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ABSTRACT sigma is a DNA element of about 340 base pairs
(bp) that is repeated many times in the yeast genome. The element
has 8-bp inverted repeats at its ends and is flanked by 5-bp direct
repeats. The 5-bp repeats are different for each sigma and have
no homology with the ends of the sigma sequence. sigma is located
16 or 18 bp from the 5' end of several tRNA genes. Southern anal-
ysis of different yeast strains shows that the pattern of hybridiza-
tion is different even for closely related strains.

Recombinant DNA techniques have revealed the structure of
dispersed repetitive DNA sequences in the genomes ofa variety
of eukaryotes. These sequences are often highly reiterated and
can constitute a significant proportion of the total DNA in an
organism. Several of these repeated DNAs have been cloned
and their structures have been analyzed by hybridization and
by DNA sequence analysis. Southern hybridization has shown
that the position of these sequences in the genome can vary
among individuals of the same species (1). Sequence analysis
has shown that some dispersed repetitive sequences like the
copia element ofDrosophila (2) and the transposable yeast (Ty)
element (3, 4) are capable ofmoving to a different chromosomal
location by a nonhomologous recombination event. Transpo-
sition could explain the proliferation and variable chromosomal
location of dispersed repetitive DNA elements.

In this report we describe sigma, a repetitive DNA element
of yeast. The most unusual aspect of the element is its location
within 16 or 18 base pairs (bp) of the 5' end of several tRNA
genes. The element is found in different locations in closely
related yeast strains and its DNA sequence is highly conserved.

MATERIALS AND METHODS
Plasmid DNA. The clones, pYD2 and pYB12, were identified

in a pMB9 clone bank of yeast tRNA genes from strain Saccha-
romyces cerevisiae +D4 (5) by hybridization to 32P-labeled his-
tidine tRNA (unpublished data). The lysine tRNA clone, pYL17,
is from a pBR313 bank of S. cerevisiae S288C BamHI restriction
fragments (6) and cross-hybridizes with the yeast DNA insert
in pYD2. The plasmids pFD2, pFD12, and pFD17 are the re-
spective Sal I/HindIII (pYD2), EcoRI/EcoRI (pYB12), and
HindIII/EcoRI (pYL17) subclones used for this study (Fig. 1).
The preparation of plasmid DNA and DNA fragments, gel

electrophoresis, restriction mapping, and subcloning were per-
formed as described (3, 7, 8).
DNA Sequence Analysis. DNA sequences were determined

by the method of Maxam and Gilbert (9). The DNA fragments
were labeled at their 3' ends with deoxynucleoside [a- P]tri-
phosphates and avian myeloblastosis virus reverse transcriptase
(10). Fragments labeled at only one end were produced by a
second restriction cleavage or by strand separation. The DNA
was subjected to chemical degradation (11) and the reaction

products were separated on 40- or 80-cm-long, 0.5-mm-thick
gels of 10% or 6% 1:20 bisacrylamide/acrylamide. Autoradi-
ography was with Kodak XR-5 x-ray film at -200C, using an
intensifying screen.

Hybridization Analysis. Total yeast DNA was digested with
the restriction enzyme EcoRI. DNA fragments were separated
on 0.6% agarose gels and transferred to nitrocellulose filter pa-
per (Millipore, HAWP) according to the method of Southern
(12). Filters were hybridized with DNA fragments end labeled
with avian myeloblastosis virus reverse transcriptase and deox-
ynucleoside [a-32P]triphosphate. The conditions of hybridiza-
tion were 0.9 M NaCVO.09 M trisodium citrate, LOX Den-
hardt's solution, 10 mM Tris-HCI (pH 7.4), and 0.1% sodium
dodecyl sulfate at 500C for 18 hr. Filters were washed exten-
sively at 50'C in 0.3 M NaCV/0.03 M trisodium citrate/0. 1%
sodium dodecyl sulfate, dried, and exposed to Kodak XR-5 x-
ray film at -70'C, using an intensifying screen. Colony hy-
bridization was performed as described by Grunstein and Hog-
ness (13), using the hybridization and washing conditions men-
tioned above.

Computer Analysis. DNA sequence data were analyzed with
an Apple II computer system. The programs were written by
Forrest Fuller and modified by Edward Berry. The DNA ho-
mology search and its parameters have been reported (14).

RESULTS
DNA Sequences of sigma Elements. We determined the se-

quences of sigma elements from three different chromosomal
locations (Fig. 1). A comparison ofthe DNA sequences ofthese
sigmas shows that all three are nearly identical in sequence and
size (Fig. 2a). The sigma in pFD2 differs from the sigmas in
pFD12 and pFD17 in only 4 and 8 bp, respectively. One of
these differences is the presence of an additional G'C bp (po-
sition 211) in pFD12 and pFD17 making them 341 bp, 1 bp
longer than pFD2 (340 bp).

Although there are no extensive repeated sequences within
the sigma element, there are a number of short direct and in-
verted repeats (Fig. 2a). The most conspicuous feature is an 8-
bp inverted repeat that is present at the ends of the element.
The DNA sequence is noteworthy only for its high A+T com-
position [65% for sigma as compared with 59% for total nuclear
DNA (15)] and the absence of a large open reading frame (the
longest would encode a peptide of 15 amino acids). There is no
homology between sigma and the adjacent tRNA genes.

Each sigma element is flanked by a direct repeat of5 bp (Fig
2b). These 5-bp repeats are different for each sigma and have
no homology with the ends of the sigma sequence. sigma was
compared with the delta portion of the Ty element, a trans-
posable element of yeast known to make 5-bp repeats when it
inserts into nonhomologous DNA. The deltas are direct repeats
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FIG. 3. Sequence homologies between the ends of copia (17), Ty
(4), spleen necrosis virus (SNV) (19), and sigma. The first 6 and last
7 nucleotides of each element are given. The dots between nucleotides
signify identity at that position.
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FIG. 1. Restriction map of the DNA fragments containing sigma
elements and tRNA genes in plasmids pFD12 (a), pFD2 (b), and pFD17
(c). The sigma elements are represented by hatched boxes and the
tRNA genes and the direction of transcription are shown with black
arrows. The dotted box in plasmid pFD12 (a) represents the position
of a "solo" delta sequence. The asterisk marks the Rsa I site used to
cleave the 3'-labeled Xho I/Xho I fragment to generate the two frag-
ments used as sigma and delta probes in hybridization analysis. A de-
tailed restriction map and sequence analysis strategy willbe presented
elsewhere.

of about 330 bp at the ends of the Ty element. No region of
extensive homology exists between sigma and delta.
We have examined a number of other short, repeated, eu-

karyotic DNA sequences for homology with sigma. No extensive

homology is observed with the "Alu" sequence (16), the direct
repeats flanking copia (17), or the 5S RNA from Xenopus and
yeast (18). There is a similarity between the ends of sigma, co-
pia, chicken spleen necrosis virus (19), and Ty (Fig. 3). Two
regions in sigma share partial sequence homology with the Alu
sequences. One of these regions is interesting because it in-
cludes part ofthe upstream halfofthe RNA polymerase III split
promoter of the Alu sequence (16). That is, the Alu A36 se-
quence, 5'-G-G-C-T-C-A-C-G-C-C-T-G-T-A-A-T-C-C-C-A-G-
A-3', is in the same relative position (+ 15 to +36) as the sigma
sequence, 5'-G-G-C-T-C-G-A----G-T-A-A-T-A-C-C-G-G-A-3'
(+13 to +30).

sigma Elements Are Adjacent to tRNA Genes. Each of the
three sigma sequences is located 16 or 18 bp from the 5' end
of a tRNA gene (Fig. 2b). The sigma elements of clones pFD2
and pFD12 are located next to histidine tRNA genes and the
sigma element of clone pFD17 is next to a-lysine tRNA gene.
The histidine tRNA genes in pFD2 and pFD12 have identical
sequences (unpublished data), but the sigma elements are in
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FIG. 2. Nucleotide sequence of the sigma element and flanking regions. The sigma sequence is written only once (a), as it exists in plasmid
pFD2. Only one strand of the sequence is shown. Where the nucleotide sequences of the three sigmas differ, the base changes are placed below
(pFD17) or above (pFD12) the pFD2 sequence. The 8-bp inverted repeat at the ends of sigma is written in larger letters. Repeats within the element
are designated by arrows. (b) Flanking regions in the three different locations in which sigma was found. The larger type indicates the 5-bp du-
plication in the adjoining chromosomal DNA. The location of the tRNA genes found close to the sigma sequences is shown with black arrows.
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ACGAATTCGTTCCTATGGCTTTACAGTCCCCAAGCTCGGGGGATACTCCTCAAGAAATGAAAAAACGTGCAAAATGTTTATACGT
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FIG. 4. DNA sequence of the yeast tRNAP' gene (pFD17) and the previously described RNA sequence oftRNA" (20) (top row above the DNA
sequence with the anticodon underlined). The terminal C-C-A of the tRNA is not encoded by the DNA. A 23-bp intervening sequence between po-
sitions 39 and 61 is marked by a line. The larger type in the DNA sequence shows the end of the sigma element found in the vicinity of the
tRNALY2 gene.

inverted orientation with respect to the histidine tRNA gene.
The DNA sequence of the lysine tRNA gene in -clone pFD17
is complementary to the tRNAIYS sequence (20), except for a
23-bp region that is present only in the DNA sequence (+39
to +61, see Fig. 4). The 23-bp intervening sequence occurs 3'
to the anticodon of the lysine tRNA at a position similar to that
found in other tRNA genes known to contain intervening se-
quences (21, 22).
The sigma element is not adjacent to all the genes coding for

tRNAHiS in yeast. We have identified five other independent
clones containing histidine tRNA genes on unique restriction
fragments (unpublished data). When plasmids containing each
of these are probed in Southern hybridization with a DNA frag-
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ment containing sigma, none gives a positive signal. The DNA
sequence ofone of these clones contains ahistidine tRNA gene
identical in sequence to that found in pFD2 and pFD12. How-
ever, no sigma sequences are present in the 5' or 3' regions
flanking this histidine tRNA gene.
A search for sigma in the published DNA sequences ofother

yeast tRNA genes reveals that sigma is adjacent to a number of
these genes (Fig. 5). sigma is located 16 bp from the 5' end of
the genes encoding serine (23), glutamate (24), and leucine
tRNA (25). The sigma adjacent to the glutamate tRNA gene is
truncated and contains many base pair differences from the in-
tact sigmas (13 changes in 72 bp). The published sequence data
for the serine and leucine genes do not extend far enough in the
region 5' to the tRNA to include an entire sigma element. sigma
is not found adjacent to certain genes for proline (26), glutamate
(27), or serine (23) tRNAs.

sigma Is a Dispersed Repetitive Element. Southern analysis
of six different yeast strains suggests that sigma sequences are
present in a number of different chromosomal locations. Total
genomic DNA from each of these strains was hybridized to a
'P-labeled sigma probe (the Xho I/lRsa I fragment in Fig. 1).
All six yeast strains contain multiple fragments that hybridize
to sigma (Fig. 6, lanes a-f ). Although this hybridization suggests
that sigma is located at different positions in these strains, we
can not rule out restriction site polymorphism as an explanation
of the differences in hybridization patterns. The pattern of hy-
bridization with sigma is clearly different from that obtained
when the delta element is used as a probe (Fig. 6, lanes g-l).
This hybridization analysis suggests that laboratory strains have
at least 20-25 copies ofsigma per haploid genome. To estimate
the proportion of tRNA genes associated with sigmas, we
screened a clone bank of yeast tRNAs (5) with the Xho I/
Rsa I fragment, which contains sigma sequences (Fig. 1). Of
the 225 clones examined, 15 contain sigma. This tRNA clone
bank is not complete. Southern analysis ofyeast genomic DNA,
using purified 32P-labeled tRNAHis as a probe, identifies seven
yeast -fragments containing histidine tRNA genes, but only
four of these fragments -are represented in the tRNA bank (un-
published data). So there could be additional tRNA genes
with an associated sigma. Moreover, we have no information
on whether there are sigmas without associated tRNA genes.

FIG. 5. Schematic representation of the position and orientation
of the sigma element with respect to the adjacent tRNA genes. Data
concerning pPM15, pY20, and pYLT20 are from refs. 23, 24, and 25,
respectively. The published sequence data for pPM15 and pYLT20 in-
clude only 24 and 84 bases of sigma 5' to the tRNA gene. The sigma
sequence in pY20 is truncated and contains only 72 bp. The box rep-
resents the sigma element and the dark arrow represents the tRNA
gene. The small vertical arrow shows the position of the Xho I site
within the element.

.I)ISCUSSION
sigma has a number of features in common with transposable
elements of both prokaryotes and eukaryotes. The transposable
elements studied so far have repeated sequences at their ends
and generate direct repeats of target sequences in the process
oftransposition (2, 3, 4, 17, 28). sigma has 8-bp inverted repeats
at its ends and is flanked by 5-bp direct repeats. In addition,
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FIG. 6. Southern hybridization analysis of six different yeast strains, using sigma (lanes a-f) or delta (lanes g-l) as a probe. Chromosomal DNA,
prepared from six interbreeding yeast strains as describedby Roeder and Fink (8), was cleaved in each case withEcoRI. The sigma and delta sequence
probes used were the Xho IlRsa I fragments of plasmid pFD12 (see Fig. 1) labeled at the 3' end of the Xho I sites with [a-32P]dCTP and reverse
transcriptase. Fragments were separated in a 6% polyacrylamide gel, eluted, and used as a probe. Shown are the patterns of S. cerevisiae S288C
(a, g), S. norbensis (b, h), S. cerevisiae E1278b (c, i) (J. M. Wiame), S. cerevisiae F114 (dj) (Fleischmann's), S. carlbergensis JHill (e, k), and S. cere-

visiae D585-11C (f, 1).

closely related strains appear to have sigmas located at different
positions in the genome. Despite these similarities to trans-
posable elements there is, as yet, no direct evidence for trans-
position of sigma.

The sigma could- represent a portion of a larger transposable
element that is present at one of the three sites whose sequences
we have determined. However, because there is no homology
in the 5' and'3' regions flanking these sigmas, no element larger
than sigma can be repeated at all three sites. A model consistent
with our data is a large transposable element flanked by sigma
elements transposed into each of these regions, making a 5-bp
repeat at the junction between each sigma and the target DNA.
Recombination between the sigmas excised the main portion
of the element and left a solo sigma flanked by 5-bp repeats.
This recombination event would be similar to delta-delta re-

combination, which has been observed to occur for several Ty
elements (3, 4).
The most striking feature of sigma is its location 16 to 18 bp

upstream from the 5' end oftRNA genes. The close association
between sigma and the tRNA gene could be explained by sev-

eral models for the mechanism ofsigma transposition. The pres-
ence ofsigma adjacent to tRNA genes may reflect its preference
in the process of transposition for some structural feature ofthe
tRNA gene. The available data suggest that sigma has no pref-
erence for particular tRNAs (identical histidine tRNA genes may
or may not have an adjacent sigma) or for tRNA genes with in-
tervening sequences (the leucine and lysine tRNA genes have
intervening sequences but the histidine, serine, and glutamate
tRNA genes do not). Alternatively, the tRNA gene could-be part
of the transposition unit. Transposition of tRNA genes could

account for the presence of multiple copies of identical tRNA
genes in yeast. One argument against this model is that identical
histidine tRNA genes have different DNA sequences in the 18-
bp region between the sigma and the tRNA gene.

The proximity of sigma to the site of initiation oftRNA tran-
scription suggests the obvious possibility that sigma confers
some special transcriptional properties on the adjacent tRNA
gene. However, sigma cannot be required for the transcription
of all tRNA genes because the majority of tRNA genes do not
contain sigma sequences.

sigma could be part ofa common regulatory control involving
tRNA genes. tRNAs have been implicated in the general control
of amino acid biosynthesis in yeast (29). The manifestation of
general control is derepression of several amino acid biosyn-
thetic pathways in response to starvation for any one of a num-
ber of amino acids (30). sigma could provide a common regu-
latory region in front of a subset oftRNA genes involved in the
general control. Further experiments on the in vivo and'in vitro
behavior of'cloned sigma sequences should help to elucidate
any genetic and regulatory phenomena associated with these
elements.
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