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ABSTRACT

We have determined the camplete nucleotide sequence of a cloned
Balb/c mouse rDNA NTS fragment containing 13 tandem copies of a 135 bp
subrepeating segment. This repetitious region (ViDNA) lies close to the
origin of ribosamal RNA transcription. Analyses of these VrDNA
subrepeats fram Balb/c and a related species, Mus pahari, reveal regions
of inverted repeat DNA as well as large poly T tracts, either of which
may be significant to the generation of the high levels of VrDNA copy
number variation found in wild and inbred mice and/or the modulation of
rRNA synthesis. Unlike the highly hamogeneous subrepeats in the Xenopus
laevis NTS repetitious regions, the VrDNA subrepeats differ fram ane
another on the average by about 13%. Sequence analysis and Southern
hybridization studies have also shown that, unlike the Xenopus and
Drosophila NTS, extensive duplications of sequences found surrounding the
mouse rRNA initiation site are found neither in the VrDNA region nor 6 kb
further upstream in the NTS.

INTRODUCTION

The eukaryotic ribosamal gene (xrDNA) repeating unit consists of both
transcribed and non-transcribed segments. The transcribed portions of
the tandemly arranged repeating units therefore are separated fram one
another by non-transcribed spacer (NTS) DNA. The function of the NTS is
unknown. One feature which is characteristic of many species is the
variation in absolute length of the NTS found arong rDNA repeating units
both within and between individuals. This length variation has been
localized in same species to specific regions of subrepeated DNA within
the NTS (for reviews see 1-3).

In the inbred mouse, a variably sized region of repeated DNA [VrDNA
(4)] lies only 210 bp upstream fram the origin of transcription of the
rRNA precursor (5-7). The mouse VIDNA regions are camposed of variable
numbers of tandemly repeated copies of an approximately 135 base pair
(bp) subrepeat. Each tandem array of subrepeats is bounded by Hind II
sites and can encampass an area of between 500 bp and 3000 bp within the
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total 40 kb of a single mouse rDNA repeating unit. Possible mechanisms
to generate this length variation would involve recombination between or
within rDNA repeats, occurring at VrDNA regions in which the subrepeats
are in unequal alignment. With respect to the ability of VrDNA sequences
to pramote or engage in recambination events, it was quite interesting to
find that cloned mouse rDNA fragments carrying VrDNA regions are unstable
during propagation in E. coli (4). Deletions and additions of -integral
mumbers of subrepeats which mimic precisely the nature of the length
variation detected for VXDNA regions in the mouse gename were found to
occur at a significant rate.

The close proximity of subrepeated sequences to the rRVA
transciption initiation site in the mouse and several other organisms
(see 2,3) raises the possibility that these sequences might serve a
function in the modulation of rRNA synthesis. Although there is no
campelling evidence yet available to support this hypothesis for RNA
polymerase I transcription units, there is a growing body of data
demonstrating the in vivo modulating effect of specific sequences lying
at considerable distances upstream fram the initiation sites for RNA
polymerase II transcription (8-12).

As a first step in understanding the relationship between VrDNA
structure and function, we have determined the nucleotide sequence of one
tandem cluster of subrepeats and directly flanking sequences cloned from
Balb/c mice. Upon examination, a number of structural features are
apparent in this sequence which could be inwolved in the modulation of
rRNA synthesis as well as in recambination events capable of generating
genamic length variation. We have also examined the VrDNA subrepeats of
a distantly related mouse species, Mus pahari, and have found these same
features to be present.

MATERTALS AND METHODS
DNA Samples

Subcloning of the VrDNA region fram a cloned Eco RI fragment of
Balb/c rDNA and purification of plasmid DNA has been described (4). DNA
purification from frozen livers of the inbred strains Balb/cJ, DBA/2N, as

well as the wild species Mus musculus musculus (Czech.I), Mus musculus
damesticus (Centerville light), Mus cervicolor, Mus pahari, Mus spraetus
hispanicus, Mus musculus molossinus, Mus caroli, Mus musculus musculus
(Danish) , Mus musculus praetexus, Mus musculus brevirostris, Mus musculus
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castaneus and Mus cervicolor popaeus was performed by a modification of
the procedure of Walker and McClaren (13). Liver samples from these wild
species were kindly provided by Dr. Michael Potter. Filter lifts from
platings of a Charon 28 library of Mbo I partially digested Mus pahari
DNA (kindly provided by Larry Stanton) were performed according to Benton
and Davis (14) and screened with the Balb/c ViDNA probe to select Mus
pahari VIDNA containing ribosamal gene clones. The VrDNA regions from
these clones were then subcloned into pBR-322.

Methods for restriction enzyme digestion, agarose gel electro~
phoresis, Southern transfer, nick translation, hybridization and
autoradiography have also been described previously (4).

Nucleotide Sequence Analysis

5'-labeling of restriction fragments, recovery fram polyacrylamide
gels and DNA sequencing were performed by the procedures of Maxam and
Gilbert (15). Figure 2B outlines the strategy employed to determine the
sequence of the 1767 bp Balb/cJ VIDNA clone. The Mus pahari VrDNA
subclone was 5'-labeled at its terminal Hind II (Sal I) sites, and
sequenced after strand separation performed according to Maxam and
Gilbert (15). Sequences were analyzed by camputer and by inspection to
determine regions of hamology and potential secondary structure.

RESULTS
Further Studies on Length Heterogeneity in Mouse VrDNA

Our earlier studies revealed extensive length variation in the VrDNA
region of several inbred and a few closly related wild mice (4). In this
report we extend our study of the genamic organization of VrDNA sequences
to include a large sample of more distantly related wild mice. DNA
samples digested with Hind II and electrophoresed on agarose gels were
hybridized to a cloned VrDNA fragment after Southern transfer. As shown
in Figure 1, all the individuals examined in this analysis have multiple
Hind II fragments that are detected by the VrDNA prabe. For instance,
Hind II digestion of Balb/cJ DNA produces one minor and 4 major VrDNA

fragments with sizes of about 0.73, 1.20, 1.35, 1.75 and 2.70 kb. Some
wild species present virtually uninterrupted stepladders of VrDNA frag-
ments. This is most striking in the DNA from Mus pahari and Mus musculus
molossinus. Our analysis of the pattern of Hind II fragments fram both
these species clearly shows that size differences are in units of 135 bp
even though the absolute sizes of the fragments vary among species.
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Figure 1. Southern transfer and hybridization analysis of Hind II
digests of purified mouse DNA using the Balb/c VrDNA
clone as probe. Sources for the DNA samples are denoted
above each lane. Camplete names for the different species
can be found in the materials and methods section.

Individuals fram some of the mouse species presented here as well as
those analyzed previously tend to have a more limited number of VrDNA
size classes with same having as few as three major fragments. Our
statistical analysis of the previously reported VrDNA fragments (4)
suggests however that the relatively few fragments found in a particular
individual can be considered to be a randam subset of a larger series of
fragments that vary fram each other by 135 bp.
Nucleotide Sequence Determination of a V¥rDNA Region

We have previously reported on the construction of a plasmid clone
containing a 1767 bp VrDNA region derived from Balb/cJ mice (4). The
exact strategy used for determining the sequence of the insert is shown
in Figure 2 as are the cleavage sites for all restriction enzymes used in
the sequencing. This cloned Sal I fragment contains 12 full copies and 1
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Figure 2. A. Diagram of the mouse rDNA repeating unit. The transcribed
region is delineated by the arrow marked 45S. The hatch
marked region to the left of the ETS contains the VrDNA
region.

B. The VIDNA region of A. Each hatch-mark represents 100
bps. The sites for cleavage by restriction enzymes used
in the determination of the nucleotide sequence are shown
below. Arrows indicate regions that were sequenced after
being end labeled at the cleavage site.

incamplete copy of the basic VIDNA subrepeating unit. Although very
similar in sequence, a number of differences do exist among the
subrepeats. This feature was indispensible in the correct ordering of
the smaller sequenced fragments.

Most of the sequence has been determined fram both strands or fram
the same strand more than once. We felt that extensive overlapping was
essential for such a sequence where small variation between repeats could
be overlooked or mistakenly assumed given the normal rate of human error
in sequencing. Aspects of the sequence which were problematic included
methylated bases, contiguous identical residues and regions capable of
forming snapback DNA. When methylated, the second C in the Eco RII
recognition sequence, OCAGG, appears as a blank in the sequence ladder.
We have seen up to three contiguous C residues migrating as one band.
Fragments produced by the sequencing reactions which have 3' ends capable
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of folding back and forming stable base pairs, even under our standard
denaturing conditions (8M urea gels run at elevated terperatures), have
increased mobility in the sequencing gels. This is probably due to the
more campact structure of these molecules. Their anamolous migration
also results in gaps and campressions in the sequence ladder. These
problems were resolved by sequencing of the other strand or
electrophoresis to a different position in a sequencing gel of the same
or different percent acrylamide.

Structural Features of the Sequence

In Fiqure 3, the complete nucleotide sequence of the VrDNA
containing fragment is presented to illustrate the repeating structure.
Within the 1767 bp sequenced are 12 full subrepeats which vary in size
fram 124 bp to 142 bp and one truncated copy of approximately 80 bp. The
5' boundary of the VrDNA sequence is a cluster of 12 C residues followed
by 14 contigquous T residues, reading the non-coding strand. Each
subrepeat contains similar long runs of T's which range from 11 to 27 bp
in length. The length variation seen between subrepeats is almost
entirely due to this variation in length of the T clusters. The
T clusters are bounded by an additional 5 to 7 pyrimidine residues. In
one subrepeat (no.13) 36 out of 39 contiguous residues are pyrimidines,
of which 29 are T's. 1Iong stretches of T residues have also been
reported for downstream regions within the ETS of mouse rDNA (16,17).
The 5' end of the ETS and the 3' end of the VrDNA region are separated by
approximately 210 bp.

In Figure 3, the subrepeats have been aligned to maximize homology.
Other than T cluster length differences, the subrepeats show great
similarity in sequence. Of the 118 nucleotide positions between
successive T clusters, all subrepeats are identical at 76 positions.
Variation at the other 42 sites is to differing degrees. On the average,
variation between any two subrepeats occurs at 16 of the 118 positions
giving an overall average similarity of 87%. The two most dissimilar
subrepeats vary at 25 of the 118 sites (a similarity of 79%) while two
subrepeats are identical at every position. Interestingly, these two
invariant copies are not adjacent, being separated by one repeat, which
led us to examine the degree of nucleotide sequence similarity among all
the VIDNA subrepeats with respect to their positions within the linear
array. Figure 4 shows this relationship which was determined by analysis
of a similarity matrix generated from pairwise comparisons of all the
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Figure 4. Tree representing the degree of nucleotide sequence
relatedness among the subrepeats in the cloned VrDNA
array. The numbers refer to the position of the subrepeat in
the array (see Fig. 3). This tree was generated by the NT-SYS
program developed by F. James Rohlf, John Kishpaugh and David

Kirk. Our procedure for estimating the degree of divergence
of the truncated subrepeat (No. 1) fram the remainder of the
subrepeats may have led to a considerable underestimate of
the true level.

subrepeats at each of the variable sites. The numbers at the bottom of
each tree branch indicate the position of that subrepeat within the
linear array. It is clear that there is no simple relationship between
the degree of hamwlogy among the subrepeats and their position within the
linear array.

Given the proximity of VXrDNA to the initiation site for rRNA
synthesis (210 bp) and its extensive length variation in mice, as well as
the high rate of recambination for this sequence during propagation as a
cloned fragment (4), we examined the sequence for structural features
that may be relevant to these processes. In addition to the long poly T
tracts, we have found regions of inverted repeat DNA within the
subrepeats. Under the correct conditions inverted repeats can form hair
pins (stem and loop structures) (18-20). Such structures have been
postulated as recognition elements mediating various genetic events
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Figure 5. Comparison of composite subrepeat sequences for Balb/c VrDNA
and Mus pahari VrDNA. Nucleotides below the line show
positions of heterogeneity within each species. Vertical
dashed lines indicate positions in the Mus pahari sequence
where a nucleotide is found that is not seen at the hamologous
position in Balb/c VrDNA. The open squares denote the fact
that some repeats are deleted at this site. Regions of
uwertedrepeatseqwxcesareoverlmedbythearrcwsmkedA
and B. The horizontal lines indicate marked interruptions in
the inverted repeats.

including transcription, replication and recambination (see 18,20).
Figure 5 shows the camposite sequence for the Balb/c VrDNA subrepeats we
examined. Consideration of unpublished sequence data (M. Kuehn and D.
Treco) on 12 additional subrepeats obtained from 4 independently derived
rDNA clones confirm the generality of this camposite sequence for Balb/c
mice. Arrows above the sequence illustrate the inverted repeats found in
the VrDNA subrepeats. As described above, the ability of inverted repeat
DNA to assume a secondary structure was quite apparent during sequencing.
In fact, the regions which did show anamalous migration on sequence gels
are exactly those inverted repeats delineated in Figure 5, labeled A and
B. Of these, the longest perfect inverted repeat is A which can consist
of an eight base pair stem and a four base loop. Inverted repeat B is an
imperfect structure having a stem extending for approximately 20 base
pairs with two mispaired regions and a loop of six bases. Other perfect
inverted repeats are present, all having stems of seven or less
basepairs. Due to sequence variation certain subrepeats lack part or all
of the illustrated inverted repeats. A recent study using a mammalian
'site specific' endonuclease, which appears to recognize stem and loop
structures rather than specific nucleotide sequences, demonstrated the
presence of distinct cleavage sites in the mouse VrDNA subrepeats (35).
Primary sequence data for a VrDNA region cloned from a different
mouse species, Mus pahari, was obtained. Approximately 500 bp of Mus
pahari VIDNA was sequenced covering about 3 full and 2 incomplete
subrepeats. A composite sequence for the Mus pahari VrDNA subrepeating
elements is presented below the Balb/c camposite sequence in Figure 5.
Their VrDNA sequences are virtually identical. At 9 positions in the Mus

219



Nucleic Acids Research

pahari sequence a nucleotide is present which has never been found in the
hamologous position in the total of 25 Balb/c VrDNA subrepeats sequenced.
The Mus pahari subrepeats also have long runs of T residues and contain
regions of inverted repeats in positions homologous to those in the
Balb/c subrepeats.

DISCUSSION

Our analyses of the rDNA fram a number of mouse species and inbred
strains has revealed the presence of a repetitious region terminating 210
bp upstream fram the origin of rRNA synthesis. In addition to mice, a
series of repetitive elements adjacent to the origin of rRA
transcription is a feature characteristic of rDNA fram Xenopus (21-25),
Drosophila (26-29), Tetrahymena (30) and human (31). Sequences in close
proximity to the origin of transcription may play some role in the
control of rRNA synthesis.

In addition to the several classes of short tandemly subrepeated
elements found among these organisms, extensive duplications of the
sequences at the rRNA initiation site have also been detected in the NTS
in same of these species. For example, sequence analysis of the NTS of
Xenopus laevis (23,24) has revealed the presence of two non-tandem
duplications, the so-called Bam islands, which are highly hamologous to
sequences at and around the rRNA initiation site (119 out of 132 hp or
90% are identical). More recently, analysis of the Drosophila
melanogaster NTS 240 bp subrepeated elements has shown them to contain a
68 bp stretch of nucleotides with extensive hamology (92%) to the
initiation site (33 and E. Coen and G.A. Dover, personal communication).
Although this situation is similar to Xenopus, the organization of the
sequences hamologous to the Drosophila initiation site is quite distinct:
being in the subrepeats themselves they are tandemly arranged, present in
many more copies and reside closer to the actual initiation site. As
proposed in a model for NTS participation in the control of rDNA
expression, duplications of the initiation regions in these two organisms
may function to provide multiple sites on rDNA genes for the binding and
sequestering of Pol I molecules in preparation for transcription (23).
In fact, transcription has occasionally been cbserved to initiate at
these upstream sites (see 2,32) but whether this transcription is
significant to normal rDNA function in unknown.

Doubts on the generality of this model are raised by the absence of
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extensive duplications of sequences found at the respective initiation
sites of mouse and human rDNA in the NTS regions adjacent to the origins
of transcription of these two organisms. The mouse VYrDNA elements show
only short stretches of perfect hamology (less than 9 bp) to sequences
found surrounding the initiation site. These perfectly hamologous
stretches can be part of longer but highly interrupted homologies.
Southern transfer and hybridization studies (4) under moderately
stringent conditions (3XSSC, 65 C; hybridization and wash conditions)
also extend for a further 6 kb upstream the absence of significantly long
sequences hamologous to the initiation site. Sequence analysis of 480 bp
upstream from the human rDNA initiation site and Southern hybridization
studies covering an additional 12 kb of contiguous NTS (31) point to
similar conclusions. Thus if some aspect of rRNA transcription cammonly
involves duplications of sequences surrounding the initiation site, the
requirement in mouse and human rust be satisfied by duplications which
are much less extensive and/or which reside very much further upstream
than is the case in Drosophila and Xenopus.

' Though the VrDNA subrepeats lack extensive homology to the mouse
rRNA initiation site these and the short tandemly subrepeated elements
found in other organisms may have other functional roles in rDNA
transcription. The expression of certain genes transcribed by RNA
polymerase II have been shown to be influenced by the presence of
sequences upstream from recognized pramoter regions (8-12). Perhaps the
best characterized examples of these so called enhancer or activator
sequences are the 72 bp tandem repeats of SV40 which are essential for
the expression of viral early genes (10). Recently, a positive cis-acting
effect of the 72 bp elements on transcription of heterologous genes has
also been seen and has been shown to occur even over relatively large
distances (11).

Mouse rDNA NTS length polymorphisms, which can be found even within
the same individual, result from differences in the number of copies of
the tandemly repeated sequence which comprises the VIDNA region. The
cbserved VIDNA length (subrepeat copy-number) variation is most likely
‘the byproduct of continual recambination events involving rDNA genes. By
one mechanism, crossing over between different rDNA genes occurring at
the tandemly repetitious ViDNA region may be unequal due to the large
mmber of hamologous but out-of-register subrepeat pairing cambinations
possible between exchanging VIDNA arrays. The presence of inverted
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repeat elements in VrDNA may be relevant to this process since sewveral
molecular models of recavbination postulate an essential role for
inverted repeats (see 34). The presence of long runs of T residues which
are heterogeneous in length in different subrepeats suggests that these
may be the sites of intermolecular recambination. Unequal aligmment at
the T clusters of the subrepeats involved in an  inter-VrDNA
recambination event would result in new T cluster lengths by analogy to
the production of new VrDNA lengths (copy-number). However T cluster
length variation might also arise by polymerase slippage during DNA
replication (37) as has been seen for Polymerase I of E coli (43).
Variation in subrepeat copy number may be entirely due to intramolecular
deletions and/or additions of whole subrepeats occurring within the VrDNA
segment of a single rDNA gene. The presence of the inverted repeat
sequence elements within the subrepeats as well as long clusters of T
residues may have significance to these processes. Single strand DNA
loops containing one or more whole subrepeats, perhaps stabilized at
their base by inverted repeats (self camplementary sequences contributed
by different subrepeats), could be degraded resulting in deletions (36).
Such a model is particulary attractive for tandemly repeated sequences,
where the production of single stranded loops equal in length to one or
more whole subrepeats could result from slipped mispairing within the
array (37). A number of observations in other systems fit such a model
of the mispairing of directly repeated DNA leading to deletions (37-41).
Alternatively, the loop could serve as the template for DNA synthesis
with the resultant duplex incorporated into the molecule in a subsequent
step (36,42) thereby leading to duplications. Taken together, these
models can explain how contraction and expansion of a tandem array is
possible without requiring recambination with other hamologous arrays.
The Xenopus laevis non-transcribed spacer has been campletely

sequenced fram a single clone. Of the four repetitious regions which
have been identified (24) there is extensive sequence data available for
two, repetitious regions 1 and 2. Within a particular region, the
subrepeats are virtually identical. Our analysis shows that the
subrepeats in repetitious region 1 are on the average 96% identical,
Those in repetitious region 2 show an even higher (98%) similarity
although these similarities approach 100% when the terminal subrepeats
are removed from the analysis. This stands in contrast to the average
difference of 13% among all the VrDNA subrepeats. This average
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difference is unaffected by exluding the terminal subrepeats fram the
analysis. Assuming that the rates of mutation are identical in Xenopus
and mice, the differences in levels of subrepeat variation between the
cloned Xenopus and mouse arrays may reflect species-specific differences
in the rates of fixation.

The role of specific sequence elements in the genetic behavior of

the VrDNA region is open to further experimental analysis. Because of
certain specific differences in sequence among subrepeats, recambination

products occurring in either procaryotic or eucaryotic vector systems can
be analyzed at the nucleotide sequence level to determine precisely the
sites at which new joints are formed.
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