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ABSTRACT

Previously we have demonstrated that the U2 snRNA
genes from the higher plant Arabidopsis thaliana
contain two upstream elements, the USE with
sequence RTCCCACATCG and a -30 'TATA' box,
which are essential for transcription by RNA
polymerase 11, and that the conserved spacing of about
four helical DNA turns between these elements is
important for optimal promoter function. We have now
isolated three genes encoding U6 RNA in Arabidopsis.
Transcription of these genes in transfected protoplasts
of Nicotiana plumbaginifolia is resistant to a-amanitin
indicating that they are transcribed by RNA polymerase
Ill. The upstream regions of three Arabidopsis U6 genes
contain USE and - 30 TATA-like elements similar to
those found to be important for transcription of U2 RNA
genes but the spacing between the two elements is
about 10 bp closer than in the U2 genes. Using
synthetic U6 genes we demonstrate that the USE and
TATA elements are indispensable for their
transcription, the TATA boxes of U2 and U6 genes are
interchangeable, and that the intragenic A box-like
sequence of U6 gene is not essential. Increasing the
distance between the USE and TATA by 10 bp
inactivates U6 gene transcription, demonstrating that
proper positioning of the elements is also important for
transcription by RNA polymerase Ill. The data indicate
that the structure of U-snRNA gene promoters and the
determinants of polymerase specificity are completely
different between vertebrates and plants.

INTRODUCTION
In the nuclei of eukaryotic cells RNA polymerase H (pol II)
transcribes all protein-coding genes and most of the genes
encoding U-snRNAs, the small nuclear RNAs involved in RNA
processing. RNA polymerase III (pol HI) synthesizes tRNAs, 5S
rRNA and other types of cytoplasmic and nuclear small RNAs,
including U6 snRNA (reviewed in refs 1-4). Accurate initiation
by either of these enzymes requires several protein factors, most

EMBL accession nos X52527, X52528, X52529

of which interact with specific DNA sequences within promoters
(2,3). For a long time it has been recognized that class II and
class IH genes differ not only in the structure of their promoter
elements, but also, and more importantly, in the location of these
elements within a gene. The promoter elements required for
initiation by pol II are generally situated upstream of the coding
region. On the other hand, the promoters of pol Im genes are
usually located internally, within the coding region; tRNA and
5S rRNA genes containing internal A and B (or C) boxes are
examples of such genes (2,5,6). In recent years, however, this
distinction between pol II and pol HI promoters has become much
less rigid. (i) It has been found that efficient transcription of some
tRNA and 5S rRNA genes (reviewed in ref. 2) and a 7SL gene
(7), depends upon upstream sequences, although these sequences
and the factors interacting with them are not well characterized.
(ii) The Epstein-Barr virus-encoded small RNA (EBER) genes
(8) are transcribed by pol III but contain functional promoter
elements typical of both pol HII genes (intragenic A and B boxes)
and pol II genes (ATF- and Spl-like, and possibly TATA-like,
upstream elements). (iii) Transcription from the human c-myc
gene promoter, in addition to being initiated by pol II, may also
be initiated accurately, although very inefficently, by pol III
(9,10). The physiological significance of this fi nding is not clear
but transcription by pol HI appears to require the TATA box and
no intragenic sequences (10). (iv) Genes encoding U6 (11-16)
and 7SK (17,18) RNAs in vertebrates are transcribed by pol III
but do not require any intragenic elements. Instead, their activity
depends upon three upstream signals: the Distal and Proximal
Sequence Elements (DSE and PSE), and an AT-rich box which
resembles the TATA box found in mRNA genes. The first two
elements are structurally and functionally identical to the elements
essential for transcription of the pol 11-specific snRNA-genes
(reviewed in ref. 4). The AT-rich box is unique to the pol Im
genes and is the dominant signal conferring pol III specificity
to the promoter (12,16).

Previously we have demonstrated that the pol 11-transcribed
U2 genes of Arabidopsis contain two essential promoter elements,
a -30 TATA element which is structurally and functionally
indistinguishable from the TATA boxes ofmRNA coding genes,
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Figure 1. Structure of three Arabidopsis U6 RNA genes. (A) Restriction maps of the 1.4-8.2 kb DNA fragments containing three different genes. Arrow shaped
boxes indicate coding regions. B, Bg, Bs, C, D, E, H, Hp, Nd, Nh, P, Pv, S, St, Xb and Xh are BamHI, BglII, BstXI, ClaM, Dral, EcoRI, Hindu, HpaI, NdeI,
NheI, PstI, Pvull, Sall, StuI, XbaI and X7oI sites, respectively. Restriction sites that are not unique are identified by asterisks. The wavy line below the U6-26
gene indicates the DNA fragment that was transcribed to yield antisense RNA probe. (B) Sequences of the U6 genes. Numbering of the upstream non-coding sequence
corresponds to the gene U6-26. Other sequences are aligned with U6-26 to accentuate similarities in the - 100/-1 region; further upstream no significant similarity
is found. Asterisks indicate nucleotide identity in the three promoter regions. Two sequence motifs, RT(C/A)CCACATCG (pos. -66/-56) and 1TTATATA (-3 1/-24)
which are similar or identical to the promoter elements of the Arabidopsis U2 and U5 genes (20,21) are boxed, as are the coding regions.

and an Upstream Sequence Element (USE), RTCCCACATCG,
which is found in U-snRNA, but not in mRNA, genes of plants
(19). In plant genes encoding the 2,2,7-trimethylguanosine
(m3G)-capped U-snRNAs (Ul, U2, U4 and U5; 20-25 and our
unpublished results), these two elements are centered
approximately four DNA helical turns apart, a property required
for optimal promoter function (19). In this report we show that
the pol m-transcribed U6 RNA genes ofArabidopsis also contain
both the USE and the TATA-like elements, but that these
elements are spaced one helical turn closer than in pol II-

transcribed U-snRNA genes. The USE and TATA-like upstream
motifs of the U6 genes appear to be the only essential elements
for their transcription.

MATERIALS AND METHODS
lsolation of the U6 RNA genes

Unless indicated otherwise, all techniques used for manipulating
DNA were as described by Maniatis et al. (26). A genomic
library, in the XEMBL3 vector, of Arabidopsis thaliana strain
Landsberg was screened as described (20), using as a probe a
5'-32P-labeled 29-mer oligonucleotide complementary to pos.
39-67 of Arabidopsis U6 RNA. Filters were washed with

1 xSSC, 0.1% SDS for 30 min at 65°C before autoradiography.
Fragments of purified phage DNA which hybridized to the probe
were subcloned to pBluescript(+) (Stratagene): the 1.4 kb
BamHI-Sall fragment of XU6-1 to yield pU6-1; the 2.6 kb
BamHI-EcoRI fragment of XU6-26 to yield pU6-261arge; and the
8.2 kb BamHI-EcoRJ fragment of XU6-29 to yield pU6-29. The
0.85 kb HindIll-EcoRI subfragment from pU6-261arge was
further subcloned to pGEM2 (Promega) to yield pU6-26.
Approximately 0.9 kb of each insert was sequenced on both
strands by the dideoxynucleotide method using double-stranded
DNA templates and universal or internal primers. Complete
sequences are deposited in the EMBL, Genbank and DDBJ
Nucleic Sequence Databases (accession numbers
X52527,X52528,X52529). Southern blots with genomic DNA
were hybridized and washed as described (20) using the Sall-
SphI fragment of pU6syn as a probe.

5' end mapping of U6 RNA by reverse transcription
This was done by primer extension using as a template low
molecular weight RNA isolated from Arabidopsis plants (20).
A 29 nt-long oligodeoxynucleotide, complementary to positions
39-67 of Arabidopsis U6 RNA, served as a primer for reverse
transcription (20).
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Figure 2. Southern blot analysis (A) and determination of the 5' end of Arabidopsis U6 RNA by primer extension (B). (A) 5 Ag of Arabidopsis genomic DNA
was restricted with HindIII (lane 1) and DraI (lane 2). DNA was probed with the SalI-SphI fragment of pU6syn labeled by the random priming method. Size markers
(in kb) are indicated. (B) The product of reverse transcription (lane 1) is indicated by an arrow. Lanes A, T, C and G show a sequence ladder of the gene U6-26
(plasinid pU6-26, coding strand). Due to band compression, one G-specific band is not evident and is shown in brackets.

Transient expression in transfected protoplasts and RNase
A/Tl mapping
Transient expression was tested in mesophyll protoplasts of
Nicotiana plumbaginifolia, which were transfected using the
polyethylene glycol method (27). Unless indicated otherwise,
10 yg of each plasmid, corresponding to a subsaturating amount
(see Fig. 5D), was used per transfection of 6 x 105 protoplasts.
a-Amanitin was added at the time of transfection and
subsequently diluted with the culture medium to yield the
concentration as indicated. RNA was prepared 24 h after
transfection and used for RNase A/T1 mapping (28). The U6
and U2 gene-specific antisense RNA probes (440 and 510 nt-
long, respectively) were synthesized in vitro by SP6 polymerase
using [a-32P]GTP (sp. act. 160 Ci/mmol) as the label and
pU6-26 linearized with BstXI (see Fig. IA) or pGEM2.U2.2
linearized with Hindm (20) as templates. Probes were purified
on polyacrylamide gels. The U6-26 probe was used in all
experiments, except those with the U6synAbox mutants (Fig. 6).
For those the cognate complementary probes were transcribed
from the respective plasmids (pU6synAboxl through Abox3)
linearized with BamHI. 3 tsg ofRNA and 6 fmoles (100-150,000
Cerenkov cpm) of each probe was used per mapping reaction.
Protected fragments specific for expressed Arabidopsis U6 and
U2 RNAs, and respective endogenous fragments (used for
normalization of transfection efficiency and RNA recovery) were
quantitated by scintillation counting (27). Similar results were
obtained irrespective of whether only the 105 nt bands or the
105 nt plus 93-97 nt bands were used for quantitation.

Construction of pU6syn and its derivatives
The 188 bp-long U6syn sequence extending from the BamHI to
the SphI site was assembled from overlapping oligonucleotides

(the shortest overlap being 13 bp) ranging in size between 21
nt and 44 nt, kindly supplied by J.Jiricny and W.Zurcher of our
Institute. Eight internal 5'-phosphorylated and two terminal non-
phosphorylated oligonucleotides were annealed (28), ligated by
T4 DNA ligase and inserted into pTZ19R precut with BamHI
and SphI, yielding pU6syn. pU6synA and pU6synB were
constructed by cloning the SalI-AvaII or SalI-HindIII fragments
of pU6-29 into the corresponding sites of pU6syn (Fig. SB).

Construction of U6syn mutants
The construct pU6synAUSE was prepared by cleavage of pU6syn
with BamHI and XhoI, followed by blunting of ends by mung
bean nuclease and ligation. Constructs pU6syn-TATAI and -
TATA2 were generated by inserting appropriate linkers,
containing mutations in the TATA-like regions, into the
NcoI/SalI-restricted pU6syn. Mutant pU6syn+ 10 was obtained
by replacement of the XoI-NcoI fragment in pU6syn with a
longer linker containing the sequence CTCGAGTAAAAATA-
AGAAAGATTCCATGG. Mutants U6synAboxl, Abox2 and
Abox3 were obtained by assembly of appropriate overlapping
oligonucleotides as described for the gene U6syn. The identity
of all constructs was verified by sequence analysis.

RESULTS
Structure of Arabidopsis U6 genes
Three different genes encoding U6 RNA in Arabidopsis were
isolated and sequenced (Fig. 1). Southern blot analysis (Fig. 2A)
indicated the presence of 3 or 4 additional sequences hybridizing
to the U6 gene-specific probe. The 5' border of the coding regions
was assigned to G at pos. + 1 by primer extension analysis of
Arabidopsis U6 RNA (Fig. 2B). Assignment of the 3' end,
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FSgure 3. Transient expression of Arabidopsis U6 genes in protoplasts of Nicotiana
plumbaginifolia. Equimolar amounts of plasmids bearing different U6 genes were
used; pUC18 DNA was added to maintain a total of 20,ug of DNA in each
transfection. In addition, 5 /Ag of plasmid pU2.2 (20) containing the Arabidopsis
U2 gene was cotransfected to provide an internal standard for normalization of
gene expression. RNA from protoplasts (lanes 1-4) or from Arabidopsis plants
(lane 5) was analyzed by RNase A/Tl mapping using the U6 (upper panel) or
U2 (lower panel) RNA probes. Lane 1, 8 jAg of pU6-26; lane 2, 9 itg of pU6-1;
lane 3, 20 ug of pU6-29; lane 4, no DNA. Lane M, size markers (end-labeled
HaeIl digest of pBR322). Lane 5, mapping of Arabidopsis RNA (5 pg). The
approximately 105 nt-long protected fragment, marked by an arrow, is longer
than U6 RNA (102 nt) because the stretch of A residues in the probe adjacent
to the coding region is resistant to RNases. The 93-97 nt-long bands marked
with asterisks and present at variable levels in different mapping experiments
result, most likely, from the partial digestion of the RNA hybrid by RNase A
at the AU-rich 3' end. Fragments protected by endogenous N. plumbaginifolia
U6 RNA are bracketed.

located within a T-rich stretch, which usually functions as a pol
HI termination signal (29), is based on comparison with the broad
bean U6 RNA (30) which has 24 nucleotides identical to
Arabidopsis DNA at its 3' end. The genes U6-1, U6-26 and
U6-29 all encode 102 nt-long RNAs of identical sequence.
Arabidopsis U6 RNA differs from broad bean U6 RNA (30) by
two nucleotide substitutions (C to U in pos. 35 and 78) and the
presence of4 additional nucleotides, GUCC, at the 5' end. Since
the 5' end of the Arabidopsis U6 RNA sequence, but not that
of bean, can be folded into the conserved stem/loop structure
(31), it is likely that the bean sequence is incomplete at its 5'
end (see also re. 32). Alignment of the Arabidopsis U6 RNA
sequence with U6 RNAs from other organisms (data not shown),
reveals a high degree of sequence conservation, a feature noted
previously (31).

Transcription of U6 genes in transfected protoplasts
Activity of the cloned U6 genes was tested by measuring their
expression in transfected protoplasts ofNicotiana plubaginifolia.
Transcription of a cotransfected Arabidopsis U2 gene was also
measured to provide an internal standard. RNA was isolated 24
h after transfection and analyzed by RNase A/Tl protection, using
32P-labeled antisense RNA probes specific for the Arabidopsis

n. LI;:

Y....amanifir ki gf !- .,_ Yediurn

Figure 4. Effect of a-amanitin on transcription of the Arabidopsis U6 and U2
genes. (A) Protoplasts were cotransfected with pU6-26 and pU2.2 and incubated
in the presence of indicated concentrations of ct-amanitin; RNA was mapped with
a mixture of U6 and U2 gene-specific probes (lanes 1-4). Lanes 5 and 6, RNA
from non-transfected protoplasts, napped with the U2 and U6 probes, respectively.
The endogenous fragments used in quantitation are marked. Because the U-snRNAs
are metabolically stable (4), no effect of ax-amanitin on endogenous RNA is seen.
(B) Quantitation of the inhibition data. Each value is an average from two
independent transfections.

U6 or U2 genes. Transfection with each U6 gene resulted in
accumulation of comparable amounts of protected RNA
fragments of expected length, indicating that all three genes are
active (Fig. 3, lanes 1-3); mapping of U6 RNA isolated from
Arabidopsis yielded similar protected fragments (lane 5).
U6 genes of Arabidopsis are transcribed by RNA polymerase
Hli
To determine whether the Arabidopsis U6 RNA is synthesized
by pol HI, we studied the effect of a-amanitin on transcription.
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Figure 5. Design and activity of the synthetic U6 gene, U6syn and its variants. (A) Design of the gene U6syn. A U6 gene consensus sequence (U6/cons) is shown
in the upper line. Nucleotides conserved between three Arabidopsis genes are in upper case. Non-conserved positions are marked with 'n' except for pos. -66
and -64 of the USE (indicated by g or c) in which G or C are present in two out of three genes. Positions in the upstream and downstream regions of U6syn
which are identical to the U6 consensus are indicated with asterisks. The coding part (boxed) of U6syn is the same as in the authentic genes. Restriction sites incorporated
into U6syn are indicated. (B) Schematic drawing of U6syn and its derivatives. Vector sequence is indicated by a broken line. Sequences derived from gene U6-29
are shown as thick lines. Relevant restriction sites are shown: B, BamHI; S, Sall; A, AvaI; Sp, SphI; H, HindHI. (C) Comparison of activities of the genes U6syn
(lanes 1-4) and U6-26 (lanes 5-8) in protoplasts. The amount of plasmid used for transfection is indicated at the top. (D) Quantitation of the results shown in
panel C. The data for expression of the gene U6synB, not shown in panel C, are also included.

A concentration of 50-100 i.g of the toxin per ml of protoplast
culture medium is known to inhibit transcription by pol II but
not by pol III (33). Protoplasts were cotransfected with plasmids
containing U6 and U2 genes of Arabidopsis and incubated in the
presence of various concentrations of ct-amanitin. The toxin
strongly inhibited expression of the pol II-specific U2 gene (and
had a similar inhibitory effect on expression of an mRNA-coding
gene in protoplasts; data not shown) but had little effect on the

synthesis of U6 RNA (Fig. 4). These results, together with the
presence of the T-rich terminator-like signal in the U6 genes,

and the absence of the m3G cap in plant U6 RNAs (30; and our

unpublished results) establish that in plants, as in vertebrates
(34-36) and yeast (37), U6 RNA genes are transcribed by pol
III. On the other hand, sensitivity of the synthesis of the m3G-
capped U2 snRNA supports the conclusion that in plants, as in
other organisms (4), this gene is transcribed by pol II.

sphI
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Figure 6. Activity of the U6syn promoter mutants. The structure of the different mutants and their activities, relative to the activity of U6syn, are shown in the
diagram (A). The USE and TTTATATA elements are boxed; mutations in the latter are in bold letters. The coding region is represented by an arrow and mutations
in the A box-like sequence AGATTAGCATG (pos. 43-54) are indicated. In the Abox3 mutant the sequence AGA, located immediately upstream, is additionally
changed to TAA. The relevant restriction sites are marked. The wavy line in U6synAUSE corresponds to pTZ19R vector sequence. Plasmids used for cotransfection
together with pU2.2 are indicated at the top of the autoradiogram (B). RNAs analyzed in lanes 7-9 were isolated 8 hr after transfection. Mapping was performed
with the U6-26 probe with the exception of RNAs transcribed from the U6synAbox mutants which were mapped with cognate complementary probes. Lane 1, control
without cotransfected U6 gene, probed with the U6-26 gene-specific probe. Quantitative data are averages from three independent transfections. Mapping of RNA
expressed from U6synAbox3 is not shown. Each value was normalized for variation in transfection efficiency using U2 gene expression as an internal standard
(not shown).

Assembly and activity of synthetic U6 genes

The three Arabidopsis U6 genes described in this work contain
several stretches of conserved sequences in the non-coding
upstream regions (Fig. 1B and SA). Most notably, these regions
contain two conserved elements similar or identical to the -30
TATA-like box and the USE which are sufficient for transcription
of Arabidopsis U2 RNA genes (19). The U6 gene counterparts
have the sequences TTTATATA (pos. - 30/-23) and
RTCCCACATCG (pos. -66/-56). In promoters of U2 genes
and other genes encoding m3G-capped U-snRNAs (U1, U4,
U5), the USE and the TATA-like element are centered
approximately four helical turns apart (21 -25); this property is
important for optimal promoter function (19). In the cloned pol
Ill-transcribed U6 genes the USE is positioned approximately
10 bp closer to the TATA-like sequence.
To define the promoter signals required for U6 gene

transcription we have constructed a synthetic gene, called U6syn
(Fig. SA). The 70 bp-long upstream region of U6syn contains
the USE and TTTATATA elements at the conserved positions.
The remaining upstream sequence is mostly unrelated to that of
the three Arabidopsis U6 genes (see U6 consensus in Fig. SA)
and contains several restriction sites in order to facilitate
manipulation of DNA. The coding region of U6syn is identical
to the wild-type sequence and a stretch of T residues is included
downstream to provide a termination signal. Two U6syn variants
were also constructed (Fig. SB). The variant U6synA contains
15 bp of the authentic U6-29 upstream sequence replacing U6syn
region -15/ - 1. The U6synB contains 430 bp of the U6-29
downstream sequence (pos. 103/533) fused to the coding region

of U6synA. The latter variant was made in order to test whether
sequences positioned downstream of the T stretch are important
for gene expression. All three U6syn genes were transcribed with
similar efficiency, their activity corresponding to 60-65% of
that of the authentic U6 RNA gene (Fig. SC and D, and data
not shown). Sequences included in the gene U6syn, containing
the USE and TATA upstream boxes and the 3' end T-rich
terminator were therefore sufficient to drive efficient synthesis
of U6 RNA.

Activity of the U6syn mutants
Several mutants of U6syn were tested (Fig. 6). Deletion of the
USE (mutant U6synAUSE) or replacement of the TATA-like box
(TTTATATA) by an unrelated sequence (mutant U6synTATA2)
completely abolished transcription, indicating that these elements
are absolutely essential as was previously demonstrated for the
pol TI-specific U2 snRNA gene (19). Replacement of the
TTTATATA by the TATA-like motif TATAAATA, conserved
in the Arabidopsis U2 genes (20), resulted in only a small
decrease in activity (mutant U6synTATA 1). The TATA
sequences of the U6 and U2 genes, TTTATATA and
TATAAATA respectively, are therefore interchangeable. In the
mutant U6syn+ 10, the distance between the USE and
TTTATATA was increased by 10 bp, resulting in the element
spacing characteristic of the pol II promoters. This modification
completely abolished RNA synthesis indicating that the conserved
spacing between the USE and TATA elements, corresponding
to approximately three helical DNA turns, is essential for
transcription by pol III.
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The U6 genes in Arabidopsis and other organisms contain the
sequence AAGATTAGCATGG (pos. 42-54; Fig. IB) which
differs in only two positions (A42 and A45) from the intragenic
A box consensus of tRNA genes (2). This sequence is part of
the highly conserved region of U6 RNA which base-pairs with
U4 RNA in the U4/U6 snRNP complex (31). Three mutants were
constructed to test the importance of the A box-like sequence
for transcription. U6synAboxl has two additional positions of
the consensus, G53 and G_4, replaced by T residues, and in
U6synAbox2 and U6synAbox3 the sequence
AGATTAGCATGG is replaced by different unrelated sequences.
All mutations resulted in only about a 2-fold decrease in the
amount of accumulated U6 RNA (Fig. 6 and data not shown).
We have not investigated whether this is due to decreased
synthesis or stability of modified U6 RNAs.

DISCUSSION

We have isolated three active genes encoding U6 snRNA in
Arabidopsis thaliana. Sensitivity of their transcription to a-
amanitin, the presence of T-rich terminator-like sequences at their
3' ends, and lack of the m3G cap in plant U6 RNA (30; and our
unpublished results) indicate that U6 genes in higher plants are,
as in vertebrates (34-36) and yeast (37), transcribed by pol Ill.
Despite being transcribed by a different RNA polymerase, the
U6 genes of Arabidopsis contain two upstream elements, the USE
and TATA, which are similar to the upstream cis elements
sufficient for transcription of the pol II-specific U snRNA genes
of plants (21-25). Experiments with synthetic U6 genes indicated
that the USE and TATA-like elements are also indispensable for
transcription by pol Im.
Our findings that TATA-like boxes are present in both pol H-

and pol Ill-specific snRNA genes of Arabidopsis, and that these
elements are exchangeable between the two classes of promoters
(19; and this work), offer a unique opportunity to address the
question whether the same or different TATA factors are involved
in transcription by pol H and pol HI. Upstream TATA-like
elements have been found in a number of pol HI genes (2 [and
references herein],8,11,14,15,17,38) although they do not always
closely resemble the TATA consensus of mRNA genes. The
TATA box is also essential for initiation of c-myc gene
transcription by pol IH but the nature of the protein factor involved
has not been established (10). We are presently testing whether
transcription of the U2 and U6 genes that contain identical TATA
sequences (genes U2syn and U6synTATA1) is similarly affected
by different mutations in this region.
Another essential promoter element, found in the pol H and

pol Ill-specific U-snRNA genes of plants is the USE. This
element is snRNA gene-specific; it is not found in mRNA or
any other genes of plants (21). In all class II U-snRNA genes
characterized to date the USE is centered approximately four
helical DNA turns upstream of the TATA box (21-25). This
location is essential for the promoter function since increase of
the USE-TATA distance by 50 bp or its shortening by 10 or 20
bp decreases transcription of the U2 gene by 10-20 fold (19).
In the three isolated U6 genes of Arabidopsis the spacing between
the USE and TATA is also highly conserved but it corresponds
to about three helical DNA turns in contrast to the four turns
of the class II promoters. Two additional U6 gene sequences of
Arabidopsis characterized by PCR amplification (39) and the U6
gene isolated recently from tomato (32) also contain the USE
and TATA elements centered approximately three helical turns

apart. This spacing is clearly essential for transcription by pol
III since the insertion of 10 bp of DNA into the USE-TATA
spacer of the U6syn inactivates the gene. Recently, using several
different suitably manipulated pol Il/pol IH gene hybrids, we have
demonstrated that a single helical turn difference in the spacing
of USE and TATA elements is indeed the major determinant of
RNA polymerase specificity during transcription of U-snRNA
genes of Arabidopsis. It was possible to achieve conversion of
the pol Il promoter to a pol fl-specific promoter, and vice versa,
by changing the distance between the USE and TATA elements
(F.W. and W.F., manuscript submitted).
Although the Arabidopsis U6 genes contain a sequence similar

to an A box, which is the only U6 intragenic region resembling
a known pol HI-specific transcription element, this sequence can
be modified without strongly affecting transcription. In vertebrates
too, synthesis of U6 RNA does not depend upon the A box or
other intragenic sequences (11,14,16,40). However, our
experiments have not addressed the question whether sequences
at the transcription start site are important for the promoter
activity. Transcription of all plant U-snRNA genes (21-25) starts
at a purine residue preceded by a pyrimidine. Transcription of
the U6 gene of Xenopus shows similar requirements (12).
The structure of U-snRNA gene promoters and the

determinants of polymerase specificity are different in plant and
vertebrate cells. Promoters of the pol H- and pol I-specific U-
RNA genes in vertebrates contain two common upstream
elements, DSE and PSE, positioned in the -250 and -50 regions,
respectively (reviewed in refs 4,41). The DSE is an enhancer-
like element. It is usually composed of several sequence motifs,
such as octamer- or SPI-binding sites, similar to the ones
functioning in vertebrate mRNA genes. The PSE element in pol
HI U-snRNA genes determines selection of the correct start site;
its function is therefore equivalent to that of the TATA box in
mRNA genes. The DSE and PSE are sufficient for transcription
of the U2 gene by pol II. The U6 genes contain an additional
element, an AT-rich box located in the -30 region, which confers
pol Ill specificity (12,16). The similarity of class II and Ill
promoters in vertebrates is supported by the demonstration that
although U6 RNA is a product of pol Ill, a low level of
transcription initiation by pol II also occurs (12). Furthermore,
it has been possible to convert a pol H-specific U2 promoter into
a pol III promoter or a U6 promoter to a pol HI promoter by either
inserting or mutating the AT-rich element (16).
Both classes of plant U-snRNA gene promoters resemble

eubacterial promoters, which also contain two conserved
upstream sequences, the -35 TTGACA and -10 TATAAT
regions (42), the precise spacing of which is important for optimal
promoter function (43,44; for a discussion of the similarity of
vertebrate 7SK and U6 promoters with eubacterial promoters,
see also refs 17,45). Furthermore, -30 TATA-like elements,
similar to those found in plant U-snRNA genes and also in pol
H mRNA genes, are present in archaebacterial genes (46,47).
It is likely that all these promoters have evolved from a common
ancestor and that one mechanism of promoter diversification in
eukaryotes involved changes in the spacing between different
promoter elements recognized by the transcriptional apparatus.
The structural relationships between different promoters

discussed above and the sequence similarities between the large
subunits of three eukaryotic polymerases, and between eukaryotic
and prokaryotic polymerase subunits (48,49), all argue for a
common ancestry of the eukaryotic and prokaryotic
transcriptional apparatus. Protein sequence analysis has revealed
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(48) that pol II and pol III enzymes are more closely related to
each other than to pol I and may have evolved from a common
progenitor more recently than pol l. Our results and the similarity
of some other pol II and pol III promoters strongly support this
notion.
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