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ABSTRACT

We have previously used a homologous in vitro
transcription system to define functional elements of

the maize mitochondrial atpA promoter. These
elements comprise a central domain extending from —7

to +5, relative to the transcription start site, and an
upstream domain of 1-3 bp that is purine rich and
centered around positions —11 to —-12. Within the
central domain lies an essential 5 bp core element.
These elements are conserved in many mitochondrial
promoters, but their functionality has only been tested

for atpA. In this study we have introduced mutations
into the corresponding elements of two cox3 pro-
moters and show that while the core element is
essential for cox3 promoter activity, upstream element
mutations have little or no effect. To define the minimal
sequence required for in vitro promoter activity a
series of short cloned oligonucleotides corresponding

to the atpA promoter was used. While some activity
was seen with a 14 bp sequence, full activity required

26 bp, suggesting that elements other than the core
and upstream region can influence promoter strength.
Another series of clones showed that altered spacing
between the upstream and core elements of  afpA had
a significant effect on promoter activity. These results
further define important features of the plant mito-
chondrial transcriptional machinery.

INTRODUCTION

especially for rRNA and tRNA geneg&—/; reviewed in8). In
addition, many plant mitochondrial genes have multiple pro-
moters (see for exampled), leading to complex mRNA patterns.
These aspects of plant mitochondrial transcription raise the
guestion as to how closely the plant transcriptional machinery
resembles its counterparts in other organisms and whether
unifying features of promoter structure can be found.

Plant mitochondrial promoter structure has been deduced from
inspection of sequences surrounding known initiation sites and
from in vitro transcription. Sequence comparisons showed that
weak consensus motifs could be derived for mairz@), (
Oenotherg11), rice (L2), sorghum T), soybeanX3) and wheat
(14), with the most common element being YRTA (Y =C or T,

R = A or G) found immediately upstream of the initiation site. To
functionally test promoter elemerirtisvitro transcription systems
were developed from wheal), maize (6) and pea 17)
mitochondria. In the case of maize, mutagenesis ofatha
promoter revealed that the YRTA ‘core’ sequence was indeed an
essential element and that other sequences both upstream anc
downstream of the core influenced, but were not absolutely
required for, promoter activityin vitro (18). These other
sequences included a purine-rich matib bp upstream of the
core and other bases surrounding the core in a central domain. The
pea extract was shown to transcribe both a mMRNA and tRNA
promoter, as well as tlagp9promoter of soybean, suggesting that
transcription initiation mechanisms can be conserved across
species boundaries in spite of low primary sequence homology.
In addition, it was shown that the pEa9promoter contained an
essential element between —7 and —25 relative to the transcription
initiation site, upstream of the core sequence. This promoter
contains a purine-rich domain which could correspond to the

Plant mitochondrial genomes are multipartite and complex, yepstream domain of maiz¢pA

contain a relatively small number of genes encoding mainly Apart from the examples of maiagpAand peatp9 no other
components of the translational apparatus and the electronutagenic analyses of plant mitochondrial promoters have been
transport chain. In thérabidopsismitochondrial genome 57 reported. This raises the question of whether conserved sequence

genes are dispersed throughout 367 kb of sequéhc@h(s

elements are indeed functional in each promoter in which they are

contrasts strongly with the compact mitochondrial genomes &und. Although the core, central domain and upstream purine-
animals and fungi. Like genome size and content, the trarich domain which had been demonstrated to form parts of the
scriptional strategies of plant mitochondria are distinct. Rath@naize mitochondriatpApromoter are also found in other maize
than having a single promoter for each strand, like mammals, mitochondrial promoters, for example those@3(9,10), they

a small number of nearly identical promoters, Ba&ccharo-

have not been functionally analyzed. Here we report that the core,

myces cerevisiaeplant mitochondria feature a degeneratebut not the upstream elements, of two ma@e3promoters are
promoter sequence which is poorly conserved between monequired forin vitro transcription initiation. We also use
cotyledonous and dicotyledenous plants and which contains ordligonucleotide sequences to define a minimal promoter for
a short consensus sequence, which is itself not universataizein vitro transcription.
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pl;;:;rc:e-axi:h central domain
| Loz CORE
GAAAAGTAACGTATTAAAAACAA sipA
A__NN YNRYRTAT consensus (IVT)
GAGAAATGACGTATCTTACGTAT coxsa 355
GAGAATTGACGTATTCAAAGTTG coxi 315
R_AR_AANTRAC GT AT consensus (inspection)

Figure 1. Maize mitochondrial promoter structure. The upper line shows the domainsafApromoter as determined byvitro analysis, while the second line
shows a consensus sequence based on mutagenesis (16,18). These sequences are aligrect3ptiotvaters and at the bottom a consensus sequence that can
be derived by inspection of tikex3andatpA promoters. The initiation position in each promoter is overlined.

MATERIALS AND METHODS element CRTAT is essential fior vitro transcription of multiple
. . o maize mitochondrial promoters.
Transcription extracts and in vitro transcription In the atpA core element CGTAT the final T is the major

transcription initiation site1(0,16), however, this is not the case

Mitochondrial protein extracts and vitro transcription assays . S )
were carried out as previously describig) (except that the final 1N thecox3promotersg). This raised the question of whether the
dgntity of the initiating nucleotide is also important for

chromatography step was through a Pharmacia 1 ml Resource e : g

column. 'Igerr?plgtes pfoin vitro t?anscription were linearized Uanscription initiation. To test this possibility fomx3-355, the

plasmids or plasmid inserts gel purified using GeneClean Il afgitiating A was changed to C (Fig, construct 7)In vitro

a GeneSpin column (Bio 101, La Jolla, CA). transcription showed that this change completely eﬁmmated
initiation. Therefore, at least for this promoter, the first tran-
scribed nucleotide is an essential promoter element. For all the

Template DNA cox3constructs tested we noted that mutations in one promoter

Cloning and site-directed mutagenesis were carried out by stand§@f! no influence on initiation at the non-mutated promoter. This
procedures. A plasmid containing tbex3 promoters ) was suggests t_hatunderourvltro cpn_dmons th(_ese promoters are not
obtained from Dr R.M.Mulligan (University of California, Irvine, N competition for the transcription machinery.

CA). Minimal promoter constructs were made by annealing

complementary oligonucleotides with the sequences shown in tRenction of the upstream domain

figures, repairing them with the Klenow fragment of DNA } , ) ) .
polymerase and ligating them into pBluescript linearized witfy!0St maize mitochondrial promoters contain a purine-rich

EccRV or Sma. All constructs were verified by DNA sequencing. d0main 10-20 bp upstream of the transcription initiation site (see
fig. 11 in ref.10). Site-directed mutagenesis showed thahtfioA

transversions in position —13 or —12 (-9 and -8 relative to the core
sequence) caused a 50-70% decrease in transcription activity,
thus defining an upstream domain required for optimal activity.
To test whether similar sequences in tio&3 promoters also
played a role in transcription initiation, GA motifs at positions —9
The maize mitochondriatox3 gene has three upstream pro-and —8 relative to the core sequence were modified by site-
moters, at —316, —355 and —1050 relative to the translatiatirected mutagenesis, as shown in Fig@reWhen these
initiation codon §). Sequences in the —316 and —355 promoteremplates were used fam vitro transcription, however, only
that could be aligned with those in mag&pAincluded the core small changes in activity were seen relative to the wild-type
sequence and upstream purine-rich domains, as shown in Figaaatrol, with residual transcription ranging from 62 to 100%.

1 and discussed in Mulligaat al (10). To test the importance of These results indicate that the mutated nucleotides play only a
these elements fdn vitro transcription ofcox3 site-directed minor role incox3transcription initiatiorin vitro and that either
mutagenesis was carried out. Figdrshows that five different an upstream domain is not present as defineatfidror that the
mutations in the —355 core element each reduced transcription iyystream domains 0bx3comprise other nearby purines or other
85-100% relative to the wild-type sequence (28.and C, sequences.

constructs 1-6) and, similarly, four core mutations in the —315 In atpA the upstream domain is located 10 bp from the core
promoter reduced transcription by 85-100% relative to thpromoter element (see Fi). Since this distance corresponds to
control (constructs 8-12). Therefore, we conclude that the coome helical turn, it was of interest to determine whether this

RESULTS

Conservation of core promoter elements in the maize
cox3gene
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A. e ——

-355 315

B. 2355 {atpl) -315
1 CGTAT 100% EIGO%) 8 CCTAT 100%
2 gGTAT 104 10-19%) 9 gGTAT 10%
3 CGTgT 0% 10-19%) 10 CGTgT 0%
4 CGTeT 0% <10%) 11 CGTAC (0%
5 CGTAa 15% (20-29%) 12 CGTAAG 15%
6 CGTACGC 15% (20-29%)
7 CGTATCTTg 0%  (NA)

C.
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Figure 2. Site-directed mutagenesis in the core regions afdk@—355 and —315 promotera)(Transcription initiation sites are indicated by arrows relative to the
coding region.B) Transcription activities of point mutants. To correct for unequal loading, activity of the mutated promoter was norrttaizettlittype promoter

in the same construct and then compared to 100% wild-type activity as shown in lanes 1 and 8. Values shown are theeveralgegefiment<} Representative
5% sequencing gel analysis®P-labeledn vitro transcripts. The shadow band above the —355 transcript in the right panel is a gel artifact.

spacing was of functional significance. To test this possibility,

- several promoter variants were constructed based on a 30mer

A, _3:!: .3I|_5'- o sequence that gives full promoter activity (see below). In these

variants, as shown in Figu4é,, the 5 bp spacer between the core
and upstream elements was either replaced with unrelated
215 COOATER R ATTGACGTS . sequences known not to decrease transcription activy (

B s o To0g  CoTHTTCAARG (Spacel), deleted (Space0) or extended to 10 (Space2) or 15 bp
%T-.—? lgﬁ% (Space3). For Space2 and Space3 the extra added nucleotides
4GC 100% (30-39% with atpl) were pyrimidine rich to ensure that a new purine-rich region

would not be created 10 bp upstream of the core. Each of these
X winevich  core ] variants was cloned in two orientations into two different
Rl o plasmids, to control for modifying effects of flanking vector
6GG Ti% seqguences.
In vitro transcription results for representative constructs are
C. I 2 3 4 5 6 wt shown in FigurdB. If the core and purine-rich motifs functioned
only when on the same helical face, only the control and
constructs Spacel and Space3 were expected to giveWitib

355 activity, whereas Space0 and Space2 should have the

characteristics of upstream domain mutants, yielding 30—-50% of

wild-type promoter activity. The results show, however, that only

Spacel gave full activity, cloned into either pBluescript or
315 pUC18. Each of the other constructs hB% of the activity of

Spacel, suggesting that the 10 bp spacing of the core and
upstream motifs was required for function of the upstream
domain. It is possible that in the cases of Space0, Space2 and
Space3 the reduced activity results from disturbed contacts
Figure 3. Site-directed mutagenesis in the putative upstream domains of thepetween the transcrlptlonal gpparatus and the promoter region.
cox3-355 and —315 promotera)(Transcription initiation sites are indicated ~ FOr eaPh.Of the spacing varlapts two bands were seen for e.aCh
by arrows relative to the coding regioB) (Transcription activities of point  transcription reaction. We believe that the upper band, which
mutants. To correct for unequal loading, activity of the mutated promoter wasncreases in size as the spacer is extended, as would be expecte
normalized to the wild-type promoter in the same construct and then compare b ’ :

to 100% wild-type activity as shown in lane wt. Values shown are the average ra tranS(_:rlpt ".“t.'?‘“'f‘g upstream ofthe upstream domain, .reSUItS
of several experiments. For construct 4 the equivalent mutatgpAneduced rom spurious Initiation near the border of vector and insert
in vitro transcription to 30-39% of the wild-type level (18)) Representative ~ Sequences. It is absent from the 30mer control because this inser
5% sequencing gel analysis®BP-labeledn vitro transcripts. was placed in a polylinker of the opposite orientation (KS versus
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Purine.tich Core purine-rizh cone
30mer control 5 -ATTAAGCGGARRAGTAACGTATTARARARACA-3 5 ¢ —TTATTATTAAGCGGEAAR ﬁ.GTA.-'!r"’-"-I"-II‘.'"! ARARCARAGTG-3
Spacel GAAACTTTACGTAT e 40-mier
Space0 GAAR----- CGTAT M_mu-ww
Space2 GAAACTTTACTTTACGTAT — | 1-0ET
Space3 GAAACTTTACTTTACTTTACGTAT
G E : E E 5
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Figure 5. Analysis of minimal maize mitochondrial promotess) Gequence
Figure 4. Analysis of spacing between the purine-rich and the core regions of surrounding theatpA transcription initiation site (overlined) and extent of
anatpA 30 bp minimal promoterA) Sequences of test constructs. The five cloned test promotersB) The oligonucleotides shown in (A) were cloned into
bases between the two regions were changed from AGTAA (shown in bold) totheSma (14mer and 22mer) d&cdRV (30mer and 40mer) sites of pBluescript
CTTTA so that a purine-rich region was not recreated in the different constructs.in each of two orientation<C} Gel-purifiedPvul fragments from each plasmid
The resultant insert sizes were: Spacel, 30 bp; Space0, 25 bp; Space2, 35 byere transcribeéh vitro and a representative gel is shown. Arrows point to
Space3, 40 bp. Each of these oligonucleotides was inserted iEitoR\é site transcripts initiated at thetpA promoter. Approximate transcription activities
of pBluescript in the minus orientation (B, left) or into 8raa andKpnl sites relative to the 40mer, based on this and other gels, were: 30mer, 75%; 22mer,
of pUC18 (B, right).B) Pvul fragments containing the insert were gel purified ~ 40%; 14mer, 25%.
and used as templates iiowitro transcription. In both paned¢pAindicates the
test transcript. The asterisk indicates a transcript that initiates near the
vector/insert border. The mitochondrial transcription extract contains aterminal__ . . . .
UTP transferase activity which end-labels the DNA fragment and serves as &Ctive, suggesting that essential sequences were absent. This
control for the amount of template in the reaction; such activities havellmer extended from 1 bp upstream of the core element to the +6

previously been found associated with RNA polymerase preparations in planposition, as shown in FiguﬁA To define the minimal active
systems (see for example 31,32). In the pUC18 panel SpaceO has a sh

unknown insert in the vector downstream of the promoter sequence whicﬁﬂommer' a Vane.ty of S.equences ranglng from 14. to. 40 l_)p W.e re
results in a slightly longé?vul fragment and run-off transcript. Approximéte cloned in bO'[I_’] orlentatl_ons into two dlffere_nt I‘eStI’ICtIOD s_|tes n
transcription activities relative to the 30mer, shown for these gels but based of€ pBluescript plasmid and tested far vitro transcription
this and other gels, were, for the left panel: Space0, 45%; Spacel, 100%activity. Figure5C shows that all of these sequences were active
Space2, 55%; Space3, 55%. In the right panel the values were: Space0, 20%%j hoth orientations, but that the activities were variable. When
Spacel, 45%; Space2, 20%; Space3, 25%. corrected for uridine content (the transcripts were labeled with
[32PJUTP) and gel loading the 14mer, 22mer and 30mer gave
[R5, 40 and 75% of the activity of the 40mer respectively. Since
SK) and thus is in a different vector sequence context. Thike 14mer spans only the core and upstream domains, we
additional transcript is a useful confirmation, in addition to theonclude that these elements alone are sufficient to promote
amount of labeled template visible in each lane, that similsccurate transcription initiatidn vitro.

amounts of DNA were added to each reaction. The 22mer was slightly more active than the 14mer, but more
significant increases were seen with the 30mer and 40mer.
Minimal sequences required forin vitro promoter activity Because of the way in which the constructs were madeshig.

the enhancing activity could come from upstream and/or
Since only mutations in the core promoter sequence hadewnstream of the 22mer sequence, i.e. either within the
pronounced effects on transcription activity, this raises th&anscribed region or upstream of the upstream domain. To
guestion of whether the core element itself is sufficient to direetttempt to resolve this ambiguity, a series of 26mer constructs
accurate initiation. We had previously 6] tested an 11 bp were made, as shown in Figu&. Our initial results, shown in
sequence surrounding tlapA initiation site for autonomous Figure6B, suggested that the sequence AACA in the transcribed
initiation activity by cloning it into three different plasmids. region could positively influencia vitro transcription activity,
However, in only one case was the plasmid transcriptionallyince the 30mer and 26mer B had significantly higher activity
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mitochondrial promoter can be mutated to any base with no

purine-rich core

A. 5'-ATTARGCCCAAAAGTAACGTATTARARACA-3 significant effect on initiation rate49). In contrast, mutagenesis
— 50mcr of purine-rich elements in tr@x3promoters corresponding in
i AT position and sequence to the enhancing upstream domain of the
22-mes maizeatpA promoter had no discernible effect on transcription.
G While this re_su_lt is surprising given the effect_of mutations on
B. NGOE.  , B g B % atpA transcription and the prevalence of purine-rich domains
% E ﬁ E Cc. 9% s8¢ upstream of plant mitochondrial core motif), the general
28808

Bl o e A+T richness of mitochondrial non-coding regions could result
B el _g, cry in fortuitous A-rich domains around promoters.

Attempts to define a minimal functional plant mitochondrial
promoter have been difficult. In yeast only seven of the eight
conserved bases have constrairits),(thus defining a 7 bp
minimal promoter, whereas the promoters recognized by the
related R0) bacteriophage RNA polymerases T3 and T7 are
homologous over 23 bp, including 6 bp of transcribed sequence
(21). In the case of minimal promoters based on the maize
mitochondrialatpA gene an 11mer spanning the core sequence

- ﬁ I and some flanking sequences, representing the most highly
conserved sequences based on alignments, was unable to direc
transcription initiation in two out of three cloning contexts)(
suggesting that it depended on vector sequences in the successfu

Figure 6. Analysis of 26 bp promoter constructs) Gequence surrounding the case. Inthis paper we hav_e sh_own tha_t a 14me_r Whlph !nc_ludes the
atpAtranscription initiation site (overlined) and extent of cloned test promoters.Core and upstream domains '_5 S!J_ffIC|ent t(_’ direct mlfu_atlon, but

The 26mer oligonucleotides shown in (A) were inserted ifEtoRV site of that Ionger sequences show Slgnlflcantly hlgher activities. These

pBluescript in either the plu8) or minus C) orientation and transcribéal results are somewhat difficult to interpret, but may suggest that

Consirucs fom Figure S a6 controls. Approximate Wansaipion. acivies,TIUIIPIE Contacts between the transcription machinery and the

relative to the BOm%r, based on this and ’())it)her gels, were, fol: (B): 26mer Bt,emplate_ can facilitate initiation and that some of these contacts
100%; 26mer A, 50%; 22mer, 35%; for (C): 26mer B, >100%; 26mer A, 100%, are lacking in the shorter promoter versions. In the case of T7
22mer, 100%. It is likely that the 30mer reaction in (C) is anomalously low; thepromoters so-called initiation and binding domains could be

relative activities of 26mers A and B are similar, however, in (B) and (C).  defined, which are clustered in the -9 to +1 region of the promoter

(22). Immediately upstream of this region are 3 bp that are

responsible for discrimination by T3 and T7 RNA polymerases

than the 22mer or 26mer A. However, when inserted into the tg§t3). Thus, like the maize mitochondrial promoter, T7 promoter
vector in the opposite orientation (FigC) the differences in elements are distributed over @5 bp region and many
activity were less pronounced, although 26mer B still had sutations within this region have only modest effects on
slightly higher activity than 26mer A. It is likely that subtle promoter activity (see for examgld). The quantitative aspects
contextual effects from the plasmid vector are responsible for thi¢ T7 promoter analysis have been greatly facilitated by the
inconsistency. Taken together, our results shown in Figumed  purified polymerase and vivoassays and clearly such methods

6 suggest that there are not discrete elements, apart from the coiltbe necessary to conduct a fine analysis of plant mitochondrial

and upstream regions previously defined, that regulate trapromoter function.

scription initiation. Instead, it appears that gradual increases inThe ability of plant mitochondrial polymerases to recognize

activity can be associated with longer ‘minimal promoter’ insertgpromoters from multiple species, as seen with our maize extract

Because the transcription template was in all cases the safiéD.Rapp and D.B.Stern, unpublished results) and in other work

length (a gel-purifiedPvdl fragment), the differences cannot be (17), suggests that there are conserved features of the tran-
ascribed to template size. In conclusion, further definition ocriptional apparatus. Indeed, partial sequences encoding
promoter elements awaits a more purified RNA polymeras&7/T3/yeast mitochondria-like RNA polymerases have been

preparation. found in a wide variety of eukaryote5, and complete
sequences for nuclear genesGhenopodium albuni®6) and
DISCUSSION Arabidopsis thaliana(27) have been published. The mito-

chondrial localization of the translation products from one of the
In this paper we have shown that the core motif YRTAT found i\rabidopsisgenes has been inferred framvitro import studies,
most plant mitochondrial promoters is functional in the case aflthough the presence of the proteinvivo has not yet been
two maize cox3 promoters. This extends our previousverified. Taken together, the data appear to favor a unified mode
observations that deletiorl§) or mutagenesis1@) of this  of transcription initiation in fungal, vertebratd8f and plant
sequence strongly reduced or abolishedtro promoter activity. mitochondria, with the core polymerase derived from a bacterio-
We conclude that this core sequence is likely to be essential foinage ancestor. The variability in promoter structure most likely
function in each promoter within which it is found. We have alseeflects divergence among polymerases, as in the case of T3 and
shown that forcox3—355, mutation of the initiation position, T7 RNA polymerases, where single nucleotide changes in the
which is located 4 bp downstream of the core sequence, abolishdmoter 23) or a single amino acid change in the polymerase
transcription. Interestingly, the +1 position of the yeas{29)can determine promoter recognition. Other mechanisms may
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operate in more primitive organisms. For example, the mitok2
chondrial genome of the protozo&eclinomonas americana 13
contains four genes that could specify subunits of a typical,
eubacterial RNA polymeras8(). 15
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