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DNA Melting on Yeast RNA Polymerase II Promoters 

Charles Giardina and John T. Lis* 
Transcription-dependent DNA melting on the yeast GAL1 and GAL10 promoters was 
found to be more closely correlated with the TATA box than the transcription start site. 
On both these genes, melting begins about 20 base pairs downstream of the TATA box. 
Physical and genetic analyses suggest that RNA polymerase II associates with this 
region. Thus, the distance between promoter melting and the TATA box in yeast may 
be similar to that in higher eukaryotes, even though transcription initiates in a region 
about 10 to 90 base pairs farther downstream in yeast. 

I n  prokaryotes, the melting of the DNA 
helix at the commencement of transcrip- 
tion often requires only the RNA polymer- 
ase and promoter sequence elements (1). 
For eukaryotic RNA polymerase I1 genes, 
this melting reaction also depends on RNA 
polymerase I1 but in addition requires basal 
transcription factors and adenosine triphos- 
phate (ATP) hydrolysis (2). On TATA- 
containing promoters, the transcription 
factor TFIID first associates with the TATA 
box followed by the other basal factors and 
polymerase (3). After this assembly, the 
DNA can be melted in an ATP-dependent 
reaction, with residues approximately 12 
base pairs (bp) upstream through 3 bp down- 
stream of the transcriptional start site being 
unwound to form an open complex (4, 5). 

In higher eukaryotes, the locations of 
promoter melting and transcription initia- 

tion overlap at -30 bp from the TATA box 
(4-6). In yeast the distance between the 
location of the transcriptional startsite and 
the TATA box is highly variable, ranging 
from 30 to 120 bp (7). This is true even 
though the basal transcription factors and 
the polymerase are highly conserved be- 
tween yeast and higher eukaryotes (8-12). 
We wanted to determine, therefore, how 
promoter melting in yeast is positioned rel- 
ative to the start site and the TATA box. 
We used the DNA modifying reagent potas- 
sium permanganate (KMn04) which reacts 
preferentially with T residues in single- 
stranded DNA (13). Although open poly- 
merase complexes can be difficult to detect 
under steady-state conditions, KMn04 hy- 
perreactivity of these complexes can be de- 
tected on some promoters in Escherichia coli 
(14). We have also detected what appear to - . . 
be open polymerase complexes in Drosophila 

Section of Biochemistry, Molecular, and Cell Biology, cells in vivo, suggesting that these complex- 
Cornell University, Ithaca, NY 14853, es have a dwell time long enough to allow 
*To whom correspondence should be addressed. their detection in eukaryotes (1 5). 
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The first gene we analyzed was GALl 
because it is highly inducible; addition of 
galactose to the media (in the absence of 
glucose) gives about a 1000-fold induction 
of GALl transcription (1 6). The KMn0, 
modification pattern on the GALl gene is 
shown for cells grown with glucose, raffi- 
nose (another noninducing sugar), or galac- 
tose as the carbon source (Fig. 1). The 

Top strand Bottom strand 
GAL 1 

Fig. 1. The KMnO, reactivity of the GALl gene 
in vivo at different states of activation. Cells 
were grown in rich media with raffinose (Raf), 
dextrose (Dex), or galactose (Gal), as indicat- 
ed. A logarithmically growing culture was treat- 
ed for 1 min with 25 mM KMnO, at 22°C. Also 
shown is purified genomic DNA treated with 25 
mM KMnO, for 30 s at 22°C. The DNA was then 
purified and cleaved at the modification sites 
with piperidine. The sites of cleavage were 
viewed by the ligation-mediated polymerase 
chain reaction (LMPCR), with the use of primers 
to display either the top (coding) or bottom 
(transcribed) DNA strand, as indicated (25). 
The numbers at the sides of the gels indicate 
positions relative to the major GALl transcrip- 
tional startsite (1 7). 

pattern of KMn0, reactivity of purified 
yeast genomic DNA is also shown. When 
compared with the KMn0, modification 
pattern on the uninduced GALl gene and 
on purified DNA, the GALl gene in cells 
grown in galactose was KMn0, hyperreac- 
tive from the transcriptional start site to 66 
bp upstream (1 7). Every T residue on both 
strands of DNA, from the -66 position 
(relative to the major transcriptional start 
site) through the transcriptional start site, 
displayed some degree of hyperreactivity 
(see Fig. 2 for compiled results) (1 8). The 
characteristics of this KMn0,. hyperreactiv- 
ity are consistent with extenslve melting of 
the DNA helix upstream of the transcrip- 
tional start site. The 5' end of this DNA 
melting we observed on the GALl gene is 
at a distance f~om the TATA box similar to 
that of an open complex of a higher eukary- 
ote (-20 bp) (4, 5, 15). It is possible that 
polymerase associates with the GALl gene 
and melts the DNA at a location deter- 
mined by the TATA box. 

To study the influences of the TATA box 
and the transcriptional start site on promoter 
DNA melting, we mapped the KMn0, hy- 
perreactivity on the induced GALlO gene. 
The TATA box on the GALl 0 gene is 114 
bp from the major transcriptional start site 
compared with the 84-bp distance on the 
GALl gene (1 7). If promoter DNA melting 
is directed by the TATA box, the region of 
melting on the GALlO gene should extend 
farther upstream from the transcriptional 
start site than it does on the GALl gene. 
Induction of the GALl 0 gene by growth on 
galactose produced a region of melted DNA 
extending -92 bp upstream of the transcrip- 
tional start site compared with the -66 bp of 
melting upstream of the GALl start site 
(Fig. 3). The 5' end of this melted region is 
again similar to that of an open complex of a 
higher eukaryote (see Fig. 2 for compiled 
results). 

The KMnO, hyperreactivity in the re- 
gion between the GALlO TATA box and 
transcriptional start site was uneven; both 
strands were more hyperreactive at the 5' 
portion of this melted region (the -92 
through -34 region). It is possible that 
polymerase density is higher over the -92 

through -34 region than over the -33 
through -1 region. This effect was not 
observed on the GALl gene, perhaps be- 
cause the distance between the TATA box 
and the start site is shorter. 

The DNA melting we observed could 

Top strand Bottom strand 
GALlO 

Fig. 3. The KMnO, reactivity of the GALlOgene 
in vivo at different states of activation. Cells 
were grown in rich media with raffinose (Raf), 
dextrose (Dex), or galactose (Gal), as indicat- 
ed. Treatment with KMnO, and subsequent 
processing to view the KMnO, modification 
sites were performed as described (Fig. 1). The 
left panel shows the results for the top DNA 
strand, and the right panel, for the bottom 
strand (26). The numbers at the sides of the 
gels indicate positions relative to the major 
GAL10 transcriptional start site (1 7). 

Fig. 2. The extent of KMnO, hyperreactivity on the GALl and GALlO of lower hyperreactivity. The TATA boxes are shown in bold print. The 
genes after transcriptional activation. For the GALlO gene, striped bars major transcriptional start site on each gene is indicated by the large 
indicate KMnO, hyperreactive regions and open bars represent regions arrow, with minor upstream sites indicated by smaller arrows (17). 
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have been the result of a structure like an 
open polymerase complex; however, we also 
considered the possibility that the melting 
might be the result of negative supercoiling, 
which would be expected to form transiently 
in the wake of transcribing polymerases 
(1 9). Melting induced by negative supercoil- 
ing can be reversed by lowering the temper- 
ature, whereas melting in an open complex 
is often stable at low temperatures (20-22). 
Temperature- and supercoil-dependent 
melting of the GALl promoter in purified 
DNA is shown (Fig. 4A). Raising the tem- 
perature from 22' to 45OC increases KMn0, 
reactivity at a number of sites. This temper- 
ature-dependent increase in reactivity de- 
pends on DNA supercoiling because such an 
effect is not observed on a linear molecule. 
Comparing the KMn04 hyperreactivity on 
the GALl gene in vivo at 22°C with that at 
O°C' shows that the melting in vivo is not 
affected by lowering the temperature (Fig. 
4B). This melting, therefore, appears to be 
stabilized, possibly by RNA polymerase 11. 

-- 
Supercoiled Linear In vivo 

Fig. 4. (A) Supercoil- and temperature-depen- 
dent KMnO, hyperreactivity of the GALl pro- 
moter in vitro. We treated supercoiled or linear 
(restriction cut) plasmid with 25 mM KMnO, for 
30 s at the temperatures shown (27). Modifica- 
tion sites were cleaved with piperidine and 
viewed by LMPCR. The numbers at the side of 
the gel indicate positions relative to the major 
GALl transcriptional start site (17). (B) The 
KMnO, reactivity of the GAL1 promoter in vivo 
at 0" and 22°C. Cells were grown at 30°C to 
logarithmic phase in galactose (Gal) or raffi- 
nose (Ra9, centrifuged, and resuspended in 0° 
or 22°C media (as indicated) for treatment with 
25 mM KMnO, for 1 min. We processed DNA 
as described (Fig. 1) to view the KMnO, mod- 
ification sites. 

To obtain additional evidence that the 
DNA melting upstream of the transcrip- 
tional start site was the result of RNA 
polymerase 11, we analyzed the KMn0, 
reactivity pattern on the GALl gene in an 
rpbl-1 yeast strain. The rpbl-1 mutation is 
a tight temperature-sensitive mutation in 
the largest subunit of RNA polymerase 11. 
Raising the temperature from 24' to 36OC 
selectively inactivates RNA polymerase I1 
transcription in this strain (23). When cells 
were at 24"C, there was little difference in 
the KMnO, reactivity pattern of the GALl 
gene in yeast with the wild-type or rpbl-1 
allele (Fig. 5). However, shifting the tem- 
perature to 36°C inhibited DNA melting of 
the GALl promoter in the rpbl-]-carrying 
strain but had little effect on the wild-type 
strain. The extensive region of melting 
upstream of the GALl transcriptional start 
site is therefore dependent on the activity 
of RNA polymerase 11. 

If the DNA melting upstream of the 
transcriptional start site is the result of 
polymerase association with this region, it 
is unlikely that polymerase initiates tran- 
scription -30 bp downstream from the 
TATA box, with a mature 5' end being 
formed by cleavage of the RNA. Lue et al. 
(24) were able to synthesize properly initi- 
ated RNAs in the presence of a chain- 

Top strand Bottom strand 
GAL1 

Fig. 5. Inhibition of GAL1 promoter melting in a 
temperature-sensitive RNA polymerase II 
strain. The KMnO, hyperreactivity of GAL1 was 
analyzed in yeast strains carrying either the 
wild-type (wt) or rpb1-1 temperature-sensitive 
allele of the RPBl gene. Cells were grown in 
galactose media at 24°C and either shifted to 
36°C for 10 min before KMnO, treatment (also 
done at 36°C) or treated at 22°C. We then 
prepared DNA and processed it as described 
(Fig. 1). 

terminating nucleotide that would have 
prevented transcription from 30 bp down- 
stream of the TATA to the cap site. We 
hypothesize that polymerase associates with 
the promoter, melts the DNA, and locates 
the start site by scanning the DNA. 

Although the promoter melting we ob- 
served is dependent on polymerase activi- 
ty, the possibility remains that polymerase 
does not associate directly with this region 
of the gene. For example, negative super- 
coiling generated by transcribing polymer- 
ases could be trapped by a protein that 
binds single-stranded DNA. or a transcri~- u 

tion factor might melt this portion of the 
promoter with the aid of polymerase. 
Whether or not the region of melting 
upstream of the start site is the result of 
polymerase entry, its location raises some 
interesting possibilities. 
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Circularly Permuted tRNAs as Specific Photoaffinity 
Probes of Ribonuclease P RNA Structure 

James M. Nolan, Donald H. Burke, Norman R. Pace* 
Regions of Escherichia coliribonuclease P (RNase P) RNA in proximity to a bound transfer 
RNA (tRNA) substrate were mapped by photoaffinity. A photoaffinity cross-linking reagent 
was introduced at specific sites in the interior of the native tRNA structure by modification 
of the 5' ends of circularly permuted tRNAs (cptRNAs). The polymerase chain reaction was 
used for the production of cptRNA templates. After the amplification of a segment of a 
tandemly duplicated tRNA gene, the cptRNA gene was transcribed in vitro to produce 
cptRNA. Modified cptRNAs were cross-linked to RNase P RNA, and the conjugation sites 
in RNase P RNA were determined by primer extension. These sites occur in phylogenetically 
conserved structures and sequences and identify regions of the ribozyme that form part of 
the tRNA binding site. The use of circularly permuted molecules to position specific mod- 
ifications is applicable to the study of many inter- and intramolecular interactions. 

T h e  ribonucleoprotein RNase P cleaves 5' 
precursor sequences from precursor tRNAs 
(1). Bacterial RNase P RNA is catalytically 
active in vitro at high ionic strength in the 
absence of the protein component; it is a 
ribozyme (2). The model for the secondary 
structure of RNase P RNA is increasingly 
well refined, and the tertiary structure of 
the t m A  substrate is known (3, 4). To 
understand the structure of the catalytic 
complex, one must identify regions of con- 
tact between RNase P RNA and tRNA. 
Previously, nucleotides at or near the active 
site of RNase P RNA were identified with 
the use of a photoaffinity cross-linking re- 
agent specifically attached at the 5' end of 
mature tRNA, the site at which RNase P 
acts (5). The ability to introduce such an 
agent into other regions of tRNA would 
allow probing their interactions with the 
ribozyme. 

Although the 5' and 3' termini of RNA 
molecules can be modified because of their 
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unique chemical structures, specific modifi- 
cations of internal sites in RNA are not 
easilv achieved. Some internal modifica- 
tions can be introduced by direct chemical 
RNA synthesis, but the efficiency of that 
process restricts its use to short molecules 
(6). A combination of chemical and enzy- 
matic synthesis has been used to construct 
larger modified RNAs (7), but this ap- 
 roach is best suited for the svnthesis of 
small amounts of material. We overcame 
these limitations by employing circularly 
permuted tRNA molecules. Circularly per- 
muted tRNAs (cptRNAs) are tRNA struc- 
tural analogs with native 5' and 3' ends 
linked by a synthetic loop and new termini 
in the interior of the native sequence. The 
choice of a particular nucleotide as the 
terminus of a cptRNA allows its specific 
modification by chemistry applicable to 5' or 
3' ends. In general, cptRNAs can fold into 
biochemically active conformations (8). 

We coupled photoagents to cptRNAs at 
5' termini that corresponded to native nu- 
cleotides 53 (cptRN~i,)  or 64 (cptRNA,,) 
(9) because these nucleotides occur on the 
face of the tRNA molecule with which 
RNase P is thought to interact (10) (Fig. 1). 
To produce a template for transcription of 

a cptRNA, we amplified a selected portion 
of a tandemly duplicated gene encoding 
tRNAA" (1 1) by polymerase chain reaction 
(PCR) (12) with primers that determined 
the 5' and 3' ends. The forward primer was 
a T7 RNA polymerase promoter plus the 
tRNA sequence selected to be the 5' end of 
the cptRNA; the reverse primer determined 
the corresponding 3' end. The PCR product 
was a cptRNA gene with a T7 promoter that 
could be transcribed to produce cptRNA. 
Transcription of PCR products in the pres- 
ence of guanosine 5'-monophosphorothio- 
ate (GMPS) produced a cptRNA with a 5'- 
thiophosphate. This GMPS is incorporated 
as the first nucleotide of a transcript by T7 
RNA polymerase but cannot be incorporat- 
ed elsewhere in the transcript because the 
polymerase requires nucleoside triphosphates 
for chain elongation (13). The 5'-thiol can 
be specifically modified by conjugation with 
a photoaffinity agent for cross-linking to 
RNase P RNA. 

We analyzed the kinetics of cleavage of 
cptRNAs by RNase P RNA to evaluate 
their suitabilities as model substrates. The 
ribozyme cleaves cptRNAs within the syn- 
thetic loop that connects the native 5' and 
3' ends, so the effects of the presence of the 
loop and its size were tested. The cptRNAs 
bound well to RNase P RNA (Table 1); the 
Michaelis constant (K,) of RNase P for 
each of the cptRNAs was no greater than 
threefold higher than that of the normal 
precursor. The catalytic rate constant (k,,,) 
for cleavage of each of the cptRNAs was 
five- to tenfold lower than the k,,, for the 
normal precursor. This was because the 
presence of the synthetic loop introduced 
nucleotides 3' to the normally terminal 
CCA sequence. A native tRNA with nu- 
cleotides 3' to the CCA and bipartite 
tRNAs with extra 3' sequences also had a 
lower k,,, value (Table 1) (14). Bipartite 
tRNAs are formed by annealing appropriate 
in vitro transcripts of portions of tRNA 
genes (15). They have the same interior 
nick as cptRNAs but also have free termini, 
like normal precursor tRNAs (pre-tRNAs) . 
The similarities of RNase P kinetics with 
bipartite and native tRNAs having the 
same CCA termini (Table 1) suggest that 
neither the presence of a nick in the inte- 
rior of the tRNA structure nor the presence 
of a loop affects the binding of cptRNAs by 
the ribozyme. Because the differences in 
binding between the cptRNAs and normal 
pre-tRNAs to RNase P are relatively small, 
cptRNAs are suitable models for further 
study of the native reaction. 

The 5'-thiolated cptRNAs produced by 
T7 transcription of PCR products in the 
presence of GMPS were coupled with azi- 
dophenacyl bromide (5). The 32P-labeled 
azido-cptRNAs were incubated with RNase 
P RNA and irradiated at 300 nm of ultra- 
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