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ABSTRACT

The existence of a phage-type plastid transcription
machinery (NEP), related to the mitochondrial RNA
polymerase, has been recognized only recently. Here
we report the cis sequences required for transcription
initiation by the phage-type enzyme. The promoter
chosen for the study, PclpP-53, is well expressed in
tobacco leaves, unlike most NEP promoters. Promoter
definition was carried out in vivo, in transplastomic
tobacco plants expressing a  uidA reporter gene from
PclpP-53 promoter derivatives. We report here that
sequences from =5 to +25 (relative to the transcription
initiation site) are sufficient to support specific
transcription initiation. Requirement of sequences
downstream of the transcription initiation site
contrasts with mitochondrial promoters, which have
conserved sequences predominantly upstream. The
promoter defined here is conserved in liverworts and
conifers, indicating that the phage-type transcription
machinery appeared in plastids early on during the
evolution of land plants. The PclpP-53 promoter
sequences are present in rice but do not function,
suggesting that PclpP-53 recognition specificity is
absent in some monocots.

INTRODUCTION

DDBJ/EMBL/GenBank accession no. AF090188

polymerasesl(3). Furthermore, it has been shown that PEP and
NEP do not share core subunitg,(4).

Transcription initiation sites for NEP have been identified in
tobacco {1,15), barley (L6) and maize17). For most promoters,
sequence alignment showed a loose 10 nt consensus predominantly
upstream of the transcription initiation sif€s{17). These NEP
promoters are either inactive or only weakly expressed in
chloroplasts 11,15,18). An exceptional NEP promoter in tobacco
is one of the promoters folpP, a gene encoding the proteolytic
subunit of the Clp ATP-dependent protease. This promoter,
PclpP-53, initiates transcription 53 nt upstream of the translation
initiation codon. Transcription from this promoter is maintained
at significant levels in wild-type tobacco leaves. This promoter
does not fit the NEP consenss$) Given its readily detectable
expression in wild-type leaves, PclpP-53 was the promoter of
choice for the functional definition of a NEP promatevivo.

To functionally define NEP promoter sequences, we tested
expression afidAreporter genes from an ordered set of PclpP-53
promoter deletion derivatives. We have found that a 30 bp fragment
extending from -5 to +25 (with the transcription initiation site
being +1) is sufficient to support specific transcription initiation.
To our knowledge, it is without precedence for phage-type
promoters, that sequences required for transcription initiation are
predominantly downstream of the initiation site. Furthermore, we
have found that the NEP transcription machinery is conserved
throughout the evolution of land plants, although the ability to
recognize the PclpP-53 promoter is apparently absent in some
monocaots.

Plastid genes in higher plants are transcribed by two DNA-
dependent RNA polymerase.(The plastid-encoded polymerase MATERIALS AND METHODS

(PEP) core subunitsi( 3, B' andp") are encoded in the plastid
genome #—4). The promoters for PEP are similaEscherichia

Plasmid construction

coli /% promoters consisting of —35 and —10 consensus elemeasmid pPS6 containsuedA reporter gene as $ad—Hindlll

and are recognized by nuclear-encodedfactors 6-7).

fragment in a pBSKS+ plasmid (Stratagene). The chirmatic

Transcription by PEP is modulated by nucleus-encoded transcriptigene consists of: between t&ad and Xhd sites, the test

factors which interact with upstream regulatory elemehntsQ).

promoter fragment (PclpP-152/+154); betweerking and the

The existence of a distinct, nuclear-encoded plastid RNAcd sites, a ribosome binding site with the sequeh&ETCGA-

polymerase (NEP) has been established receffly {The
catalytic subunit of NEP is a single polypeptideifO kDa (. 2).

GAATTCAGTTGTAGGGAGGGATCCATGG-3 between the
Ncd andXbd sites, theuidA coding region with an N-terminal

This protein resembles phage T3 and T7 and mitochondrial RNé&myc tag corresponding to amino acids 410419 (EQKLISEEDL)
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Test Promoter carried out using Amplitag polymerase (Perkin EImer) and the
\ / polymerase buffer supplied by the manufacturer. The fragments
were amplified for 30 cycles (1 min at®2, 1 min at 58C, 1 min

at 72C). PCR primers are listed according to the position of the
terminal nucleotide relative to the transcription initiation site (it is the
complement of nt 74557 in the tobacco plastid gendtig;

16SrDNA 1V
rTT - [:]”(I)

I.8-kbLeft ~ aadA <RI uidA 1.2-kb Right accession no. Z00044): clpP—156gagctGAATGAGTCCAT-
Targeting Sequence Targeting Sequence ACTTAT; clpP-39, cgagCtAAAACCAATATGAATATTATA;

clpP-22, cgagctTATAAAGACAATAAAAAAAAT; clpP+10,
ccctcga@AACGTAACAATTTTTTTT, clpP+25, cctcgad T-
Figure 1. Plastid transformation vectors for testitigP promoter fragments. TCACTTTGAGGTGGA, CIpP+41, @CLCgahGAAC TAAATA-
The test promoters are clonedSet—Xhd fragments upstream of thedA CTATATTTC; C|pP+154,. CMTATGACCCAATATATCTG_'
reporter construct. Location of the selectable marked4 conferring Anchor sequences derived from the plastid genome are in upper
spectinomeyin resistance is marked. Ta@A gene was expressed in a case; added nucleotides to create restriction sites (underlined) are
PPSb/?t/T psbA C?SSEtItDeRi\rl]l\:/LeZ(jAtoagl?vRa\t/i\]/-éiA( zd(;fivsattri\;?sh?f;?rg‘wz Fr’]:;”r/kT fpgiﬁn lower caseSad—xhd promoter fragments for pPS41-pPS46
cassette In vector . H H H H :
orientation. Bent arrgw marks transcription initiation siteg. <PE1 marks posi%ion%Nere Obt.amed by a_nneallng two Comp“me”tary pllgonuqleotldes.
of oligonucleotide for mapping transcrigténds shown in Figures 2 and 3. .Plasm'd pDS44 is a pLAA24 derivativedj which carries a
uidA reporter gene expressed from @nPpromoter. Plasmid
pDS44 was obtained by excising thernP promoter as a
Sad—EcdRlI fragment and replacing it with the ricipP promoter
region engineered as Sad-EcaRl fragment. The 251 nt
Sad-EcdRl DNA fragment containing the ricelpP promoter
Fgion (including 19 bp of the coding region) was obtained by PCR
amplification. The sequences of the PCR primers and the positions
of their first nucleotide (or of its complement) in the rice plastid
nome 22; GenBank accession no. X15901) are: P1, 68520(C),
agcTGAATCACCATTCTTT; P2, 68270, ggaattd TG-
AACACCAATGGGCAT. Nucleotides derived from the plastid

within the C-terminal domain of the human c-myc protéif);(

between th&bd andHindlll sites, the 3untranslated region of the
rps16 ribosomal protein gene (Trpsl6). Plasmid pPS16 wi
obtained by cloning thaidA gene as &ad—Hindlll fragment

into Sad andHindlll-digested pPRV111A plastid transformation
vector @0). The Sad—Xhd promoter fragment of pPS16 was
replaced with PclpP-152/+10 to give pPS17, with PclpP—-22/+
to give pPS18, with PclpP-152/+41 to give pPS37, wit
PclpP—39/+154 to give pPS38, with PclpP—-22/+21 to give pPS4Janome are in upper case; those included to create a restriction site

with PclpP-22/+16 to give pPS42, with PCIpP-10/+25 10 GivEre in ower caséSad or EccRI restriction sites are underlined
pPS43, with PclpP—5/+25 t0 give pPS44, with PclpP+1/425 0 ' " ction Sl Hnderined.

give pPS45 and with PclpP+6/+25 to give pPS46. The chimer] - :
uidA genes in pPS41, pPS42, pPS44, pPS45 and pPS46 arg%"t])acco plastid transformation
vector pPRV112AZ0). For plastid transformation, tungsten particles were coated with
TheSad—Xhd fragments for pPS16-38 were obtained by PCERONA and introduced into the leavesiitotiana tabacunplants
amplification. PCR amplification of promoter fragments wasusing the Dupont PDS1000He Biolistic gun at 1100 p.s.i.
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Figure 2.In vivodissection of the tobacotpP promoter region X) TheclpP fragments tested for promoter activity. The largest segment contains the PclpP-53 and
PclpP-95 transcription initiation sites derived from NEP and PEP promoters, respectively. Relative position of divergemaPgasiiptis also marked. Numbering

is according to distance (nt) from the PclpP-53 transcription initiation site (+1). Sequence of the smallest fragments icagiitaMetters. Bases added to create
restriction sites are in lower case. Transcription from PclpP-53 is indicated®)yP#inGer extension analysis to telgP promoter activity. Primer position is marked

in Figure 1. 5Ends derived from the PclpP-53 NEP promater the PclpP—95 PEP promotér)and the divergemsbApromoter (PpsbA*) (¥) are marked. Where

the transcript is absent (pPS17), the symbol is bracketed. Molecular weight marker in nt is provided on the side.
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Figure 3. Definition of the minimal PclpP-53 promotef)(DNA sequence of tested promoter fragments. The numbers indicate distance (nt) from the PclpP-53
transcription initiation site (+1). Plastid DNA sequences are in upper case and are underlined in bold. Added sequéowses easén The restriction sites used

for cloning are underlined. Transcription from test promoter is indicated By Primer extension analysis to test PclpP-53 promoter activity. Expected position of
PclpP-53 transcriptfend is markeds(). Where the transcript is absent, the filled circle is in brackets. An overexposed (oe) lane of the pPS45 primer extension i

shown on the far right.

Transgenic shoots were selected aseptically on RMOP medium A

B
containing 500ug/ml spectinomycin dihydrochloride2). A -
uniform population of transformed plastid genomes was verified ormmm—amTne o & £
by Southern analysis. Transgenic shoots were rooted on RM Poopern2nHDs I+ I 3
medium consisting of agar solidified MS salts and 3% sucrose ) Ly L

widA w . [ .

(24). The plants were transferred to the greenhouse where they
flowered and produced seed.

ks
Lr
Ea
=
=
=

PpshA* + 4+ + + + +
Primer extension analysis PclpP95  + + - 4
pClpP-33 + o+ k== 4 -

Total leaf RNA was isolated from the leaves of transgenic
plants maintained on RM mediunt5). Primer extension
reactions were carried ou)(using 15ug of total RNA and
primer PE1 (5GGCCGTCGAGTTTTTTGATTTCACGGGT-  Figure 4. Steady-state levels afdAmRNA in the transplastomic lines. RNA
TGGGG-3), complimentary to the'%end of theuidA coding  gel blots were hybridized with thédA probe and a probe for the cytoplasmic

sequence. Sequence ladders were generated with the same prid#S"RNA to control for loadingA{ Standard exposure to detect abundatit
RNA. Contributing promoters (+) are listed below the laBsOferexposure

and template DNA using the Sequenase Il kit (US Biochemical);“f some of the lanas
and were used as molecular size markers. '

RNA gel blot analysis

Total leaf RNA was isolated from leaves of plants maintained 0#154) of the NEP transcription initiation site, +1 being the first
RM medium @5). The RNA was electrophoresed on 1%ucleotide transcribed by NEP. The promoters were PCR
agarose—formaldehyde gels, then transferred to Hybond E_I'Qﬁg ?Pad ,ﬁf,?tidtéj pcsrt;?? cﬁgrgﬁccog:lnegs r(eF?l!!;OHTC?S
(Amersham) using the Posiblot Transfer apparatus (Statagen ibilize the ngN As. thedAgenes were su glie dwith ﬂﬁslG

The blots were hybridized to a double-stranded DNA probgI id . |ated ge p?} lient f
prepared by random primé&P-labeling of the 1.8 kicd—Xbal phastl gene aJntr?ns ated region g]Trpslle). The sehlenth.eatu.res 0
ragment canaining ndhcodingregon Tom plasm S16, e % POl Frients e shoin ghelie mere
Hybridization was caried out overnight at°@5in Rapid pPRV111A and introduced into the tobacco plastid genome.

Hybridization Buffer (Amersham). Primer extension analysis shown in Fig@E: detects up to
three transcript 'sends derived from the PclpP-53 NEP promoter,
RESULTS the PclpP-95 PEP promoter and a divergent promoter (PpsbA*)
. _Ea contained in thpsbApromoter fragment drivingadA(1; Fig.2A).
;(rj?gcsggf g%npfg)rrgrﬁoigP 53 s separable from the Data on plants transformed with plasmid pPS38 indicate that the
NEP and PEP promoters are separable. The PclpP-95 PEP

In tobaccalpPis transcribed from multiple promoters, including transcript is absent while transcription from the PclpP-53 NEP
PclpP-53 and the PclpP-95, which initiate transcription 42 mromoter initiates at the correct nucleotide. Indeed, the upstream
apart (L5). The objective of the first set of deletions was to see iborder of PclpP-53 is closer: in transgenic plant Nt-pPS43 the
the two promoters are separable and also to define the approximatemoter has only 10 nt upstream (-10) of the transcription
boundaries of the NEP promoter. The largest studied fragmenitiation site, still allowing faithful initiation. The downstream
included 152 nt upstream (—152) and 154 nucleotides downstre@aoundary of the PclpP-53 promoter is mapped between nucleotides
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Figure 5. Sequence alignment of the tobaddf) @nd rice Qs) plastidclpP promoter regions. The 251 bp rice sequence shown here was includetz phemoter
fragment in plasmid pDS44. The position of the native tobacco Pclp®-58P) and PclpP-95%](, PEP; 15) and the rice PclpP-12%17) is marked. 'SEnds
mapped in tobacco from the rice promoter fragment are shown (*) (-61, —111, —136, —169 and —X}{.cHuing region is boxed. The 28 bp promoter core
sequence is underlined.

+10 and +25, since the PclpP-53 NEP promoter is active in the 3
line transformed with plasmid pPS18, but is not functional in 2

ACD

plants transformed with plasmid pPS17.

Definition of the PclpP—53 core promoter boundaries

I I!”.' I“;.

. rr
mar llll’l! ]I I

To further define the boundaries of the NEP promoter within the

35 bp fragment, additional PclpP-53 promoter deletions were - .

made and tested vivo (Fig.3A). The new set afidA constructs /

was introduced into plastids using transformation vector

PPRV112A. In this vectogadA(spectinomycin resistance gene) is _ _ _ _

expresses!from the plasi IRNA opera(Poromoter. I does _ os %, P s1ecein 0 et e 1 e oebnonos,

not h'c.“’e any divergent promoter activity, nor do the te.Sted fragmeng 3 transplastomic (Nt-pDS44) tobacco plants. The numbers —Gpl and -111

contain the PclpP—95 PEP promoter. Therefore, primer extensiQier to the position of the RNA-Bnds relative to the translation initiation

analysis from this promoter set will detect only the PclpP—53 NERodon (nucleotide upstream of ATG is at position —1).

promoter activity. Primer extension data in Fig8B: show that

sequences extending from -5 to +25 (pPS44) are still sufficient

for accurate initiation by the NEP. In the +1/+25 construct

(PPS45) lane the signal is very weak and can be seen only Upfnscription of uidA from the rice clpP promoter in

overexposure of the gel (Fi§B). No transcription is observed tohacco plastids

from the promoter fragment extending from +6 to +16 (pPS46).

Since transcript accumulation from the pPS45 promoter iEheclpP gene in rice and maize is transcribed by NEP initiating

negligible (Fig.4B), we place the '5PclpP-53 boundary at transcription at position —111 with respect to the translation

position —5. If sequences between +21 and +25 are removigdtiation codon {7). Alignment of the rice and tobacoipP

(pPS41), transcription is completely lost, hence tH®8ndary  promoter regions indicates that sequences required for PclpP-53

of the NEP promoter is between +21 and +25. promoter function in tobacco are present in rice @jiddowever,
Northern blot analysis was carried out to test steady-state levéfiss homologous stretch of sequence is transcriptionally silent in

of uidA mRNA in the transplastomic lines (Fid). Promoters rice. To check if the rice sequence could serve as a NEP promoter,

contributing to mMRNA accumulation are listed below the laneghe 251 bp riceclpP DNA fragment (Fig.5) was tested for

Analysis of data in Figureg—4 indicate a significant drop in promoter function in tobacco plastids. For testing, thedljge

PclpP-53 promoter strength upon deletion of sequences betwdrgment was cloned upstream oii@A coding region and linked

the —10 and -5 positions, suggesting that these sequences majobe selectable spectinomycin resistaraaf) gene in plastid

important for relatively high rates of transcription. This conclusiorvector pPRV111A. The schematic outline of the transformation

is based on reduceddA mRNA accumulation in pPS44 plants vector is shown in Figurg. The resulting plasmid pDS44 was

relative to pPS43 plants. Tl A message in the pPS44 plantsintroduced into tobacco plastids and transplastomic plants were

was detectable only upon overexposure (#g). Alternatively, selected on spectinomycin.

reduced transcript accumulation in the pPS44 plants may be duérimer extension analysis was carried out to nid@ 5'-ends

to the different genomic context in the vector. In any eveninitiating from the test promoter region (Fig). A transcript

transcription in the pPS44 plants initiated faithfully, indicatings’-end mapped to nucleotide position —111, the same position as

that —10 to —5 sequences are not essential for PclpP-53 promataice. This indicates that the rice PclpP—111 promoter is properly

recognition. recognized in tobacco. Interestingly, a second transcript was
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[ ]
Spinach ARAL ATARCCGTARTTRTTACGTTTCC AAAGTGAA]
Tobacco A AL T. T .TACGTTTCC C: AAAGTGAA
Arabidopsis AAP G cCEARITTTTACGTTTCC RAAGTG,

Rice CTTTCTTTCTCTTC :A?I@TTACGTTTCCATA AAAG
Marchantia AGRATTTCATTTTTACGTTTITTOrA G| T
Pinus ACAACTTCATATAG Iy
Chlamydomonas AGTRECRICTCGCCRGAGTIA CTCTRTC [MAGGA[IATTAGAC

Figure 7.DNA sequence conservation around the TypkPtranscription start site. Sequence alignment is shown for spinach (26), tobacaadiippsis thaliana
(GenBank accession no. AF090188), rice (RBjrichantiapolymorpha(27),Pinus contortg28) andChlamydomonas reinhard{@9). Transcript 5ends are marked
(®). Nucleotides conserved in at least four species are boxed. The 28 nt promoter core is underlined.

found at the rice —61 position initiating from the region withdria (32-35) and phages3). The position of conserved
homology to the tobacco PclpP-53 promoter (28 bp; underlinestquences relative to the transcription initiation site and the lack

in Fig. 5). of sequence conservation prompted us to classify PclpP-53 as a
Type Il NEP promoter and all the other NEP promoters as
Evolutionary conservation ofclpP promoters Type I.

In higher plants, there are numerous Type | NEP promoters,
Unexpectedly, we found transcription activity in the agP  while the Type Il group thus far is represented only by PclpP-53
promoter fragment from the region corresponding to the tobacaharacterized here. The 30 bp region shown here to be important
PclpP-53. In this region, rice and tobacco share a 28 fur PclpP-53 promoter function contains a 28 bp stretch which is
homologous region with 22 conserved nucleotides. To test tleenserved and functions in liverwo27j and conifers 48),
conservation of this same region during evolution, sequencaxlicating that the phage-type plastid polymerase appeared early
around thelpP transcription initiation sites were aligned (Fy.  on during evolution in land plant87). This region is poorly
including those of the liverwolarchantiapolymorpha(27), the  conserved in the unicellular al@dlamydomonaseinhardtii, in
coniferPinus contortg28) and the dicots spinachf), tobacco which it does not function as a promoter (Fjgsupporting the lack
(15 and Arabidopsis thaliana (GenBank accession no. of a phage-type plastid transcription syst&®).(Interestingly, the
AF090188). The sequence alignment indicates that the 28 aipB gene inChlamydomonashloroplasts is expressed from a
segment around thepP transcription initiation sites is conserved, significantly larger promoter extending well into the transcribed
suggesting thatipP is transcribed by NEP in all of these speciesregion (—20 to +6039).
Included in the alignment acipP sequences for the monocotrice  While the tobacco PclpP-53 region is well conserved in rice,
(22) which are not functional in rice plastids7j but function in it does not function as a promoter. The six point mutations in the rice
tobacco, as we have shown in the papbtamydomonas clpP sequence relative to tobacco do not abolish promoter function in
sequences?Q) with partial homology to the 28 nt segment aretobacco, but shift the site of transcription initiation by 3 nt ()g.
also included in Figuré However, no promoter activity could be Lack of PclpP-53 function is probably due to the lack of a Type

detected in this region (data not shown). Il NEP specificity factor in rice, maize and barley. Since the
plastid NEP is related to phage-type yeast and mammalian
DISCUSSION mitochondrial enzymes, it probably associates with at least two

other factors, one of which confers promoter specificity to the
We report here the first definition of core promoter requirementgolymerase 40-42). Given the distinct Type | and Type |l
of NEP, the phage-type nucleus-encoded plastid RNA polymeragecognition specificities, it is likely that the plastid NEP utilizes
The study was carried out on the PclpP-53 promoter which is wellsimilar mechanism.
expressed in the chloroplasts of tobact$),(spinach 26) and
Arabidopsis (unpublished data). The availability of plastid
transformation made tobacco the system of choice fam theo

PclpP—53 study3,30). The chloroplast is a plastid type in which \ye 1hank Wolfgang Schuster for theabidopsis thalianalastid

most NEP promoters are weak or inactive. These weak orinactlb%A library. This work was supported by National Science
promoters could only be characterized in mutant plarsl() Foundation grant MCB 96-30763, The Rockefeller Foundation

or in the BY2 tobacco tissue culture lines1). and Monsanto Co. to PM. PS was a recipient of a Charles and
In vivopromoter d_|s_se_ct|on_ shpws th_a'g a 30 bp fragment aro.quhanna Busch Memorial Fund Predoctoral Fellowship.

the transcription initiation site is sufficient to support specific

transcription initiation by the NEP. The essential sequences for

the PclpP-53 promoter are predominantly downstream, extendEFERENCES

ing from -5 to +25 around the transcription initiation site. Since

the sequence conservation between tobacco and rice is from +3 Maliga,P. (1998)rends Plant Sci3, 4-6.

to +27, we expect that sequences from -3 to +25 are sufficient fgr !910i.G.L. and Késsel,H. (1998rit. Rev. Plant Sci10, 525-558.

minimal PclpP—53 promoter function. Conservation of sequenceg Sgﬂfééag’gég’g}g ezzg'%gg'gééfiﬁ?t' Rev. Plant Sci12, 19-55.

downstream of the transcription initiation site contrasts othels Tanaka k., Tozawa,Y., Mochizuki,N., Shinozaki,K., Nagatani,A.,

plastid NEP promoterd 6-18) and the promoters in mitochon- Wakasa,K. and Takahashi,H. (198BS Lett 413 309-313.
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