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ABSTRACT
Most of the ribosomal R-NA genes of the yeast Saccharomyces cerevisiae are

about 9 kilobases (kb) in size and encode both the 35S rRNA (processed to produce the
25S, 18S, and 5.8S species) and 5S rRNA. These genes are arranged in a single tandem
array of 100 repeats. Below, we present evidence that at the centromere-distal end of
this array is a tandem arrangement of a different type of rRNA gene. Each of these
repeats is 3.6 kb in length and encodes a single 5S rRNA. The coding sequence of this
gene is different from that of the "normal" 5S gene in three positions located at the 3'
end of the gene.

INTRODUCTION
In most eukaryotes, the genes encoding the large ribosomal RNA's are organized

in clusters that are separated from the genes encoding the 5S rRNA's (summarized in
ref. 1). In the yeast Saccharomyces cerevisiae and the slime mold Dictyostelium,
however, the coding sequences for the 5S genes alternate with those encoding the larger
rRNA's. The yeast rR'NA gene repeat is about 9 kb in size and has a relatively small
amount of non-transcribed spacer (about 2 kb). The repeat has been mapped with
restriction enzymes and the position and orientation of the rRNA transcripts within the
repeat has been determined (2-6). Most lab strains of yeast have rRNA genes that
contain seven EcoRI fragments, labeled A through G in order of size (Figure la).

There are about 100 rRNA genes per haploid yeast genome (7). Most (and possibly
all) of these genes are located in a single tandem array on yeast chromosome XII (8). In
an effort to identify and characterize the junctions between the rRNA gene cluster and
other chromosomal sequences in the yeast strain A364a, we analyzed a large collection
of recombinant plasmids, looking for EcoRI restriction fragments composed partly of

rRNA gene sequences and partly of non-ribosomal RNA gene sequences (9). One of the
plasmids isolated in this study, pYIrG 1, contained two EcoRI fragments characteristic
of the 9 kb repeat (fragments C and G) as well as a novel EcoRI fragment J2 that
represented a fusion of rDNA fragment B with other chromosomal sequences. The
structure of this plasmid and data obtained from Southern analyses of genomic DNA

© IRL Press Limited, Oxford, England. 8001



Nucleic Acids Research

a. - centromere

G B EF A D C G B EF A D C G J2
.. r ... . . r .. . .

b.
EMI I

J2
(PTIrSI

I I I II I I

5S 25S 5.8S 18S 5S 25S 5.8S 18S 5S

FH
1 kb

R Sm Ha Ha U HpH R
Ll

5S

R Sm Ha Ha P U Ha V R
I I I

1) t 5
5S

1OObp

Figure 1. Restriction maps of the centromere-distal junction between the yeast
ribosomal RNA genes and other chromosomal sequences. (a) EcoRI restriction map of
two rRNA genes (EcoRlT fragments B, E, F, A, D, e and G) and the junction EcoRI
fragment (32). The position of the EcoRI sites are indicated by vertical lines; brackets
delimit the 9 kb repeat unit. The positions of the transcripts relative to the EcoRI sites
are based on the results of Philippsen et al. (6) and the position of J2 relative to the
EcoRl fragments is described in reference 9. (b) Detailed restriction maps of the EcoRI
B fragment of the rRNA gene and the EcoRI J2 junction fragment (based on data in ref.
9). The code for the restriction sites is: H (Hindlll), Ha (HaeIII), P (PstI), R (EcoRI), Hp
(HpaII), Sm (SmaI), U (PvuII), and V (PvuI).

allowed construction of the EcoRI restriction map of the centromere-distal junction
shown in Figure la (9).

Since the J2 fragment from pYllrGl appeared to contain the junction between

rDNA and other chromosomal sequences, a detailed restriction map of this fragment
was made (9). As indicated in Figure lb, a PstI restriction site divides the J2 fragment
into two equal-sized segments. Restriction sites to the left of the PstI site are

conserved between J2 and EcoRI B. Sites to the right of the PstI site are not conserved

between the two fragments. In addition, sub-fragments prepared from the J2 fragment

to the right of the PstI site fail to hybridize to any yeast rDNA fragment (9). Since J2
hybridized to 5S rRNA, we suggested that the junction between the rDNA and other

chromosomal sequences occurred near the 3' end of the 5S gene.
In addition to the plasmid pYlrG 1 , we previously described a recombinant

bacteriophage AZI that contained junction-related sequences (9). The AZ1 phage

contained four EcoRI restriction fragments of yeast TONA. One of these fragments was

approximately the same size as J2 from pYlrGl and hybridized strongly to J2 from

pYlrGlI. We suggested that this fragment was J2 cloned in a different chromosomal
context and that the other EcoRI restriction fragments O( 2, L2, and M2) were located
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centramere-distal to J2. We show below that although J2 from pYllrGl contains
regions of homology with J2 from AXZI, these EcoRI fragments are not identical.
Henceforth, we will refer to the J2 fragment of AZI as "1J2*". In addition, our
realization of the difference between J2 and J2* has led to a different map of the
junction between the rRNA genes and other chromosomal sequence from that described
previously (9). Below, we show that J2 represents the beginning of a cluster of four 3.6
kb repeats, each of which contains a single 5S rRNA gene. The 5S rRNA gene in the 3.6
kb repeats has three base pair changes relative to the "normal" 5S genes. Variant yeast
5S rRNA genes with the same three substitutions have also been observed in
experiments done independently by Piper et al. (10).

MATERIALS AND METHODS

Yeast and Bacterial Strains
Two haploid yeast strains were used in these studies, A364a (a adel ural lys2 tyrl

his7 ade2 gall) and 2262 (a leu2 his5 lysIl adel ural gall). The diploid strain +D4 was

constructed by mating A364a to 2262. The E. coli host for the recombinant plasmids
was HBIOI (11). The E. coli host for the recombinant bacteriophage library was LE392
(12).
Recombinant Plasmid and Bacteriophage Banks

Three different clone banks were used in these studies. One recombinant plasmid
bank was constructed by inserting shear fragments of DNA from the yeast strain +D4

into the EcoRI site of pMB9 (13). The second plasmid bank was made by inserting
HindIII-Sall fragments of DNA from the yeast strain A364a into a pBR322 vector
treated with HindlIl and Sall. The ligated DNA molecules were then transformed into
the E coli strain HBIOI. The recombinant bacteriophage bank (obtained from J.
Woolford, Carnegie Mellon University) was constructed by inserting partial EcoRI
fragments of A364a DNA into a XCharon 4A vector.
Isolation and Sub-cloning of Yeast DNA Fragments Derived from the Junction of the
rRNA Gene Tandem Array.

The isolation of recombinant plasmids XZ1 and pY lrG 11 has been described
previously (9). The bacteriophage XZ1 contains an EcoRI restriction fragment, J2*, of
2.65 kb that has a single PstI restriction site. We sub-cloned the two PstI-EcoRI
fragments derived from J2* into the PstI-EcoRI site of pBR322. These plasmids were
called "pMMl1" and "pM M2." As described below, the pMM I plasmid contains sequences
that are unique to the junction of the rRNA genes with other chromosomal sequences.

The recombinant bacteriophage X DS16-14 was identified as a plaque that
hybridized (14) to 32P-labeled pMMI DNA. The recombinant plasmids pTPI-4 and pTP
12-32 were identified in the HindlIl-Sall plasmid bank by detecting bacterial colonies
that hybridized (15) to 32P-labeled pMM I DNA.
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Figure 2. Comparison of the electrophoretic mobilities of E-coRI fragments 32 (derived
from the plasmid pYlrGI 1) and J2* (derived from the bacteriophage XZI). (a) Gel
electrophoresis of EcoRI digests of genomic DNA (A364a), AZI and pYirGi 1. The
bands appearing in the lane containing genomic DNA represent ribosomal DNA
fragments A through E (in descending order of size). The 32 fragment is the second
largest band in the lane containing pY lrGl11 DNA and J2* is the fourth largest band in
the lane containing XZI TDNA. (b) Southern analysis of EcoRI-treated genomic DNA,
XZI and pYIrGI 1. After electrophoresis, the DNA fragments were transferred to
nitrocellulose (17) and hybridized to 32P-Iabeled pMl DNA; the pMMI plasmid
contains sequences homologous to both 32 and 32*.

Isolation and Southern Analysis of DNA

Plasmid and bacteriophage DNA were isolated by standard techniques (16). Yeast

DNA was purified using CsCI gradients containing the fluorescent dye Hoechst 33258

(5).
For Southern analysis, the yeast DNA was treated with restriction enzymes

(purchased from New England Biolabs and used with the buffers recommended by the

manufacturers) and the resulting fragments separated by agarose gel electrophoresis.
The concentration of agarose was varied in different experiments between 0.6% and
1%. Southern transfer procedures were standard (17). The hybridization conditions
have been described previously (9).
DNA Labeling and Sequencing

The plasmid DNA molecules that were used as hybridization probes were labeled
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Figure 3. Restriction maps of junctional sequences. (a) Restriction map of the yeast
DNA insert of XZI. Letters KZ2-M2 above the map indicate EcoRI fragments. (b).
Detailed restriction maps of EcoRI fragments J2 and J2*. The code for restriction
sites is the same as that in Figure 1 with the following additions: A (AvaII), B (BgII), E
(BstEII), M (MspI), S (Sall), T (TaqI) and X (XhoI). There is one additional PstI site in M2
that has not been mapped.

by nick translation (18). For sequencing, the DNA fragments were labeled either at the

5' ends by using T4 polynucleotide kinase or at the 3' ends by using DNA polymerase
(19). Methods for strand separation, chemical modification of the DNA and gel

electrophoresis of the modified molecules were those described by Maxam and Gilbert

(19).

RESULTS
Evidence that J2 of pYlrGil is not identical to J2* of XZ1.

Three arguments indicate that J2 and J* are not identical. First, there is a slight
but reproducible difference in the electrophoretic mobility of these fragments in

agarose gels (Figure 2). The estimated size of J2 is 2.75 kb versus 2.65 kb for J2*.
Second, a more detailed restriction map of XZI (Figure 3) indicated that XZI had five

EcoRI fragments of yeast DNA, J2*; two copies of K2, and one copy of L2 and M2.
Since J2* is flanked by K 2 fragments (Figure 3) and J2 in pY lrG 11 is flanked on one

side by the rDNA EcoRI G fragment, J2 and J2* cannot represent the same fragment.
Third, from the maps shown in Figures 1 and 3, it is clear that J2 and J2* do not have
identical restriction sites.

To ensure that the observed differences between J2 and J2* were not cloning

artifacts, we did two more types of experiments. First, we sub-cloned the J2*
sequences as Pstl-EcoRI fragments in pBR322. The plasmid with the larger PstI-EcoRI
fragment (1.4 kb) of J2* was called pMMvll; the plasmid with the smaller fragment (1.25
kb) was called pMM2. The pMMI plasmid hybridized strongly to J2 from pYlrGl1 but
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separated on a 0.8% agarose gel. The fragments were
transferred to nitrocellulose (17) and hybridized to
32P-labeled pMMI T)NA. Fragment sizes were
determined by using EcoRI fragments of yeast ribosomal
DNA as size standards (6).
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pMM2 did not (data not shown). When pMMI is used as a hybridization probe to EcoRI-

digested genomic DNA from the yeast strain A364a, two bands of hybridization are

detected, one at the position of 32 and one at the position of 32* (Figures 2 and 4). The

fragment at the position of J2* is cut by BglIII as expected from the restriction map of

J2* (Figure 3). By densitometer tracings of the bands in Figure 4, we determined that

hybridization at the J2* position was three times stronger than that observed for 32.

This result suggests that either the homology between pMM I and J2* is considerably
better than that between pM.M I and 32 or that there are three times more copies of J2*
than 32.

We also demonstrated that 32 and 32* were not likely to be cloning artifacts by
re-isolating both types of sequences from a newly constructed recombinant plasmid
collection made from A364a DNA. As described in detail in Materials and Methods, we

treated A364a DNA with enzymes HindlIl and Sall and inserted these fragments into

HindIll-Sall treated pBR322. Of approximately 500 transformants examined, nine

hybridized to the 32* sequences inserted in pMM I. Of these nine plasmids, seven had

EcoRI fragments of the size of 32* and two (pTPI-4 and pTP12-32) had fragments the

size of 32. DNA sequencing experiments which will be described below showed that the

insert in pTPl1-4 was identical to 32 in pYilrGII.

Arrangement of 32 and 32* in the genome.
We re-examined the recombinant X bank containing A364a DNA, looking for

additional phage that hybridized to pMMI1. In addition to XZI-like phage (containing
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Figure 5. Restriction map of the yeast DNA insert in phage ADS 16-14. The code for
restriction sites is the same as that described in Figures 1 and 3.

EcoRI fragments J2*, K 2, L2, and M2), we found a recombinant phage ( XDS16-14) that

had only J2* and K 2 EcoRI fragments. Since the Charen 4A vector requires an insert of

greater than 7 kb to produce a viable phage and since J2* and K 2 represent only 3.6 kb

of DNA, we expected that ADSI6-14 contained more than one copy of J2* and K2.

Densitometer tracing of the bands representing J2*, K 2 and the X "arms" showed that

X )SI6- 14 had three copies of both J2* and K 2. The restriction map of AXDS16-14 is

shown in Figure 5.

A composite restriction map of the EcoRI fragments at the centromere-distal

junction of the rRNA gene cluster of A364a is shown in Figure 6. The only portion of

the composite that is not formed by overlapping restriction maps derived from

recombinant clones is the K 2 fragment shown as the junction between J2 and J2*.
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Figure 6. Composite restriction map of the centromere-distal junction between the
rRNA genes and other chromosomal sequences. The thick lines represent ribosomal
DNA sequences (black lines show rRNA coding sequences and "open" lines represent
ribosomal DNA spacer sequences). Medium width lines represent the 3.6 kb repeats and
thin lines show the unique chromosomal sequences. The code for restriction sites is
given in Figures 1 and 3.
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Figure 7. Southern analysis of A364a DNA treated with
SmaI, XhoI, SmaI-Xhol, Sall or HindllI. Digested
samples were analyzed by gel electrophoresis,
transferred to nitrocellulose (17) and hybridized to
pNA441 DNA. Sizes of the fragments were
determined as described in Figure 4.

Several arguments indicate the presence of K(2 at this position. First, the sequences in

pYlrG 11 that are centromere-distal to J2 hybridize to K 2. Second, when A364a DNA is
treated with either HindIll, Sall, EcoRI, BglII-EcoRI or XhoI-SmaI and hybridized to

pMM!I (which hybridizes to both J2 and J2*), bands are found at the expected positions
(Figures 4 and 7). In these figures, when there are two bands of hybridization, the dark
band represents hybridization of pMM I to J2* and the light band shows the position of
the single-copy J2 sequences. The correlation between the observed size of the DNA
fragments and the expected sizes based on the composite map of Figure 6 is shown in
Table 1.

It is important to point out that the arrangement of sequences shown in Figure 6

was obtained by analysis of a single yeast strain, A364a. It does not, therefore,
necessarily represent an arrangement that will be found in all S. cerevisiae strains. In
particular, we previously showed that sequences from J2 centromere-distal to the Pst I

site were not present in the yeast strain 2262 (9). In crosses between A364a and 2262,
we found that the J2 sequences segregated 2:2 (two spores have the J2 sequences and
two do not) and that the J2 sequences co-segregated with the rRNA gene cluster

derived from A364a (9). Since the sequences from the centromere-distal portion of J2
also hybridize to J2*, the 2:2 segregation of these sequences indicates that J2 and J2*
fragments are tightly linked in a genetic as well as a physical sense.
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Table 1. C-omparison between the predicted and observed sizes of A364a genomic DNA
fragments that hybridize to the pN4M1 plasmid. The predicted sizes are based on
restriction maps of cloned fragments as summarized in Figure 6. The observed sizes are
based on a Southern analysis of A364a DNA. Since the pMAA I plasmid hybridizes to both
J2 and 32* sequences, for most digests, two bands of hybridization are expected, a
weak band (corresponding to the single-copy J2 sequences) and a strong band
(corresponding to the multi-copy J2* sequences).

Predicted size (kb) Observed size (kb)

Restriction enzyme(s) WVeak band Strong band Weak band Strong band

EcoRI 2.75 2.65 2.75 2.65

BglII 3.04 2.24 3.0 2.1

BglII-EcoRI 2.75 2.13 2.75 2.0

Sal >>900 3.60 >20 3.6

Hind III 4.05 3.60 4.2 3.6

XhoI >900 >900 >20 >20

SmaI >23 >23 >20 >20

XhoI-SmaI 15.7 15.7 15.8 15.8

Thus, at the end of the cluster of 9 kb ribosomal RNA genes, there is a small
cluster of 3.6 kb repeats. We discuss below DNA sequence analysis that indicates each

of these repeats contains a variant 5S rRNA gene. We call the 3.6 kb repeats, the

5SVAR repeats (VAR denoting variant).
Three regions of DNA were sequenced in these studies, the 5S rRNA coding

sequences derived from J2, J2*, and L2. Data for each class of sequence will be
discussed separately below.

Sequence Analysis of 32.

We found that a single 496 bp TaqI fragment derived from J2 hybridized to 32P_
labeled 5S rRNA (data not shown). This fragment was sequenced in both strands (Figure
8). The DNA sequences upstream of the 5S coding sequences in J2 are very similar to

those upstream of the 5S gene in the 9 kb repeat (20). Only 7 differences were detected
in 216 bp. These differences are not likely to be specific to J2 since we have found the

same differences between a 9 kb repeat derived from the yeast strain 2262 and the
strain used by Valenzuela et al. (unpublished data). We also sequenced the DNA from

the region upstream of the 5S gene of the J2 fragment of pTPI-4. This sequence was

identical to that shown in Figure 8.
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ATAAAAATTG TCCTCCACCC ATAACACCTC TCACTCCCAC CTACTGAACA TGTCTGGACC

-20 20

CTGCCCTCAT ATCACCTGCG TTTCCGTTAA ACTATCGGTT GCGGCCATAT CTACCAGAAA

40 60 80

GCACCGTTTC CCGTCCGATC AACTGTAGTT AAGCTGGTAA GAGCCTGACC GAGTAGTGTA

100 120

GTGGGTGACC ATACGCGAAA CTCAGGTGCT GCAGTTG .. .......... ....TTTTTTT
- A-CT TTA TTTCTTTTTT TTTTTTTTTT

140 160 180

TTTTCGCGCA CGAATACATC ACGCAGCCTC GCCTTGACAC TGCTCAAGGG ATAAGGGGAA
TTTTCTAGTT TCTTGGCTTC CTATGCTAAA TCCCATAACT AACCTACCAT TCGATTCAGA

200 220 240

GGAGCTGAGA TAGAACTGAG TTGGAGCGTT GCAGCGGCAC GAGCAGTGAA AAGAGCGAAG
AAAATTCGCA CTATCCAGCT GCACTCTTCT TCTGAAGAGT TAAGCACT-- -

260 280

AGAAGAGAAG CAGATAAAAG ACCAAAGTAG CGATGATACT

Figure 8. Nucleotide sequence of the noncoding strand of a 496 bp TaqI fragment
derived from J2. This fragment includes the 5S rRNA coding sequences as well as
flanking sequences. The top lines in the figure represent J2 sequences; the bottom lines
represent the 5S rRNA coding sequences and flanking sequences from the normal 9 kb
repeat (20). Identity between the sequences is indicated by a continuous thin line,
divergence is indicated by depicting both sequences and a deletion is indicated by a short
thick line. The 5S rRNA coding sequences are enclosed in a box. PBoth strands were
sequenced.

The 5S coding sequences in J2 are the same as those in the 9 kb repeat for the
first 117 bp. Of the last four bp, three are different. These differences produce a PstI
restriction site that is a convenient indication of the 5SVAR gene. Downstream of the
5S coding sequences, there is a tract of 10 rs rather than the usual tract of 22 T's (ref.
20). Beyond the poly T tract, there is no obvious homology between J2 and the 9 kb

repeat. Thus, the breakpoint between the 9 kb repeats and the 3.6 kb 5SVAR repeats is

at the end of the 5S rRNA gene.

Sequence Analysis of 5S Gene in J2*.
In order to sequence the 5S gene in J2*, we analyzed the sequences of the

plasmids pMM I and pMM2. In Figure 9, we show the coding sequences of the 5S gene

8010



Nucleic Acids Research

360 340 -320

GCATATCAGT CGAATGAAGT TCCAATATGC GTTGGCCAAG GAACAGCTAG GCAGCAACTC

300 -280 260

GCGCAGTGGC GTCAAAAAAC TAATAAGTAA ACACCACTGG CTTCCGGAAT ACTATTTCTC

240 -220 -200

TGATCTCTCA TTTTCTGTTG TACAGCAGTG GGACAGTAGA GCCATTGAAA AAACTACAAT

180 160 140

CATATCTTGT ATGCGGCCCG CAAACCAAGA GATTTATCCT TTGAGACATT GTGAGACCCT

-120 100 80

CCGTTCGCAA CCGTGcTCTC TGTTTTCATC ACTATATGCA CGCTCTTTCC AAAGCTC;TG

-60 40 20

CACTTTGCAC GtggCGGAGC CATCGCCCGG CTTCCATATG TACGGCTGCC ACACCTAACT

20 40

ATTTCGGTTG CGGCCATATC TACCAGAAAG CACCGTTTCC CGTCCGATCA ACTGTAGTTA

60 80 100

AGCTGGTAAG AGCCTGACCG AGTAGTGTAG TGGGTGACCA TACGCGAAAC TCAGGTGCTG

120 140 160

TTTTTTCGCG CACGAATACA TCACGCAGCC TCGCCTTGAC ACTGCTCAAG

180 200 220

GGATAAGGGG AAGGAGCTGA GATAGAACTG AGTTGGAGCG TTGCAGCGGC ACGAGCAGTG

240 260 280

AAAAGAGCGA AGAGAAGAGA AGCAGATAAA AGACCAAAGT AGCGATGATA CTTCGATGTT

300 320 340

TGGAGCGATT TTTCCTATGT GAATATTAGA AATCATATGT TTTGTATCAG C.TGAACAGTG

360 380 400

AATGATGTGC TCAATACTCA AATTCATCTT TTTGTTTGCT AAAAATAGCT TAACTGGCAC

420 440 460

ATCATGAAAA GGATGTAGAA ATTATAGAGT ATATTTACTA CTAAGAACTA TATAAAAACA

480 500 520

CAGTGTGATG AAAAGTCACT GATCAGGCTT TAACCACCGT AGACGCCAGA AAAAACAGAC

540

Figure 9. Nucleotide sequence of the
portion of the noncoding strand of J2* that
includes the 5S rRNA gene and flanking
sequences. Most of the 5S gene and
upstream sequences were identified by
sequence analysis of an AvaIl fragment
of the pM4M2 plasmid. The remaining
portion of the 5S gene and the downstream
sequences were obtained by sequence
analysis of an MspI fragment of the
plasmid pM41l. The J2* sequence
(top lines) is compared to the corresponding
region of DNA of XgtE83 (10). Sequence
identities are shown by thin horizontal lines,
deletions are represented by short
horizontal lines and differences are indicated
by showing both sequences. The 5S rRNA
genes are boxed. Both complementary
strands were sequenced; lower case letters
represent remaining sequence ambiguities.

CTAATCTGAT CCaTGCCGT

and about 400 bp upstream and downstream of the coding sequence. The 5S coding
sequences as well as the sequences downstream from the 5S rRNA gene are completely
conserved between J2 and J2* (Figure 8). The upstream sequences, however, show
essentially no homology between J2 and J2*. In addition, the sequences flanking the 5S
rRNA gene of J2* have no homology to those that flank the 5S gene in the 9 kb repeats.

Piper et al. (10) recently isolated recombinant bacteriophage containing insertions

of yeast DNA that hybridized to 5S rRNA but did not have the restriction fragments
typical of the 9 kb repeat. One of these phage (xgtE83) had a restriction fragment
very similar to J2*. The region of XgtE83 containing the 5S gene was sequenced by
Piper et al. If we compare sequences extending from 240 bp upstream of the 5S gene to

500 bp downstream of the gene, only 5 changes are detected between the sequences of
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100 bp
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h. -40 -20
Jr -4----
12 CATCGCCCgG CttCCATATG TgCGGCTGCC ACACCTAACT ATTT GTTG CGGCCATATC

gym -A

20 40 60

12 TACCAGAAAG CACCGTTTCC CGTCCGATCA ACTGTAGTTA AGCTGGTAAG AGCCTGACCG

80 100 120
Jr -G-TG CGCG
12 AGTAGTGTAG TGGGTGACCA TACGCGAAAC TCAGGTGCTG CAATCT TTTT TTTTTTTCCG

pTM

140 160 180
Jr CACGAATACA TCACGCAGCC TCGCCTTGAC ACTGCTCAAG GGATAAGGGG AAGGAG
12 CGCGCAAGCA CGTTACCCGG ACCCCGTCTT AGCACACGCA CACGCACACG CAGCGC

PT

Figure 10. Restriction map and r)NA sequence analysis of the L2 fragment. (a)
Restriction map of L2. The code for the restriction sites is described in Figures 1 and
3. The arrows below the map indicate the region sequenced. (b) Nucleotide sequence of
a portion of the noncoding strand of L2. Both complementary strands were sequenced by
5' and 3' labeling of DNA at the BstEII site. The L2 sequence is compared with the
coresponding regions of J2* and XgtF9 (10). Sequence homologies, differences and
ambiguities are indicated as in Figures 8 and 9.

J2* and those of XgtE83. The 5S coding sequences were identical in J2* and XgtE83.
The small number of sequence differences located outside the coding sequences could
reflect either strain-specific differences (since different yeast strains were used as a
source of DNA for the recombinant clones) or heterogeneity between different J2*
repeats within a strain.

Sequence Analysis of the 5S rRNA Gene of L2.
The L2 EcoRI fragment of AZI hybridized to 5S rRNA but did not contain a PstI

site. It was clear, therefore, that this fragment did not contain a 5S gene identical to

those in J2 and J2*. Sequence analysis of L2 (summarized in Figure 10) indicated that
the 5S coding sequence was identical to that of the 9 kb repeat. The upstream
sequences were very similar to those of J2* (39 of 40 bp were identical, one potential
difference was an ambiguous base in L2). The sequences found downstream of the 5S
gene in L2 had no obvious homology to the downstream sequences of J2, J2* or the 9 kb
repeat.

Piper et al (10) did a sequence analysis of a recombinant bacteriophage ( XgtF9)
that hybridized to yeast 5S rRNA and had an EcoRI restriction fragment similar to L2.
In comparing the sequences extending from 40 bp upstream of the coding sequence to
240 bp downstream of the coding sequence, at most a single difference exists between
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Figure 11. Model for the origin of the 9 kb rRNPA gene tandem array and the 3.6 kb
tandem array. (a) Origin of the 9 kb repeat array. A recombination event between a
polyA tract on an extrachromosomal 9 kb circular repeat and a polyA tract in the
chromosome generates a single integrated rRNA gene. Subsequent integration events
generate the array. In the diagram, the portion of the DNA encoding the 5S gene and
the polyA tract is shown in expanded form (10-fold) as well as to scale. (b) Possible
origin of the 3.6 kb repeat tandem array. A 3.6 kb extrachromosomal circle recombines
with the terminal 9 kb repeat by a homologous exchange between the 5S genes. Multiple
integrations generate the 3.6 kb tandem array. In these diagrams, the thin straight line
represents chromosomal sequences other than ribosomal DNA, the thick black lines
represent rRNA coding sequences and the open lines represent ribosomal DNA spacer
sequences. Poly A tracts are shown by zig-zag lines and the 3.6 kb repeats are cross-
hatched.

the sequences of L2 and XgtF9 (Figure 10); this single difference involves the
ambiguous base at position -24 of the L2 sequence.

DISCUSSION
In most eukaryotes, the 5S rRNA genes are encoded in a tandem array of repeats

that is unlinked to the tandem array of repeats encoding the larger rRNA's (reviewed in
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ref. 1). In contrast, in S. cerevisiae and D. discoideum, most of the 5S rRNA genes are

encoded in the same repeat that encodes the large rRNA's. The results described

above, however, indicate that yeast may actually represent an intermediate in the

evolution of separate clusters for 5S rRNA's and large rRNA's.

In examining the junction between the 9 kb tandem array with the 3.6 kb tandem

array and the junction between the 3.6 kb tandem array and other chromosomal

sequences, we observed that these junctions occur very close to the end of the 5S rRNA

coding sequences. Before discussing mechanisms for the evolution of the clusters that

are consistent with these junctions, we will summarize the important features of the

organization of these DNA sequences: 1) the junction between the 9 kb repeats and the

3.6 kb repeats (represented by the J2 fragment) occurs within the 5S gene; the 5S rRNA

gene at this junction is a 5SVAR gene, 2) the end of the 9 kb repeat tandem array

represents the beginning of an array of four 3.6 kb repeats, 3) all of the 3.6 kb repeats

contain a 5SVAR gene except the last repeat in the array; the last repeat has a 5S

rRNA gene identical to that found in the 9 kb repeats and 4) the breakpoint between the

end of the 3.6 kb repeat tandem array and other chromosomal sequences occurs

immediately after the poly A tract found at the end of the 5S rRNA gene.

This particular arrangement of sequences can be explained as a two step process;

the first creating the 9 kb rRNA gene cluster, the second forming the 3.6 kb gene

cluster (Figure 11). We suggest that the 9 kb gene cluster may have originated as the

result of integrating an extrachromosomal 9 kb rDNA repeat; extrachromosomal

ribosomal RNA genes are fairly common in lower eukaryotes (21). To explain the

position of the junction, we suggest that the integration event involved homologous

recombination between the poly A tract at the end of the 5S gene of the

extrachromosomal 9 kb plasmid and a pre-existing chromosomal poly A tract. After

insertion of the first 9 kb repeat, repeated integrations of other plasmids would expand

the array without changing the original junctions. Unequal recombination between 9 kb

tandem arrays could also lead to expansion.
We suggest that the creation of the 3.6 kb repeat cluster may be the result of a

second similar type of integration (Figure 1 lb). In this case, the extrachromosomal

plasmid is 3.6 kb in size and contains all sequences that are present in J2* and K2,
including the 5SVAR gene. The integration event is a homologous recombination
between the 5SVAR gene on the plasmid and the terminal 5S gene of the 9 kb tandem

array. If this recombination event occurs centromere-proximal to the 5SVAR-specific
changes at the 3' end of the gene, then a variant 5SVAR gene would be the junction
between the 9 kb and 3.6 kb repeats and a normal 5S gene would be the junction
between the 3.6 kb repeats and other chromosomal sequences. Repeated subsequent
integration events of 3.6 kb plasmids would expand the array without changing these
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junctions. Thus, the mechanisms shown in Figure 11 are consistent with the sequence

arrangements summarized in Figure 6. One obvious question concerning the events

described in Figure 11 is the source of the 3.6 kb extrachromosomal repeats. One

possibility is that such plasmids were introduced in the lab strains from non-S.
cerevisiae species during crosses done in the early days of yeast genetics (22). In this

connection, it should be stressed that although the 3.6 kb sequences are found in some
lab strains, such as A364a and X2180-IB (10), these sequences are not present in all lab
strains (9).

There are at least two other mechanisms that could generate the tandem array of
3.6 kb repeats. Childs et al. (23) observed that some eukaryotic genomes contain

solitary dispersed repeats ("orphons") derived from tandemly arranged families of
repeats. They proposed that orphons might arise by a mechanism similar to prokaryotic
transposition events. Since the 3.6 kb repeats are contiguous to the 9 kb repeats, we

believe that it is unlikely that this type of transposition is involved. A second possible

explanation for the origin of the 3.6 kb repeats is that these repeats represent

degenerate forms of the 9 kb repeats. Since it is difficult to understand why the 5S
rRNA coding sequences are well conserved and the non-coding sequences completely

diverged, we do not favor this explanation.
Since some lab strains do not contain the 3.6 kb repeats, these sequences are

unlikely to serve some indispensable function in the yeast cell. It appears, however,
that the 5SVAR genes are expressed. Piper et al. (10) found that about 5% of the 5S
rRNA isolated from vegetative cells of the yeast strains A364a and X2180-IB had the

ribonuclease TI fingerprint expected for 5SVAR rRNA. In addition, Piper et al. (10) and

D. Brow and E. P. Geiduschek (personal communication) have preliminary evidence
indicating that some of the 5SVAR genes can be efficiently transcribed by RNA

polymerase III in vitro. It seems likely that if the 5SVAR genes are transcribed, the
5SVAR RNA is functional since the observed changes at the 3' end should still allow the
formation of a terminal stem (24).
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