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Extracts prepared from Xenopus laevis oocytes contain a protein(s) which specifically protects three discrete
regions of the RNA polymerase I promoter from digestion by DNase 1. Protected region I, from nucleotide +15
to nucleotide —10, spans the site of transcription initiation. Protected region II extends from nucleotide —70
to nucleotide —100 relative to initiation, falling within a 42-base-pair sequence which is homologous to the
60/81-base-pair repeated elements which occur outside of the promoter in the spacer. Protected region III is
upstream of region II, from nucleotide —120 to nucleotide —140. All three regions correlate with sequences
known from deletion studies to be important for promoter function. Deletion mutants which retain either
region I or regions II and III together footprint normally. Deletion of region III, however, reduces but does not
eliminate footprinting on region II, suggesting either that one protein binds to both regions or that the proteins

which bind to these sites interact with each other.

Transcription of the ribosomal genes of Xenopus laevis is
controlled by a promoter that extends from approximately
nucleotide —142 to nucleotide +6 relative to the site of
transcription initiation (19, 28). Sollner-Webb and co-work-
ers (28) have reported that a smaller region from —7 to +6 is
able to direct accurate transcription initiation by itself.
Although deletion mutants coming in as far as —150 have not
been analyzed by electron microscopy, loading of RNA
polymerase I at the high density characteristic of ribosomal
genes is observed on plasmids truncated to —320 (3). How-
ever, two lines of evidence indicate that spacer sequences
upstream of —320 can influence expression of these genes.
The addition of spacer sequences to ribosomal genes in-
jected into cleaving embryos results in an increased tran-
scription signal from the injected plasmids (5), and when
ribosomal genes bearing spacers of different lengths are
coinjected into oocytes, the gene bearing the longer spacer is
transcriptionally dominant (20, 24). We have demonstrated
that this effect in oocytes is due to tandemly repeated
sequences in the spacer which are called 60/81-base-pair (bp)
repeats, and that these spacer sequences have some of the
properties associated with enhancers (24). In addition, Lab-
hart and Reeder (14) have demonstrated that a block of
60/81-bp repeats can compete with a promoter when the two
are coinjected into oocytes on separate plasmids. This
observation suggests that the same protein(s) can bind both
to these repeats and to the promoter.

The studies described above, in which sequences are
manipulated and then assayed in various ways for promoter
function, suggest that the promoter of the rRNA genes
consists of interacting domains. This view is consistent with
models for the promoter structures of the RNA polymerase
IT and III genes (13, 16). Further, when in vitro transcription
extracts are fractionated, activities necessary for correct
transcription initiation are, at least in some cases, copurified
with a protein(s) which binds to specific sequences in the
promoter (7-9, 21, 22). The accumulating evidence thus
strongly suggests that promoter sequences identified by
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deletion mapping and other mutations are indeed binding
sites for proteins. To examine whether the promoter do-
mains inferred from deletion mapping of rRNA genes corre-
late with binding sites for sequence-specific binding pro-
teins, we used DNase I footprinting (10). By using an
unfractionated oocyte extract in conjunction with deletion
mutants of the promoter region, we addressed three ques-
tions (i) Which promoter sequences are protected from
DNase I digestion? (ii) Are these protected sequences com-
pletely independent binding sites, or is there evidence that
the binding proteins interact? (iii) Do the 60/81-bp repeats,
which have properties of enhancers and apparently compete
with the promoter for factors, support stable protein binding
and are thus protected? The amplification of the ribosomal
genes in the oocyte and the increased concentration of
transcription factors associated with the genes provides an
unusual opportunity to study sequence-specific binding pro-
teins in an unfractionated extract. All of the components
necessary for transcription of the gene are present. Using
this extract, we demonstrated that sequence-specific binding
proteins protect discrete domains of the promoter of the
RNA polymerase I gene.

MATERIALS AND METHODS

Preparation of DNA probes. Footprinting probes were pre-
pared by labeling at a restriction endonuclease cleavage site
by standard techniques (15). The labeled DNA was cut with
a second restriction enzyme to produce a probe labeled at
only one end. The labeled fragment was purified by elec-
trophoresis in agarose gels and recovered by electroelution.
The fragment was counted and suspended in 10 mM Tris-hy-
drochloride-0.1 mM EDTA at 1,000 cpm/pl; 10,000 cpm was
used per reaction. This corresponds to from 2 to 10 fmol of
fragment per reaction.

In all cases except those involving the 60/81-bp repeats, a
previously characterized deletion mutant was used to pre-
pare the probe (28). The deletion mutant pXIr315 A3'+31,
which has a fully functional promoter, was used for foot-
printing of the full promoter because of the availability of
convenient restriction endonuclease cleavage sites. Other
deletion mutants used are described in the figure legends. An
Smal fragment containing the 60/81-bp repeats from the
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parent plasmid pXIrl01A was subcloned in pBR322 in two
orientations and designated 14F-A and -B (14). The original
Smal sites of this fragment have been replaced with BamHI
and Sall sites.

Footprinting reactions. Oocyte homogenates were pre-
pared from the ovaries of young Xenopus laevis. Frogs were
sacrificed, and their ovaries were removed and rinsed thor-
oughly in Barths-HEPES (N-2-hydroxyethylpiperazine-N'-
2-ethanesulfonic acid) solution (11) and minced and sus-
pended in 3 volumes Barths-HEPES solution. Collagenase
(type II; Sigma Chemical Co.) was added to a concentration
of 20 pg/ml, and the ovaries were gently shaken until they
had dissociated into individual oocytes. Stage 3 oocytes
were selected under a dissecting scope, and the number of
oocytes was estimated from the volume. The oocytes were
homogenized in 50 mM HEPES (pH 7.5)-50 mM NaCl-1
mM MgCl,-1 mM CaCl,-0.1 mM dithiothreitol-50% glycerol
or in Barths-HEPES solution containing 0.1 mM dithiothr-
eitol and 50% glycerol to yield a final volume of 2 oocytes
per ul of homogenate. Micrococcal nuclease (Millipore
Corp.) was added to a final concentration of 1,000 U/ml, and
the homogenate was digested for 1 h at room temperature.
Ethylene glycol-bis(B-aminoethyl ether)-N,N-tetraacetic
acid (EGTA) was added to a final concentration of 2 mM to
inactivate micrococcal nuclease and added in parallel to
untreated and RNase-treated homogenates. A concentration
of 10 pg of heat-treated pancreatic RNase per ml was used in
the RNase-treated homogenates.

The footprinting reaction volume was 25 pl, and 2Xx
homogenization buffer without calcium and glycerol was
added to adjust the final salt conditions to equal that of the
undiluted homogenate. We tested the DNase I digestion
patterns of the probe alone in the presence of Ca®>* concen-
trations from 1 pM to S mM and Mg?* concentrations from
1 uM to 10 mM (unpublished observations). We observed no
changes in the relative rates of cleavage along the DNA and
thus no changes in the overall appearance of the digestion
pattern. DNase I (Worthington Diagnostics) was preincu-
bated in 10 mM CaCl,, and dilutions were made so that 2 pl
was added to the reaction. DNase concentration ranges were
0.5 to 5 ng for probe alone and 100 to 500 ng for probe in the
presence of oocyte homogenate. The addition of DNase I to
the reaction was immediately followed by addition of 10,000
cpm of end-labeled DNA. The reaction was allowed to
proceed for 2 min and was stopped by addition of 200 ul 0.3
M sodium acetate-S mM EDTA-1% sodium dodecyl sul-
fate-10 pg of Escherichia coli DNA per ml. The reaction was
phenol extracted and ethanol precipitated. Samples were
suspended in 99% formamide and electrophoresed on a 10%
polyacrylamide-7 M urea-100 mM Tris-borate sequencing
gel (26). The gel was dried onto Whatman 3MM paper and
exposed to Kodak XAR-S film with an intensifying screen at
—-70°C.

RESULTS

Three promoter regions protected from DNase I digestion.
Homogenates of Xenopus laevis stage 3 oocytes (6) were
used as the source of footprinting proteins. The ribosomal
genes are fully active at this stage of oogenesis, but these
immature oocytes have not accumulated the large amounts
of yolk stored by the mature oocyte. The oocyte homogen-
ates were digested with either micrococcal nuclease or
pancreatic RNase to release proteins from the endogenous
DNA or RNA or both. Micrococcal nuclease was subse-
quently inactivated by addition of EGTA before the extract
was used in the footprinting reactions. EGTA was also
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added to both untreated and RNase-treated homogenates to
parallel the divalent cation conditions in the micrococcal
nuclease-treated homogenate. A plasmid containing an in-
tact promoter was end-labeled at the +31 position either by
filling in the 3’ end of a restriction endonuclease site with
radioactive nucleotides or by phosphorylating the 5’ end
with [y-32P]JATP and polynucleotide kinase. Thus, binding to
either DNA strand could be examined from the same starting
point.

Because of endogenous nucleases in the extract, the
labeled DNA fragment was not incubated with the homoge-
nate before addition of DNase I. Instead, DNase I was
added first and then the end-labeled probe was added to the
prepared extracts. During the 2-min digestion, there was no
detectable effect of the endogenous nuclease on digestion
patterns. The results of such an experiment are shown in
Fig. 1A and B. The DNase I digestion pattern of the
ribosomal gene probe alone (Fig. 1A, lanes 1 and 2) was
essentially identical to the digestion pattern in the presence
of untreated oocyte homogenate (Fig. 1A, lane 4). We did
not observe any specific effects of the untreated homogenate
on DNase I digestion on any of the DNAs we used as
footprinting substrates, including pBR322. When the extract
was first pretreated with micrococcal nuclease, however,
proteins were released which protected three regions of the
DNA from DNase I digestion (Fig. 1A, lanes 5 through 8).
Protected region I extended from nucleotide +15 to nucleo-
tide —10 on the coding strand with respect to transcription
initiation. Region II, from —70 to —100, fell entirely within a
42-bp region of the promoter that is homologous with the
upstream 60/81-bp spacer elements. Region III spanned
nucleotides —120 to —140 (Fig. 1A, lanes 9 and 10; see Fig.
3), entirely outside the homologous region. There were no
obvious changes in the digestion pattern of the DNA sepa-
rating regions II and III. Although regions I and II are
separated by 50 bp, regions II and III are more closely
spaced. Protection was observed primarily on the coding
strand of the DNA (Fig. 1B). In five separate experiments,
all using different extracts with three different probe prepa-
rations, we observed no protection or cleavage changes in
the noncoding strand beyond those found in the experiment
shown in Fig. 1. All of these extracts footprinted the coding
strand. Extracts digested with RNase did not confer protec-
tion, suggesting that the protection observed in micrococcal
nuclease-treated extracts results primarily from proteins
released from DNA (Fig. 1A, lane 3). Only one DNase I
concentration for the homogenate reactions is presented in
Fig. 1. The digestion presented was most even over the ca.
200-bp region containing the promoter. DNase concentra-
tions lower or higher than 200 ng per reaction had no effect
on the appearance of the footprint itself. Variation in foot-
printing activity among extracts was observed, as might be
expected with preparations from different frogs; that is,
variations in the ability of different batches of oocytes to
transcribe microinjected plasmids were routinely observed.

Comparison of DNase I digestion of the probe alone to
DNase I digestion of the probe in the presence of untreated
extract (Fig. 1A, lanes 1, 2, and 4) showed that the relative
intensity of the more prominent bands as well as the amount
of shorter fragments were decreased in the presence of crude
extract. Unfortunately, this problem was exacerbated in the
micrococcal nuclease-treated extracts, probably due to the
release of nonspecific DNA-binding proteins. The regions of
clear protection are reproducible and consistent, however.
In addition to the fully protected regions, there are addi-
tional changes in cleavage pattern which are consistent
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FIG. 1. Footprinting of the promoter of the Xenopus laevis rRNA gene. The deletion mutant pXiIr315 A3’'+31 was digested with HindIII
and subsequently dephosphorylated with calf alkaline phosphatase. The coding strand was labeled via phosphorylation with [y->2PJATP and
polynucleotide kinase. The restriction endonuclease cleavage site was filled in with radioactive nucleotides by using Klenow DNA
polymerase I to label the noncoding strand. ETS, External transcribed spacer. (A) Footprinting of the coding strand. Each reaction contained
10,000 cpm of labeled DN A with the following additions to the lanes: 1, 1 ng of DNase I; 2, 2 ng of DNase I; 3, 20 oocyte equivalents of RNase
A-treated homogenate, 200 ng of DNase I; 4, 20 oocyte equivalents of untreated homogenate, 200 ng of DNase I; 5, 2 oocyte equivalents of
micrococcal nuclease-treated homogenate, 200 ng of DNase I; 6, S oocyte equivalents, 200 ng of DNase I; 7, 10 oocyte equivalents, 200 ng
of DNase I; 8, 20 oocyte equivalents, 200 ng of DNase 1. Lanes 9 and 10 are lighter autoradiographic exposures of the —120 to —140 region:
9, 20 oocyte equivalents of micrococcal nuclease-treated homogenate, 200 ng of DNase I; 10, 20 oocyte equivalents of untreated homogenate,
200 ng of DNase 1. (B) Footprinting of the noncoding strand from the same experiment. Each reaction contained 10,000 cpm of labeled DNA.
Lanes: 1, 2 ng of DNase I; 2, 20 oocyte equivalents of untreated homogenate, 200 ng of DNase I; 3, 20 oocyte equivalents of micrococcal
nuclease-treated homogenate, 200 ng of DNase I; 4, 20 oocyte equivalents of RNase A-treated homogenate, 200 ng of DNase I.

between experiments and which do not appear to be due to but did not include them as part of the protected regions.

the nonspecific effects on digestion mentioned above. Be- These cleavage changes occur between ca. —50 and —70 on
cause these more subtle changes cannot be unambiguously both strands (Fig. 1A and B).
attributed to the promoter-binding proteins rather than to A summary of the protection data and the sequence of the

nonspecific binding proteins, we noted these regions (Fig. 2) promoter and the 81-bp repeat is shown in Fig. 2. The
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FIG. 2. Summary of footprinting of the RNA polymerase I promoter. Sequences protected from DNase I digestion fall within the area
indicated with a solid black bar under the protected strand. Open bars indicate regions of consistent changes in digestion pattern, but not full
protection, as described in the text.
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FIG. 3. Footprinting of promoter deletion mutants. The deletion
mutants pXir315 A3'—9 and pXlr315 AS’'—64 were cleaved at their
BamHI linkers at the end points of the deletion. The coding strand
of pXIr315 A3'—9 was labeled with [y-*?P]JATP and polynucleotide
kinase. The coding strand of pXir315 AS’—64 was labeled by filling
in the restriction site with radioactive nucleotides. Footprinting
reactions contained 20 oocyte equivalents of homogenate and 10,000
cpm of DNA probe. All digestions in Fig. 1 and 3 are from one
experiment. Lanes: 1, A5’ —64, 2 ng of DNase; 2, A5’ —64, untreated
homogenate, 200 ng of DNase I; 3, A5’ —64, micrococcal nuclease-
treated homogenate; 4, A3’'—9, untreated homogenate, 200 ng of
DNase I; 5, A3’'—9, micrococcal nuclease-treated homogenate, 200
ng of DNase 1.

regions protected from DNase I, designated I, II, and III, are
included within the areas marked by a solid black bar.
Regions in which consistent changes in digestion pattern
occur are indicated with an open bar.

Two independent domains in the promoter. To further
examine these regions in the promoter protected from DNase
I and to determine how they might function as promoter
domains, we first used two deletion mutants as footprinting
substrates. This approach was designed to test whether
protected region I and the other protected regions could
independently support protein binding and thus confer pro-
tection against DNase I. In the deletion mutant pXlr315
A5'-64, regions II and III are removed but region I is intact.
The untreated homogenate had no effect on the digestion
pattern compared to that with DNA alone, but the micrococ-
cal nuclease-treated homogenate conferred specific regions
of protection. Binding to region I in this mutant appeared
identical to the binding observed with the whole promoter
(Fig. 3). This result is consistent with the observation that
the region I sequences can function as a promoter under
some circumstances (28). Note that in this deletion mutant
we labeled at a site upstream of the region I binding site.
Comparison of Fig. 3 with Fig. 1 shows that the character-
istics of the digestion patterns were virtually identical, but in
inverted orientation. Similarly, footprinting was performed
on deletion mutant pXir315 A3'—9, in which region I is
removed but both regions II and III are intact. The digestion
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pattern of the probe alone was virtually identical to the
digestion pattern of DNA in the presence of untreated
homogenate (data not shown). Removal of region I did not
affect binding to regions II and III, suggesting that these two
regions also constitute an independent binding site.

To further dissect the promoter domains, we used the
deletion- mutant pXIr315 AS5’-115 as a footprinting substrate
(Fig. 4). This construction lacks protected region III but still
contains regions II and I. Thus, the contributions of region
III are eliminated, but flanking sequences of the promoter 3’
to protected region II remain in place. Deletion mutants with
5’ borders inside —142 are transcriptionally inactive in in
vitro extracts (28).

Although protection of region I was not affected, deletion
of region III definitely reduced protection of region II
compared with the protection of this region on the intact
promoter or in pXlr315 A5’-64 (Fig. 1 and 3). Instead of the
characteristic 30 bp of sequence being protected with inter-
vening enhancements, only a few nucleotides around —100
were fully protected (compare with Fig. 3). The two clusters
of enhancements characteristic of this region were absent.
There was an overall decrease in cutting in this area, which
would be consistent with weak binding to this site. Interest-
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FIG. 4. Footprinting of regions I and II after deletion of region
II1. Deletion mutant pXIr315 A5'—115 was cleaved at the BamHI
site at the endpoint of the deletion. The restriction site was filled in
with radioactive nucleotides. Footprinting reactions contained 20
oocyte equivalents of homogenate and 10,000 cpm of probe. Lanes:
1, A5'—115 alone, 2 ng of DNase I; 2, untreated homogenate, 200 ng
of DNase I; 3, micrococcal nuclease-treated homogenate, 200 ng of
DNase I.
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ingly, the weakly protected region still seemed to have a
border at ca. —100.

The 60/81-bp spacer elements are not protected from DNase
I. The region of the promoter from —72 to —114 is closely
duplicated in each 60/81-bp element of the spacer, and we
have proposed a model in which these sequence elements
function as factor attraction sites (24). The region of the
promoter from —72 to —114 contains one of the footprint
protection regions (region II, —70 to —100), and we wished
to know whether binding to the related regions of the
60/81-bp elements could be detected. Since removal of
region III from the promoter reduces binding at region II, we
expected that binding to the spacer sequences, which do not
contain a homolog of region III, would be weaker than
binding to the promoter. Alternatively, it is possible that the
different sequences flanking the 42-bp homologous region of
the 60/81-bp repeats could positively affect binding to these
elements. Under these assay conditions, however, in which
footprinting was observed on the complete promoter, spe-
cific protection of the 60/81-bp elements was not detected
(Fig. 5).

DISCUSSION

We showed that proteins present in oocyte homogenates
can bind specifically to three distinct regions of the X. laevis
ribosomal gene promoter. The boundaries of the protected
regions are in good agreement with the boundaries of the
promoter defined by Sollner-Webb et al. (28). Protected
region I, from +15 to —10, contains sequences (from +4 to
—11) that are conserved among different Xenopus species
and mice (2, 17, 29). Footprinting experiments showed that
binding to region I is independent of the presence of other
regions of the promoter.

If regions II and III are taken together, they too can
support binding independent of region I. However, since
deletion of region III diminished protection of, and presum-
ably binding to, region II, it is likely that these two regions
are interdependent. The interdependence of regions II and
III suggests that the promoter can be viewed as having two
domains, one spanning the initiation site (region I) and a
second extending from —70 to —140 (regions II and III). The
interdependence of regions II and III implies that binding to
these blocks of sequence is linked. It is possible that a single
protein, possibly with two domains, interacts with both
protected regions. In view of the size of this promoter
domain (70 bp) and the rather large gap (20 bp) between the
two protected regions, however, it seems more likely that
two or more proteins interact with this domain. A conse-
quence of this model is that the proteins would interact with
each other as well as with the DNA, thus increasing their
collective affinity for the binding site.

As described above, protected region II, from —70 to
—100, occurs within an interesting sequence homology. A
42-bp sequence (from —72 to —114) is duplicated with about
80% homology in each copy of the repeated 60/81-bp ele-
ments of the spacer (4, 27). When two plasmids are injected
into oocytes, the gene having more 60/81-bp elements is
transcriptionally dominant (24). Because of the sequence
homology between region II and the 60/81-bp elements, we
hypothesized that the same factor is able to bind to both
sequences. This suggestion was supported by the observa-
tion that a block of 60/81-bp elements with no adjacent
promoter can effectively compete with a ribosomal gene
promoter on another plasmid (14). When a block of 60/81-bp
repeats is used as a footprinting substrate, however, no
protection was observed under the same conditions (and
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FIG. 5. Footprinting of 60/81-bp repeats. Plasmids pXIrl4F-A
and pXIrl4F-B were labeled at their BamHI sites by phosphoryla-
tion with polynucleotide kinase. Reactions contained 20 oocyte
equivalents of homogenate and 10,000 cpm of probe. Lanes 1, 2, and
3 contained pXIrl4F-A, and lanes 4, 5, and 6 contained pXIr14F-B.
Lanes: 1 and 4, probe alone, 2 ng of DNase I; 2 and 5, untreated
homogenate, 200 ng of DNase I; 3 and 6, micrococcal nuclease-
treated homogenate, 200 ng of DNase I.

same extract) for which binding to the promoter was ob-
served. One explanation for this is suggested by the results
of footprinting on a promoter deletion mutant lacking region
II1. Since there is no obvious counterpart to region III in the
60/81-bp elements (Fig. 2), this alone could account for the
differences observed in binding to these two DNAs. At the
risk of overinterpreting a negative result, however, we
would point out that there are other interesting possibilities
to consider.

In our footprinting protocol, the lifetime of the protein-
DNA complex muxt be 2 min, the time of digestion, to
observe full protection. Thus, if binding to these elements is
transitory rather than stable, it would not result in a foot-
print. Furthermore, the footprinting substrate is a linear
molecule. Transcription of rRNA genes is severely affected
by linearizing a plasmid which is transcribing in oocytes (23),
and the effects of template topology on the transcription of
RNA polymerase II genes has been observed previously (12,
18, 25). Perhaps more pertinent to this discussion is the
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observation that only supercoiled 60/81-bp repeats compete
with the promoter in oocyte injection experiments (14).

It is of interest to understand why we were able to detect
sequence-specific binding proteins in crude extracts. One of
the obvious reasons is the release of proteins from the
endogenous genes by digestion with micrococcal nuclease.
Presumably, many other DNA-binding proteins are released
by this nuclease treatment. An advantage of this system is
that the rRNA genes in the oocyte are specifically amplified
so that they are in twofold excess over all of the chromo-
somal DNA of the oocyte. The associated proteins should be
in a similar excess over those associated with all other DNA
so that the specific binding of interest is dominant over the
nonspecific binding. Another possibility is that our experi-
mental protocol favors binding phenomena which occur very
rapidly. The labeled DNA probes were not preincubated
with the extract, but DNase I was first added to the extracts
and then, immediately, the DNA probe. It is possible that
interactions which require more time than the initial binding
were not observed in our experiments. This strategy was
originally adopted because of the presence of an endogenous
nuclease which requires neither Mg?* or Ca’* in the homo-
genates, and also because of concern that there could be
some residual micrococcal nuclease activity. Either nucle-
ase could potentially cause problems with these experi-
ments. We digested the DNA probes with micrococcal
nuclease, however, to show that the protected regions
cannot be due to a micrococcal nuclease digestion pattern
(data not shown), and we checked that the digestion pattern
from the added DNase I was dominant over that of the
endogenous nuclease (Fig. 1A).

It is intriguing that although changes in the cleavage
pattern were observed on the noncoding strand, there were
no distinct regions of protection from DNase I digestion.
Aiba (1) has shown that the catabolite activator protein of
Escherichia coli primarily protects only one strand of its
own promoter, but such asymmetric protection is unusual.
As we argued above, if the interactions with the noncoding
strand require more time or for some reason are more
unstable under our assay conditions they might not be
observed. Nor would they be observed if they were depen-
dent on template topology.

The inherent weakness in an analysis using a crude extract
is the inability to demonstrate a correlation between, in this
case, binding and transcriptional activity. Assumption of a
relationship is based on the correlations with deletion map-
ping of the promoter and the full transcriptional activity of
the endogenous genes in the oocyte. A more detailed char-
acterization awaits the purification of these binding proteins.
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