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The RADIO gene is one of several genes in Saccharomyces
cerevisiae required for incision of u.v.-irradiated or cross-
linked DNA. We have determined the nucleotide sequence
of the RADIO gene and its flanking regions. The RADIO
nucleotide sequence presented here differs significantly from
that recently reported. The RAD10 protein predicted from
the nucleotide sequence contains 210 amino acids with a
calculated mol. wt. of 24 310. The middle portion of the
RAD10 protein, which is highly basic and also contains eight
of the total of 10 tyrosine residues present in the protein, may
be involved in DNA binding by ionic interactions and tyrosine
intercalation between the bases of DNA. A genomic deletion
of the entire RADIO gene does not affect viability; however,
the radI0 deletion mutant is highly u.v. sensitive.
Key words: DNA repair/incision/RADIO protein/DNA bind-
ingISaccharomyces cerevisiae

Introduction
In Saccharomyces cerevisiae, the RADI, RAD2, RAD3, RAD4,
RADIO, MMS19, RAD7, RAD14, RADJ6 and RAD23 genes are
required for excision of pyrimidine dimers or inter-strand DNA
cross-links. The radi, rad2, rad3, rad4, radiO and mmsi9
mutants are highly defective in incision of DNA containing
pyrimidine dimers (Wilcox and Prakash, 1981; Reynolds and
Friedberg, 1981) or inter-strand cross-links (Miller et al., 1982a;
Jachymczyk et al., 1981; Magana-Schwenke et al., 1982),
while the other mutants show varying degrees of incision defect
(Wilcox and Prakash, 1981; Miller et al., 1982a, 1982b). To
elucidate the structure, function and regulation of genes involv-
ed in incision, we have cloned and characterized several of these
genes (Higgins et al., 1983a, 1983b, 1984; Prakash et al., 1985;
Reynolds et al., 1985; Nagpal et al., 1985). Previously, we had
physically mapped the radiO complementing function to a 1.0-kb
DNA fragment, and had found that a genomic disruption of the
RADIO gene showed much greater u.v. sensitivity than the
previously available radiO mutants (Prakash et al., 1985). Here
we present the nucleotide sequence of the RAD 10 protein coding
region and flanking regions and examine the effects of a genomic
deletion of the entire RADIO gene. The RADIO gene encodes
a protein of 210 amino acids with a calculated mol. wt. of 24 310.
Even though the RAD10 protein shows no amino acid sequence
homology with any of the single-stranded DNA-binding proteins
of bacteriophages and Escherichia coli, some of its structural
features resemble the fd gene 5 and T4 gene 32 single-strand
DNA-binding proteins.

Results
Nucleotide sequence of the RADIO gene

Previously, we had shown that the radiO complementing activi-
ty is located within - 1.0 kb of DNA between a PvuII site on
the left and between XbaI and EcoRV sites on the right (Figure
1; Prakash et al., 1985). The nucleotide sequence of the RADIO
gene (Figure 2) shows a long open reading frame in this region
starting with the ATG codon at +1 and ending with a TGA codon
at +631. There is no other ATG codon until position + 367.
We had previously obtained RADIO region DNA segments of
varying lengths by Bal31 deletions generated from the EcoRV
site (Figure 1 and Prakash et al., 1985). These fragments were
cloned into yeast multicopy plasmids and tested for their ability
to complement radiO mutants. Nucleotide sequence determina-
tion of the RADIO insert generating the radiO complementing
plasmid pDD16 revealed its end point at +667, which lies 34
nucleotides 3' to the termination codon TGA. On the other hand,
the RADIO insert in the radiO non-complementing plasmid
pDD 17 has its end point at + 557, which is 25 codons upstream
of the RADIO termination codon. These results are consistent
with the location of the RADIO open reading frame (Figure 2).
We next determined if the RADIO open reading frame is trans-

lated in S. cerevisiae and produces a protein by fusirtg the E.
coli lacZ gene with the RADIO gene. The 6.8-kb BamHI frag-
ment of pMC931 containing the lacZ gene but missing its pro-
moter and the first seven amino acid codons (Casadaban et al.,
1980) was fused with the BamHI-linkered RADIO gene at posi-
tion +421 (Figure 3). This fusion connects the RADIO reading
frame with the lacZ reading frame and expresses i3-galactosidase
in S. cerevisiae. However, a lacZ fusion at position + 557, which
is out-of-frame with the RADIO reading frame (Figure 3), does
not show any 3-galactosidase activity in S. cerevisiae. These
results indicate that the RADIO open reading frame is translated
in S. cerevisiae. The RADIO-encoded protein predicted by the
nucleotide sequence shown in Figure 2 would contain 210 amino
acids with a predicted mol. wt. of 24 310.

Recently, Weiss and Friedberg (1985) published a nucleotide
sequence for the RADIO gene containing an open reading frame
of 195 codons. Our sequence differs from theirs primarily down-
stream of position +531. Our sequence, which contains an addi-
tional C at +532 (Figure 4A), continues for 33 codons until the
termination codon TGA is reached at +631. Their sequence lacks
the C at +532 and thus changes the reading frame downstream
of this position. Our evidence from the productive in-frame and
non-productive out-of-frame RADJO:lacZ fusions (Figure 3) con-
firms the identity of the RADIO open reading frame presented
in Figure 2. In addition, we observe GAC(Asp)GAT(Asp), at
positions +508 to +513 (Figure 4B), whereas they report the
codons GAG(Glu)CAT(His); and the nucleotide A present at
+563 in our sequence (Figure 4C) is missing in their sequence.
Other differences are located in the 3'-untranslated region: we
observe the nucleotides C, A, C and C, at positions + 795, + 802,
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Fig. 1. Strategy for sequencing the RADIO gene. The recognition sites for Sau3A are indicated only in the region where they were used for M 13 cloning and
DNA sequencing. The ATG initiation codon of the RADIO gene, to the left of the Sau3A site, and the TGA termination codon between the XbaI and EcoRV
sites, are indicated. The EcoRV site was converted to a BamHI site by BamHI linker ligation to facilitate cloning in Ml3mpl8 and M13mpl9 phages. The
horizontal lines with arrowheads indicate the extent and direction of sequencing. The asterisks indicate the site at which BamHI linkers were attached
following Bal31 digestion from the EcoRV site.

-500 310 320 330 340 350 360
SaiI *
CaCT

* GM MT CCA CTC CTG MC CAC TTA MG AGC ACC AAT TGG AGA TAT GTA TCT TCA ACA GGA
GTCGACCATGAATTT Glu Asn Pro Leu Leu Asn His Leu Lys Ser Thr Asn Trp Arg Tyr Val Ser Ser Thr Gly

-430 370 380 390 400 410 420
* ~~* * * * * *

STAGTTTTTGCCCTTCA ATT MT ATG ATA TAC TAC GAC TAT CTA GTT CGT GGA AGA AGT GTA CTG TTC TTA ACT TTG

-360 Ile Asn Met Ile Tyr Tyr Asp Tyr Leu Val Arg Gly Arg Ser Val Leu Phe Leu Thr Leu

:TTAGCCATGGTTMATG 430 440 450 460 470 480:TTAGCCATGGTTAATG XbaI *

-290 ACT TAT CAC MA TTA TAT GTC GAT TAT ATC TCT AGG AGA ATG CAG CCC TTA TCT AGA MC
* PwlI Thr Tyr His Lys Leu Tyr Val Asp Tyr Ile Ser Arg Arg Met Gln Pro Leu Ser Arg Asn

490 500 510 520 530 540
* * * *

GMA MT MT ATA CTG ATA TTC ATA GTA GAC GAT MC MC TCT GAA GAT ACC CTT AAT GAC
Glu Asn Asn Ile Leu Ile Phe Ile Val Asp Asp Asn Asn Ser Glu Asp Thr Leu Asn Asp

550 560 570 580 590 600-150 * * * * * *

ATT ACA AAA CTA TGT ATG TTC AAC GGA TTT ACT CTA CTT TTA GCA TTT MT TTT GAA CAATUTACAGTGCTC Ile Thr Lys Leu Cys Met Phe Asn Gly Phe Thr Leu Leu Leu Ala Phe Asn Phe Glu Gln

-80 610 620 630 640 650
* * * * * *

UTAGMCMAMA GCT GCA AM TAT ATT GAA TAT TTG MT TTA TGA ACMTTCCTATTTTCTTTTMTMAT
-10 Ala Ala Lys Tyr Ile Glu Tyr Leu Asn Leu ---

*GTTATCCTAGAAG 660 670 680 690 700 710 720;GUTATCCTAGAAG* * * * * * *
CTGTTCCATGCTTATTACCATCCTTTGTCATMTTAGCGCTTTTAGCACCGAATTGAATGGCCCTMTTTGG

730 740 750 760 770 780 790
* * * * * * * Hincl

TTCTGATGATATTCCATCCMCTTCAMTACTGCGAGGCAACTMCGAAGGATTAATTTGTTMCCTTG

;CATTCAGCTGCTCGGG

-220

NTAAAGTGTCTGTACGG

-490 -480 -470 -460 -450 -440

CTTATTGTCTACMTCTTACCTGGGATGTATMTGATGCAGATGCTGGMACCAG

-420 -410 -400 -390 -380 -370
* * * * * *

MCCTGCTTGGGAGACTGTTTTMTATCATCMTACATTCTGTGAACTTGCCC

-350 -340 -330 -320 -310 -300

CTTGCMGGACTGTGTGAAATGCTGCAMTTCTTGGTCGAATTGCTGTTTTACAG

-280 -270 -260 -250 -240 -230
* * * * * *

A1TTAGTTTAGTTAMTCGACTMGTTTCGAACATGCAGTMCTTMAAGTTAG

-210 -200 -190 -180 -170 -160

TGGCMCMCGAGGAGCTATTCAMACATACTTTTTTGAGAGGACATGGCTTGAT

-140 -130 -120 -110 -100 -90
* * * * * *

MCTTGTTTGGGTCACAGCMGATTTTCATCTAAGACACTTTTCTATTTAAAATCG

-70 -60 -50 -40 -30 -20
* * * * * *

GAAAATTGTAACTTATGAGACAGCCACGTAACACAAAMAGGGCATAAACAAAGTTG

1 10 20 30 40 50 60

ATG MC MT ACT GAT CCT ACT TCA m GAA AGT ATA TTG GCT GGT GTG GCC MA TTG AGA
Met Asn Asn Thr Asp Pro Thr Ser Phe Glu Ser Ile Leu Ala Gly Val Ala Lys Leu Arg

70 80 90 100 110 120 800 810 820 830 840 850 860
* * * * * * * * * * * * *

MG GMA MG AGT GGT GCA GAT ACT ACC GGA TCT CM TCG TTA GM ATA GAT GCA TCA MA AMTTATGGGAATMCTGCTGTAGATMCTTTATMCATATTCATCTAAAMTGGGTATCTCACCTCCA
Lys Glu Lys Ser Gly Ala Asp Thr Thr Gly Ser Gln Ser Leu Glu Ile Asp Ala Ser Lys

870 880 890 900 910 920 930
130 140 150 160 170 180 * * * * * * *
****** CACCAATGAGCTATTACMTATCATCGATTCAGGTTGCGATCATAAATGTTGTTTATTTGCCTTGI

CTT CAG CAG CAG GAA CCG CAA ACA TCA AGA CGC ATA AAT TCA AAC CAG GTC ATA AAC GCC
Leu Gln Gln Gln Glu Pro Gln Thr Ser Arg Arg Ile Asn Ser Asn Gln Val Ile Asn Ala

190 200 210 220 230 240

TTC MT CAG CM MA CCG GM GM TGG ACC GAC TCA MG GCT ACA GAT GAC TAT MT CGA
Phe Asn Gln Gln Lys Pro Glu Glu Trp Thr Asp Ser Lys Ala Thr Asp Asp Tyr Asn Arg

250 260 270 280 290 300
* * * * * *

MG AGA CCC TTC AGG AMT ACT CGA CCG GGA MA ACT GTA CTA GTG MC ACT ACC CM MA
Lys Arg Pro Phe Arg Ser Thr Arg Pro Gly Lys Thr Val Leu Val Asn Thr Thr Gln Lys

.. -_ - .,. _" .. ..__.._ _.......- .- ._. .....- -" -

940 950 960 970 980

MGTTCCTCCACMGTTCATGGGGTGGTTTGTTGGCAACTTGTGAT

Fig. 2. Nucleotide sequence of the RADIO gene. The sequence of 1491 nucleotides in the DNA strand identical to the mRNA is presented. The numbering is
in relation to the first base of the ATG translation initiation codon, indicated as + 1. The predicted amino acid sequence encoded by the RADIO open reading
frame is shown below the nucleotide sequence. Pertinent restriction sites are indicated. The last three nucleotides indicated in the sequences are the first three
nucleotides of the EcoRV restriction site 5' GATATC 3'.

+ 868 and + 872, respectively, whereas these four nucleotides
are missing in their sequence.
Codon usage in RADIO
The 630 nucleotides of the RADIO coding region possess 37.8%
A, 26.2% T, 17. 1% G and 18.9% C. The RADiO-encoded pro-
tein contains 35.2% non-polar, 40.5% polar, 11.0% acidic and
13.3% basic amino acids. In the RADIO gene, 52 of the possi-
ble 61 codons are used. In the majority of cases, the RADIO gene
uses codons not used in the highly expressed genes of S.
cerevisiae such as alcohol dehydrogenase I and glyceraldehyde-
3-phosphate dehydrogenase (Bennetzen and Hall, 1982). For ex-
ample, the codons GAU(Asp), AAA(Lys), GCA(Ala), UCA,
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AGU(Ser), ACA(Thr), GUA, GUG(Val), AUA(Ile), UUU(Phe),
UAU(Tyr), AAU(Asn), UUA, CUA(Leu), GGA(Gly),
CAG(Gln) and CCG, CCC(Pro) are used frequently in the
RADIO gene whereas these codons are used rarely or are absent
from the highly expressed yeast genes (Bennetzen and Hall,
1982).
5'- and 3'-flanking sequences of the RADIO gene
In the region from -292 at the PvuII site to + 1 which is likely
to include the entire RADIO upstream region, the base composi-
tion is 33.9% A, 30.8% T, 19.5% G, and 15.8% C. Our Sl
mapping results indicate two RADIO mRNA start sites, approx-
imately at positions -17 and -32 in Figure 2 (results not shown).
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Nucleotide sequence of the RADIO gene of S. cerevisiae

Ir RADIO sequence r lBamHI I LacZ in-frame sequence--

410

5___NTTC TTA
Phe Leu

420

ACT HTG
Thr Leu

A.
AGG GAT CCC GTC GTT TTA ______ 3'
Arg Asp Pro Val Val Leu

r- RADIO sequence-1 r BamHI I. rI LacZ out-of-frame
550 linker sequence

5.AA_MA CTA TGT ATG GGA TCC CGT CGT m ____3'Lys Leu Cys

Fig. 3. In-frame and out-of-frame RADIO:LacZ fusions. Nucleotide sequence
of the RADIO gene in the vicinity of the lacZ fusion is shown followed by
the nucleotide sequence of the BamHI linker and the lacZ gene. The upper
fusion represents an in-frame fusion which produces ,B-galactosidase and
therefore the amino acids encoded by the lacZ gene are indicated below the
nucleotide sequence. The lower fusion, on the other hand, represents an out-
of-frame fusion and therefore, only the amino acids encoded by the RADIO
gene are indicated. Numbers above the RADIO nucleotides indicate their
position as in Figure 2. ,B-galactosidase activities were determined as in
Nagpal et al. (1985).

Upstream of these mRNA initiation sites, there is no sequence
identical to the 5'-TATAA/TAA/T-3' sequence that has been pro-
posed to be required for proper transcription initiation in higher
eukaryotes (Benoist et al., 1980; Grosschedl and Birnstiel, 1980;
Breathnach and Chambon, 1981; Mathis and Chambon, 1981).
However, an AT-rich sequence, TATTTAAAAT, occurs in the
RADIO gene at position -95 to -86. The sequences
GGACATGGCTTGATTT at position -167 to -152 and
GGTCACAGCAAGATTT at position -129 to -114 are direct
repeats in which 11 of the 16 nucleotides are identical. In
eukaryotes, translation usually begins with the first ATG codon
in the mRNA (Kozak, 1984; Baim et al., 1985); however, it has
been proposed that the efficiency of translation is influenced by
the nucleotides at positions -3 and +4. A purine, an A, fre-
quently occurs at position -3 and a purine, usually a G, is found
at position +4 in eukaryotic mRNAs (Kozak, 1981, 1984). The
RADIO gene has an A at positions -3 and at +4. The sequence
5'-TTATCCT-3' from positions -12 to -6 shows complemen-
tarity with the sequence 3'-ACUAGGA-5' present at the 3' ends
of 18S rRNAs of S. cerevisiae (Rubtsov et al., 1980) and higher
eukaryotes (Hagenbuchle et al., 1978) and could be involved in
binding of mRNA by ribosomes.
The sequence of the 353 nucleotides downstream of the TGA

codon contains 26.3% A, 38.5% T, 15.9% G, and 19.3% C
(Figure 2). In S. cerevisiae, the sequence TAAATAA A/G has
been observed 28-33 nucleotides upstream from the 3' mRNA
terminus of various genes (Bennetzen and Hall, 1982). Henikoff
et al. (1983) have suggested that the sequence TTTTTATA is
required for transcription termination in yeast, and Zaret and
Sherman (1982) have identified a sequence TAG ... ... TAGT
or TATGT . . (AT-rich) . . TTT in the 3' mRNA terminus of
various yeast genes and have implicated it in transcription ter-
mination and polyadenylation. The RADIO 3'-flanking region
contains several similar sequences.
Deletion of the RADIO gene
We previously showed that a yeast genomic disruption of the
RADIO gene, made by insertion of the URA3 gene at the XbaI
site at position +472 (Figure 2; Prakash et al., 1985) was viable
but exhibited much enhanced u.v. sensitivity compared with the
radiO-i and radiO-2 mutants. We have now deleted the entire
RADIO gene in the yeast genome, from SalI to BglII, which
represents the entire nucleotide sequence shown in Figure 2 plus

- 0.4 kb of DNA downstream of nucleotide +986 at the EcoRV
site, and replaced it with the yeast LEU2 gene and find that it
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Fig. 4. Nucleotide sequence of various portions of the RADIO gene.
(A) Nucleotide sequence of the DNA strand complementary to the DNA
strand which is identical to the mRNA, from positions +524 to +538. The
additional G is seen at +532. (B) Nucleotide sequence of the DNA
strand identical to the mRNA from positions +505 to +513, indicating the
GAC GAT sequence at position +508 to +513. (C) Nucleotide sequence of
the DNA strand identical to the mRNA from positions +557 to +571,
indicating the presence of an A nucleotide at +563.
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also has no effect on viability. The u.v. sensitivity of the radiO
deletion is similar to that reported by us for the radlO disruption
(Prakash et al., 1985). We and others have previously shown
that disruptions of the RA4D and RAD2 genes do not affect viabili-
ty (Higgins et al., 1983b, 1984; Naumovski and Friedberg,
1984), whereas disruptions and deletions of the RAD3 gene are
recessive lethals (Higgins et al., 1983a; Naumovski and
Friedberg, 1983; Reynolds et al., 1985).

Discussion
The RADIO open reading frame encodes a protein of 210 amino
acids of mol. wt. 24 310. A computer search of the data bank
in the National Biomedical Research Foundation library was car-
ried out according to Lipman and Pearson (1985). However, no
significant homologies with the RADIO protein could be iden-
tified. The RAD10 protein is slightly basic, containing 13.3%
basic and 11.0% acidic residues, but the distribution of charged
residues along the protein is not random (Figure 2). The amino
acids 1-77 contain 12 acidic and nine basic residues, the next
82 amino acids from 78 to 159 contain three acidic and 17 basic
residues and the last 51 amino acids from 160 to 210 contain
eight acidic and two basic residues.

In addition to the high density of basic residues, the amino
acids 78- 159 contain eight of the 10 tyrosine residues present
in the RADI0 protein. This region of the RADI0 protein could
be involved in DNA binding through ionic interactions and by
intercalation of tyrosine residues between the bases of DNA.
Tyrosine intercalation has been shown to contribute to the bin-
ding of bacteriophage fd gene 5 protein to single-stranded DNA
(Anderson et al., 1975; McPherson et al., 1979). The gene 32
protein of bacteriophage T4 binds tightly and cooperatively to
single-stranded DNA and functions in DNA replication, recom-
bination and repair. In the amino-terminal half of the gene 32
protein, the amino acids between 72 and 116 contain six of the
eight tyrosine residues in gene 32 protein (Williams et al., 1981).
Studies by Anderson and Coleman (1975) have suggested that
five of the tyrosyl residues participate in binding of gene 32 pro-
tein with DNA.
The secondary structures of the fd gene 5, T4 gene 32, and

yeast RADIO proteins show similarity. The amino acid residues
12-49 of fd gene 5 protein, involved in DNA binding, occur
in three stranded anti-parallel ,3-sheet (McPherson et al., 1979).
The Chou-Fasman (1978) predicted secondary structure of gene
32 protein from residues 72 to 116 shows three short f-sheet
regions and several ,8-turns (Williams et al., 1981). The Chou-
Fasman (1978) predicted secondary structure of the middle basic
region of RADIO protein from residues 78 to 159 consists
predominantly of 13-sheets and 1-turns.

Materials and methods
Sequencing strategy
DNA segments of varying lengths were obtained from the - 1.5-kb SalI-EcoRV
RADIO fragment by digestion with restriction enzymes having either a 4-base
or 6-base recognition sequence, or by ligation of BamHI linkers following Bal3 1
digestion from the EcoRV site (Figure 1). The EcoRV site itself was also con-
verted to a BamHI site by attachment of BamHI linkers (Boehringer-Mannheim)
to facilitate cloning in the M13 derivative phages. These DNA segments were
then inserted into phages M13mpl8 and Ml3mpl9 (Norrander et al., 1983) for
DNA sequencing by the dideoxy method (Sanger et al., 1977) using deoxy-
adenosine 5'-(Cs-[35S]thio)triphosphate as described (Biggin et al., 1983).
Generation of genomic radiO deletions
A genomic deletion of the RADIO gene was constructed by the replacement of
the chromosomal RADIO gene by gene conversion using the yeast LEU2 gene
flanked by RADIO region DNA (Rothstein, 1983). A 6.9-kb BamHI-XhoI frag-
ment which contains the 1.9-kb Sall-BglII fragment with radiO complementing
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function (Prakash et al., 1985) was used as the starting material and cloned into
BamHI-Sall digested pBR322, to generate the plasmid pDD40. The 1.9-kb Sall-
BglII RADIO fragment of pDD40 was then removed and replaced with a 2.5-kb
Sall-BgIII fragment containing the LEU2, gene, generating the plasmid pDD41.
A 5.6-kb BamHI-PvuII fragment from pDD41 was used to transform the Rad+
strain DBY747 (MATa his3-AJ leu2-3 leu2-112 trpl-289 ura3-52) to Leu+. This
5.6-kb BamHI-PvuII fragment contains - 1 kb of RADIO region DNA upstream
of the Sall site at -505 (Prakash et al., 1985 and Figure 2), followed by 2.5 kb
of DNA containing the LEU2 gene, followed by - 2.2 kb ofDNA 3' to the BglII
site lying - 0.4 kb downstream of the EcoRV site at +984 (Prakash et al., 1985
and Figure 2). All Leu+ transformants obtained with this 5.6-kb BamHI-PvuII
fragment were Rad- and allelic to radiO.
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