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ABSTRACT

The internal control region of the Saccharomyces
cerevisiae 5S rRNA gene has been characterized in
vivo by genomic DNase | footprinting and by muta-
tional analyses using base substitutions, deletions or
insertions. A high copy shuttle vector was used to
efficiently express mutant 5S rRNA genes in vivo and
isotope labelling kinetics were used to distinguish
impeded gene expression from nascent RNA degrada-
tion. In contrast to mutational studies in reconstituted
systems, the analyses describe promoter elements
which closely resemble the three distinct sequence
elements that have been observed in Xenopus laevis
5S rRNA. The results indicate a more highly conserved
structure than previously reported with reconstituted
systems and suggest that the saturated conditions
which are used in reconstitution studies mask se-
quence dependence which may be physiologically
significant. Footprint analyses support the extended
region of protein interaction which has recently been
observed in some reconstituted systems, but muta-
tional analyses indicate that these interactions are not
sequence specific. Periodicity in the footprint provides
further detail regarding the in vivo topology of the
interacting protein.

INTRODUCTION

Since first observed in the Xenopus 5SS rRNA gene (1,2), the
internal control region for RNA polymerase III transcribed genes
has been widely characterized both with respect to gene type and
divergent origins (3). While the initial studies on the Xenopus 5S
rRNA gene give rise to a basic model for the class III gene internal
control region (ICR), recent studies have indicated a surprising
divergence in the arrangement of the promoter elements. In
Neurospora crassa, for example, an upstream element at
nucleotides —24 to —29 and internal elements at +19 to +30, +44
to +57 and +73 to +103 are essential for 5S rRNA gene
transcription, but in Drosophila melanogaster a larger upstream
element from nucleotide —26 to —39 and four intragenic elements
located at +3 to +18, +37 to +44, +48 to +61 and +78 to +98 have
been documented (4-6).

In view of the ease with which yeast cells can be manipulated,
genetically and biochemically, Saccharomyces cerevisiae has

emerged as a major organism for studies on the RNA polymerase
III transcription system, especially in vitro reconstitutions using
purified components. The three major transcription factors,
TFIIIA (7) TFHIB (8-10) and TFIIC (11-15), have been largely
or fully purified to homogeneity and extensive studies on
reconstituted transcription complexes have been undertaken
based on both mutational and footprinting analyses. Despite the
systematic nature of these studies, striking differences in the
conclusions appear to remain. Using deletion—substitution muta-
tions, Challice and Segall (16), for example, concluded that two
promoter elements were essential, one spanning the start site from
nucleotide —14 to +8 and a short internal control region from +81
to +94. In contrast, using DNase I footprinting, Geiduschek and
co-workers (13,17-19) concluded that with a complete transcrip-
tion system, protein interactions extend over the entire transcrip-
tion unit, together with almost 50 bp of 5" flanking sequence.
To further clarify these contrasting observations, we are using
both mutational and footprint analyses to examine yeast 5S rRNA
gene expression in vivo. In previous studies on the structure and
assembly of the 5S rRNA we were able to efficiently express
mutant 5S rRNA genes in vivo, giving rise to ribosome populations
which were ~80-90% mutant (20,21). In the present study, this
approach has been used extensively, together with DNase I
genomic footprinting, to define the essential sequence elements
and regions of protein interaction under normal growth conditions.

MATERIALS AND METHODS
Construction and expression of mutant 5S rRNA genes

Mutations were introduced into a yeast 5S rRNA gene (22)
containing a structural marker mutation (23,24) either by the
methods of Kunkel (25) or by a modified two-step PCR
procedure (26). Mutant oligonucleotides and PCR primers were
synthesized using a Cyclone Plus automated DNA synthesizer
(Millipore Corp., Milford, MA) and each mutation was con-
firmed by DNA sequencing (27). Mutant genes were cloned into
pYF404, a high copy (3040 copies/cell) yeast shuttle vector
(28); the recombinant plasmids were purified and used to
transform a LEU2-deficient yeast strain (AH22) as described by
Hinnen et al. (29).

Analysis of mutant 5S rRNA expression

For all analyses, transformed cells were grown with shaking
under selective conditions at 30°C and whole cell RNA was
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Figure 1. Effect of mutations on the stability of 5S rRNA from S.cerevisiae. Mutations were introduced by primer extension or PCR amplification and mutant genes
were expressed in vivo as described in Materials and Methods. The stability of the resultant RNAs was assessed by labelling kinetics; stable RNAs are differentiated
from significantly unstable molecules by the solid and broken arrows respectively. The consensus secondary structure is that of Nishikawa and Takemura (41).
Conserved helical regions are shaded and identified by the numerals (I-V) above or below.

prepared by sodium dodecyl sulphate-phenol extraction as
previously described (23). The 5S rRNA fraction was purified on
an 8% polyacrylamide gel containing 8 M urea, redissolved in 7
M urea and further analysed on 12% non-denaturing or denatur-
ing polyacrylamide gels at room or elevated temperatures, as
appropriate. Autoradiography or methylene blue stain (30) were
used to detect the different RNA constituents; for quantitative
analyses the fractionated bands were scanned using a Model 620
CCD densitometer (Bio-Rad, Richmond, CA) or counted using
a scintillation counter.

When 5S rRNA expression and stability were evaluated by
RNA labelling kinetics, cells were grown in selective minimal
medium to an absorbancy of 0.4-0.6 at 550 nm, harvested by
centrifugation, washed twice with distilled water and resus-
pended in low phosphate medium (31). After 1-2 h of further
growth at 30°C, the cells were labelled briefly for 2—15 min with
50-500 uCi of [32P]orthophosphate and collected by filtration on
glass microfibre filters. The RNA was extracted with SDS—
phenol at 65°C (32), fractionated on polyacrylamide gels and the
autoradiographs were scanned to quantify the 5SS rRNA bands as
described above. For pulse-chase analyses, the briefly labelled
culture was diluted with an equal volume of normal phosphate-
buffered medium and aliquots were again collected by filtration
at appropriate times.

The plasmid copy number was determined by hybridization
analyses as previously described (20) using a nick-translated
yeast LEU2 gene as a probe. Autoradiographs were scanned as
described above and the plasmid copy number was calculated
from the intensity of the plasmid band and the alternately
migrating genomic LEU2 band.

Genomic footprint analysis

Genomic footprints were determined by methods based on those
described by Huibregtse and Engelke (33) and modifications by
Diffley and Cocker (34). Mid log phase cultures (100 ml) of
S.cerevisiae (strain AH22) were grown with aeration at 30°C in

selective (0.67% yeast nitrogen base without amino acids, 2%
dextrose, 20 pg/ml histidine) or non-selective (1% yeast extract,
2% peptone, 2% dextrose) medium, harvested, washed and
resuspended in 3 ml of 1 M sorbitol, ]| mM EDTA, 3 mM
dithiothreitol containing 2 mg/ml (~3000 w) lyticase (Sigma
Chemical Co., St Louis, MO). The resulting spheroplasts were
lysed in buffer containing 10 mM Tris—HCI, pH 7.5, 10 mM
MgCl,, 5 mM 2-mercaptoethanol, 1 mM phenylmethylsulphonyl
fluoride, 2 pg/ml leupeptin and 1 pg/ml pepstatin and 300 pl
aliquots were treated with 1-16 pl of DNase I (5 mg/ml) for 5 min
at room temperature. Following the addition of an equal volume
of 50 mM Tris—HC], pH 7.5, containing 1 M NaCl, 1% sodium
dodecylsulfate, 50 mM EDTA, the DNA was extracted twice with
phenol/chloroform (1:1), precipitated with 2-propanol, treated
with Rnase A and extracted further with phenol/chloroform.
After precipitation with ethanol, the DNA was dissolved in water
(2 pg/ul). For control DNA digestions, genomic DNA was
prepared as described above without DNase I treatment.

The cleavage sites were detected by repeated primer extension
with Taq polymerase using 20 cycles of 1 min at 94°C, 1 min at
42°C and 2 min at 72°C and 10 pg of template DNA. For
chromosomal analyses, the oligonucleotide primer (5-TAAAT-
ATTGTCCTCCAC-3") was labelled using polynucleotide kinase
and [y-32P]JATP (7000 Ci/mmol) and primer of equal specific
activity was prepared by polyacrylamide gel electrophoresis (35).
Standard dideoxy sequencing reactions using 7Taq polymerase
and the same primer and thermal cycle were carried out as chain
length markers. For transformed cell analyses, a plasmid-specific
primer (5-CCACGATGCGTCCGGCGTAG-3") was used for
the sequence analyses.

RESULTS AND DISCUSSION

In earlier studies on the structure and function of the 5S rRNA
(20,21), mutations were systematically introduced into all
regions of the yeast 5S rRNA gene (see Fig. 1 for asummary) and
the mutated genes were expressed in vivo to detect those which
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Figure 2. Detection of unstable 5SS rRNA mutations in S.cerevisiae. Normal or
mutant RNA was prepared from unlabelled (A) or 32P-labelled (B) cells and
fractionated on 12% non-denaturing polyacrylamide gels as previously
described (23). The 5SS rRNAs were detected with methylene blue stain or
autoradiography. The positions of normal 5S rRNA are indicated by arrows and
the mutant nucleotide is identified above each lane.

adversely affected the growth rate or ribosome assembly. The
resultant yeast transformants could be grouped into three
categories. Several of the mutant genes significantly reduced the
growth rate and, presumably, a few appeared to be lethal, as no
transformants could be recovered. Most, however, had no effect
on the growth rate, either because the changes in the 5S rRNA
could be accommodated in the ribosome structure or little mutant
RNA was present. When accommodated in the ribosome
structure, our previous analyses of the cellular RNA content
indicated that expression of the 5SS rRNA was strictly regulated
and even when 80% of the 5S rRNA population was mutant, the
total 5S rRNA content remained constant when compared with
the 5.8S rRNA (20,23). These results strongly suggest that,
although the plasmid-associated genes are preferentially ex-
pressed, they are still subject to strict regulation with respect to the
cellular 5S rRNA content. In this study, the last group of
mutations which resulted in little or no mutant RNA was
characterized further to determine nucleotides which were
essential for efficient SS rRNA gene expression in vivo.
Because low levels of mutant RNA could reflect either
impeded gene expression or an unstable and rapidly degraded
RNA structure, the stability of each mutant RNA was determined
using isotope labelling kinetics. Mutant RNAs were again
detected by their differential electrophoretic mobilities on
non-denaturing gels. To avoid or minimize complex fractiona-
tions due to multiple conformations, the RNA was dissolved and
loaded on gels in 7 M urea. Under the conditions which were used,
all mutant RNAs were observed to migrate as discrete bands and
gels did not reveal significant amounts of minor conformations or
heterogeneous streaks (e.g. Fig. 2A); the positions of normal and
mutant 5S rRNA bands were confirmed by RNA sequencing as

previously described (20). As also illustrated by the examples
shown in Figure 2, when compared with a previously character-
ized and stable marker mutation (Y5A99) a number of mutations
resulted in very low steady-state levels of mutant RNA relative to
RNA encoded by the host cell genes. In the three examples shown
(G64, G69, A70), the intensity of the mutant RNA band is only
a fraction of the normal RNA, while the amount of Y5A99 (A99)
is clearly many times greater. The reason for this differed
depending on each mutation. As shown in the lower panel (B),
brief labelling could result in very different levels of mutant RNA.
Relative to host gene encoded 5S rRNA, at 2 min very little
Y5G64 is labelled, but much larger amounts of Y5G69 are
present and intermediate amounts of YSA70 are present. These
results indicate that YSG69 is efficiently expressed but rapidly
degraded, whereas Y5G64 appears to be stable but poorly
expressed. Again, YSA70 is intermediate in that its expression is
partially inhibited and the resulting 5S rRNA molecule is
moderately unstable. Previous analyses of unstable examples
have suggested that at least some of the unstable mutant RN As are
incorporated into subunits and even polyribosomes, but subse-
quently lead to 60S subunit degradation and subunit imbalances
(20). In contrast to all three examples, levels of marker mutant
RNA (Y5A99) were observed to be high in both cases. A
quantitative summary for all the mutants which were character-
ized is presented in Table 1, together with the plasmid copy
number. While some variation in the copy number was observed,
all were similar to that observed with cells transformed with
plasmid containing only a wild-type 5S rRNA gene (pYF5),
eliminating the possibility that different levels of RNA reflected
a variable copy number.

To further ensure that rapid degradation of unstable mutant
RNAs did not erroneously indicate an inhibited gene expression,
degradation kinetics of mutants in putative regulatory sequences
were examined and the half-life was determined for each mutant
RNA. As indicated in Table 2, with unstable RNAs the half-life
was 0.8-2.1 h, while for the normal 5S rRNA and the remaining
examples the half-life was about 1-1.5 days. An accurate
measurement of these longer half-lives was somewhat more
difficult, as the cultures matured before a significant degradation
occurred. Nevertheless, the substantially longer half-lives con-
firmed the lack of significant RNA degradation and a clear
inhibition of gene expression. With all examples in Table 2, the
initial level of mutant 5S rRNA was also determined, to include
corrections for the half-life and the plasmid copy number. As
indicated, the effect of these corrections was very small in every
instance.

When compared with the generalized model shown in Figure 1,
the stability of mutant RNA molecules was clearly not directly
predictable trom the consensus secondary structure, an observation
which underlines the complex tertiary structure that has been
reported for at least the eukaryotic 5S rRNA (21). For example,
mutants such as Y5G69 or Y5A70, which disrupt a conserved helix
(V), did result in unstable molecules, but with other mutants such
as YSU97 or Y5G98 which also disrupt a conserved helix (IV) the
mutant RNA population remained high, indicating that these
molecules did not degrade rapidly. Furthermore, the effects of
changes in bulges or loops also differ greatly. For example, Y5A33
is stable, but Y5G92 is unstable. Both of these loop regions were
previously shown to be incorporated in the tertiary structure
(21,36) and the mutant RNA molecules are being chemically
probed to determine the structural nature of the instability.



Table 1. Expression and stability of mutant 5S rRNA

Mutation Plasmid copy =~ Mutant RNA

number? Briefly labelled®  Steady-state®
pYF5 322 NAd NA
pYF5-Al 31.5 79.1 80.1+3.7
pYF5U2 26.0 71.0 78.6+2.5
pYF5C20 28.7 76.8 20.7+22
pYF5C22U23 27.0 84.1 NDe
pYF5U29 345 834 81.7%5.1
pYF5A33 38.1 724 83.0+24
pYF5G39 39.6 83.7 649+2.1
pYF5U56U57 25.5 489 93+19
pYF5C61 333 28.3 104+24
pYF5G64 349 15.3 149129
pYF5G69 28.6 78.4 9.1+2.1
pYF5A70 26.6 39.7 109+1.6
pYF5A70A71 34.5 21.2 ND¢
pYF5AG85 26.4 17.5 17.6+£3.2
pYF5C86 36.8 17.2 16.2+2.6
pYF5iU9%0-5 26.5 17.5 182134
pYF5G92 29.9 86.2 33317
pYF5U97 334 76.5 825+2.1
pYF5G98 36.4 70.7 65.6+5.7
pYF5A99 3217 79.8 782127
pYF5C101C102C103  34.4 843 55+19
pYF5G116 31.9 73.2 58+4.1
pYF5C118 31.6 77.1 63.3+23
pYF5G119 24.5 69.4 60.6 £3.9
pYF5G120 40.8 80.6 41.1%+1.2

aRatio between the plasmid and genome-associated LEU2 gene as determined
by hybridization analysis.

bPer cent radioactive mutant RNA after 2 min of labelling and acrylamide gel
fractionation.

“Per cent mutant RNA after acrylamide gel fractionation and quantification after
methylene blue staining. Values are the average of 2—4 determinations + SE.
dNA, not applicable.

¢ND, none detected.

When the RNA expression levels which are summarized in
Table 1 were examined with respect to previous analyses of
internal promoter elements, the results were not consistent with
in vitro studies of yeast 5S rRNA expression, but more strongly
reflected earlier analyses in Xenopus. As shown in Figure 3,
mutations which substantially reduced the transcription of 5S
TRNA were observed in regions that corresponded with all three
consensus promoter sequence elements in Xenopus and even
extensions as detected by site-directed mutagenesis (37). Al-
though the short spacers between the extensions were not
examined, in contrast to studies on the transcription of deletion—
substitution mutations in vitro (16), both box A and M sequence
elements clearly have very substantial effects on 5S rRNA
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expression and changes at the 5" end of the coding sequence
appear not to influence gene expression. Furthermore, mutations
in the additional sequence elements which appear to interact with
protein in reconstituted transcription complexes (17,18) also did
not significantly influence transcription of the yeast 5S rRNA in
vivo. As indicated in Figure 3, none of the mutations in regions
which have been demonstrated in vitro to be protected by TFIIIC
or RNA polymerase showed a significant influence on transcrip-
tion.

Table 2. Half-life of mutant 5S rRNA

Mutation Half-life? Initial concentration®
5S rRNA 373 100.0
pYF5U56U57 1.5 52.5
pYF5C61 2.1 27.6
pYF5G64 18.2 14.1
pYF5A70 14 44.5
pYF5A70A71 0.8 18.8
pYF5AGS8S5 28.1 20.2
pYF5C86 28.8 13.1
pYF5iU90i5 385 20.6
pYF5A99 35.1 74.5

aTransformed cell cultures were briefly labelled in low phosphate medium, di-
luted with normal phosphate-buffered medium and the half-life in hours was de-
termined from the radioactivity of the mutant RNA as determined from aliquots
sampled over a 12 h period.

Ynitial per cent mutant RNA as determined from the briefly labelled (2 min)
sample (Table 1), but corrected for instability using the half-life and normalized
for an average plasmid copy number of 30.

To further examine these differences, the yeast 5SS rRNA gene
was also examined by DNase I genomic footprinting. Yeast cells
or purified yeast genomic DNA were treated with a wide range
of nuclease concentrations to determine effective and equivalent
levels of digestion and cleaved fragments were detected by
PCR-amplified DNA sequencing (33). As shown in Figure 4,
under appropriate digestion conditions, differences due to protein
protection could be readily detected in many regions of the 5S
rRNA sequence. Although the patterns were less pronounced
than observed in vitro under saturated conditions, reproducible
profiles were observed which likely reflect an average for genes
in diverse functional states. Both host cell genomic 5S rRNA
genes and plasmid-associated genes were examined using
genome or plasmid-specific primers with comparable results,
strongly suggesting that the genes were equivalent with respect to
the assembled initiation complex. Such results indicate that the
preferential expression of the plasmid-associated genes is likely
the result of additional factors; for example, the local concentra-
tion of nucleotides, RNA polymerase, etc., which may be
significantly lower in regions of the genome where 5S rRNA
genes are closely and tandemly arranged with genes encoding the
other ribosomal RNAs.

As is clearly evident with the naked DNA (Fig. 4), sequence
bias in DNase I digestion results in substantial differences in the
degree of cleavage and subsequent band intensity between the
different nucleotides. To eliminate this bias in the interpretation
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Figure 3. Effect of mutations on the expression of the 5S rRNA gene in S.cerevisiae. Mutant 5S rRNA genes were expressed as described in Figure 1 and unstable
5S rRNA products were detected as described in Figure 2. Moderately or largely inhibited genes are indicated by one or two Xs and significantly unstable RNA products
are identified by the broken arrows. The box A element, intermediate element (M) and box C element are those previously identified in Xenopus (37) and the shaded
sequences are promoter elements previously identified in Saccharomyces (16). The light, intermediate and darkly shaded boxes are specific binding sites for TFIIIC,

TFIIA and Pollll, as defined by Kassavetis and co-workers (18).
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Figure 4. Footprint analyses for the coding strand of host cell or plasmid-asso-
ciated 5S rRNA genes in S.cerevisiae. Spheroplast lysates were prepared from
normal (left) or plasmid-transformed (right) cells, treated with DNase I and
DNA was purified as described in Materials and Methods. A 5’ end-labelled
oligonucleotide complementary to the coding strand was annealed with 20 pg
DNase I-treated genomic (lane e) or naked (lane d) DNA and primer (host cell
or plasmid-specific primer) extended with 7aq polymerase in 20 cycles of 1 min
at94°C, 1 min at 42°C and 2 min at 72°C. Undigested DNA (lane ¢) is included
as a control and standard A or T sequencing reactions (lanes a or b) using the
same oligonucleotide and 7ag polymerase are included as chain length markers.
The numbered arrows identify residues corresponding to the 5S rRNA.

of the genomic analyses, the gels were scanned and the data were
normalized at each residue with the degree of cleavage being
determined as a percentage of that observed with naked DNA.
The 100% value was taken as the average of all of the highest
values (£10%) across the entire gene and surrounding spacers.
Again, similar results were obtained with both genomic and
plasmid-associated genes (the results of three replicate experi-
ments for the plasmid-associated gene are summarized in the
histogram shown in Figure 5). Most residues were readily

quantified; those at the 3" end which were very weak and poorly
resolved were omitted. As anticipated, a substantial protection
was observed in the sequences which corresponded to known ICR
elements (i.e. boxes A, C and M), including the extended regions.
In general, however, protection was observed over most of the 5S
rRNA sequences, as previously noted with the reconstituted yeast
5S rRNA transcription system (18). This extended region of
protection has also been observed in studies on the Xenopus gene
system (38,39).

An additional feature which is evident in the present footprint
analysis is a periodicity in the extended region of protein
protection. As noted in Figure 5, the protection in the 5’-half of
the internal sequence is essentially cyclical, with five equivalent
regions (a—€) based on a 10 nt repeat. Again, this more closely
resembles earlier footprinting with the Xenopus gene for 5S
rRNA (40). Although less certain, a similar periodicity seems to
be present at the 3" end. As a 10 bp periodicity corresponds with
a turn of the DNA helix, the data strongly suggest that the protein
basically interacts with one side of the DNA helix or that the DNA
is wound on the protein. Indeed, a similar observation by other
workers (34) in studies on the yeast replication origin has been
taken as evidence of a nucleosome structure. Whatever the case,
this is strikingly different from the internal control region (nt
50-100), which is more uniformly protected except for consistent
hypersensitivity at residues 87 and 88. Although the overall
intensity of cleavage at this site was always relatively low (e.g.
Fig. 4), in each of four experiments the normalized data always
revealed a more sensitive site of enzyme digestion in the genomic
DNA complex. In some experiments, hypersensitivity was also
observed at A66 and G67 (see Fig. 4), but this was not
reproducible and cleavage at these positions in the untreated lane
suggest they may result from non-specific cleavage during
sample preparation.

To further confirm the significance of sequence specificity
outside the C element sequence, one of the mutants which
resulted in a substantial inhibition of 5S rRNA expression
(pYFSA70A71) was also examined by DNase I genomic
footprinting. In this case, a plasmid sequence-specific primer was
again used to exclude signals from the chromosomal DNA. As
shown in Figure 6, the analyses demonstrated significant changes
in the extended protection over the ICR elements (i.e. boxes A,
C and M). Instead, the 10 bp periodicity (a—e) appears to be
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Figure 5. Comparison of the DNase I digestion footprint in genomic and naked 5S rDNA from S.cerevisiae. Autoradiographs of the footprint analyses as described
in Figure 4 were scanned and the extent of digestion at each residue in the chromatin is shown in the histogram as a percentage of the digestion observed with naked
DNA. Residue numbers correspond to the 5S rRNA and periodicity in the digestion profile is identified as a—e. Enclosed residues correspond to identified internal
control elements and shaded boxes correspond to identified binding sites for individual components in transcription complexes as described in Figure 3.
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Figure 6. Comparison of the DNase I digestion footprint in genomic and naked mutant 5S rDNA from S.cerevisiae. DNA was prepared from cells transformed with
pYF5A70AT71, treated with DNase I as described in Figure 4 and primer extended with Tag polymerase using a plasmid sequence-specific primer before fractionation
by polyacrylamide gel electrophoresis (left). Treated genomic (lane e) and naked (lane d) DNA samples were applied together with an undigested control (lane c) as
well as normal A- (lane a) and T-specific (lane b) sequencing reaction products as chain length markers. The autoradiographs of the footprint analyses were scanned
and the extent of digestion at each residue is shown in the histogram (right) as a percentage of the digestion observed with naked DNA. Residues in the 5S rRNA and
internal control elements are identified below to correspond with Figure 5. The extended periodicity in the digestion profile is identified as b—i.

extended over this region (f-i). Again, the nature of the
interacting proteins can only be suggested from earlier reconstitu-
tion analyses, but the importance of the nucleotide sequence is
obvious.

In summary, therefore, the present study provides new in vivo
evidence for a conserved internal control region in S.cerevisiae
consistent with the three sequence elements which have been
reported in other organisms. Genomic footprint analyses support

the extended interaction with protein revealed in reconstitution
studies, but indicate that the additional protein is localized on one
side of the DNA helix and the mutations suggest that these
extended interactions are partially or entirely independent of the
nucleotide sequence. It continues to be reasonable to speculate
that the extra contacts may be oriented by the internal control
region, but a normal nucleosome structure also provides a simple
explanation and raises the possibility that the in vitro studies
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reflect a system saturated with transcriptional apparatus, while
the present genomic footprint better reflects the normal state of
the 5S rRNA gene in vivo. This saturation may also explain the
insensitivity of reconstitution studies to ICR elements A and M,
underlining the importance of parallel analyses in vivo. Muta-
tional and footprint analyses continue on the upstream regions to
further define any functional significance in the extended regions
of protein interaction.
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