gions of cosmids was finished for only one clone),
and all ambiguities in the sequence were resolved
before the sequence of a clone was considered fin-
ished. The finished sequences were compared with
the public sequence databases for protein and nu-
cleic acid homologies [SWISSPROT (release 28.0),
PIR (release 40.0), and GENPEPT (release 82.0)],
with BLASTX (for protein similarities) and BLASTN
(for nucleotide similarities) (78) and searched for
tRNAs with TRNASCAN [G. Fichant and C. Burks, J.
Mol. Biol. 220, 659 (1991)]. The sequence of each
cosmid was also compared to the yeast sequences
in GenBank, and discrepancies were examined in
our sequence and corrected when possible (howev-
er, we judged that very few of these differences were
due to mistakes in our sequence). The finished se-
quences were assembled and interactively annotat-
ed with AScDB, a version of the Caenorhabditis el-
egans database program ACeDB (R. Durbin and J.-
T. Mieg, unpublished results) modified (by E. Son-
hammer and R. Durbin and L. Hillier) for use with
yeast data. At this point, any potential frameshift er-
rors were recognized, and the appropriate regions
were resequenced to resolve the problems. Portions
of the chromosome (usually individual cosmids) were
submitted to GenBank, as shown in Fig. 1 (entry
names and accession numbers are also listed in Ta-
ble 1). Only a small number of overlapping bases
were included in each database entry to facilitate
joining of the sequences or to keep a gene intact. In
addition, the entire (nonoverlapping) 562,638 bp of
DNA that comprise chromosome Vil are available via
anonymous file transfer protocol (ftp) (genome-ftp-
.stanford.edu in the directory: /pub/yeast/ge-
nome_seag/chrVIIl; nchi.nim.nih.gov in the directory:
/repository/yeast/CHVIIl). All ORFs containing at
least 100 codons (including the ATG and translation
termination codons) were identified. This analysis
was done in batch with two scripts (ASCPREP1 and
ASCPREP2; L. Hillier, unpublished results) that pre-
pare the sequence and the database search results
for entry into AScDB, which was used interactively to
annotate the sequence. Genes were chosen with the
help of the GENEFINDER program (P. Green and L.
Hillier, unpublished results) modified (by L. Hillier, E.
Sonhammer, and R. Durbin) for use with S. cerevi-
siae. All genes larger than 100 codons were anno-
tated, except in the case of overlapping genes,
where the longest gene or the gene that had homol-
ogy to another gene was chosen. The first ATG
codon in an ORF was always chosen as the begin-
ning of the gene. Splice sites were used as necessary
and when possible to construct a gene; a TACTAAC
box 5 to 134 bases upstream of the 3’ splice site [B.
C. Rymond and M. Rosbash, in The Molecular and
Cellular Biology of the Yeast Saccharomyces, E.
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1992), vol. 2, pp. 143-192] was demanded in each
case. We sought delta (3), sigma (o), and tau (1)
elements by comparing the sequence using
BLASTN and FASTA against a representative mem-
ber of each element.
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take per 17 kb.
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Specific Cleavage of Model Recombination
and Repair Intermediates by the Yeast
Rad1-Rad10 DNA Endonuclease

A. Jane Bardwell,*t Lee Bardwell,*f Alan E. Tomkinson,
Errol C. Friedberg$§

The RAD1 and RAD10 genes of Saccharomyces cerevisiae are required for both nucle-
otide excision repair and certain mitotic recombination events. Here, model recombination
and repair intermediates were used to show that Rad1-Rad10-mediated cleavage occurs
at duplex-single-strand junctions. Moreover, cleavage occurs only on the strand con-
taining the 3’ single-stranded tail. Thus, both biochemical and genetic evidence indicate
a role for the Rad1-Rad10 complex in the cleavage of specific recombination interme-
diates. Furthermore, these data suggest that Rad1-Rad10 endonuclease incises DNA 5’
to damaged bases during nucleotide excision repair.

The S. cerevisize RADI and RADIO genes
are involved in both nucleotide excision
repair (1) and mitotic recombination (2-9).
RADI is the probable homolog of the hu-
man XPF (ERCC4) gene, which is defec-
tive in the cancer-prone disease xeroderma
pigmentosum (10, 11); RADIO is homolo-
gous to human ERCCI (I12). Radl and
Rad10 proteins form a stable complex (13,
14) that catalyzes the endonucleolytic deg-
radation of single-stranded bacteriophage
DNA but is inactive on linear duplex DNA
(15, 16). Here we demonstrate that rather
than exhibiting a generalized single-strand
DNA endonuclease activity as previously
indicated (15, 16), Rad1-Rad10 protein is a
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duplex-3’ single-strand junction-specific
endonuclease. The characterization of this
structure-specific activity greatly clarifies
the role of Rad1-Rad10 protein in recom-
bination and DNA repair.
Single-stranded, duplex, or partial du-
plex model DNA substrates were generated
from synthetic oligonucleotides 18 to 50
nucleotides in length (Table 1). Radl-
Rad10 endonuclease did not degrade a sin-
gle-stranded 49-nucleotide oligomer (S1 in
Table 1 and Fig. 1, A and B) or a 49—base
pair (bp) duplex structure (D in Table 1 and
Fig. 2, A and B). However, when S1 was
annealed to shorter complementary oligo-
nucleotides, partial duplex molecules con-
taining 3’ single-stranded tails (TD1 and
TD2 in Table 1) were cleaved by the en-
zyme (Fig. 1A), whereas substrate TD3 (Ta-
ble 1) containing a 5" single-stranded tail was
not (Fig. 1A). In a similar manner, substrate
S3 (Table 1) was not cleaved as a single-
stranded oligonucleotide (Fig. 2B), nor as a
partial duplex derivative with a 5’ single-
stranded tail (TD4 in Table 1 and Fig. 1A). A
partial duplex derivative with a 3’ tail was
cleaved (TD5 in Table 1 and Fig. 1A).
Analyses with denaturing gels demon-




strated that incision of the 3’ tailed sub-
strate TD1 occurred exclusively within the
duplex region of strand Sl1, primarily at
positions located 2, 3, and 4 nt 5’ to the
duplex-single-strand junction (Fig. 1B).
Strand S3 in the 3’ tailed substrate TD5
was similarly cut primarily at positions 2, 3,
and 5 nucleotides 5’ to the duplex-single-
strand junction (Fig. 1B). This heterogene-
ity of the cleavage position presumably re-
flects breathing of the duplex—single-strand
junctions during the incubations. Cleavage
was not observed in the single-stranded re-
gion of any substrate (Fig. 1B), nor on those
strands (S11 to S15 in TD1 to TD5, respec-
tively, in Table 1) that were strictly in
duplex regions (17).

A Y-shaped partial duplex structure with
a 31-bp duplex region and 19- and 18-
nucleotide single-stranded tails (PD A and
PD B in Table 1) was cleaved by Radl-
Radl0 endonuclease in a concentration-
dependent manner (Fig. 2A). The reaction
products observed on nondenaturing gels
were identical regardless of whether strand
S1 or S3 was 5’ end-labeled (Fig. 2A),
which indicates that both 5’ ends were
retained and suggests that the 3’ single-
stranded tail was removed in each case.
Denaturing gel electrophoresis confirmed
that cleavage of the Y substrate occurred in
strand S1 within the duplex region, primar-
ily at a position 2 nucleotides 5' to the
duplex—single-strand junction (Fig. 2B). In-
cision was not observed in the opposite
strand (S3) (Fig. 2B).

In summary, of the various substrates
examined, Rad1-Rad10-catalyzed cleavage
occurred only in the duplex region at du-

Table 1. Model substrates used in this study. An asterisk indicates that
the strand was 5’ 32P end-labeled by T4 polynucleotide kinase. The

plex-single-strand junctions and had a pref-
erence for nucleotide position +2 relative
to the junction. Nicking occurred exclu-
sively on strands with 3’ tails (Fig. 3A).
Purified Rad1-Rad10 complex has no exo-
nuclease activity (15, 16). Previous obser-
vations that this complex cleaves single-
stranded bacteriophage DNA but not dou-

nuclease (15, 16). The present results indi-
cate that the enzyme is rather a duplex-3’
single-strand junction-specific endonucle-
ase. Hence, the observed cleavage of M13
single-stranded DNA (15, 16) may occur at
duplex—single-strand junctions of stem-loop
structures typically present in single-strand-
ed bacteriophage DNA.

ble-stranded DNA suggested that Radl-
Rad10 protein was a single-stranded endo-

The junction-specific endonuclease ac-
tivity of Rad1-Rad10 protein provides an

A B

Substrate: | OWigo 701 02 [ 703 | T04 | 105 e G0 =
Radi(pmol): | 0 4 [0 4 0 2 4|0 4(0 4(0 4|0 4 Radf (pmol): [0 4[0 4 0 4 4|L 324|L
Radi0(pmoi)) 0 4 10 0 4 2 410 4lo 410 4lo 4l Ratomargd00ddd i

model substrates and cleavage products. Lanes 1 and 2,
single-stranded oligo (S1); lanes 3 to 7, 3'-tailed substrate
(TD1); lanes 8 and 9, 3’-tailed substrate (TD2); lanes 10 and
11, 5'-tailed substrate (TD3); lanes 12 and 13, 5'-tailed sub-
strate (TD4); and lanes 14 and 15, 3'-tailed substrate ( TD5) ( Table 1). Substrates were incubated with no
protein added (lanes 1, 3, 8, 10, 12, and 14), with 4 pmol of Rad1 protein (lane 4), with 4 pmol of Rad10
protein (lane 5), with 2 pmol each of Rad1 and Rad10 proteins (lane 6), or with 4 pmol each of Rad1 and
Rad10 proteins (lanes 7, 9, 11, 13, and 15) (28). The percent of substrate cleaved (determined with a
Molecular Dynamics Phosphoimager) was 43%, 83%, 36%, and 83% in lanes 6, 7, 9, and 15, respec-
tively. (B) Denaturing 10% polyacrylamide gel autoradiogram of reactions parallel to those shown in (A).
Lanes 1 and 2, oligonucleotide S1; lanes 3 to 7, substrate TD1; and lanes 9 to 11, substrate TD5. Lanes
8 and 12 contain a 17- to 21-nucleotide ladder (L; positions indicated on the right). Rad1-Rad10 cleavage
products are in lanes 6 and 7 (50% of substrate cleaved) and 10 and 11 (76% cleaved). The lower
percentage of substrate cleavage as compared to that in (A) is due to partial loss of enzyme activity during
storage.

. $
by ‘ =
T 5
T7 3 45678 90112131415 : =2
Fig. 1. Rad1-Rad10 endonuclease specifically cleaves 3’ tails. . - =
(A) Native 15% polyacrylamide gel autoradiogram showing aapiew
——— —
-

nonhomologous region of the Y-shaped partial duplex substrate is under
lined; nt, nucleotides.

Name Strands Sequence Le(:gth
S1 St *5'-CACGCTACCGAAT TCTGACT TGCTAGGACATCT TTGCCCACGT TGACCC- 3’ 49
D S1 *5'-CACGCTACCGAAT TCTGACT TGCTAGGACATCT T TGCCCACGT TGACCC- 3’ 49

S2 3'-GTGCGATGGCT TAAGACTGAACGATCCTGTAGAAACGGGTGCAACTGGG-5' 49
TD1 S1 *5'-CACGCTACCGAAT TCTGACT TGCTAGGACATCT T TGCCCACGT TGACCC-3' 49
S11 3'-GTGCGATGGCT TAAGACTG-5' 19
TD2 S *5'-CACGCTACCGAAT TCTGACT TGCTAGGACATCT T TGCCCACGT TGACCC-3' 49
S12 3'-GTGCGATGGCT TAAGACTGAACGATCCTGTA-5' 31
TD3 S *5'-CACGCTACCGAAT TCTGACT TGCTAGGACATCT T TGCCCACGT TGACCC-3’ 49
S13 3'-GAAACGGGTGCAACTGGG-5' 18
S3 S3 *5'-TCGATAGTCTCTAGATAGCATGTCCTAGCAAGTCAGAAT TCGGTAGCGTG- 3’ 50
TD4 S3 *5'-TCGATAGTCTCTAGATAGCATGTCCTAGCAAGTCAGAAT TCGGTAGCGTG- 3’ 50
S14 3'-CAGTCT TAAGCCATCGCAC-5' 19
TD5 S3 *5'-TCGATAGTCTCTAGATAGCATGTCCTAGCAAGTCAGAAT TCGGTAGCGTG- 3’ 50
S15 3'-AGCTATCAGAGATCTATCG-5' 19
PDA S *5'-CACGCTACCGAAT TCTGACT TGCTAGGACATCT T TGCCCACGT TGACCC-3' 49
S3 3'-GTGCGATGGCT TAAGACTGAACGATCCTGTACGATAGATCTCTGATAGCT -5’ 50
PD B S 5'-CACGCTACCGAAT TCTGACT TGCTAGGACATCT T TGCCCACGTTGACCC- 3’ 49
S3 3'-GTGCGATGGCT TAAGACTGAACGATCCTGTACGATAGATCTCTGATAGCT-5"* 50
TD6 S21 5'-CACGCTACCGAAT TCTGACT TGCTAGGAC- 3’ 29
S3 3'-GTGCGATGGCT TAAGACTGAACGATCCTGTACGATAGATCTCTGATAGCT -5’ 50
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explanation for its role in recombination
and in the incision step of nucleotide exci-
sion repair (NER). In NER, dual incisions
are believed to generate an oligonucleotide
fragment containing the damage and flank-
ing undamaged bases (18). A multiprotein
DNA damage-recognition complex con-
taining the Rad3 and Ssl2 helicases (19—
21) may unwind a localized region around a

A ;
Substrate: Duplex | Partial duplex A Partial duplex B
Radi(pmol): ([0 4 |0 4 0 2 4|0 4 0 2 4
Rad10(pmol):'0 4 '0 0 4 2 4'0 0 4 2 4
- — - -
o — - — -

128 456 6 7°8B 8 (04112

damaged base, thereby generating a duplex—
single-strand junction on either side of the
damage (Fig. 3B). The Rad1-Rad10 endo-
nuclease may recognize the duplex—3’ sin-
gle-strand junction 5’ to the damaged base
and catalyze endonucleolytic cleavage at
that site (Fig. 3B) (22). A second endonu-
clease such as the RAD2 gene product (23)
may incise the DNA 3’ to the damage.

B

Substrate

OligolDupl] PDA | [PDB]
Rad1 (pmol): |10 4|10 4|0 4 0 4| 04‘
Rad10 (pmol):!0 410 410 0 4 41LI0 41

 —

o

—33
—3i
—29

Fig. 2. Rad1-Rad10 endonuclease specifically cleaves 3’ tails in
partial duplex molecules. (A) Native 15% polyacrylamide gel
autoradiogram showing model substrates and cleavage prod-

ucts. Lanes 1 and 2, duplex substrate D; lanes 3 to 7, partial
duplex substrate 5’ end-labeled on strand S1 (PD A); and lanes

12345678 101

810 12, partial duplex substrate 5' end-labeled on strand S3 (PD

B) (see Table 1 for details). Substrates were incubated with no protein added (lanes 1, 3, and 8), with 4
pmol of Rad1 protein (lanes 4 and 9), with 4 pmol of Rad10 protein (lanes 5 and 10), with 2 pmol each of
Rad1 and Rad10 proteins (lanes 6 and 11), or with 4 pmol each of Rad1 and Rad10 proteins (lanes 2, 7,
and 12). The percent of substrate cleaved was 55%, 91%, 49%, and 76% in lanes 6, 7, 11, and 12,
respectively. The faint lower bands seen in lanes 3 to 5 and lanes 8 to 10 are small amounts of labeled S1
and S3, respectively, which were not annealed into the PD A and PD B structures. A single-stranded
50-nucleotide oligomer has a similar electrophoretic mobility to those of the PD reaction products in a
native 15% polyacrylamide gel. (B) Denaturing 10% polyacrylamide gel autoradiogram of reactions
parallel to those shown in (A). Lanes 1 and 2, oligonucleotide S3; lanes 3 and 4, duplex substrate D; lanes
510 8, PD A; and lanes 10 and 11, PD B. Lane 9, 29- to 33-nucleotide ladder (L; positions indicated on
the right). Rad1-Rad10 cleavage products are in lane 8 (54% of substrate cleaved).

Fig. 3. (A) Duplex-3’ single-strand junction-specif-
ic endonuclease activity of Rad1-Rad10 enzyme.
The endonuclease is shown cleaving within the du-
plex region of a Y-shaped partial duplex molecule,
2 to 5 nucleotides 5’ to the duplex-single-strand
junction. (B) Suggested role of this endonuclease
activity in the incision step of nucleotide excision
repair. The model postulates that the interaction of
a multiprotein nucleotide excision repair complex
(hatched oval) with damaged DNA results in the
generation of duplex-3' single-strand and duplex—
5' single-strand junctions flanking the site of base
damage (shown as an asterisk). The duplex-3’ sin-
gle-strand junction may be recognized as a specific
substrate by the Rad1-Rad10 endonuclease and
the duplex-5" single-strand junction may be recog-
nized by the Rad2 endonuclease (23, 24), a prod-
uct of the RAD2 gene, which is known to be in-
volved in nucleotide excision repair (7). (C) Postu-
lated role of the Rad1-Rad10 endonuclease in the
single-strand annealing model of mitotic recombi-
nation between repeated sequences. Recombina-
tion is initiated by the introduction of a double-

R1-R10
3
v
5 A\l
5
R1-'R10 R2 7
5' N\ ' 3'
3 5'
C
5 !l 3
3 T 5
5.———— 3‘ _3
3= 5

‘ R1-R10 3
|
5.—_\I,/ —3'
/—_55,
3

strand break (double vertical lines) between two repeated sequences (thick lines). After 5’ to 3’ exonu-
cleolytic degradation from the 5’ ends of the break, the homologous repeats become single-stranded
and can anneal. This results in the formation of a duplex-3’ single-strand junction with a short nonho-
mologous tail (upper strand in the figure). This junction is expected to be a substrate for the Rad1-Rad10
endonuclease. The longer 3’ tail comprising most of the intervening sequence between the repeats (lower
strand in the figure) may be much longer and is apparently processed in a different manner (8).
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Indeed, Rad2 protein may also be a duplex—
single-strand junction-specific endonucle-
ase but with 5’ polarity (24, 25). This mod-
el is not predicated on a particular order of
incision with respect to the Radl-Rad10
and Rad2 endonucleases.

During mitotic recombination between
repeated sequences, the RAD] gene product
is required to remove short regions of non-
homologous DNA from 3’ recombining
ends (8). Such nonhomology results when
an initiating double-strand break occurs in
a unique sequence between the repeats.
During processing of the break by either
single-strand annealing (SSA) (26, 27)
(Fig. 3C) or gap repair (17), the 3’ ends of
the break become single-stranded. This
leads to the formation of a duplex—3' single-
strand junction containing the 3’ region of
nonhomology during the annealing step of
SSA, or the strand invasion step of gap
repair (8). This junction may constitute a
substrate for Radl-Radl0 endonuclease
(Fig. 3C).

In both the NER and SSA models
shown, extension by a DNA polymerase is
presumed to follow the Rad1-Rad10-medi-
ated incision step. For determination of
whether Radl-Radl0 reaction products
provide suitable primer-templates for DNA
polymerase, the partial duplex Y substrate
(S1 annealed to S3) was incubated with
Rad1-Rad10 enzyme and with 3’ exonucle-
ase-free T7 DNA polymerase (Fig. 4). This
molecule alone did not provide a suitable
substrate for the polymerase (Fig. 4), where-
as the control substrate TD6 (Table 1 and
Fig. 4) did. Consistent with the mode of
cleavage of the partial duplex Y substrate
(Figs. 2 and 3), Rad1-Rad10 endonuclease

Substrate: D6 Partial duplex
Radi(pmol): |0 0|0 0 4 1 2 4 4 0
Rad10 (pmol){0 0|0 4 0 1 2 4 4 0
Polymerase: | - +!'+ + + + + + - -
nt
- —— - -—50

¥ 2T dnaEsst 6T 8190

Fig. 4. Rad1-Rad10 cleavage products can be
extended by DNA polymerase. The unlabeled par-
tial duplex substrate (strands S1 + S3) or sub-
strate TD6 ( Table 1) were incubated with the indi-
cated amounts of Rad1 or Rad10 proteins, or
both, for 30 min under conditions described in Fig.
1. 2P deoxyribonucleotide triphosphates were
then added for a further 5 min either with (lanes
2 to 8) or without (lanes 1, 9, and 10) T7 3’
exonuclease-free DNA polymerase (Sequenase
2.0; U.S. Biochemical Corp.). Reactions were
stopped, deproteinized, and analyzed by 15%
native polyacrylamide gel electrophoresis and
autoradiography.




generated a substrate that was extended by
the polymerase to a complete 50-bp duplex
molecule (Fig. 4). This confirms the result
shown in Fig. 2B that Rad1-Rad10 removes
the 3’ single-stranded tail, and indicates
that Rad1-Rad10 cleavage products contain
3’-OH groups, the required substrate for
extension by DNA polymerase. Hence,
Rad1-Rad10 endonuclease products are suit-
able substrates for a necessary subsequent step

in both the SSA recombination and NER
models.
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mM MgCl,, 5 mM dithiothreitol, and 1 pmol of sub-
strate DNA. Reactions were stopped, deproteinized,
and analyzed by gel electrophoresis and autoradiog-
raphy. The low specific activity of Rad1-Rad10 en-

e REPORTS

zyme has been previously observed (15, 16).
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Padlock Probes: Circularizing Oligonucleotides
for Localized DNA Detection

Mats Nilsson, Helena Malmgren, Martina Samiotaki,
Marek Kwiatkowski, Bhanu P. Chowdhary, Ulf Landegren*

Nucleotide sequence information derived from DNA segments of the human and other
genomes is accumulating rapidly. However, it frequently proves difficult to use such
short DNA segments to identify clones in genomic libraries or fragments in blots of
the whole genome or for in situ analysis of chromosomes. Oligonucleotide probes,
consisting of two target-complementary segments, connected by a linker sequence,
were designed. Upon recognition of the specific nucleic acid molecule the ends of the
probes were joined through the action of a ligase, creating circular DNA molecules
catenated to the target sequence. These probes thus provide highly specific detection

with minimal background.

The application of synthetic oligonucle-
otides in combination with nucleic acid-
specific enzymes has brought simplicity
and convenience to molecular genetic
analyses. There is, however, a need for
methods in which oligonucleotides can be
used for localized detection of single-copy
gene sequences and for distinction among
sequence variants in microscopic specimens.
Such methods would help to bridge the
analytic gap between specific gene se-
quences and subcellular structures. We have
developed oligonucleotide probe molecules
that should be useful for localized detection
of specific nucleic acids. These “padlock”
probes are composed of two target-comple-
mentary segments, connected by a linker
that may carry detectable functions. The
two ends of the linear oligonucleotide
probes are brought in juxtaposition by hy-
bridization to a target sequence. This jux-
taposition allows the two probe segments to
be covalently joined by the action of a
DNA ligase. Because of the helical nature

- of DNA, circularized probes are wound

around the target strand, topologically con-
necting probes to target molecules through
catenation, in a manner similar to padlocks.
The requirement for simultaneous hybrid-
ization of two different probe segments to
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target molecules provides for high specific-
ity of detection in complex populations of
nucleic acids (I). Moreover, the act of liga-
tion permits facile distinction among simi-
lar target sequence variants as terminally
mismatched probes are poor substrates for
ligases (I, 2). Finally, the covalent catena-
tion of probe molecules to target sequences
described here results in the formation of a
hybrid that resists extreme washing condi-
tions, serving to reduce nonspecific signals
in genetic assays.

Probes useful for circularization experi-
ments were constructed by solid phase syn-
thesis of oligonucleotides that contained
two hybridizing regions of 20 nucleotides
each, connected by a 50-nucleotide-long
linker segment (Fig. 1). Phosphate groups
were added at the 5’ ends of the molecules
as required for enzymatic ligation. Alterna-
tively, residues of hexaethylene glycol
(HEG) were incorporated in the linker seg-
ment during standard solid phase synthesis
(3). The HEG residues served to reduce the
number of synthetic steps required to span
the ends of the two target-complementary
segments.

Cyclizable probes were designed to de-
tect a 40-nucleotide target sequence, rep-
resented either by an oligonucleotide
molecule or by the polylinker sequence of
the single-stranded form of the circular
cloning vector M13 mpl8. Ligation prod-
ucts could be separated by denaturing
polyacrylamide gel electrophoresis (Fig.
2A). In the presence of the oligonucleo-
tide target, linear probes were efficiently
converted to circular molecules with a
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