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We used the psoralen gel retardation assay and Northern blot analysis in an in vivo yeast system to analyze
effects of rDNA enhancer deletions on the chromatin structure and the transcription of tagged rDNA units. We
found that upon deletion of a single enhancer element, transcription of the upstream and downstream rRNA
gene was reduced by about 50%. Although removing both flanking enhancers of an rRNA gene led to a further
reduction in transcription levels, a significant amount of transcriptional activity remained, either resulting
from the influence of more distantly located enhancer elements or reflecting the basal activity of the polymerase
I promoter within the nucleolus. Despite the reduction of transcriptional activity upon enhancer deletion, the
activation frequency (proportion of nonnucleosomal to nucleosomal gene copies in a given cell culture) of the
tagged rRNA genes was not significantly altered, as determined by the psoralen gel retardation assay. This is
a strong indication that, within the nucleolus, the yeast rDNA enhancer functions by increasing transcription
rates of active rRNA genes and not by activating silent transcription units.

Ribosome biosynthesis, the process entailing rRNA gene
transcription, transcript processing, synthesis of ribosomal pro-
teins, and assembly of riboprotein subunits, has been shown to
be a tightly regulated process which adapts rapidly to changes
in environmental conditions (12). A central process of this
adaptation is the regulation of transcription of the rRNA
genes. In most eukaryotic organisms, these are organized in
clustered tandem arrays at one or several chromosomal sites
(17). In the yeast Saccharomyces cerevisiae, about 100 to 200
copies of the rRNA gene are localized in one large cluster on
chromosome XII (35). Transcription of the rRNA genes by
RNA polymerase I (pol I) in the nucleolus yields the large 35S
precursor rRNA, which is subsequently processed into the 17S,
5.8S, and 25S mature rRNAs. However, not all rRNA gene
copies are active at a given time. Instead, only a subset is free
of nucleosomes and actively transcribed, while the inactive
fraction was found to be packaged into nucleosomes (5).

Adjacent rRNA transcription units in yeast are separated by
an intergenic spacer region, which contains, in addition to the
small pol III transcribed 5S gene (25), several regulatory ele-
ments, such as the rRNA gene promoter (23), an autono-
mously replicating sequence element (31), and a region that
exhibits all attributes of a transcriptional pol I enhancer (7, 8).
This pol I enhancer, located at the very 39 end of the rRNA
coding sequence, has been shown to increase the transcription
level of a pol I gene in in vitro experiments as well as on
episomal plasmids by 10- to 50-fold (7, 8, 10, 28). An in vivo
study performed within the rDNA locus reported a lower stim-
ulatory effect of about twofold (14). Although the various re-
sults presented so far are somewhat inconsistent as to which
genes are affected by a single enhancer element, more recent
data suggest that its enhancing effect is confined to its two
upstream and downstream flanking rRNA genes and is rather
equally distributed between them (14).

The mechanism by which the enhancer exerts its function is
still controversal today. Principally, two models of enhancer

action have been discussed in the literature (26) (Fig. 1). The
first proposes a function of the enhancer in the first steps of
transcription initiation, namely, in helping the formation of a
stable promoter complex, and assumes that, once this complex
has been formed, the enhancers are dispensable (28). Support
for this model comes mainly from in vitro Sarkosyl experi-
ments, in which only a single round of transcription initiation
is believed to occur (11). The fact that enhancers still increased
the amount of transcripts under these conditions was inter-
preted as meaning that a higher number of templates must
have been transcribed. The recent report about an electron
microscopic analysis of episomal rDNA genes injected into
Xenopus oocytes indicates that metazoan rDNA enhancers
may indeed function by such a mechanism (24). An alternative
model proposes that the ribosomal enhancer acts by elevating
the rate by which the rRNA genes are transcribed, resulting in
an increased transcriptional activity of already active genes
rather than in more genes being activated (21). Whereas some
researchers favor this model for the yeast rDNA enhancer (10,
14), data against it have also been presented (3).

In an earlier work, we developed a method to determine the
chromatin structure of rRNA genes (4, 5). With this method,
we were able to show that active rRNA gene copies are rather
equally distributed within the yeast rDNA locus (6). We fur-
thermore found that nucleosomefree (active) genes are always
followed downstream by nucleosomefree enhancer elements
and vice versa. While the open chromatin structure of the
enhancers was interpreted as being the result of specific pro-
tein-DNA interactions, it remained unclear whether these in-
teractions are involved in the activation process of the up-
stream gene.

In this study, we investigated whether the rDNA enhancer
participates in the activation process of the rRNA genes. We
therefore used an in vivo pol I system to analyze the effects of
enhancer deletions on the nucleosomal packaging and the
transcription level of the rRNA genes within their natural
chromosomal context. We found no evidence that the en-
hancer is involved in altering the activation frequency of its
adjacent gene promoters. The results of our study rather indi-
cate that the pol I enhancer functions, at least in part, by
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increasing the rate of reinitiation on already-active promoter
elements.

MATERIALS AND METHODS

Strains, media, and plasmids. S. cerevisiae SC3 (MATa ura3-52 his3-1 trp1 gal2
gal10) (29) and derivatives constructed in this study (YMB1-1 to YMB3-2) were
used for all analyses. All experiments were done with complex medium (yeast-
peptone-dextrose [YPD]). In order to construct plasmids pMB119, pMB123, and
pMB128, which were used to generate yeast strains with tagged rDNA genes,
several intermediate constructs were generated (see simplified outline in Fig. 2).
Plasmid pMB104r was produced by cutting S. cerevisiae partially purified rDNA
(cesium chloride-actinomycin D) with MluI and cloning the 9.1-kb fragment into
a pUC18 derivative whose polylinker (EcoRI-NdeI) had been replaced by an
MluI linker. Tag sequences A and B were subcloned by inserting 227- and 479-bp
fragments, respectively, from a StuI digest of simian virus 40 (SV40) into the
SmaI site of pUC18, yielding plasmids pMB111I and pMB114I. Both tags were
then excised from these plasmids by an EcoRI-BamHI (pMB111I) or an EcoRV-
BamHI (pMB114I) double digest, and overhanging ends were filled in by the
Klenow fragment. The resulting fragments were cloned into pMB104r, with tag
sequence A cloned by insertion into the MscI-site within the 25S coding sequence
and tag sequence B cloned by replacing the sequence between the KpnI and SacI
sites encompassing internal transcribed sequences 1 and 2, the 5.8S sequence,
and the corresponding processing sites, yielding plasmid pMB119. For genera-
tion of the enhancer deletion mutant, plasmid pMB123 was constructed by
subcloning the rDNA intergenic spacer (region NarI-SmaI) from pMB119 into
pUC18, removing a BfrI-HpaI fragment containing the whole 317-bp enhancer
element, and reinserting the modified spacer sequence into the original plasmid.
Plasmid pMB129, which carries the enhancer-promoter double deletion, was
obtained by removing a 735-bp EcoRV fragment encompassing the pol I pro-
moter and about 400 bp of the 59 ETS of the downstream rRNA gene from
plasmid pMB123.

Yeast cotransformation and selection of transformants. Yeast transformation
was done essentially as described by Becker and Guarente (1a), with S. cerevisiae
SC3; 1 mg of MluI fragments from pMB119, pMB123, or pMB128, respectively;
and 0.1 mg of pRS316 for complementation of Ura3 deficiency (30). Colonies
grown on uracil-lacking medium were subjected to PCR and Southern blot
analysis. For PCR analysis according to the method of Ling and coworkers (16),
primers that anneal within the tag sequences and within endogenous ribosomal

sequences outside the expected MluI integration sites were generated. Thus, only
fragments that have integrated into the rDNA locus are amplified in this PCR.
Furthermore, multiple integrations leading to double-tagged rRNA genes (gene
3 in YMB1-2, YMB2-2, and YMB3-2 [see Fig. 4a]) were identified by the use of
primers annealing within both tag sequences. The number of fragments inserted
was determined in Southern blot analysis by comparing the signals derived from
the tags with one from the single-copy Trp1 gene by using a probe that consists
of one of the tag sequences and a fragment of the Trp1 gene. The consistency of
the introduced rRNA genes was confirmed by restriction fragment length anal-
ysis using various restriction enzymes (for further details, see reference 1).

Psoralen cross-linking. Yeast cells were grown at 30°C in YPD to a density of
1 z 107 to 2 z 107 cells per ml. About 109 cells were spun down, washed twice with
ice-cold water, resuspended in 1.6 ml of nuclear indicator buffer, broken as
described by Wu and Gilbert (36), and then irradiated in the presence of 4,59,8-
trimethylpsoralen with a 366-nm UV lamp (model B-100A; Ultra Violet Prod-
ucts, Inc., San Gabriel, Calif.) at a distance of 6 cm essentially as described
previously (5). A 0.05 volume of psoralen stock solution in ethanol (200 mg/ml)
was added four times at intervals of 5 min, for a total irradiation time of 20 min.
After washing the irradiated cells with 1 M sorbitol, DNA purification was
continued as described previously (36).

DNA and RNA isolation, gel electrophoresis, transfer, hybridization, and
quantification. Genomic DNA was isolated according to the protocol of Wu and
Gilbert (36), and total RNA was isolated according to the protocol of Kormanec
and Farkasovsky (13). Electrophoretic separations of DNA fragments were done
in 1.2% agarose gels at 1.9 V/cm for 18 h, and RNA separations were done in
0.8% formaldehyde gels at 1.7 V/cm for 20 h. Alkaline Southern blotting and
hybridizations were performed as described elsewhere (18). RNA was blotted
and hybridized according to standard protocols (27). Radioactive bands were
detected by using Fuji X-ray films. All films were exposed without amplifier
screens. Signals on Southern and Northern blots were quantitated by using a
Molecular Dynamics PhosphorImager (176-mm pixel size). For quantification of
rRNA transcripts, all signal intensities were corrected for loading by using the
actin signal as a standard. Correction for transfer efficiency and hybridization, as
necessary for comparing signals from different hybridizations, was achieved by
using a DNA mix containing equimolar amounts of tagged fragments with a size
similar to the rRNA transcripts as a standard. Signal distributions from psoralen
gel retardation experiments were analyzed by peak deconvolution.

RESULTS

Generation of yeast strains carrying tagged rRNA transcrip-
tion units. In order to determine the effects of deletions of the
rDNA enhancer element on the transcriptional activity and the
chromatin structure of adjacent rRNA genes within their nor-
mal chromosomal context, we constructed yeast strains carry-
ing tagged rRNA genes in the rDNA locus. For that purpose,
we cloned a 9.1-kb rDNA repeat starting at a unique MluI site
in the 25S sequence of a transcription unit and extending to the
corresponding site in the next transcription unit (Fig. 2). Two
small sequence tags (A and B) derived from SV40, which had
been checked before to exclude cross-hybridization with en-
dogenous S. cerevisiae sequences, were inserted at the MscI site
and between the KpnI and SacI sites, respectively (for details,
see Materials and Methods). Transformation of yeast strain
SC3 with a linear MluI-MluI fragment excised from the plas-
mid resulted in reintegration of the fragment into the rDNA

FIG. 1. Models of rDNA enhancer action. (a) An enhancer could work by
increasing the chance that an adjacent promoter is activated for transcription. In
this case, deletion of the enhancer element would result in fewer genes being
transcribed. (b) Alternatively, the enhancer might raise the polymerase initiation
rate of active genes. Deletion of the enhancer would thus result in the same
number of active genes transcribed by fewer polymerases. Black boxes denote
enhancers, white boxes denote promoters, and crosses indicate deleted enhancer
elements. Polymerases with nascent transcripts are depicted as empty circles.

FIG. 2. Construction of yeast strains carrying tagged rRNA transcription
units (YMB1-1 to YMB3-2). A 9.1-kb MluI-MluI fragment from the rDNA locus
of S. cerevisiae SC3 was cloned into a pUC18-derived plasmid. Two short tag
sequences were inserted at the sites indicated, and the resulting construct was
reintegrated into the rDNA locus by homologous recombination (for details, see
Materials and Methods).
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locus by homologous recombination and generation of two
contiguous tagged rRNA transcription units. This allowed us
to simultaneously monitor transcription and chromatin struc-
ture of two pol I transcription units flanking a defined en-
hancer element.

To determine the number of copies integrated and to ex-
clude aberrant transcription units derived from abnormal in-
tegration events, we analyzed DNA restriction fragments from
the transformants by using a hybrid probe visualizing simulta-
neously either of both tag sequences and the Trp1 gene (data
not shown). Using the signal from the single copy Trp1 gene as
a standard, we identified clones containing either two tagged
rRNA transcription units (single integration; Fig. 2 and strain
YMB1-1 in Fig. 3a) or three tagged units (double integration;
strain YMB1-2 in Fig. 4a). All tagged units can be identified in
Southern and Northern blot analyses according to their differ-
ent restriction fragment and transcript sizes. Since recombina-
tion events in the chromosomal rDNA locus may occur occa-
sionally, we verified the integrity of all constructs by restriction
digest analysis in parallel to all experiments described below
(data not shown).

We first analyzed the transcripts arising from the tagged
genes. As shown in Fig. 3a and 4a, only the first gene in the
constructs (gene 1) was expected to yield a processed 25S
rRNA transcript carrying tag sequence A. Transcription units
whose internal processing sites have been replaced by tag se-
quence B will, after generation of the 35S precursor rRNA, not
likely be processed. Therefore, we expected a 25S rRNA
tagged with sequence A from gene 1, a 35S rRNA tagged with
sequence B from gene 2, and, in the case of the double-
integration strains, a second 35S rRNA arising from the middle
gene (gene 3) and carrying both tag sequences (Fig. 4a). Total
RNA was separated on a 0.8% formaldehyde gel, blotted, and
hybridized to probes for the tag sequences. As the results in
lanes 1, 2, 7, and 8 of Fig. 3b and 4b show, all expected
transcripts can be visualized clearly. The signals above the 25S
band originating from gene 1 most probably arise from pro-
cessing intermediates, for instance the 27S intermediate (34).
A comparison of the relative intensities of the transcripts from
the tagged genes showed, after correction for loading, transfer
efficiency, and hybridization (for details, see Materials and
Methods), that the steady-state level of the 35S transcripts
from genes 2 and 3 is approximately 5 to 10 times lower than
that from the mature 25S rRNA from gene 1 (data not shown).
This may be due to a shorter half-life of the 35S precursor,
which would not be surprising given that the processing path-
way of the rRNAs is believed to be tightly regulated (34).
Abnormal 35S precursor rRNAs unable to be processed may
well be removed rapidly. In order to allow a comparable quan-
tification of the effects of deletions of regulatory elements in
the experiments described below, all rRNA signals from
YMB1-1 and YMB1-2 were defined as 100% (Fig. 3d and 4d).
In the case of the double-integration strains, transcripts from
the middle gene (gene 3) were quantified by using the 35S
band from the tag A hybridization, as tag sequence B here
gives a composite signal derived from genes 2 and 3.

Next, we addressed the frequency of activation of our tagged
genes. In an earlier study from our laboratory, we developed a
method which allowed us to determine the fraction of tran-
scriptionally active rRNA gene copies present in a population
of eukaryotic cells (4). This method allows the distinction be-
tween active and inactive gene copies due to their different
chromatin structures and in vivo accessibility to the intercalat-
ing drug psoralen, which, upon irradiation, introduces cross-
links into DNA sites not protected by nucleosomes (9, 32). We
have been able to visualize these two distinct populations of

rRNA genes by separating rDNA restriction fragments from
psoralen cross-linked cells on native agarose gels: highly cross-
linked DNA derived from nonnucleosomal genes migrates
slower (s band) than only slightly cross-linked DNA originating
from nucleosome-packaged genes (f band). Based on earlier
work (4), the relative intensities of these two bands reflect the
ratio of active to inactive gene copies in a given cell population
and therefore, in the case of a single gene, the frequency of
activation. For simplification, the s and f bands were explicitly
labeled only in the total rDNA panels in Fig. 3c and 4c. Note
that we cannot formally exclude the possible existence of a
third fraction of rRNA genes which is nucleosome-free (and
thus runs in parallel to the s band) but is not actively tran-
scribed (i.e., is potentially active). The psoralen gel retardation
assay would not allow the distinction between actively tran-
scribed and potentially active genes. However, there is no
evidence that such a potentially active rRNA gene fraction
exists in a significant amount in exponentially growing yeast
cells. We therefore consider the nonnucleosomal gene fraction
as homogeneous and active.

We applied the psoralen gel retardation technique to the
analysis of the chromatin structure of our tagged rRNA tran-
scription units. Exponentially growing cells (parallel samples
from the same cultures that were used in the previous exper-
iment) were photoreacted in the presence of psoralen, and
total DNA was purified and cut with EcoRI and SacII. The
resulting fragments were separated on a native agarose gel,
transferred to a nylon membrane, and hybridized to probes A
and B, respectively (lanes 2, 3, 11, and 12 in Fig. 3c and 4c). As
expected, the fragments from the tagged genes separate into
two distinct bands (compare with non-cross-linked control
DNA in lanes 1 and 10, respectively), representing the nonnu-
cleosomal and nucleosomal gene copies, therefore mirroring
the activation frequency of these genes. As a control experi-
ment we used a probe complementary to the coding sequence
of the ribosomal precursor, in order to determine the state of
the remaining 100 to 200 untagged rRNA transcription units
(lanes 19 to 21 in Fig. 3c and 4c). Quantification of the ratio of
the intensities of the s and f bands revealed that about 60% of
the tagged genes as well as the untagged rRNA genes were
active (Fig. 3e and 4e), which is in good agreement with earlier
data (5). We concluded from these experiments that the intro-
duction of the tag sequences into the rRNA transcription units
does not measurably alter the chromatin structure of the genes
in terms of nucleosomal packaging.

Analysis of rRNA genes with deleted enhancer elements.
The first and foremost aim of this work was to more closely
study the in vivo function of the pol I enhancer element, which
is located within a 317-bp EcoRI-HpaI region approximately
100 bp downstream of the 39 end of the mature 25S rRNA gene
sequence (28). More specifically, we tried to answer the ques-
tion of whether its transcription enhancing effect on its two
neighboring rRNA genes (14) is based on increasing the
chance that one or both flanking promoters will be activated
(Fig. 1a) or on enhancing the expression level of already-active
promoters (Fig. 1b). For that purpose we constructed an en-
hancer deletion mutant lacking the whole EcoRI-HpaI frag-
ment. Following the cotransformation and selection procedure
described above, we obtained single and double integration
strains carrying either two tagged rRNA genes with one de-
leted enhancer in between (YMB2-1 in Fig. 3a) or three tagged
genes with two deleted enhancer elements (YMB2-2 in Fig.
4a). The latter strain carries one tagged rRNA gene copy with
both flanking enhancer elements deleted (gene 3).

We first analyzed RNA from the mutant strains by Northern
blot hybridization as described above (lanes 3, 4, 9, and 10 in
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FIG. 3. Analysis of single-integration clones. (a) Map showing the two tagged rRNA transcription units (genes 1 and 2) obtained by a single-integration event of
the constructs into the rDNA locus, yielding yeast variants YMB1-1 to YMB3-1. The transcription initiation site (59) and the 39 end of the 35S genes are indicated.
The small filled boxes near the 59 and 39 ends correspond to the promoter and enhancer (E) elements, respectively. The 5S genes and the autonomous replicating
sequences (ARS) located in the intergenic spacers are also shown. Restriction fragments containing the SV40 sequence tags A and B are shown as well as the expected
pol I transcripts. (b) Northern blot analysis of the RNA levels of the tagged genes. RNA was extracted, purified, and separated on a 0.8% formaldehyde gel. The gel
was blotted and hybridized against the sequence tags A or B as indicated. The blots were then stripped and hybridized to an actin probe as a loading control. The results
from two independent clones of each yeast strain are shown. (c) Psoralen gel retardation analysis of the indicated restriction fragments. Yeast cells growing exponentially in
complex medium were photoreacted with psoralen. The purified DNA (extracted simultaneously with the RNA preparation for the Northern blot analysis) was digested with
EcoRI and SacII, separated on a 1.2% agarose gel, and visualized after blotting by hybridization with the sequence tags A or B as indicated. The blots were then stripped and
hybridized as a control to a probe complementary to the 25S gene (total rDNA) (for details, see the work of Dammann et al. [5]). The results from two independent clones
of each yeast strain are shown. (d) Statistical analysis of the data obtained from three Northern blot assays. All signals were corrected for loading by using the actin band as
a standard. Signal strengths from strain YMB1-1 were defined as 100%. (e) Statistical analysis of the percentage of low-migrating bands (s bands, representing the
nonnucleosomal, active gene fraction) from data obtained from three psoralen gel retardation assays. (d and e) Error bars, standard errors of the means.
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FIG. 4. Analysis of double-integration clones. (a) Map showing the three tagged rRNA transcription units (gene 1 to 3) obtained by a double-integration event of
the constructs into the rDNA locus, yielding yeast variants YMB1-2 to YMB3-2. See the legend to Fig. 3a for an explanation of abbreviations. (b) Northern blot analysis
of the RNA levels of the tagged genes. Results from two independent clones of each yeast strain are shown. (c) Psoralen gel retardation analysis of the indicated
restriction fragments. Two independent clones of each yeast strain are shown. (d) Statistical analysis of the data obtained from three Northern blot assays. All signals
were corrected for loading by using the actin band as a standard. Signal strengths from strain YMB1-2 were defined as 100%. Note that tag B yields a composite signal
derived from genes 2 and 3. (e) Statistical analysis of the percentage of slow-migrating bands (s bands, representing the nonnucleosomal, active gene fraction) from
data obtained from three psoralen gel retardation assays. (d and e) Error bars, standard errors of the means.
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Fig. 3b and 4b). Quantification showed that all tagged genes
were transcribed at a significantly lower level compared to the
nondeletion strains (Fig. 3d and 4d). Steady-state levels of
transcripts from genes with one enhancer deleted were re-
duced by about 40 to 60%, which is consistent with the results
from a previous study which showed a reduction of approxi-
mately 50% (14). Our results with the double-integration strain
YMB2-2, however, also clearly show that, although transcrip-
tional activity of the enhancerless gene is further reduced com-
pared to genes with only one missing enhancer element, a
significant amount of transcription (;20%) is retained (gene 3
in Fig. 4d).

We next wanted to correlate the observed reduction in tran-
scription activity of the tagged genes with the activation fre-
quency reflected in their chromatin structure. We therefore
performed in vivo psoralen cross-linking experiments in order
to determine changes in the nucleosomal packaging of the
tagged transcription units. Separation of the digested, cross-
linked DNA on a native agarose gel, blotting, and hybridiza-
tion with the tag sequence probes as described above showed
that the fragments of all tagged genes were resolved into the
two characteristic s and f bands, composed of highly cross-
linked fragments arising from the nonnucleosomal population
and slightly cross-linked fragments from the nucleosomal gene
copies (lanes 5, 6, 14, and 15 in Fig. 3c and 4c). We calculated
from the ratio of these two bands that again about 60% of the
cell population kept the tagged genes devoid of nucleosomes,
resembling the active state (Fig. 3e and 4e). Even in the case of
gene 3 of the double-integration strain YMB2-2, both of whose
flanking enhancers had been deleted, no significant alteration
in the ratio of nonnucleosomal to nucleosomal gene copies
could be observed. Quantification of the two populations of the
untagged rRNA genes confirmed that growth conditions were
similar in all experiments (lanes 23 and 24 in Fig. 3c and 4c).
Since no significant decrease in the activation frequency could
be observed although rRNA levels are reduced to half their
normal values (or even more in the case of gene 3), our results
argue that the transcription-enhancing effect of the ribosomal
pol I enhancer element is mainly based on increasing the
amount of transcripts from a given active gene rather than
increasing the number of active genes.

Is pol I able to traverse enhancer-deleted intergenic rDNA
spacers? Termination of transcribing pol I molecules in the
ribosomal locus is believed to occur at a specific termination
site located within the rDNA enhancer element (15) and to be
mediated by Reb1 protein (15, 22). Although other termina-
tion sites further downstream from the enhancer element have
also been identified (33), later studies failed to confirm this
data (15). Since the principal termination site residing within
the enhancer element had effectively been removed with the
enhancer deletion in our experiments, nonterminated poly-
merases traversing the spacer region might thus be able to
enter the next transcription unit. In order to ensure that such
a phenomenon did not obscure our results, we constructed
strains with enhancer-promoter double deletions. Note that
the termination site upstream of transcription initiation (33)
was removed in the promoter deletion. We reasoned that, if
nonterminated polymerases do indeed traverse the spacer in
our strains and account for a significant amount of detected
transcripts from the downstream genes and also for their open
chromatin structure, even a promoter deletion would not be
able to shut down these genes completely.

After the cotransformation and selection procedure de-
scribed above, we analyzed the transcriptional activity and
chromatin structure of the genes in single- and double-integra-
tion strains (YMB3-1 in Fig. 3a and YMB3-2 in Fig. 4a). In

these strains only the first tagged transcription unit (gene 1)
possesses a functional promoter element, whereas the corre-
sponding sequences of the rRNA genes tagged with tag se-
quence B are deleted (gene 2 and gene 3). The Northern blot
analysis and the psoralen gel retardation experiment of these
strains are shown in lanes 5, 6, 11, and 12 in Fig. 3b and 4b and
in lanes 8, 9, 17, and 18 in Fig. 3c and 4c, respectively. As
expected, the transcriptional activity of gene 1 was virtually
unchanged compared to the enhancer deletion strains YMB2-1
and YMB2-2 (see the quantification in Fig. 3d and e and 4d
and e). On the other hand, rRNA levels of the tag B-carrying
genes, whose promoter regions had been deleted, practically
reached zero. Nearly 100% of the cross-linked DNA fragments
derived from these genes show a mobility consistent with nu-
cleosomal, inactive transcription units. We note that, in lanes 5
and 6 of Fig. 4b, a faint signal, whose length corresponds to the
expected transcript from gene 3, is visible (see also the quan-
tification in Fig. 4d). Because there is no such signal detectable
with tag sequence B (lanes 11 and 12), we believe that this
weak band represents traces of the rapidly processed 35S pre-
cursor of the gene 1 transcript.

Taken together, the results show that nonterminated RNA
polymerases originating from upstream promoters are not able
in vivo to travel through the intergenic spacer region and to
enter the next transcription unit and, therefore, demonstrate
that the data from our enhancer deletion strains are not dis-
torted by nonterminated upstream gene transcription.

DISCUSSION

We analyzed the effects of pol I enhancer deletions on tran-
scriptional activity and chromatin structure of their flanking
rRNA transcription units. In order to remain as close as pos-
sible to the normal chromosomal context, tagged full-size
rRNA genes were introduced into the rDNA locus by homol-
ogous recombination. While Northern blot analysis showed
that the deletion of an rDNA enhancer element reduces the
rRNA levels of both flanking transcription units by a factor of
approximately two, which is in good agreement with previous
in vivo data (14), our experimental setup also allowed direct
measurement of the effects of a deletion of both flanking en-
hancer elements on the enclosed gene (see gene 3 in YMB2-2
in Fig. 4). We found that, although a further decrease in tran-
scriptional activity could be observed compared to genes with
one deleted enhancer, the gene was not turned off completely
as proposed previously (14). The fact that a significant amount
of transcription remained indicates that control over rRNA
gene transcription under natural conditions is not exerted by
only its two closest enhancer elements. The residual activity
observed may either be mediated by the influence of more
distantly located enhancer elements or merely reflect the basal
transcriptional activity of the pol I promoter within the nucle-
olus.

The effects of the pol I enhancer deletion on the transcrip-
tional activity of the flanking genes were not reflected by cor-
responding changes in their chromatin structure as measured
by psoralen accessibility. Instead, the ratio of nonnucleosomal
(active [4, 5]) to nucleosomal (inactive [4, 5]) copies of our
tagged genes remained virtually constant, independent of the
presence or absence of one or both flanking enhancers. This
clearly shows that the rDNA enhancer does not work by in-
creasing the number of the nucleosome-free (active) rRNA
genes (Fig. 1a). Instead, the reduced rRNA levels can only be
explained by a lower average transcription rate of the same
number of nonnucleosomal rRNA genes (Fig. 1b). We cannot
formally exclude the possibility that this originates from a sig-
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nificant amount of transcriptionally silent but still nonnucleo-
somal gene copies in the absence of the flanking enhancers
(Fig. 1a). However, we favor the alternative, namely, a more or
less similar reduction in the transcription rate of all the non-
nucleosomal tagged genes as shown in Fig. 1b, mainly because,
as recent data from our group suggest, the open nonnucleoso-
mal structure of actively transcribed rRNA genes is the result
of RNA polymerase I molecules advancing through the rDNA
template (6, 20). However, how many polymerase molecules
are necessary for stable maintenance of an open chromatin
structure, and whether the polymerase density on different
transcribed rRNA gene copies is similar or may also be un-
equal to a certain extent is a question that remains extremely
difficult to answer. Since only the passage of the replication
machinery has been shown in yeast so far to be able to repack-
age active rRNA genes in nucleosomes (20), one might be
tempted to speculate that, as soon as the nucleosomes have
been displaced by a few transcribing polymerases, the chroma-
tin structure of the gene may remain open until the next S
phase (4). Therefore, we propose that the rDNA enhancer
most probably does not determine the proportion of nonnu-
cleosomal rRNA gene copies, as no obvious effects on the
activation frequency of its flanking rRNA genes were observed.
However, it appears that the enhancer plays a role in the
average transcription initiation rate.

An intriguing observation is that in yeast the nonnucleoso-
mal (active) rRNA genes are strictly followed downstream by
nonnucleosomal enhancer elements and vice versa (6). The
nonnucleosomal structure of the enhancer presumably reflects
specific protein-DNA interactions at this element. Since ad-
vancing RNA polymerase I molecules are responsible for cre-
ating the nonnucleosomal chromatin state of the rRNA genes
(6, 20), these protein-DNA interactions might be part of an
activated promoter complex and therefore be rather the cause
than the consequence of the activated upstream gene. This
means that the information to activate an rRNA gene has to be
transferred to the promoter and enhancer elements by a yet-
unknown mechanism. How this may happen is difficult to spec-
ulate about, but we know at least that RNA polymerase I per
se is not part of this process, since nucleosome-free enhancer
elements are also present in pol I deletion mutants (6). John-
son and Warner (10) and Kulkens et al. (14) have hypothesized
that the enhancer and the promoter elements are physically
brought in contact with each other by a common protein,
Reb1p, which binds to both elements. Principally, it could be
imagined that Reb1p bound to promoter elements is one factor
or can recruit those factors responsible for the observed open
chromatin structure of the downstream enhancer element.
Whereas there is today no real evidence for such a mechanism,
some of the reasons for the recruitment of these factors to
enhancers downstream of active rRNA genes have already
become clear. For instance, two of the proteins that bind to the
rDNA enhancer, Abf1p and Reb1p, are general transcription
factors and may thus be involved in rDNA transcription en-
hancement (21, 28). Reb1p, furthermore, is essential for effi-
cient transcription termination of active rRNA genes, leading
to the already discussed hypothesis of polymerase recycling.
Moreover, there are also some intriguing correlations between
the activity of an rRNA gene as determined by its open chro-
matin structure and the process of replication termination.
This process, in the form of a polar replication fork barrier
located within the borders of the enhancer element (2), only
seems to occur if the corresponding rRNA gene and therefore
also its 39 enhancer element are free of nucleosomes (19). It
will require much more work to elucidate the significance of
these findings, and it will be interesting, in this context, to

extend our current enhancer deletion analysis to the effects on
rDNA replication.
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