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We constructed yeast strains in which rRNA gene repeats are integrated at ectopic sites in the presence or
absence of the native nucleolus. At all three ectopic sites analyzed, near centromere CENS, near the telomere
of chromosome VI-R, and in middle of chromosome V-R (mid-V-R), a functional nucleolus was formed, and no
difference in the expression of rRNA genes was observed. When two ribosomal DNA (rDNA) arrays are present,
one native and the other ectopic, there is codominance in polymerase I (Pol I) transcription. We also examined
the expression of a single rDNA repeat integrated into ectopic loci in strains with or without the native RDN1
locus. In a strain with reduced rRNA gene copies at RDN1 (~40 copies), the expression of a single rRNA gene
copy near the telomere was significantly reduced relative to the other ectopic sites, suggesting a less-efficient
recruitment of the Pol I machinery from the RDN1 locus. In addition, we found a single rRNA gene at mid-V-R
was as active as that within the 40-copy RDN1. Combined with the results of activity analysis of a single versus
two tandem copies at CEN5, we conclude that tandem repetition is not required for efficient rRNA gene

transcription.

It is now generally recognized that the locations of individual
genes on the chromosome, as well as the spatial arrangement
of the chromosomes within the nucleus, are often important
for the regulation of gene expression. For example, genes
brought near or within heterochromatin regions by chromo-
somal rearrangements or experimental manipulations are of-
ten repressed or silenced (for reviews, see references 16 and
44). In addition, recent studies have indicated that individ-
ual chromosomes are not randomly arranged within the
interphase nucleus, thus suggesting a functional significance
of chromosomal locations for gene expression (for reviews,
see 49 and 51).

The spatial organization of chromosomes within the inter-
phase nucleus of the yeast Saccharomyces cerevisiae has been
studied by analyzing the locations of the centromeres, telo-
meres, and the nucleolus. Centromeres are clustered around
the spindle pole body (SPB), which is localized within the
nuclear envelope (4, 14, 18, 21, 22). Telomeres are clustered in
a limited number of foci near the nuclear periphery but outside
the centromere cluster (4, 13, 15, 33). This clustering of cen-
tromeres around the SPB and of telomeres in foci near the
nuclear periphery poses some constraints on the mobility of
these chromosomal regions, whereas most other chromosomal
regions are highly mobile in yeast cells (4, 19, 35). Lastly, the
crescent-shaped nucleolus, which contains approximately 150
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tandemly repeated rRNA genes on chromosome XII, is posi-
tioned along the nuclear envelope opposite to the centromere
cluster (4, 22, 56). The positioning of the nucleolus relative to
the SPB may be of importance for the functions of centromeres
and/or SPB or nucleolar functions, including the efficient tran-
scription of rRNA genes and their regulation. Alternatively,
this organization may be simply due to the chromosomal lo-
cation of the rRNA gene repeats which are ~300 kb away
from the centromere, the length of which is significantly longer
than the diameter of the yeast nucleus in its folded chromatin
structure in interphase (3, 4).

Earlier studies have analyzed whether an rRNA gene itself
without its flanking sequence is able to organize a functional
nucleolus at ectopic sites and whether the tandemly repeated
structure of rRNA genes is important for efficient expression
(see reference 24 and references therein). Experiments inves-
tigating these questions most directly in vivo were those carried
out by Karpen et al. (24) with Drosophila melanogaster. These
experiments established that the ability to organize a nucleolar
structure resides in an rRNA gene itself and that a single
rRNA gene copy without the tandem structure is functional.
The quantitative data indicated some significant (maximum of
three- to fourfold) differences among the four sites of integra-
tion analyzed, suggesting a position effect on rRNA gene tran-
scription. However, these sites were regions where random
integration took place rather than defined and targeted sites,
and the nature of the flanking DNA sequences was not char-
acterized. In addition, the analyses of rRNA gene expression
were done using laterally amplified polytene chromosomes and
not for a truly isolated single-copy rRNA gene. Thus, as the
authors commented, the very high copy number of rRNA
genes laterally juxtaposed at these ectopic sites as a result of
polytenization may have facilitated the recruitment of poly-
merase I (Pol I) machinery, leading to a high expression of
rRNA genes.

In yeast, RNA Pol I expression at ectopic sites has been
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examined using a single 35S rRNA gene promoter juxtaposed
with the E element (referred to as E/P and also as “HOT1”
element) but not with an intact rRNA gene repeat. Three
unique features for the expression from the E/P element
ectopic sites were the requirement of the “enhancer” (or the
E element) (23, 50), the requirement of the gene FOBI (53)
and a striking orientation dependency (20). The E element
is operationally defined as the ~320-bp EcoRI-Hpal region
following the 35S rRNA coding region. It consists of two
regions: the 190-bp EcoRI-HindIII region called “enhancer” (10)
and the ~130-bp HindIII-Hpal region containing the sites
where Fobl1 binds and DNA replication fork block takes place
(2, 28). The enhancer region was originally shown to greatly
stimulate TRNA synthesis in Pol I reporter systems carried by
plasmids or integrated at ectopic chromosomal sites (10, 11,
23). Our previous studies demonstrated that the enhancer ap-
parently stimulates Pol I transcription of reporter genes at
ectopic sites or on plasmids but can be deleted from all of the
chromosomal rRNA genes without any effects on Pol I tran-
scription or on cell growth (53). Hence, the enhancer region
together with the adjacent replication fork block region was
suggested to be involved in Pol I recruitment to the ectopic
reporter systems, with the aid of Fobl, perhaps through inter-
actions with the corresponding regions in rRNA gene repeats
in the nucleolus (53). Stimulation of Pol I transcription by the
E element was also originally discovered in the course of stud-
ies of HOT1 which stimulates genetic recombination at nearby
regions when inserted at a non-RDNT site (26, 50). However, in
all of these studies demonstrating stimulation of Pol I tran-
scription by E element (or enhancer) at ectopic sites, expres-
sion of Pol I was measured by using reporter systems contain-
ing both a promoter region and E element or enhancer and not
by using an intact rRNA gene copy.

We thought that questions related to position effects on Pol
I transcription, nucleolar formation, and functions could be
studied using the yeast system we have developed. We have
constructed strains of the yeast Saccharomyces cerevisiae
(called “rdnAA” strains) in which all of the chromosomal
rRNA gene repeats were deleted from the RDNI locus on
chromosome XII (38, 54). These strains are able to grow due
to the presence of multicopy plasmids carrying the 35S and
5S rRNA coding regions. The multicopy plasmids were con-
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structed with either the natural Pol I promoter (“Pol I plas-
mid”) or the GAL7 promoter (“Pol II plasmid”) fused to the
35S coding region. The Pol II plasmid in rdnAA strains allows
35S rRNA to be transcribed by Pol II, and the growth of these
strains is dependent on galactose (38, 54).

Our approach was to design DNA fragments to integrate
rRNA genes into several desired chromosomal positions and ask
the following questions. (i) How does expression of a single copy
of 35S rRNA gene at an ectopic site compare to expression of a
single copy at RDN1? We thought that this question of expression
of a single-copy rRNA gene at an ectopic site should be analyzed
in the absence (i.e., in rdnAA strain), as well as in the presence, of
rRNA gene repeats at RDNI. (ii) Can rRNA gene repeat expan-
sion take place at ectopic loci and can nucleolar structures with
normal functions form at these loci? (iii) If a functional nucleolus
can be formed at ectopic loci, how does the expression of 35S
rRNA genes at ectopic loci compare to the expression of rRNA
genes at RDNI? (iv) When a strain carries rRNA gene repeats at
both ectopic and normal loci, is there any phenomenon of nucle-
olar dominance, as is often observed in cells carrying several
rRNA gene arrays such as human cells (43) or in interspecific
hybrid cells (reviewed in reference 17).

We used a strategy that allows a single new rRNA gene to be
integrated at ectopic chromosomal sites without repeat expan-
sion, followed by expansion of the gene repeats as a separate
step. We selected loci close to the centromere on chromosome
V, CENS, and the telomere on the right arm of chromosome VI,
TEL VI-R, because telomeres and centromeres occupy unique
nuclear locations (Fig. 1A). For the purpose of comparison, a
locus between the centromere and telomere was selected as an
integration site (“mid-V-R”), as well as the original (RDNI on
chromosome XII) locus (Fig. 1A). We were able to construct
yeast strains that carry a single rRNA gene, as well as an ex-
panded number of rRNA genes, at these selected ectopic loci in
the absence as well as the in the presence of the native rRNA
gene copies at RDNI. The results of experiments using the vari-
ous yeast strains obtained in this way are discussed in connection
with the four questions listed above and related questions.

MATERIALS AND METHODS

Yeast strains, plasmids, and media. Yeast strains and plasmids used are listed
in Table 1. The construction of rdnAA strains that carry a single ribosomal DNA*

FIG. 1. Integration of and expansion of a new rDNA repeat at both normal and ectopic chromosomal sites. (A) Sites of integration carried out
in the present study. A new rDNA repeat carries a hygl mutation and a 26-bp tag (see the text and Fig. 2A) and is designated “rDNA*.”
(B) Construction of plasmid pNOY3292 used for integration of IDNA* at the rdnAA::hisG locus [see Fig. 1A(i)]. The IDNA* cassette consists of
an entire 9.1-kb rRNA gene copy flanked by the HIS3 gene and a non-yeast sequence N from A. thaliana. The 35S and 5S rRNA coding regions
are shown as filled regions of the rDNA* repeat. Nontranscribed sequences 1 and 2 are labeled as NTS1 and NTS2, respectively. ARS is shown
as a circle within NTS2. The lines above the primer sequences (primers 127, 128, 129, and 130) show the regions that are identical to the sequences
of chromosomal DNA flanking the RDN1 locus (called “L” and “R”). Sequences of restriction enzyme sites are underlined. Digestion of plasmid
pNOY3292 with Sall (circled) will produce an ~13-kb fragment containing L, N, IDNA*, HIS3, and R. This fragment was used for step 1 shown
in C. (C) General strategy used for the integration of rDNA* at a given chromosomal site and its subsequent expansion. Two separate steps and
DNA fragments used for integration of IDNA* are shown. The sequences flanking the site of integration are shown as L and R. For integration
of rIDNA* at the original RDNT site in rdnAA::hisG strains, the Escherichia coli hisG sequence is between L and R flanking sequences (as shown
by a bracket at the top of the figure). In the other three cases (see panel A), the sequences between L and R are 0 to 8 bp as described elsewhere
(see the supplemental material). The DNA fragment used for the second step is an ~13-kb fragment obtained after digestion of pNOY3293 with
Spel and Sall. The positions of primers used to confirm correct integration are shown as arrowheads, taking examples for integration at the
rdnAA::hisG locus. The primer pairs 137/161 and 174/138 produce 1,036- and 1,263-bp fragments, respectively, for correct integration at the first
step. PCRs using primer pairs 137/164 and 182/185 produce 2,007- and 1,800-bp fragments, respectively, for correct integration at the second step.
For integration at other ectopic loci, primers at equivalent positions were used for PCRs as described elsewhere (see the supplemental material).
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TABLE 1. Plasmids and yeast strains used in this study

Pla:tr;l;i(il or Description
Plasmids
pNOY130............. High-copy-number plasmid carrying GAL7-35S rDNA 58 rDNA URA3 2 amp (54)

pNOY3286........... A derivative of pBluescript SK(+) carrying a single rDNA™ (hygl, 26-bp tag) copy and the nonyeast DNA (N) and HIS3
pNOY3289........... A derivative of pUCI18 carrying the DNA fragment used for integration of a single rDNA* copy at the site in the middle

of chromosome V-R

pNOY3290........... A derivative of pUCI18 carrying the DNA fragment used for integration of a single IDNA™* copy at the site near TEL VI-R

pNOY3291........... A derivative of pUCIS carrying the DNA fragment used for integration of a single IDNA* copy at the site near CEN5

pNOY3292........... A derivative of pUCI18 carrying the DNA fragment used for a single integration of IDNA* copy at the site corresponding
to the native RDNI site in rdnAA strains (see Fig. 1B)

pNOY3293........... A derivative of pBluescript SK(+) carrying the DNA fragment (~13-kb Spel-Sall fragment; Fig. 1C) used for integration
of a second rDNA* copy and subsequent rDNA* repeat expansion

pNOY3300........... A derivative of pNOY3291 with rDNA* transcribing in the opposite direction (see Fig. 3A)

pNOY3313.........A derivative of pNOY3291 with the E element deleted (see Fig. 3A)
pNOY3318........... A derivative of pNOY3289 with rDNA* transcribing in the opposite direction
pNOY3319........... A derivative of pNOY3290 with rDNA* transcribing in the opposite direction
Strains
NOY388............... MATa ade2-1 ura3-1 trpl-1 leu2-3,112 his3-11,15 canl-100
NOY39%............... MATo ade2-1 ura3-1 trpl-1 leu2-3,112 his3-11,15 canl-100
NOY886............... MATao rpal35A-LEU2 ade2-1 ura3-1 his3-11,15 trpl-1 leu2-3,112 canl-100 fobI A::HIS3, pNOY117 [CEN RPAI135 TRPI];
rDNA copy no. ~40 (12)
NOYO984............... MATo ade2-1 ura3-1 trpl-1 leu2-3,112 his3-11,15 canl-100 rdnAA::hisG, pNOY130
NOY986.............. MATa ade2-1 ura3-1 trpl-1 leu2-3,112 his3-11,15 canl-100 rdnAA::hisG, pNOY130
NOY987 MATo ade2-1 ura3-1 trpl-1 leu2-3,112 his3-11,15 canl-100 rdnAA::hisG, pNOY130, single IDNA* repeat near CENS

NOYO98S...... MAT«o ade2-1 ura3-1 trpl-1 leu2-3,112 his3-11,15 canl-100 rdnAA::hisG, pNOY130, single rDNA* at mid-V-R

NOY1071............. MATo ade2-1 ura3-1 his3-11,15 trpl-1 leu2-3,112 canl-100 foblA::HIS3, TDNA copy no. ~25 (7)

NOY2029............. MATa ade2-1 ura3-1 trpl-1 leu2-3,112 his3-11,15 canl-100, rTDNA* array substituting for RDNI

NOY2030.... MATa ade2-1 ura3-1 trpl-1 leu2-3,112 his3-11,15 canl-100 rdnAA::hisG, rTDNA* array near CENS

NOY2031...........MATo ade2-1 ura3-1 trpl-1 leu2-3,112 his3-11,15 canl-100 rdnAA::hisG, TtDNA* array at mid-V-R

NOY2032............. MATa ade2-1 ura3-1 trpl-1 leu2-3,112 his3-11,15 canl-100, rdnAA::hisG, rDNA* array near TEL VI-R

NOY2039............. MATa/MATo ade2-1/ade2-1 ura3-1jura3-1 trpl-1/trpl-1 leu2-3,112/leu2-3,112 his3-11,15/his3-11,15 canl-100/canl-100
RDNI1/rDNA* array

NOY2040............. Same as NOY2039, but RDN1/rdnAA and tDNA* array near CEN5 on one of two chromosome Vs

NOY2041............. Same as NOY2039, but RDNI/rdnAA and TDNA* array at mid-V-R on one of two chromosome Vs

NOY2042............. Same as NOY2039, but RDN1/rdnAA and tDNA* array near TEL VI-R on one of two chromosome VIs

NOY2047 ..MATa ade2-1 ura3-1 trpl-1 leu2-3,112 his3-11,15 canl-100 rdnAA::hisG, pNOY130, single rDNA* repeat near TEL VI-R

NOY2048............MATa ade2-1 ura3-1 trpl-1 leu2-3,112 his3-11,15 canl-100, single IDNA* repeat substituting for RDN1, pNOY130

NOY2050............. Same as NOY388, but carries a single IDNA* near CENS

NOY2051............. Same as NOY388, but carries a single rDNA* at mid-V-R

NOY2052 ..Same as NOY388, but carries a single rDNA* near TEL VI-R

NOY2053............MATa ade2-1 ura3-1 trpl-1 leu2-3,112 his3-11,15 canl-100, RDN1 and rDNA* array near CENS

NOY2054............. MAT? ade2-1 ura3-1 trpl-1 leu2-3,112 his3-11,15 canl-100, RDNI1 and rtDNA* array at mid-V-R

NOY2055............. MAT? ade2-1 ura3-1 trpl-1 leu2-3,112 his3-11,15 canl-100 RDN1 and tDNA* array near TEL VI-R

NOY2056............. MAT a/MATwo ade2-1/ade2-1 ura3-1/ura3-1 his3-11,15/his3-11,15 trpl1-1/trp1-1 leu2-3,112/leu2-3,112 canl-100/canl-100
rdnAA::TDNA* (a single repeat)/RDNI

NOY2063............. Same as NOY886, but fobIA::hisG instead of foblA::HIS3

NOY2064............. Same as from NOY2063, but carries a single rDNA* near CENS (derived from pNOY3291)

NOY2068............Same as NOY1071, but fobIA::hisG instead of foblA::HIS3

NOY2146............Same as NOY2064, but a single IDNA* near CEN5 is in the opposite orientation (derived from pNOY3300)

NOY2147............. Same as NOY2064, but a single - DNA* near CENS5 carries AE deletion (derived from pNOY3313)

NOY2148............. Same as NOY2063, but carries a single rDNA* copy within rDNA repeats at RDNI (integration carried out using
pNOY3286 digested with Mlul, which gives a single cut within the 25S rRNA coding region)

NOY2149............. Same as NOY2063, but carries a single rDNA* copy at mid-V-R (derived from pNOY3289)

NOY2150............. Same as NOY2149, but a single rDNA* copy at mid-V-R is in the opposite orientation (derived from pNOY3318)

NOY2151............ Same as NOY2063, but carries a single rDNA* copy near TEL VI-R (derived from pNOY3290)

NOY2152............Same as NOY2151, but a single IDNA* copy near TEL VI-R is in the opposite orientation (derived from pNOY3319)

NOY2158............Same as NOY2159, but carries a second rDNA* near CEN5 (derived from pNOY3296)

NOY2159............. Same as NOY2068, but carries a single IDNA* near CEN5 (derived from pNOY3291)

(rDNA*) copy integrated into ectopic loci was as follows. The three ectopic loci
an rDNA cassette was constructed in which the 9.1-kb rRNA gene repeat is
flanked with a nonyeast sequence NMD3 (“N”) from Arabidopsis thaliana on the
left end and with HIS3 on the right end (Fig. 1B). The rRNA gene repeat used
in this cassette (called IDNA*) carries hygl mutation in the 18S rRNA coding
region (5) and a 26-bp sequence tag (Fig. 2A). For each integration site chosen,
primers were designed to separately amplify sequences on the left side and right

sides of the site selected for integration (e.g., Fig. 1B for RDNI; for other loci and
details, see the supplemental material). The rDNA* cassette was then inserted
between the right and left flanking sequences in a plasmid derived from pUCI18
(Fig. 1B). After digestion of the resultant plasmid with Sall (Fig. 1B), the DNA
fragment containing the rDNA* cassette and flanking L and R sequences for a
particular site was isolated. This fragment was transformed directly into our
standard strain NOY388 and His™ colonies were selected (Fig. 1C, step 1). The
strains with a single rDNA* repeat unit at an ectopic locus were then crossed
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FIG. 2. Synthesis of rRNA in strains carrying single rRNA* integrated at ectopic and the native sites. (A) Nucleotide sequence of rDNA*
around the transcription start site (+1) showing the site of insertion of the 26-bp tag. The Xhol site in the 26-bp tag is also indicated. (B) RNA
was prepared from exponentially growing cells of the four single rDNA* integrants (NOY2047, NOY987, NOY988, and NOY2048; lanes 1 to 4)
and NOY388 (WT; lane 5). A total of 1 pg of RNA was analyzed by primer extension, and an autoradiogram is shown. The amounts of radioactive
rRNA in relevant bands were measured, and normalized values are shown above the bands. The bands labeled by a dot are those corresponding
to transcripts from native rDNA copies presumably on 3-um circles or ERCs (see Materials and Methods). (C) RNA was prepared from rdnAA
strains carrying a single rDNA* copy at the native site (lane 4) or the CEN5 site (lane 5) and from NOY388 (lanes 1 to 3). The indicated amounts
of RNA were used to measure the amounts of the 5" end of 35S rRNA by primer extension, and the autoradiogram is shown The measured values
were normalized to that obtained for 0.03 pg of RNA from the WT, and normalized values are shown above the respective bands. (D) An
autoradiogram showing transcription of IDNA* analyzed by primer extension. RNA samples (3 pg) from NOY987 and NOY2050 (lanes 1 and 2,
respectively) and those from NOY2052, NOY2050, NOY2051, NOY2048, and NOY2056 (lanes 3 to 7, respectively) were analyzed. We note that,
for samples corresponding to lanes 2 to 5 and lane 7, bands for IDNA* transcripts were not recognized even after longer exposures and/or using

higher amounts of RNA for primer extension.

with the rdnAA strain NOY984 that carried a Pol II helper plasmid. After
sporulation and tetrad dissection on YEPG medium, colonies that were galac-
tose dependent and His™ were selected. These rdnAA::hisG strains carried a Pol
II helper plasmid and had a single rDNA* repeat (repeat 1) integrated at an
ectopic chromosomal locus. Correct integration was confirmed by PCR analysis
(see primers shown for the structure after step 1 in Fig. 1C). Three strains—
NOY2047, NOY987, and NOY988—carrying a single rDNA repeat at ectopic
loci (at or near TEL VI-R, CENS, and mid-V-R as shown in Fig. 1Aii, iii, and iv,
respectively) were obtained in this way. We note that the site of integration in
NOY2047 is ~500 bp from the telomere repeats ([TG,_3],-end) and, because of
the presence of the ~1.0-kb HIS3 gene, the integrated IDNA* repeat is located
~1.5 kb from the telomere repeats. (An integration site near TEL VI-R was
selected because of the absence of Y’ element at this chromosome end [41].)
Similarly, in the case of NOY987, the site of integration is 744 bp to the right of
the centromere, and the distance between CENS and the 9.1-kb rDNA unit is
~1.7 kb (744 bp plus ~960 bp of the N sequence). In carrying out the primer
extension experiments to measure 5'-end rRNA transcripts shown in Fig. 2B, we
discovered that two (NOY2047 and NOY988, lanes 1 and 3, respectively) of the

four strains showed RNA transcripts corresponding to the transcript from the
Pol I promoter on the endogenous rDNA repeats even though those repeats are
missing. The intensity of these “RDNI” bands was only slightly (20 to 30%)
higher than that of rDNA* bands. These endogenous rRNA gene copies are
either extrachromosomal DNA similar to 3-wm DNA or extrachromosomal
rRNA gene circles (ERC). The 3-um DNA can be maintained independently of
chromosomal rRNA gene repeats (see, for example, references 8, 32, and 41),
and the ERC are derived from rRNA gene repeats and accumulate in aging cells
because of their strongly biased inheritance by mother cells (48). Since initial
attempts to remove the endogenous rRNA gene copies by single-colony purifi-
cation were not successful, we used NOY988 and NOY2047 as strains carrying a
single IDNA* integrated at mid-V-R and near TEL VI-R, respectively, without
further attempts to cure the residual endogenous rRNA gene copies. We believe
that the presence of these residual rRNA gene copies does not affect any of the
conclusions obtained in the present study.

For integration into the original RDNI locus, the DNA fragment containing
the IDNA* cassette together with flanking L and R sequences was transformed
into a diploid strain (formed by crossing NOY396 with NOY986 [see Table 1])
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explained in Fig. 1B and C. The structure of the first DNA fragment is the same as that shown in Fig. 1B, with more details identified. The Pol
I transcription start site is defined as +1, and the position of the E element (the 319-bp EcoRI-Hpal region) is indicated. pNOY3313 is the same
as the pNOY3291 used for integration near CEN5 of rDNA* but has a deletion of the E element (AE; see lane 3 in panel B). (B) RNA samples
(5 pg) from NOY2063, NOY2064, and NOY2147 (lanes 1 to 3, respectively) were analyzed by primer extension. In a separate experiment, RNA
samples (10 pg) from NOY2064 (lane 4) and NOY2146 (lane 5) were similarly analyzed. The amounts of transcripts from ectopic (DNA* and those
from the 40 copy repeats at RDNI were measured by using a PhosphorImager, and the ratios of the ectopic ones to those from the RDNI are given
as percentage values above the IDNA* bands. The arrows above each lane indicate the direction of transcription of the rRNA* gene integrated
at the CENS ectopic site as shown in panel A. (C) RNA samples (10 pg) from NOY2064 (lane 1), NOY2064 after introduction of FOBI (lane 2),
and after introduction followed by the removal of FOBI (lanes 3 and 4 for two independent isolates) were analyzed by primer extension. The rDNA
copy numbers at RDN1 of the same cultures used for primer extension were measured by Southern blot analysis and are indicated above the lanes.
The expression of rDNA* relative to that of rDNA repeats at RDNI was calculated and the values are indicated above the rDNA* bands as in
panel B. (D) An autoradiogram showing transcripts of DNA* compared to RDN1 (~25-copy strain). RNA samples (5 pg) from NOY2068 (lane
1), NOY2159 (lane 2), and NOY2158 (lane 3) were analyzed by primer extension. The expression of IDNA* relative to that of rRNA gene repeats
at RDNI was calculated, and the values are indicated above the rDNA™ bands as in panel B. The results shown are from one of several independent
transformants. The values from this and other experiments averaged 2.8 = 0.2 for NOY2159 and 6.2 = 0.4 for NOY2158. (E) Transcription of a
single rRNA* gene at an ectopic site compared to the expression of a single IDNA* copy integrated into native copies at RDNI. Arrows above
each lane indicate the directions of transcription of the rDNA* gene shown in the way similar to that shown in panel B. Autoradiograms show the
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carrying one chromosome XII with RDNI and another with rdnAA::hisG. His™
transformants that carried a single IDNA* repeat replacing rdnAA::hisG were
sporulated, and galactose-dependent His* haploid segregants were selected.
NOY2048 obtained in this way carried helper Pol II plasmid, and its growth was
galactose dependent.

The rDNA* cassette for the second integration and expansion step carried a
9.1-kb rDNA* repeat with an additional “NTS2” region (between the 5S RNA
gene and the Smal site) on the right side and an N-LEU?2 fragment on the left
side (Fig. 1C, step 2). Recombination at the two regions, N and NTS2, resulted
in transformants carrying two (or more) tandem rDNA* repeats that were
selected as Leu™. The correct integration was confirmed by PCR analysis of the
left end of the insertion site and the junction of the two rDNA* repeats (see
primer pairs shown for the structure after step 2 in Fig. 1C). Additional infor-
mation regarding strain construction and PCR primers is provided in the sup-
plemental material.

Yeast extract-peptone-galactose (YEPG), YEP-glucose (YEPD), synthetic ga-
lactose (SG), and glucose (SD) media were as described previously (45, 47).

Other methods. Immunofluorescence microscopy (IFM) was done as de-
scribed previously (38). The rabbit anti-A190 antibody was described previously
(55). The mouse monoclonal anti-Nopl antibody (28F2) was obtained from
EnCor Biotechnology, Inc. (Alachua, FL). To localize SPB in interphase,
YOLI/34 monoclonal rat anti-yeast tubulin antibody (obtained from Accurate
Chemical and Scientific Corp., Westbury, NY) was used (22).

Contour-clamped homogeneous electric field electrophoresis (CHEF) was
also carried out as described previously (39). Approximate rDNA copy numbers
were calculated from the size of chromosomes carrying integrated rDNA* array,
as was done previously (39). Isolation of DNA and Southern hybridization
analysis were carried out as described by Maniatis et al. (34). For Southern
analysis, DNA was digested with Xhol and EcoRV, which gave 783 bp (8760 to
+406) for rDNA and 427 bp (8760 to the Xhol site within the 26-bp insert; see
Fig. 2A) for IDNA*. These two fragments were separated by agarose gel elec-
trophoresis and detected by *?P-labeled 784-bp SphI-Smal (8145 to —209) DNA
fragment as a probe. Relative IDNA copy numbers were then determined by
using a PhosphorImager (Bio-Rad, Hercules, CA).

Analysis of 5" ends of precursor rRNA by primer extension was carried out as
described previously (25), using the primer 5'-ACACGCTGTATAGAGACTA
GGC-3', which hybridizes to the 35S precursor rRNA 130 nucleotides down-
stream of the Pol I start site. Quantification was done with a PhosphorImager.

RESULTS

In our previous study (54), reintegration of a new rDNA
copy into the original RDNI site in a rdnAA strain and its
subsequent expansion were performed in a single step. In the
present study, we carried out integration and expansion sepa-
rately, at three ectopic sites shown in Fig. 1Aii, iii, and iv,
respectively. Various strains carrying a single or expanded
tagged-tDNA (rDNA* [see Fig. 2A]) at these ectopic loci either
in the absence or presence of the endogenous rDNA repeats
were constructed as described in Materials and Methods.

Expression of a single copy of 35S rRNA gene at an ectopic
site compared to expression of a single copy at RDNI. The
expression of the integrated 35S rRNA gene was analyzed by
measuring the amounts of the 5’ end of unstable precursor 35S
rRNA by primer extension. Transcripts from the integrated
rDNA* repeats detected by primer extension migrate more
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slowly than the control RDNI transcripts because of the pres-
ence of the 26-bp insert near the 5’ start site of the 35S rRNA
(Fig. 2A).

Strains with a single rDNA* repeat in a rdnAA background
(with Pol IT helper plasmid pNOY130) were grown in galactose
(YEPG) medium and then shifted to glucose (YEPD) for 1 h
prior to RNA sample preparation. As shown in Fig. 2B, there
was no significant difference in Pol I transcription activity
among four strains carrying a single rDNA* copy at one of the
three ectopic loci or at the native RDNI locus. Thus, a single
rDNA* copy at ectopic loci or at the site corresponding to the
native RDNT locus is equally accessible to Pol I and presum-
ably to other Pol I transcription factors in rdnAA strains. We
conclude that Pol I transcription of a single 35S rRNA gene is
not dependent on any particular characteristics specific for
chromosome XII, nor is it affected by the locations in ectopic
chromosomal regions analyzed.

Additional experiments were carried out to compare quan-
titatively the transcription activity of a single copy of the 35S
rRNA gene in rdnAA strains relative to the total rRNA tran-
scription activity of rDNA repeats on chromosome XII in the
standard strain, NOY388. An example is shown in Fig. 2C.
Quantification from the results of this and other experiments
showed that the Pol I transcription of a single copy (at any of
the four sites) is ca. 6% (6.0 = 2.2; from four independent
experiments and comparison based on a unit amount of cellu-
lar RNA) of that seen in the control strain. After correction for
the difference in cellular levels of RNA per cell mass (Agq),
this value corresponds to ~3.4% of the rRNA synthesis rate
(per cell mass) of the control strain NOY388 and may repre-
sent the maximum activity possible for transcription of a single
35S rRNA gene.

The experiments described above were performed in a
rdnAA background where Pol I is diffused throughout the nu-
cleus and there is no normal crescent-shaped nucleolus (38).
Using strains carrying both a single rDNA™* copy at an ectopic
site and the native RDNI, which were constructed initially
(NOY2050, NOY2051, and NOY2052), we examined tran-
scription of a single ectopic IDNA* relative to total transcrip-
tion of the native genes at RDNI. As shown in Fig. 2D (lanes
2 to 5 compared to lane 1), none of the three ectopic rDNA*
copies gave any detectable Pol I transcripts. Similarly, we also
failed to detect the expression of a single IDNA* copy at the
native site in the presence of the native RDNI on the other
chromosome XII in a diploid strain (Fig. 2D, lane 7 compared
to lane 6). If the efficiency of expression of a single rDNA*
copy at an isolated site is the same as the average efficiency of
a single copy at the native RDNI which contains ~200 copies,
we would expect the expression of rDNA* relative to the total

transcription of rDNA™ analyzed by primer extension. RNA samples (5 pg) from NOY2063 (lane 1); NOY2148 (two independent rDNA*
integrants [lanes 2 and 3]); NOY2064 (two independent rDNA* integrants [lanes 4 and 5]); and NOY2063, NOY2148, NOY2149, NOY2150,
NOY2151, and NOY2152 (lanes 6 to 11, respectively) were analyzed. The ratios of expression of rDNA* to that of the native rRNA gene repeats
(~40 copies) at RDN1 were measured. The average of values for lanes 4 and 5 were normalized to the average of those for lanes 2 and 3. The
average of the normalized value from this and other experiments was 0.68 * 0.09 and is shown as 0.7. For lanes 8 to 11, the ratios of DNA* to
rRNA gene repeats at RDNI transcripts were measured and normalized to the value for NOY2148 (lane 7). Two independent integrants were used
for each ectopic site and both orientations. The normalized values from this and other experiments were averaged, yielding values for samples
corresponding to lanes 8, 9, 10, and 11 to be 1.03 = 0.17, 0.68 = 0.21, 0.40 = 0.17, and 0.21 = 0.17, respectively. The rounded numbers are given

above the rDNA* bands.
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rRNA transcription rate to be ~0.5%. Since the limit of de-
tection in these experiments was ~0.5 to 1% of the RDNI band
(Fig. 2C), we conclude that the level of expression of a single
rDNA* copy at ectopic sites is much less than 1% of rRNA
synthesis in wild-type (WT) strains. We therefore examined the
expression of a single ectopic rDNA* (integrated near CEN5)
in strains, in which rRNA gene repeat number at RDNI is
reduced significantly less than ~200 present in the original
strain.

Our reduced rRNA gene copy strains are in a fob/A back-
ground in order to maintain the rRNA gene repeats at a
reduced number. NOY886 has ~40 rRNA gene copies and
grows as well as control strains carrying ~140 rRNA gene
copies (12, 29). NOY1071 has ~25 rRNA gene copies and
grows slightly slower than control strains carrying ~190 rRNA
gene copies (7). We integrated a single rDNA* fragment (ob-
tained from pNOY3291) at the CENS5 locus of a strain
(NOY2063) derived from NOY886 and were indeed able to
detect expression of the single IDNA* copy at this ectopic site
(Fig. 3B, lanes 2 and 4, and C, lane 1). We then analyzed
several factors that may influence expression of an ectopic
rRNA gene.

Transcription from the Pol I promoter was previously stud-
ied using the E/P and related elements (see the introduction).
To our surprise, we discovered that the expression of a single
rDNA* (Fig. 3A, pNOY3291 versus pNOY3313) at the CEN5
site in our ~40 rRNA copy strain is different from that ob-
served for the E/P element and does not require the E element
(Fig. 3B, lanes 2 and 3). In addition, the expression is, if any,
only weakly orientation dependent (Fig. 3B, lanes 4 and 5).
The ratio of the expression of IDNA* at the opposite orien-
tation to that of IDNA* at the “normal” orientation was found
to be 0.70 = 0.28. Lastly, the expression is FOBI independent.
In order to examine whether the presence of the FOBI gene
stimulates the expression of a single DNA* copy at the CEN5
ectopic site, we introduced FOBI on a URA3-based CEN plas-
mid (pRS316) into the 40-copy strain carrying a single rDNA*
copy near CEN5 (NOY2064) by transformation. One of the
transformants was grown in YEPD, and a portion of the cul-
ture was used for primer extension analysis of transcription of
rDNA* relative to that of rRNA gene repeats at RDNI. Si-
multaneously, another portion was used for determination of
rRNA gene copy number at RDNI. It was found that, because
of the introduction of the FOBI gene, the rRNA gene copy
number at RDN] increased to ~100 and that transcription of
the ectopic rDNA* was ~0.4% of that of the genes at RDN1
(Fig. 3C, lane 2). Separately, the cells that received the FOBI
gene were streaked on plates containing S-fluoorotic acid to
eliminate the FOBI gene on the CEN plasmid. Two indepen-
dently obtained fobIA clones were then analyzed for rRNA
gene copy number at RDNI (~70 copies in both), as well as for
relative expression of a single ectopic IDNA* copy at the
CENS site (~0.6% of the total activity of the genes at RDNI)
(Fig. 3C, lanes 3 and 4). Thus, we can formally calculate that
the activity for single rDNA* expression relative to a single
copy at RDNI (for more accurate estimates of transcription
activities at ectopic loci, see below) in fobIA strains with 40
copies and 70 copies of rRNA genes at RDNI was 48% (1.2/
[100/40] = 0.48) and 42% (0.6/[100/70] = 0.42), respectively.
These values are not very different from (and certainly not less
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than) the 40% value (0.4/[100/100] = 0.4) calculated for the
FOBI strain with 100 copies at RDNI. Thus, we conclude that,
in contrast to the transcription from the E/P fragment at an
ectopic site (53), transcription from the single rDNA* copy at
this ectopic site is independent of FOBI. The results also
support the notion of competition between the rRNA gene
repeats at RDNI and a single rDNA* copy at ectopic sites and
explains why expression of the latter was not observed in the
original strains carrying ~200 rRNA gene copies at RDN].

We should note that the single rRNA gene copy we used in
the present study is a 9.1-kb repeat unit obtained after diges-
tion of the rRNA gene repeats with Smal, which cleaves rRNA
genes at —209 (see Fig. 3A for repeat details). This choice was
rationalized because of the known upstream promoter element
extending to approximately —155 (6, 27, 30, 37), but not be-
yond, combined with a convenience of the use of Smal to
generate a single repeat unit. However, the promoter region
was defined using reporter plasmids or in vitro extracts but not
in a chromosome context. For this reason, we constructed a
fobIA strain carrying two tandemly repeated rDNA™* copies
stably integrated at the CEN5 ectopic site in addition to the
~25 rRNA copies at RDN1 (NOY2158). The expression from
two copies of rDNA* was compared to the control strain car-
rying a single rDNA* copy at the same CENS site (NOY2159).
The former strain showed a twofold higher value (within ex-
perimental errors) than the latter (Fig. 3D, compare lanes 2
and 3). This result confirms the absence of any significant
stimulation of transcription of a rRNA gene by hypothetical cis
elements further “upstream” of Smal site (—209) or by tran-
scription of the upstream rRNA gene as proposed by earlier
investigators (“polymerase hand-over model” [1, 36, 42; see
also the Discussion]).

In order to overcome difficulty inherent in the quantitative
comparison of a very weak activity of a single copy of rDNA*
at the CENS ectopic site with the total transcription activity at
RDN1, we compared the expression of a single copy of rDNA*
at the CENS ectopic site with a single copy of rDNA* inte-
grated at RDN1. As shown in Fig. 3E, the expression of IDNA*
at the CENS ectopic site was slightly weaker than that of an
rDNA* at RDNI (Fig. 3E, compare lanes 4 and 5 with lanes 2
and 3). The ratio of the expression at CENS5 to that at RDNI
was 0.68 = 0.09.

Expression of a single-copy rDNA* at mid-V and that at
TEL VI-R was also analyzed in a similar way. At the mid-V
ectopic site, expression of a single TDNA* copy in the same
orientation as that in RDN1 was comparable to that of a single
rDNA* copy within RDN1 but expression in the opposite ori-
entation appeared to be weakly reduced (Fig. 3E, lanes 8 and
9, compared to lane 7; see the legend). Finally, expression of a
single-copy rDNA* at the TEL VI-R site was found to be
considerably less, especially in its opposite orientation, than
that of a single rDNA* copy within RDN1. Accurate estimate
of the weak expression at the TEL VI-R site was difficult be-
cause of background problems. Nevertheless, it is clear that
expression at this ectopic site is significantly weaker than ex-
pression at RDN1, especially in the orientation opposite to that
at RDNI (see the legend to Fig. 3E).

Repeat expansion can occur at ectopic loci and nucleolar
structures with normal functions can be formed at these loci.
Since we successfully integrated a single rDNA™* at various
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ectopic loci, we proceeded to examine whether expansion of
rRNA gene copy number into an array was possible. Expansion
of rRNA gene repeats was observed after the integration of a
second rDNA* repeat into strains carrying a single tDNA*
repeat at the ectopic loci in rdnAA strains carrying the Pol II
plasmid. Insertion of the second rDNA* repeat initiated ex-
pansion of rDNA* repeats which led to appearance of cells
that are able to grow on glucose and thus were able to grow in
the absence of the helper Pol II plasmid. Thus, at each of the
three ectopic loci, the rTDNA* array was functional in the
absence of the native nucleolus at RDNI.

Extensive expansion of IDNA* repeats was evident by ~100
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FIG. 4. CHEF analysis of chromosomes from strains carrying sin-
gle and expanded rDNA* integrated at the native (RDN1) and ectopic
sites and expression of rRNA from these ectopic loci. Chromosomal
DNA was isolated from NOY388 (WT, lane 1); NOY986 (rdnAA, lane
2); single rDNA* integrants NOY2048, NOY987, NOY988, and
NOY2047 (lanes 3, 5, 7, and 9, respectively); and expanded rDNA*
integrants NOY2029, NOY2030, NOY2031, and NOY2032 (lanes 4, 6,
8, and 10, respectively). Lane M, marker yeast chromosomes (obtained
from Bio-Rad, Richmond, CA). (A) Chromosomal pattern revealed by
staining with EtBr. The positions of native chromosomes V, VI, and
XII are indicated. (B) Autoradiogram obtained after hybridization
with a radioactive rRNA gene probe. Copy numbers of integrated
rDNA* after expansion estimated from the chromosomal sizes are
shown below chromosome bands carrying rDNA*. Expansion of the
rDNA* integrated near TEL VI-R can be clearly recognized by com-
paring the bands indicated with diamonds in lanes 9 and 10 (in both
panels A and B). The chromosome XII bands in rdnAA with or without
a single rTDNA* copy at the native site (in lanes 2 and 3) overlap with
the chromosome XV and VII bands, and the chromosome V bands
with a single IDNA* (in lanes 5 and 7) overlap with the chromosome
VIII band. Thus, the positions of chromosome XII or V before expan-
sion of IDNA* at the native (rdnl) site, CEN5, or mid V-R cannot be
clearly recognized in lanes 3, 5, or 7. C. RNA was prepared from the
four expanded rDNA* integrants and NOY388 (WT), and equal
amounts were analyzed by primer extension as in Fig. 2B. An autora-
diogram is shown. The values obtained were normalized to the value
obtained for the control WT strain (NOY388) and are indicated above
the bands.

generations of growth (first on YEPG, followed by growth on
YEPD). There were no differences in growth rate (~2.5-h
doubling time in YEPD) observed between the strains carrying
ectopic expanded rDNA™ repeats and the strain carrying ex-
panded rDNA* at the original RDNI locus. This observed
doubling time, ~2.5 h, is significantly longer than the ~1.7 h
observed for the control strain, NOY388, and can be explained
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by the presence of the hygromycin-resistant mutation within
the 18S coding region of the rRNA gene (54).

We performed CHEF analyses of chromosomes prepared
from the single IDNA* integrants and the expanded rDNA*
integrants. Upon the second integration and subsequent ex-
pansion of rDNA* repeats, chromosomes carrying the ectopic
rDNA* array grew in length (Fig. 4A and B; compare lanes 3,
5,7, and 9 for strains with a single integrated rDNA* copy to
lanes 4, 6, 8, and 10 for strains after repeat expansion, respec-
tively). We analyzed at least three independent transformants
from the second integration of rDNA* at each ectopic site.
The number of repeats after expansion varied between ~120
and ~130, and there were no significant differences in the
ability to expand between copies integrated at the native locus
and those at the ectopic loci (examples given in Fig. 4, lanes 4,
6, 8, and 10).

Strains carrying ectopic expanded rDNA* (NOY2030, NOY2031,
and NOY2032) were analyzed for nucleolar morphology using
IFM and compared to the strain carrying expanded rDNA* at the
native RDN1 locus (NOY2029) and the control strain (NOY388).
Antibodies against the A190 subunit of Pol I, and the nucleolar
protein Nopl were used to visualize the nucleolus (Fig. 5A). No
significant difference was observed in nucleolar morphology
among these five strains; a crescent-shaped nucleolar structure
was observed at nuclear periphery with partial overlap with the
DAPI-stained nuclear region rich in DNA.

Because the nucleolus is usually localized opposite to SPB in
interphase and centromeres are known to be clustered near the
SPB in the interphase (see the introduction), we were partic-
ularly interested in the strain which had the expanded rDNA*
at the locus very close to CEN5 (NOY2030). By visualizing the
location of SPB in the interphase by the use of anti-yeast-
tubulin antibodies, we found that the location of the nucleolus
as visualized by staining with anti-A190 antibodies appears to
be different from the normal location. The ectopic nucleolus
was adjacent to SPB but then spread along the nuclear periph-
ery away from SPB (Fig. 5B; see arrows showing “contacts” of
the nucleolus with SPB). We also carried out RNA-fluores-
cence in situ hybridization (FISH)/immunofluorescence exper-
iments using probes specific to the 5’ end of 35S precursor
rRNA to localize the site of rRNA transcription and anti-yeast-
tubulin antibodies. We obtained the results suggesting that the
nucleolar location observed by the A190 staining reflects
the site of rRNA transcription (data not shown). Because the
strain with the expanded rDNA* repeats near CENS showed
no obvious defects in growth or rRNA transcription, as de-
scribed above, we conclude that a functional nucleolus can be
formed at the site close to CEN5, which is localized near SPB
in the interphase, without an obvious growth defect. (We did
not directly localize the expanded rDNA* at ectopic sites by
FISH and, hence, cannot exclude the possibility that the ex-
panded rDNA* is not fully associated with the nucleolus visu-
alized by IFM using anti-A190. However, since the expanded
rDNA* is as active as the native IDNA repeats, we assume that
the expanded rDNA™* is mostly associated with the nucleolus
visualized by IFM as has been shown for the native TDNA
repeats.)

Expression of 35S rRNA genes at ectopic loci compared to
the expression of rRNA genes at RDN1. The rdnAA strains with
expanded rDNA* repeats at ectopic sites had the same growth
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rate as the control strain that had reintegrated and expanded
rDNA* at the original RDNI site. Therefore, we expected total
rRNA transcription rates in these three strains to be similar to
that in the control strain. The results of primer extension
analysis shown in Fig. 4C confirm the expectation; there was no
significant difference in total rRNA transcription rate among
the four strains, each carrying expanded rDNA™ at different
chromosomal loci.

Analysis of expression of rRNA genes at both ectopic and
normal loci for nucleolar dominance. Strains carrying ectopic
expanded rDNA* repeats were crossed with a WT RDNI,
NOY388 (MATa), or NOY396 (MATw) strain and sporulated,
and we obtained haploid segregants carrying two rRNA gene
arrays (i.e., two nucleolar organizing regions [NORs]) on dif-
ferent chromosomes. Analyses by CHEF indicated that the
strains were able to accommodate two TRNA gene arrays (Fig.
6A). The approximate copy number of rRNA gene repeats on
chromosome XII was 220 and that of ectopic IDNA™* repeats
was 98, 57, and 119 for CEN5, mid-V-R, and TEL VI-R sites,
respectively, in these strains (Fig. 6A).

We then sought to determine whether there is any prefer-
ence in the use of the two rRNA gene repeats for transcription,
e.g., a possible preferential use of the native rRNA gene re-
peats over ectopic IDNA* repeats. The ratio of copy number
of ectopic rDNA* to that of the native rRNA gene in these
strains was determined more quantitatively by Southern anal-
ysis (Fig. 6B). The ratios found (0.46, 0.22, and 0.44 for the
strains shown in lanes 2, 3, and 4, respectively) were similar to
those calculated from the approximate copy numbers obtained
by CHEF (0.45, 0.26, and 0.54 calculated from the values given
in Fig. 6A). The expression of the ectopic IDNA* compared to
the native rRNA gene was then examined by primer extension
analysis. We found that the ratios of rDNA* to rRNA gene
transcripts (0.33, 0.23, and 0.42 as shown in Fig. 6C, lanes 2, 3,
and 4, respectively, for strains indicated) are roughly similar to
ratios of rRNA gene repeat numbers obtained from the south-
ern analysis (values given in Fig. 6B). Thus, we conclude that
there is no significant bias in rRNA gene expression based on
specific chromosomes or locations on a chromosome, and cells
maintain the rRNA synthesis rate appropriate for given growth
conditions by using both native and ectopic rRNA genes with-
out any preference of one over the other.

Similar experiments were also done using diploid strains
carrying two rRNA gene repeat arrays: one at an ectopic locus
and the other at the native RDNI locus on chromosome
XII. Four diploid strains were constructed. Three of them
contained, in addition to a copy of the native rDNA array on
chromosome XII (RDN1/rdnAA), an expanded ectopic rDNA*
array on one copy of another chromosome. One of the diploids
contained the native rRNA gene repeat array on one chromo-
some XII and the expanded rDNA* repeat array on another
copy of chromosome XII. The results are shown in Fig. 7. The
conclusion obtained was the same as that obtained for the
haploid strains, namely, that expression of rRNA genes from
an ectopic rDNA* array relative to the native rRNA gene array
was approximately the same as the ratio of the ectopic rDNA*
repeat number to the repeat number of the native rRNA
genes. No preferential expression of rRNA genes in the native
RDNI locus was observed.

In higher eukaryotic cells that carry several NORs on dif-
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FIG. 5. IFM analysis of nucleolus in yeast strains carrying expanded rDNA* repeats at ectopic sites. (A) Yeast strains NOY388 (wild type
[WT]), NOY2029 (rDNA* array at the native site, “Chr. XII”), NOY2030 (rDNA* array near CEN), NOY2031 (rDNA* array at mid-V-R), and
NOY2032 (rDNA* array near TEL VI-R) were analyzed for the A190 subunit of Pol I and for Nop1 using IFM. DNA was stained with DAPI.
Images of A190 (green), Nopl (red), and DAPI (blue) were overlaid. Individual images are shown in black and white, and the overlaid one is shown
in color (“merge”). (B) IFM analysis of location of the nucleoli relative to the location of SPB. Strains carrying expanded rDNA* analyzed in panel
A were examined. The YOL1/34 monoclonal antibody to yeast tubulin showed the area to be slightly larger than the SPB in interphase cells (green),
and antibodies to A190 revealed the nucleolus containing Pol I (red). Overlays of these two images and DAPI-stained DNA (blue) are shown in
color. Arrows indicate the positions of contact of the nucleolus with CEN5 that is close to SPB.
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FIG. 6. Transcription activities of IDNA* arrays at ectopic sites relative to that at the native site in haploid strains carrying an rDNA™* array
in addition to the native rRNA gene array. (A) CHEF analysis of control NOY388, NOY2053 (RDNI, rDNA* array near CENS5), NOY2054
(RDNI, rDNA* array at mid-V-R), and NOY2055 (RDN1, tDNA* array near TEL VI-R) is shown in lanes 1, 2, 3, and 4, respectively. Lane M,
marker yeast chromosomes. Autoradiograms of gels from two independent CHFF analyses are shown, and approximate rDNA* copy numbers are
indicated as in Fig. 2B. (B) Southern analysis of rRNA gene repeat numbers of the nucleolus at ectopic sites relative to that of the native nucleolus
in the four strains in panel A. An autoradiogram and ratios of repeat numbers calculated are shown. (C) Primer extension analysis to compare
the levels of transcription of two rRNA gene arrays in the strains given above. An autoradiogram and the ratios calculated are shown.

ferent chromosomes, it is known that several NORs are often
found within a single morphologically defined nucleolus, a
phenomenon known as nucleolar fusion. In the above-men-
tioned strains which carry rRNA genes on two different chro-
mosomes, a nucleolar fusion appears to be taking place be-
cause we observed a single nucleolus in most of the interphase
cells as examined by IFM using anti-A190 antibodies. Never-
theless, we occasionally observed two apparently separated
nucleoli within a single interphase cell (unpublished observa-
tions). We have not studied the question of whether there is
any difference in the frequencies of occurrence of two nucleoli
relative to single fused nucleoli among the strains carrying two
rRNA gene repeats on different chromosomes relative to con-
trol diploid strains with two RDN/ loci.

DISCUSSION

Functional nucleolus can be formed at ectopic sites. Using a
rdnAA strain carrying a Pol II helper plasmid, we were able to
construct strains carrying a single rDNA* repeat at one of the

three ectopic sites selected, as well as the native site on chro-
mosome XII. Upon introducing a second rDNA* copy adja-
cent to the first one, expansion of the number of rDNA* copies
occurred. Copy numbers comparable to those (100 to 200)
observed in the native nucleolus were attained at these ectopic
sites as in the case of expansion at the native locus on chro-
mosome XII (54).

The transcription activity of a single 35S rRNA gene in
the rdnAA strain background was essentially the same at
three ectopic sites as rRNA transcription of a single copy at the
control native locus. Likewise, the transcription activity of the
35S rRNA genes in expanded rDNA* repeats was also essen-
tially the same at the three ectopic loci as that of expanded
rDNA* repeats at the native site on chromosome XII. In
addition, strains with a nucleolus at ectopic sites showed the
same growth rate as the control strain with a nucleolus at the
native site. Clearly, no cis elements outside the rRNA gene
repeats are required for efficient Pol I transcription of rRNA
genes nor for the ability of rRNA gene units to expand and
form a functional nucleolus. We conclude that a functional
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FIG. 7. Transcription activities of rRNA gene arrays at ectopic sites relative to that at the native site in diploid strains carrying a pair of chromosome
XII with or without the native RDN1 and a pair of another chromosome with or without rDNA* array at an ectopic locus. (A) CHEF analysis of diploid
strains, NOY2039 (RDN1 together with IDNA* array at the native site), NOY2040 (one rDNA™ array near CEN5), NOY2041 (one rDNA* array at mid
V-R), and NOY2042 (one rDNA* array near TEL VI-R) (lanes 2 to 5, respectively) and haploid strains used to construct the diploid strains, NOY396,
NOY388, NOY2030, NOY2031, NOY2032, and NOY2029 (lanes 1a, 1, 6, 7, 8, and 9, respectively). An autoradiogram after probing with radioactive
rRNA gene probe is shown. Chromosome XII carrying an rDNA* array in NOY2029 (lane 9) and that in diploid NOY2056 (lane 2) are marked by giving
approximate copy numbers below the chromosome bands to indicate a significant alteration in copy numbers upon construction of the diploid strain. (The
copy number of IDNA* in such diploid varied depending on the diploid clones analyzed and ranged from ~35 to ~98. In diploid cells formed from two
haploids, one with high and one with low rDNA repeat numbers at RDNI, by CHEF analysis, the size of chromosome XII derived from the latter is
observed to be more homogeneous, i.e., IDNA repeat expansion and contraction appears to be inhibited. A similar phenomenon was previously observed,
and a possible explanation was presented [39].) (B) Southern analysis of relative rRNA gene repeat numbers. (C) Primer extension analysis of relative

transcription levels. In panels B and C, the diploid strains given in panel A (lanes 2 to 5) and haploid control strain NOY388 (lane 1) were analyzed, and
the ratios of the value for IDNA* to that for RDNI in respective diploid strains are shown.

nucleolus can be formed at ectopic sites in the absence of
the native nucleolus. In addition, there are no significant
position effects on nucleolar functions related to rRNA
transcription and ribosome production or other functions
required for optimal cell growth under the standard labora-
tory conditions used.

The nucleolus formed near TEL VI-R or at the mid V-R was
crescent-shaped and localized at the nuclear periphery oppo-
site to the SPB in interphase nuclei, as was the nucleolus in
control strains. However, the nucleolus formed at the site near
CENS appeared to show a crescent-shaped structure at the

present at such a position might give some negative effects on
functions of the nearby CEN5; for example, faithful segrega-
tion of chromosome V might be affected. More specific exper-
iments have to be carried out to examine such possible effects
and thereby assess the significance of the location of the nu-
cleolus opposite to the SPB in normal cells.

Codominance of two NORs, one native and the other ec-
topic, in Pol I transcription of rRNA genes. As described in the
introduction, one of the goals of the present studies was to
construct, if possible, yeast strains carrying both active and
inactive NORs in order to study mechanisms for the “differ-

nuclear periphery starting from a position close to the SPB and
spreading away from it at the nuclear periphery. The position
relative to SPB is thus different from the typical one, but the
main portion of the nucleolus appears to be formed at a region
away from the SPB. As noted above, Pol I transcription is not
affected by the centromere present very close to the end of this
ectopic nucleolus. However, it is possible that the nucleolus

ential silencing” of NORs (or “nucleolar dominance”) ob-
served in many organisms such as human cells (43). Our results
have demonstrated that the 35S rRNA genes in an array near
or at CENS5, TEL VI-R, or mid V-R have an equal efficiency to
be transcribed relative to those in the native array both in the
haploid and in the diploid strains analyzed. No significant
position effect was observed in Pol I transcription of rRNA
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genes in ectopic relative to native loci, that is, the native and
the ectopic NORs were codominant in these strains.

Transcription activity of a single rRNA gene. Using rdnAA
strains carrying a single rRNA gene at ectopic sites or at the
native site on chromosome XII, we found no position effects on
rRNA synthesis rate as measured by primer extension analysis
of unstable 35S pre-rRNA. The value obtained was ~3.4% *
1.2% of the rRNA synthesis rate (per cell density) of the
control strain carrying ~200 rDNA copies. Because of the
presence of excess Pol I machinery spread through the nucleo-
plasm in rdnAA strains (38), this value may represent the max-
imum activity that could be obtained for transcription of a
single 35S rRNA gene. Consequently, one can calculate that
~30 copies of rRNA genes would be sufficient for attaining the
rRNA synthesis rate in the control strain growing at a maxi-
mum rate in a rich medium such as YEPD. This estimate is
roughly consistent with our previous observations that strains
with ~40 rDNA copies (stabilized in the fobl background)
showed the same growth rate and rRNA synthesis rate as a
control strain with ~140 rDNA copies (12). However, strains
with ~25 copies showed a slightly reduced growth rate relative
to a control strain with ~190 copies (7; unpublished observa-
tions). The reason for the presence of ca. 150 to 200 copies in
most wild-type yeast strains has not been clearly established. In
addition to the function of ribosome synthesis, the nucleolus is
known to play roles in other important cellular activities (for a
review, see reference 40), such as the regulation of mitotic exit
(46, 52). Thus, it is possible that excess rRNA gene copies
might be required under some special conditions not investi-
gated thus far. The question may deserve future studies.

In eukaryotes, rRNA genes exist in tandemly repeated struc-
tures. Because of this unique structure combined with the
observations of transcription of intergenic regions by read-
through Pol I molecules in some organisms (9, 31) and muta-
tional analyses using reporter systems, it was previously sug-
gested that tandemly repeated structures might play an
important role in efficient transcription of rRNA genes. It
was proposed that the initiation of transcription is coupled
with termination events coming from the transcription of
upstream genes (or transcription from spacer promoters)
(called “readthrough enhancement” or “polymerase hand-
over” model [see reviews in references 1, 36, and 42]). Even
though such coupling might exist in vivo, there has not been
any convincing demonstration of the importance of such a
mechanism for the efficiency of transcription of intact rRNA
genes. Using the 40-copy strain, we have shown that a single
rDNA copy at the mid V-R is as active as that within the 40
tandem rDNA repeats at RDNI. This result, together with that
of activity analysis of a single copy versus two copies at CENS,
demonstrates that tandem repetition is not required for achiev-
ing high transcription rates of rRNA genes.

Recruitment of Pol I machinery to a single rDNA* copy at
ectopic sites in the presence of a native nucleolus at RDNI.
The three single ectopic IDNA* copies showed the same Pol I
transcription in rdnAA strains where Pol I machinery is spread
through the nucleoplasm. Therefore, the inefficient transcrip-
tion of a single tDNA* copy at TEL VI-R relative to that
integrated at RDN! (or at mid-V-R or CENY) in the presence
of the ~40 copies of rDNA repeats at RDNI was somewhat
unexpected. The observed differences in expression must be
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due to differences in the efficiency of the recruitment of Pol I
machinery to the ectopic rRNA* when Pol I machinery is
mostly or entirely sequestered in the native nucleolus formed
at RDNI on chromosome XII.

We originally thought that the movement of a single I DNA*
copy near CENS5 is constrained in a region near the SPB. Since
the SPB is localized at a nuclear position opposite to the native
nucleolus (4, 22, 56), transcription of a single IDNA* at CENS
by recruitment of the Pol I machinery from the nucleolus might
be difficult. In contrast, the chromosome VI-R telomere is
much closer to the nucleolus and is considerably mobile, even
though there is some constraint in its movement (4). Telo-
meres, as well as the nucleolus, are present preferentially at the
nuclear periphery, so recruitment of the Pol I machinery from
the nucleolus could be easier for IDNA* at TEL VI-R. Thus,
the observed difference in Pol I transcription between the two
ectopic rDNA* copies, one near CEN5 and the other near
TEL VI-R, cannot be explained by their nuclear positions rel-
ative to the nucleolus in interphase cells.

Although transcriptionally active rRNA genes and telomere
chromatins share common features in that Sir2 protein is an
associated protein and both regions silence transcription of
reporter Pol II genes (reviewed in reference 44), they clearly
have some very different features. For example, it is well
known that Sir3 and Sir4 are associated with telomeres and are
required for silencing at telomeres, whereas they are not asso-
ciated with rRNA genes and are not required for silencing of
reporter genes in RDN1 (44). Such telomere-specific chroma-
tin structures might inhibit the recruitment of Pol I machinery
from the native nucleolus, for example, perhaps by the spread-
ing of these structures into the nearby rDNA* region. Never-
theless, once the rDNA* is expanded in copy number at this
locus near TEL VI-R, the resultant nucleolus is as active as the
native one, apparently recruiting and retaining the Pol I ma-
chinery at this ectopic site. After repeat expansion most of the
repeats may escape the negative effect of the telomere on
recruitment of Pol I machinery seen for a single copy rDNA*,
possibly because distances from the telomere are increased for
a majority of the rDNA™* repeats or the telomere-proximal
repeat acts as an insulator.

In contrast to the single rDNA* at TEL VI-R, the single
rDNA* at CENS5 is transcribed fairly efficiently by Pol I, even
though it is physically well separated from the nucleolus in
interphase. Two possibilities can be considered. One is that not
all of the Pol I machinery is sequestered in the nucleolus and
that Pol I recruitment to the CENS5 locus is possible without
direct contact with the nucleolus. Several observations make
this model unattractive. The concentrations of the Pol I ma-
chinery in the nucleoplasm outside the nucleolus are signifi-
cantly lower than that in the nucleolus as judged by IFM (see,
for example, Fig. 5 and reference 38). In addition, the equal
efficiency of Pol I recruitment to a single IDNA* at the CEN5
and TEL VI-R sites in rdnAA strains suggests that when cells
have an intact nucleolus the concentration of the Pol I ma-
chinery outside the nucleolus may be significantly lower (see,
for example, reference 38). Finally, a weak but perhaps signif-
icant orientation dependence in rDNA™* expression seen for
this CENS site, as well as for mid-V and TEL VI-R sites, might
be difficult to explain by this model. Another possibility is that
centromeres have a close contact with the nucleolus during
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mitosis when the centromeres of a set of newly duplicated
chromosomes, together with one of the duplicated SPBs, mi-
grates back toward the nucleolus in the mother cells and
reaches a position opposite the other SPB (4). According to
this hypothesis, the Pol I machinery recruited to the ectopic
rDNA* at CENS5 during mitosis is postulated to remain asso-
ciated with this single IDNA* copy. A mininucleolus is formed,
and rRNA transcription occurs throughout the subsequent in-
terphase and in the absence of a significant physical contact
with the native nucleolus.

Role of E element in Pol I transcription of rRNA genes at
ectopic sites. In the present study, we have found that when we
integrated a single rRNA gene copy at the CENS site, Pol 1
transcription was not affected by deletion of the E element and
was also FOBI independent. The typical E/P (HOT1) inte-
grated at the same ectopic site showed Pol I transcription to be
dependent on FOBI and the presence of the E element (our
unpublished experiments). It may be interesting to identify cis
elements within rRNA gene responsible for the difference be-
tween the E/P system and the intact rRNA gene unit in this
respect.

In summary, we have successfully constructed several yeast
strains in which a single rRNA gene copy is integrated at a
defined ectopic site and its function in rRNA transcription, as
well as its repeat expansion at such a site, can be studied. This
system now allows us to study the effects of various mutations
on the formation of the nucleolus, as well as on transcription or
other nucleolar functions at ectopic and endogenous chromo-
somal sites. In addition to some of the questions discussed
above, there are other unsolved questions related to nucleolar
functions such as silencing of Pol II reporter genes and bound-
ary elements or factors that determine conversion between
active (or open) and inactive (or closed) states of rRNA genes.
Various yeast strains and the strategy for rRNA gene integra-
tion at ectopic sites described in the present study may be
useful for studies of these questions.
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