 1 H; H-2’), 4.34 (m, 1 H; H-3’),
4.32 (m, 2 H; H-5’), 4.14 (m, 1 H; H-4’), 2.39 (s, 3 H; aromatic-CH3);
FAB-MS (m/z): 452 [M�H]� ; HR-MS: calcd for C17H18N5O6S2,
452.0699; found, 452.0697.

6-thioguanosine 5’-diphosphate (6-thioGDP, 7): 5’-O-tosylguano-
sine (6, 200 mg, 0.44 mmol) was dissolved in CH3CN (1 mL), and
795 mg of tris(tetra-n-butylammonium) hydrogen pyrophosphate
was allowed to react for 96 h at room temperature under an argon
atmosphere. To the reaction mixture was added H2O (10 mL), the
resulting suspension was centrifuged, and then the supernatant,
diluted with H2O (60 mL), was loaded onto a DEAE-cellulose
column (HCO3

� form, Whatman, Maidstone, UK). This anion ex-
change column was washed with NH4HCO3 (100 mL of 0.1 m), and
eluted with a linear gradient of NH4HCO3 (0.1–0.7 m). The fractions
containing 7 were combined and lyophilized to obtain 7 (61 mg,
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30 %). [a]25
D =�33.18 (c = 0.12, H2O); 1H NMR (500 MHz, D2O): d=

8.25 (s, 1 H; H-8), 5.93 (d, J = 5.9 Hz, 1 H; H-1’), 4.80 (1 H; overlapped
with solvent peak, H-3’), 4.55 (t, J = 4.4 Hz, 1 H; H-2’), 4.36 (br s, 1 H;
H-4’), 4.22 (br t, J = 4.2 Hz, 2 H; H-5’) ; 31P NMR (202 MHz, D2O): d=
�10.35 (d, J = 20.0 Hz), �11.09 (dd, J = 20.0, 5.1 Hz); FAB-MS (m/z):
460 [M+H]+ ; HR-MS: calcd for C10H16N5O10P2S: 460.0093; found:
460.0086.

6-thioguanosine 5’-diphosphate 3’-diphosphate (6-thioppGpp,
2): Synthesis of 2 was performed by using purine nucleotide pyro-
phosphate transferase from Streptomyces morookaensis A-573.[30]

The reaction was performed at 37 8C for 1 h in a buffer (10 mL final
volume) containing purine nucleotide pyrophosphate transferase
(8 units), ATP disodium salt (51.6 mg), 7 (43 mg), MgCl2 (10 mm),
and glycine (100 mm, pH 10.0). The reaction mixture was subjected
to a DEAE-Sephadex A-25 column (Cl� form, GE Healthcare) equili-
brated with distilled water. The column was eluted with a linear
gradient of LiCl (0.1–1.0 m). The fractions containing 2 were collect-
ed, filtrated through a Millipore MF membrane (0.22 mm), and con-
centrated to about 5 mL under reduced pressure. Compound 2
was precipitated by adding EtOH (50 mL), washed twice with EtOH
and once with acetone, and lyophilized to remove residual water.
Finally, 18.8 mg of 2 was obtained (30 %). [a]25

D =�25.98 (c = 0.37,
H2O); 1H NMR (500 MHz, D2O): d= 8.29 (s, 1 H; H-8), 6.01 (d, J =
6.4 Hz, 1 H; H-1’), 5.01 (m, 1 H; H-3’), 4.91 (t, J = 5.9 Hz, 1 H; H-2’),
4.55 (br s, 1 H; H-4’), 4.24 (br t, J = 4.2 Hz, 2 H; H-5’) ; 31P NMR
(202 MHz, D2O): d=�4.39 (d, J = 21.8 Hz), �5.01 (br s), �8.75 (d,
J = 15.4 Hz) �9.13 (dd, J = 21.6, 8.6 Hz); FAB-MS (m/z): 648 [M�H]� ;
HR-MS: calcd for C10H11N5O16P4SLi5 : 647.9673, found: 647.9694.

Radioactive 6-thioppGpp : [g-32P]ATP (250 mCi, MP Biomedicals,
Irvine, USA) was diluted with unlabeled ATP (5 mm) and 7 (5 mm)
in reaction mixture (30 mL) containing the pyrophosphate transfer-
ase. The reaction was carried out at 37 8C for 1 h. The radioactive
products thus prepared were stored at �20 8C until use.

Preparation of RNA polymerase from spinach chloroplasts :
Mature spinach leaves (Spinacia oleracea, 3 kg) were used for isola-
tion of intact chloroplasts.[41] Purification of RNA polymerase was
carried out by the method of Briat et al. with some modifica-
tions.[42] The isolated chloroplasts were homogenized in a buffer
containing Tris-HCl (50 mm, pH 7.8), EDTA (4 mm), (NH4)2SO4 (0.1 m),
DTT (1 mm), PMSF (0.05 mm). Glycerol was added to the homogen-
ized suspension to a final concentration of 25 %, and then the sus-
pension was centrifuged at 80 000 g for 45 min. The supernatant
was loaded onto a Heparin-Sepharose CL-6B (GE Healthcare)
column (f1.5 � 5 cm) equilibrated with the basal buffer (50 mm

Tris-HCl, pH 7.8, 0.1 mm EDTA, 0.1 % Triton X-100, 25 % glycerol,
1 mm DTT) containing (NH4)2SO4 (0.1 m). The column was washed
with the basal buffer (100 mL) containing (NH4)2SO4 (0.1 m) and
then eluted with a 60 mL linear gradient of (NH4)2SO4 (0.1–1.0 m).
Fractions (2.0 mL) were collected and a small amount of each frac-
tion was analyzed by transcriptional assay. The RNAP fractions
eluted from the Heparin-Sepharose column were combined and di-
alyzed to equilibrium against the basal buffer containing (NH4)2SO4

(15 mm). A solution of Polymin P [0.1 % (v/v)] was added to the dia-
lyzed solution to a final concentration of 0.002 %. After vigorous
stirring on ice for 15 min, the solution was centrifuged at 10 000 g
for 30 min. The precipitate was extracted with the basal buffer con-
taining (NH4)2SO4 (300 mm) and adjusted to 50 mm (NH4)2SO4 by
addition of the basal buffer containing (NH4)2SO4 (15 mm). The su-
pernatant was applied to a DEAE-cellulose column (DE-52, What-
man, f1.6 � 4 cm) equilibrated with the basal buffer containing
(NH4)2SO4 (50 mm). The column was washed with basal buffer
(100 mL) containing (NH4)2SO4 (50 mm) and then eluted with a

40 mL linear gradient of (NH4)2SO4 (50–600 mm). Fractions (2.0 mL
each) were collected and used in the transcriptional assay. Follow-
ing the transcriptional assay, fractions containing RNAP were com-
bined and were precipitated by addition of an equal volume of a
saturated (NH4)2SO4 solution (pH 8.0). After centrifugation at
10 000 g for 30 min, the pellets were dissolved in a small volume
of the basal buffer containing (NH4)2SO4 (30 mm) and glycerol
(25 %), and dialyzed against the same buffer prior to storage at
�30 8C. All steps were performed at 4 8C.

Chloroplast RNA polymerase reaction : The enzyme reaction was
carried out in a buffer (final volume 20 mL) containing Tris-HCl
(50 mm, pH 7.6); MgCl2 (10 mm), KCl (100 mm), ATP (0.2 mm), GTP
(0.2 mm), CTP (0.2 mm), [5’,6’-3H]UTP (0.45 mm, 0.02 TBq mmol�1),
each enzyme (10 mL), and denatured calf thymus DNA (0.17 mg).
The reaction was incubated at 30 8C. After running the reaction for
the indicated times, the reaction was stopped by the addition of
SDS solution (10 mL, 1 %) containing sodium pyrophosphate
(50 mm). An aliquot (15 mL) was deposited on a DEAE cellulose
filter (DE81, Whatman), and nucleotide triphosphates not incorpo-
rated into RNA were removed by washing the filter five times with
Na2HPO4 (5 %), twice with water, and finally twice with EtOH. Incor-
poration of [5’,6’–3H]UTP into the synthesized RNA was measured
using a liquid scintillation counter (Perkin–Elmer). ppGpp was
added to the reaction solution just before starting the reaction.

Cross-linking : Radioactive 6-thioppGpp was added to a solution
containing HEPES (25 mm, pH 7.9), MgCl2 (10 mm), KCl (100 mm),
bovine serum albumin (25 mg mL�1), and chloroplast RNAP
(20 mg mL�1) in a microtube (1.5 mL). The reaction mixture was in-
cubated for 1 h at 30 8C and then transferred to ice and irradiated
with UV light (365 nm, 743 mW cm�2) for 30 min at a distance of
4 cm. After cross-linking, the reaction was stopped by the addition
of 4 � SDS sample buffer [0.25 m Tris-HCl (pH 6.8), 8 % sodium do-
decyl sulfate, 20 % 2-mercaptoethanol, 0.01 % bromophenol blue,
40 % glycerol] to a 1 � concentration. Samples were placed at
room temperature for 30 min, and then resolved by a SDS-PAGE
electrophoresis. Proteins were stained by Silver stain kit (Wako)
and radioactive 6-thioppGpp cross-linked proteins were further vi-
sualized by autoradiography.

Protein identification using mass spectrometry : The protein
band of interest in cross-linking experiment was excised from CBB-
stained gels. The gel pieces were thoroughly destained with
(NH4)2CO3 (25 mm) in acetonitrile aqueous solution (50 %) and
dried under vacuum. Trypsin (mass spectrometry grade, Promega)
was added and the tube was placed on ice for 30 min. After re-
moving the extra solution, the tube was then placed at 37 8C for
12 h for tryptic digestion of proteins. The gel pieces were extracted
with acetonitrile aqueous solution (50 %) containing trifluoroacetic
acid (0.1 %). Peptide extract was concentrated to 10 mL in vacuo,
desalted using a ZipTipC18 (Millipore), and analyzed by MALDI-TOF
mass spectrometry using 2,5-dihydroxy benzoic acid as a matrix in
a reflector mode. Identification of the protein from MALDI-TOF
peptide mass fingerprint data was performed using the MASCOT
search program (http://www.matrixscience.com).

Transcription assay of chloroplast nucleoids and proplastid nu-
cleoids : Mature leaves of tobacco plants (Nicotiana tabacum L. cv.
Bright Yellow-2) were used for this experiment. The culture condi-
tions of the tobacco cell line BY-2, derived from the same cultivar,
and isolation of chloroplast nucleoids and proplastid nucleoids
were carried out according to the methods of Sakai et al.[40] The
transcriptional activities of isolated chloroplast nucleoids and pro-
plastid nucleoids were assayed as described above.
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