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ABSTRACT Xeroderma pigmentosum (XP) patients are
extremely sensitive to ultraviolet (UV) light and suffer from a
high incidence of skin cancers, due to a defect in nucleotide
excision repair. The disease is genetically heterogeneous, and
seven complementation groups, A-G, have been identified.
Homologs of human excision repair genes ERCCI, XPDC/
ERCC2, and XPAC have been identified in the yeast Saccharo-
myces cerevisiae. Since no homolog of human XPBC/ERCC3
existed among the known yeast genes, we cloned the yeast
homolog by using XPBC c¢cDNA as a hybridization probe. The
yeast homolog, RAD25 (SSL2), encodes a protein of 843 amino
acids (M, 95,356). The RAD25 (SSL2)- and XPBC-encoded
proteins share S5% identical and 72% conserved amino acid
residues, and the two proteins resemble one another in contain-
Ing the conserved DNA helicase sequence motifs. A nonsense
mutation at codon 799 that deletes the 45 C-terminal amino acid
residues in RAD2S (SSL2) confers UV sensitivity. This mutation
shows epistasis with genes in the excision repair group, whereas
a synergistic increase in UV sensitivity occurs when it is com-
bined with mutations in genes in other DNA repair pathways,
indicating that RAD25 (SSL2) functions in excision repair but
not in other repair pathways. We also show that RAD25 (SSL2)
is an essential gene. A mutation of the Lys>’? residue to arginine
in the conserved Walker type A nucleotide-binding motif is

lethal, suggesting an essential role of the putative RAD25 (SSL2)
ATPase/DNA helicase activity in viability.

—

In human, xeroderma pigmentosum (XP) 1s an autosomal
recessive disorder, and cells from XP individuals are defec-
tive in the incision step of excision repair. Cell fusion studies
have indicated the existence of 7 excision-deficient XP com-
plementation groups, A-G (1-3); in addition, at least 10
complementation groups have been identified among UV-
sensitive excision-defective rodent cell lines (4-6). Five
human genes—ERCCI, ERCC2, ERCC3, ERCCS, and
ERCC6—have been cloned by cross-complementation of UV
sensitivity of rodent cell lines (7-11). In addition, the human
XPAC gene was 1solated by complementation of the excision
defect of XP-A cell lines (12). ERCCI does not complement
any of the XP cell lines (13), whereas ERCC2 and ERCC3
restore normal excision repair to XP-D and XP-B mutant cell
lines (9, 14), respectively, indicating some degree of overlap
between the XP and ERCC genes.

At least 10 genes are involved in excision repair in the yeast
Saccharomyces cerevisiae. Mutations in 6 of these genes—
RADI, RAD2, RAD3, RAD4, RADI0O, and RADI4—cause
extreme UV sensitivity and a defect in the incision step of
excision repair (15, 16). The other four genes—RAD?7,
RADI6, RAD23, and MMSI19—affect the proficiency of
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excision repair (15). Many of the yeast excision repair genes
are multifunctional, and they play diverse roles in other
cellular processes. For example, RAD3 1s essential for via-
bility (17, 18) and RADI and RADIO function in mitotic
recombination (19, 20). The RAD3 and RADI10 proteins have
been purified and characterized in our laboratory. RAD3 i1s a
single-stranded DNA-dependent ATPase, and it possesses
DNA and DNA:RNA helicase activities (21-23). Mutational
inactivation of RAD3 ATPase/helicase activities renders
cells UV-sensitive and defective in excision repair but has no
effect on viability (24). The RADI10 protein binds preferen-
tially to single-stranded DNA and it promotes the renatura-
tion of complementary strands of DNA (25).

The yeast RAD3, RADI0, and RADI4 genes are homologs
of human XPDC/ERCC2, ERCCI, and XPAC genes, respec-
tively (6-9, 16). Since none of the known yeast genes showed
homology to the human XPBC/ERCC3 gene (designated
XPBC 1n this paper), we cloned the yeast homolog by using
XPBC cDNA as a hybndization probe. The yeast homolog has
been cloned independently as a suppressor of blocked trans-
lation 1nitiation due to the presence of a stem-loop structure
in the 5’ untranslated region of HIS4 mRNA, and those
workers have named the gene SSL2 (26). A mutation in the
C-terminal region of the protein encoded by the yeast gene
renders cells UV-sensitive, and this mutation shows epistasis
with genes of the excision repair group. Because of the
requirement of the yeast homolog in DNA repair, and follow-
ing the convention of nomenclature for yeast DNA repair
genes, we have named this gene RADZ25. Our studies with a
genomic deletion mutation indicate that RAD?25 is an essential
gene. The RAD25-encoded protein shows homology to DNA
helicases, and a change of the residue Lys®%? to arginine in the
Walker type A nucleotide-binding sequence motif results in

lethality, suggesting that the putative RAD25 ATPase/DNA
helicase activity is indispensable for viability.3

MATERIALS AND METHODS

Cloning and Nucleotide Sequence Determination of the S.
cerevisiae RAD25 Gene. Southern blot hybridization of S.
cerevisiae genomic DNA under low-stringency salt condi-
tions with a 5’ and a 3' XPBC cDNA probe spanning the first
two-thirds and last third of the XPBC open reading frame,
respectively, indicated extensive sequence homology of
XPBC cDNA with yeast DNA. Several clones of the yeast
XPBC homolog were 1dentified by low-stringency hybridiza-

tion of a genomic S. cerevisiae A EMBL3 library with these
probes (27).

Abbreviations: XP, xeroderma pigmentosum; CS, Cockayne syn-
drome.

3The sequence reported in this paper has been deposited in the
GenBank data base (accession no. 1L.01414).
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For nucleotide sequence determination, DNA fragments
were cloned into M13 derivative phages and the sequence of
both strands of RAD25 was determined by the dideoxy
chain-termination method (28, 29).

Yeast Strains and Media. The S. cerevisiae strains used in
this study are given 1n Table 1. Media and conditions for
determining UV survival were as previously described (27).

Plasmids and Generation of Yeast rad25 Mutant Strains. The
RAD?25 gene was inserted as a HindlII-BamHI fragment into
the CEN URA3 low-copy plasmid YCp50 and into a YCp50
derivative in which the TRPI gene replaced the URAJ gene,
generating plasmids pEP23 and pEP39, respectively. pEP22
contains the rad25-99,,, mutant allele cloned into the URA3
integrating vector YIpS from which the Sph I site had been
removed. The rad25,99,,, mutation was generated by inser-
tion of a T residue between codons 797 and 798 by site-
directed oligonucleotide mutagenesis of the 1.46-kilobase
(kb) Sph I-BamHI DNA fragment encoding the terminal 249
amino acids of the 843-residue RAD25 protein. Codons
797-799 in the wild type RADZ25 gene are GCC-GTT-AGA,
whereas in the rad25799,, mutant gene, the corresponding
codons are GCC-TGT-TAG-A, where T i1s the inserted res-
idue. The rad25799,, mutation changes codon 798 from GTT
(Val) to TGT (Cys), which is followed by the amber nonsense
codon, TAG. Thus, in addition to a change at amino acid 798,
the mutant protein differs from the wild-type protein in
lacking the 45 C-terminal amino acid residues. The rad25799.m
mutation was used to replace the wild-type RAD25 allele in
strain DBY747 by transformation to Ura™ with linearized
plasmid pEP22 followed by screening for Ura™ by 5-fluoro-
orotic acid (5-FOA) resistance and for UV sensitivity, yield-
ing the haploid strain, EPY88. Genomic deletion mutations of
the RADI, RADG6, and RADS52 genes 1n the rad25 7994, Strain
EPY88 were made as described (16), confirmed by allelism
tests with known rad mutations, and designated EPY90,
EPY91, and EPY92, respectively (Table 1). _

To generate a genomic deletion mutation of RAD25, we
used pEP24, a pUC19-based plasmid which contains the
flanking RAD25 sequences and in which the 2.2-kb Nco I-Stu
I DNA fragment located entirely within the RAD25 open
reading frame has been replaced by the yeast LEU2 gene on
a 2.1-kb DNA fragment. Transformation of Leu~ yeast
strains to Leu* with a HindIII-Bg! II fragment, which
contained 726 nucleotides of 5’ flanking sequence and 59
N-terminal codons of RAD?25, the yeast LEU2 gene followed
by 46 C-terminal RAD25 codons, and 590 nucleotides of 3’
flanking sequence of RAD?25, produced a genomic rad25A
mutation. This rad25A mutation lacked 738 of the 843 codons
present in RAD25. The rad25 Arg’?? mutation, which results
in a change of Lys®*?? to Arg in the Gly-Lys-Thr nucleotide-
binding motif, was obtained by site-directed oligonucleotide
mutagenesis of the 1.94-kb Bal I-Sph 1 fragment of the

RAD?25 gene and replacement of the corresponding wild-type
RAD25 DNA segment by the fragment carrying the Arg3®?

Table 1. S. cerevisiae strains
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mutation, generating the rad25 Arg’*? CEN URA3 plasmid
pPM147.

RESULTS

Nucleotide Sequence of RAD25. Nucleotide sequence anal-
ysis indicated that RAD25 encoded a protein of 843 amino
acids of M; 95,356 (Fig. 1). While this paper was in prepa-
ration, the nucleotide sequence of the yeast homolog of
XPBC was published (26). Our data agree with the reported
sequence, except for differences at amino acid positions 9
and 48, where our results indicate a serine and a leucine,
respectively, instead of proline and serine. In addition, we
have noted several nucleotide differences between the two
sequences.

Homology Between Yeast RAD25 and Human XPBC-
Encoded Proteins. The protein encoded by the yeast RAD25
gene contains an N-terminal extension of 50 amino acids not
present in the XPBC protein; otherwise, the two proteins
share extensive homology, with 55% identical residues, and
72% similar residues when identical and conserved changes
are grouped together (Fig. 1). RAD2S5 resembles XPBC in
containing the seven conserved sequence motifs that are
found 1n proteins that bind and hydrolyze nucleotides and
possess DNA or RNA helicase activities (30). The homology
between the two proteins 1s particularly striking in these
domains (Fig. 1). Domain I contains the conserved Walker
type A sequence Gly-Xaa-Gly-Lys-Thr/Ser [GXGK(T/S)]
(31). At residues 389-393, RAD25 contains the sequence
GAGKT, and at residues 343-347 in XPBC, the correspond-
ing sequence 1S GAGKS. The conserved lysine (K) in the
GK(T/S) sequence is involved in interactions with the a
phosphoryl group of the bound nucleotide (32). Domain II
contains the Walker type B sequence motif, where three to
five conservative hydrophobic amino acids are followed by
an aspartate residue (31). This sequence occurs at residues
479-493 in RAD2S5, and at residues 432-446 in XPBC.
Aspartate in this sequence has been proposed to interact with
Mg?*t on MgATP, and the hydrophobic residues serve to
exclude water from the ATP reaction center (32). The role of
other conserved sequence motifs in helicases 1s not known.

RAD25 Contains Sequence Motifs Characteristic of DNA
Helicases but Not of RNA Helicases. Both DNA and RNA
helicases have the same sequences in motif I but they differ
in the sequences in motifs II and VI. Fig. 2 shows a com-
parison of helicase sequence motifs I, II, and VI among
RAD2S, RAD3, and eIF-4A. The S. cerevisiae RAD3 protein
iIs a single-stranded DNA-dependent ATPase, and i1t pos-

sesses DNA and DNA-RNA helicase activities (21-23).
RAD3 does not hydrolyze ATP in the presence of RNA

cofactors and it has no RNA helicase activity (23). eIF-4A 1s
a eukaryotic translation initiation factor and it possesses an
RNA helicase activity that is capable of unwinding mRNAs
(33). eIF-4A belongs to a family of proteins, many of which
have been shown to possess RNA-dependent ATPase and

Strain Genotype
EPY 59 MATa ade2-1 arg4-8 cyhlOR his4-280 leu2-27 trpl A ura3-1
EPY60 MATa ade2-1 his4-260 leu2-3,112 trpl A ura3-1
EPY61 EPYS59 X EPY60 (RAD25/RAD?25)
EPY62 EPY61 carrying a rad25A mutation in one of the homologs (RAD25/rad25A::LEU2)
DBY 747 MATa his3-Al leu2-3,112 trpl-289 ura3-52
EPY 88 DBY 747 with rad25799,,» mutation replacing the genomic RADZ25 gene
EPY90 EPY88radlA::URA3
EPY91 EPY88rad6A::URA3

EPY88rad52A::URA3

EPY92

The gene symbol following the double colon (::) indicates the yeast selectable marker used in

generating the radA mutation.
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Fic. 1. Homology between the human XPBC (9) and S. cerevisiae RAD25 proteins. The two amino acid sequences were aligned by using
the BESTFIT program of the Genetics Computer Group, Madison, WI. Identical residues are indicated by white lettering on black background.
The helicase consensus sequences (30) are denoted by horizontal lines with Roman numerals (I, Ia, II-VI) above the sequences.

RNA helicase activities, and they all share the sequence
motif DEAD in domain Il and HRIGR in domain VI (34, 35).
These two motifs are absent from known DNA helicases,
including RAD3. RAD25 also lacks the DEAD and HRIGR
sequence motifs, suggesting that RAD25 possesses the DNA-
dependent ATPase and DNA helicase activities but neither
the ability to hydrolyze ATP or other nucleotides in the
presence of RNA nor an RNA helicase activity.

RAD?2S5 Is an Essential Gene. Mutations in the human XPBC
gene or in the equivalent gene in rodent cell lines cause a
defect in excision repair of UV-damaged DNA. However,
since genomic deletion mutations of several yeast DNA
repair genes have uncovered additional functions not i1den-
tified in previous studies with the missense mutations, we
made a genomic deletion mutation of RAD25 and examined
its effect on cell viability. The RAD*/RAD™ diploid strain
EPY61 was transformed with a linear DNA fragment that
contained the 5’ and 3’ flanking sequences of RADZ25 and only
a small portion of the open reading frame and in which the
internal 2.2-kb segment of the RAD25 open reading frame
was replaced by the yeast LEU2 gene. The generation of a
deletion mutation in the RADZ25 gene 1n one of the homologs
and 1ts replacement by LEU2 were confirmed by Southern
blot analysis (data not shown). Genetic analysis of tetrads
following sporulation of the RAD25/rad25A::LEU2 diploid
strain EPY62 revealed no asci with three or four viable
spores. Of 91 tetrads examined, 70 produced two viable
spores and 21 produced one viable spore. In addition, all
spores recovered from EPY62 were UV-resistant and none
were Leu™, indicating that rad25A::LEU?2 spores are invia-
ble. In contrast, the RAD*/RAD™ strain EPY61 produced
tetrads containing three or four viable spores. Thus, RAD25
IS an essential gene.

Assignment of RAD25 to the Excision Repair Epistasis
Group. The human XPI/BE mutation, which causes a defect
In excision repair, is due to the insertion of 4 base pairs (bp)

at the splice junction of the last intron/exon, and it produces
a frameshift resulting in a protein with an alteration of the 43
C-terminal residues (9). To examine the role of RAD25 in
DNA repair 1n yeast, we constructed a mutation, rad25799am,
by inserting a T residue between codons 797 and 798. This
frameshift mutation changes amino acid residue 798 from
valine to cysteine, and because of the amber nonsense codon
at position 799, the encoded protein is predicted to lack the
45 C-terminal amino acids. As expected, the rad257994m
mutation conferred UV sensitivity on yeast, indicating an
involvement of RAD25 in DNA repair. In S. cerevisiae, the
UV DNA repair genes belong to any of the three epistasis
groups. The RAD3 group consists of excision repair genes;
genes in the RAD6 epistasis group function in postreplication
repair of UV-damaged DNA and in damage-induced muta-
genesis, and genes in the RAD52 group are involved In
double-strand break repair and recombination. Since RAD25
1s essential for cell viability, its role in DNA repair could be
more general than just an involvement in excision repair. To
examine the possibility that RAD25 functions in more than
one pathway of DNA repair, we constructed double mutant
combinations of rad25,99,,, Wwith a radA mutation from each
of the epistasis groups and compared the UV sensitivity of
single and double mutants. In combination with the excision-
defective radl A mutation, we observed an epistatic relation-
ship, since the UV survival of the rad25799.m radlA double
mutant was the same as that of the rad/A mutant (Fig. 3A).
In contrast, a synergistic decline in UV survival occurred
when the rad25799,, mutation was combined with either the
rad6A (Fig. 3B) or the rad52A (Fig. 3C) mutation. These
results indicate an involvement of RAD25 in excision repair
and not in other repair processes. The lower level of UV
sensitivity of the rad25;99,,, mutation than that of the totally
excision defective radl/ A mutation could reflect the fact that
RAD?25 1s not absolutely required for excision repair. Alter-
natively, the rad2599.,, mutation might be leaky because of
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FiG. 2. Comparison of RAD25 with RAD3, a DNA helicase, and the eukaryotic translation initiation factor eIF-4A, an RNA helicase, in
domains I, II, and VI of the seven conserved domains found in the superfamilies of helicases. Identical residues shared among all three proteins
are boxed. The GKT box present in all three proteins, and the DEAD box and the HRIGR sequence motifs present in eIF-4A but not in RAD3

or RAD25 are denoted by stars.
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FiGg. 3. Survival after UV irradiation of RAD* strain DBY747 and its 1sogenic derivatives bearing deletions of various RAD genes. (A) @,

RAD™: O, rad25-99,m: B, radlA; O, rad25799,mradlA. (B) @, RAD™;

, rad25799am; B, radbA; O, rad25799.m radbA. (C) @, RAD™; O, rad25799am;

m, rad52A; O, rad257,99.mrad52A. Survival curves represent an average of three experiments for each strain.

low-level frameshifting resulting in small amounts of normal
protein.

Lethality of the rad25 Arg?°? Mutation. Mutation of Lys*® to
arginine in the GKT Walker type A sequence motif in RAD3
results in loss of ATPase, DNA helicase, and DNA-RNA
helicase activities but not of the ability to bind ATP or
single-stranded DNA (23, 24). This mutation does not affect
the cell viability function of RAD3 but renders cells UV-
sensitive and defective in excision repair (24). To examine the
biological role of the putative ATPase/DNA helicase activity
in RAD25, we mutated Lys®*®? in the GKT sequence to
arginine. Since we were unable to obtain a genomic replace-
ment of the wild-type RAD25 allele with the rad25 Arg’*-
mutant allele, we considered the possibility that this mutation
might be lethal. To test this, the RAD25/rad25A::LEU?2
diploid strain EPY62 was transformed with either the RADZ25
gene or the rad25 Arg’”? mutation carried on the CEN URA3
plasmids pEP23 and pPM147, respectively. As expected,
genetic analysis following sporulation of EPY62 transformed
with pEP23 (RAD25) revealed many tetrads with four and
three viable spores, and 35% (41/116) of the spores were
Leu™, and they all carried the RAD25 plasmid pEP23, indi-
cating the restoration of viability to the rad25A::LEU2 spores
by the RAD25 plasmid. In contrast, in the 60 tetrads analyzed
from EPY62 carrying the rad25 Arg??? plasmid pPM147, none
contained more than two viable spores, and none of the
spores were Leu™, indicating that the rad25 Arg’*? mutant
gene does not complement the inviability defect of the
rad25A::LEU2 spores. Sixty-three percent (60/96) of the
RAD?25 spores contained the rad25 Arg?%? plasmid pPM147,
and these spores grew normally, indicating that the rad25
Arg??? mutant gene has no effect on viability of wild-type
RAD?25 cells. The rad25 Arg3°? mutation, therefore, is reces-
sive lethal. In summary, our results suggest a vital role for the
putative ATPase/DNA helicase activity in RAD?25.

DISCUSSION

The yeast RAD25 gene shows a high degree of homology to
the human XPBC gene, and both genes resemble one another
in their role in DNA repair. A frameshift mutation in XPBC
that alters the 43 C-terminal amino acids renders cells UV-
sensitive and defective in the incision step of excision repair
(9). The epistatic relationship of the rad25799,,» mutation
encoding a protein lacking the 45 C-terminal amino acids with
genes in the excision repair group and not with genes that
function in other repair pathways is consistent with the
involvement of RAD25 in excision repair. It is highly prob-

able that like XPBC, RAD?25 is also required for incision.
Thus, the products of at least seven genes—RADI, RAD?2,
RAD3, RAD4, RADI0, RADI4, and RAD25—may be indis-
pensable for incision of UV-damaged DNA 1n yeast.

In addition to its requirement in excision repair, RAD25 1s
essential for cell viability. In this respect, RAD25 resembles
RAD3, which is also required for excision repair and cell
viability. The DNA repair and viability functions in RAD3 are
mutationally separable, suggesting that different segments of
RAD?3 interact with different protein components in carrying
out these two functions. Since the rad25,99,, mutation affects
the DN A repair but not the viability function, in RAD2S5 also,
the domains affecting these functions might reside in different
portions of the protein. The C terminus of RAD25, and of
XPBC, could be specifically involved in interactions with the

protein components of the incision complex.

Both XPBC and RAD2S5 contain the conserved domains
found in proteins that bind and hydrolyze nucleotides. A
comparison of these domains in RAD25 with those present in
RAD3, which possesses DNA and DNA-RNA helicase ac-
tivities, and with eIF-4A, an RNA helicase, suggests that
RAD25 (and also XPBC) possesses a DNA helicase activity.
In this aspect too, RAD25 appears to resemble RAD3.
However, our studies indicate that the RAD3 and the puta-
tive RAD25 DNA helicase activities differ in regard to their
roles in DNA repair and viability. A mutation of Lys* to
arginine in the Walker type A consensus sequence of RAD3
results in a protein devoid of any ATPase, DNA helicase, or
DNA-RNA helicase activity (23, 24). The rad3 Arg#® mutation
has no effect on viability but confers an extreme sensitivity
to UV light and a defect in excision repair (24). In contrast,
as shown in this study, a similar conservative change of the
Lys3%? residue to arginine in the Walker type A nucleotide-
binding motif in RAD?2S5 is lethal, implicating an indispensable
role of RAD25 ATPase/DNA helicase activities in viability.

In addition to suffering from the characteristic symptoms
of XP, XP-B and many XP-D patients exhibit clinical features
of another DNA repair disorder, Cockayne syndrome (CS)
(3, 9). Since both XP and CS disorders are extremely rare,
their simultaneous occurrence in these patients is very likely
the result of the mutation in the XPBC or the XPDC gene. CS
can also occur without the accompaniment of XP. CS pa-
tients suffer from severe dwarfism and mental retardation,
and they show premature aging. CS cells are sensitive to UV
light and are defective in the preferential repair of actively
transcribed genes (36). The association of XP-B and XP-D
with CS suggests a role for XPBC and XPDC proteins and
their yeast homologs in providing a link between transcrip-
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tion and excision repair. In both eukaryotes and prokaryotes,
the transcribed strand is repaired more efficiently than the
nontranscribed strand (37, 38), even though UV damage is
inhibitory to transcription due to stalling of the RNA poly-
merase complex at the damage site (39, 40). A mechanism
that couples displacement of the stalled RNA polymerase
with the assembly of the repair complex on the damaged
transcribed strand might enable cells to repair the transcribed
strand more efficiently. The putative RAD25 DNA helicase
activity may collaborate with RAD3 helicase in this role.
Since the yeast homolog of XPBC has also been 1solated by
its ability to restore a His* phenotype to His4~ cells carrying
an artificial stem-loop structure in the H/54 mRNA, arole for
this gene i1n translation initiation has been proposed (26).
Such a role would, however, require that RAD25 contain an
activity capable of unwinding stem-loop structures from
mRNAs. It remains to be seen whether RAD25 contains such
an RNA helicase activity, but the absence of characteristic

RN A helicase sequence motifs in RAD25 argues against such
a possibility.
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ABSTRACT Eye tumors of the retinal pigment epithelium
(RPE) have been thought generally to be benign, whereas
choroidal ones are malignant. To test this assumption in mice,
the W/W" (Kit) mutant genotype was introduced into melano-
ma-prone transgenic mice whose recombinant simian virus 40
transforming sequences are specifically expressed in pigment
cells. W/W" causes programmed death of neural crest-derived
pigment cells, including choroidal ones, but leaves intact the
brain-derived pigment cells, such as those in the RPE. Dysplastic
cells arose in the RPE, contiguous with frank melanotic neo-
plasms. Invasion of the optic nerve, and tumor growth outside
the orbit, attested to the malignancy of these RPE-derived
melanomas. The widespread melanosis previously seen in mice
with this transgene was absent when W/W" was added, thus
validating its chief origin from neural crest cells.

Ocular melanomas may arise from any of the pigmented
tissues of the eye: the choroid, ciliary body, or iris (together
comprising the uveal tract), or the retinal pigment epithelilum
(RPE). In humans, choroidal melanomas are the most com-
mon type and are generally malignant (1, 2). Human RPE
tumors are said to be difficult to diagnose (3), especially as eye
tumors tend to be seen at late stages; most of them are benign
and their status as melanomas has been questioned. In the
melanoma-susceptible transgenic mice that we have pro-
duced, malignant eye melanomas appeared to originate from
the RPE as well as from the other possible target tissues (4).
[The transgene, designated Tyr-SV40E in those experiments,
is activated by the pigment cell-specific tyrosinase promoter,
which drives the simian virus 40 (SV40) early-region se-
quences, including the T-antigen transforming gene.] Never-
theless, in advanced disease in the mice, multiple displaced
tumors often coexisted in an eye, and contributions from the
initially neighboring RPE and choroidal layers could then no
longer be distinguished. It was thus of interest to determine
whether mouse eye tumors arising from the RPE could be
clearly shown to be malignant and to compare the potential for
RPE malignancy in mouse and human.

We decided upon genetic ablation of choroidal melano-
cytes in the transgenic mice, as this would obviate occur-
rence of choroidal melanomas. Such a strategy is feasible
because choroidal and retinal pigment cells develop from
separate sources and are separately affected by specific
mutant genes (5). The neural crest normally provides migra-
tory dendritic melanocytes to the skin and hair follicles, to the
choroid layer of the eye, and to several other tissues (6). The
brain is the other source of pigment cell precursors. The optic
vesicles arise as paired bulb-like outpocketings of the fore-
brain. Each indents to form a double-layered cup whose
innermost layer develops into the highly complex neural
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retina while the outer one gives rise chiefly to the single-cell-
layer pigment epithelium. Melanoblasts originating in the
neural crest populate the choroid on the opposite flank of the
RPE. The RPE then serves in part as a polarized transport
system, functionally linking the vascular network of the
choroid with the neural retina. Some mutations at the W
(white-spotting) locus lead to programmed death of neural
crest-derived—but not brain-derived—pigment cells, failure
of germ-cell proliferation and survival, and macrocytic ane-
mia (7). W/W" is one of the genotypes of mice with black
eyes, white coat, and severe anemia (6). The animals are
usually inviable unless reconstituted with healthy hemato-
poietic tissue; they are also presumptively sterile. The locus,
now termed Kit, has been found to encode a transmembrane
egrowth factor receptor with tyrosine kinase activity; both W
and W alleles have been isolated and sequenced (8, 9).

MATERIALS AND METHODS

To incorporate W/W" into our Tyr-SV40E transgenic mice
(4), the sterility due to W/W?" requires that the W and W"
alleles be introduced separately in a series of matings.
Moreover, the limited viability of W/WV due to severe
macrocytic anemia (6) necessitates early rescue by repopu-
lation with normal hematopoietic cells.

All mice in the experiment were congenic with the
C57BL/6 inbred strain. Individuals either hemizygous for the
T-antigen-encoding transgene (Tag/—) or homozygous (Tag/
Tag) were all from line 9, described in the earlier report (4).
The transgene in this line is not linked to the W locus (data
not shown). In the following series of matings, only the
segregants of interest are indicated:

(i) W/+ X Tag/Tag — W/+;Tag/—, etc.

(ii) WY/+ X Tag/Tag — WY/+;Tag/—, etc.

(iii) W/+;Tag/— X WV/+;Tag/— — W/W";Tag/Tag,
W/W¥;Tag/—, etc. W/W" mice, recognizable by their ex-
treme pallor, were reconstituted at birth by intravenous
inoculation with adult bone marrow cells, as described (10).
Marrow donors with the B-globin Hbb“ genetic variant were
used, to distinguish donor-derived erythropoiesis from that of
the recipients (Hbb*), in electrophoretic analyses of blood to
monitor successful repopulation. Healthy W/W?" survivors
that were hemi- or homozygous for the transgene were
identified by DNA analysis of tail tissue (4).

Tissues prepared for histology were fixed in formalin and
embedded in paraffin; the sections were stained with hema-

toxylin and eosin.

RESULTS

Candidate Mice. The transgene was previously found to
reduce the content of both eumelanin (black/brown) and
phaeomelanin (yellow) pigments in the coat (4). The

Abbreviations: RPE, retinal pigment epithelium; SV40, simian virus
40.
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FiG. 4. (a) Normal eye section of a 14-week control C57BL/6 mouse showing the neural retina and, below it, the RPE (left arrowhead) and
the melanocytic cells of the choroid (right arrowhead), with intense melanin deposition in both. (b) Eye of a 24-week W/ Wv-C57BL/6
nontransgenic animal. No melanocytic cells are present in the choroid (left arrowhead). The RPE (right arrowhead) is less pigmented than in
younger W/ W or wild-type mice. (c) Retina of a 24-week W/W" mouse hemizygous for the Tyr-SV40E transgene (Tag/—). A hyperplastic area
(arrowhead) of the hypomelanotic RPE is contiguous with the hypomelanotic early melanoma above. (d) Ina17-week W/ WY mouse homozygous
for the transgene (Tag/Tag), a melanoma has arisen in the papillary area of the RPE and has caused retinal detachment. Tumor cells have invaded

the optic nerve (arrowhead). (e) Higher magnification of the same tumor, showing invasion in the optic nerve. Some melanoma cells are intensely
pigmented. () Tumor nodule in the base of the skull of the same animal. (Hematoxylin/eosin stain; a—c, and e, X100; d, X20; f, X40.)

shown (Fig. 4 d and ¢), the main tumor mass caused extensive
retinal detachment and displacement. Tumor had also in-
vaded, or metastasized to, the base of the skull (Fig. 4f).
Lack of Melanosis in Tyr-SV40E Mice with W/W". The
occurrence of melanized cells in tissues ordinarily lacking
melanin, or producing relatively small amounts, is referred to
as melanosis or melanocytosis. Apart from the usual pres-
ence of melanin-containing cells in the skin and eyes, mod-
erate numbers of pigmented cells are often found in mice in

of all three transgenic mice with W/WY. The melanomas were
hypopigmented and arose in focally hypopigmented and
dysplastic regions of the RPE. The contiguity of an early
melanoma and a hyperplastic RPE region is evident in Fig.
4c. The melanomas were poorly differentiated and were
chiefly epithelioid, with some spindle and glanduliform areas,
and with sporadically distributed pigmentation.

Malignancy of RPE Melanomas. At more advanced stages,
the RPE melanomas had invaded the optic nerve. In the case
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the nictitans, meninges of the brain, hardenan glands, par-
athyroids, thymus (5), inner ear (15), and spleen. Only in one
mouse strain, PET (now extinct), have pigmented cells been
seen more widely distributed, in connective tissues through-
out the body (16). The existence of melanosis in Tyr-SV40E
transgenic mice (17) therefore came as a surprise, especially
as the transgene caused a reduction rather than an increase
In coat pigmentation, and the ocular and cutaneous melano-
mas in the same animals tended to be hypo- rather than
hyperpigmented (4). In those individuals, melanosis was
seen, with decreasing frequency, in the following novel sites:
nasal mucosa, endocardium, lungs, peripheral nervous sys-
tem, lymph nodes, central nervous system, genital organs,
skeletal muscle, oral mucosa, tooth enamel organ, pineal
gland, choroid plexus, mammary glands, larynx, salivary
glands, bladder, and urethra (17). In many cases, the pig-
mentation per se was in dendritic cells embedded in other
tissue (e.g., in muscle). Even more striking was the fact that
an array of neoplasms, generally also containing some mel-
anin, occurred in association with some of the melanotic
tissues. Included were tumors of the choroid plexus, en-
docardium, peripheral nerve sheath (schwannomas), co-
chlea, pineal gland, salivary gland, and nasal mucosa. These
tumors appeared to be distinct from peripheral melanotic
tumors judged to be metastases of eye melanomas (4, 17).

We have proposed (17) that most of the examples of
melanosis and associated tumors represent neural crest-
derived melanocytes that had increased in number, and had
In some cases become transformed, under the influence of the
transgene; the melanocytic schwannomas may have come
from developmentally bipotential neural crest cells. The
other examples could be ascribed to epithelia and endothelia
with some developmental plasticity, especially those of neu-
roectodermal origin; to epithelia receiving melanin granules
injected by melanocytes (which ordinarily inject granules into
hairs and keratinocytes); to tissues exhibiting metaplastic
conversion; or to phagocytic cells.

The W/WV;Tag/— (or W/W"Tag/Tag) mice in the present
study afford an opportunity to test those interpretations, as
W/WY leads to programmed cell death (18, 19) of melano-
cytes originating in the neural crest, while expression of the
Tyr-SV40E transgene causes transformation of cells capable
of melanization. The animals examined to date do in fact lack
melanosis as well as the tumors previously associated with
that condition. Thus the new evidence lends support to the
view of melanosis as primarily an aberration of neural crest

development. The lack of cutaneous melanomas reflects the
death of skin melanoblasts in W/W" mice. The transgene has

apparently failed to override the deleterious effect of W/ WV

on melanoblast viability, possibly due to a greater expression
of W/ WYV,

DISCUSSION

The results unambiguously demonstrate that melanotic neo-
plasms can originate from the RPE in vivo and can become
malignant. Dysplastic cells, representing premalignant
changes of the RPE, were seen contiguous with full-fledged
malignant melanomas, under genetic conditions precluding
origin from the choroid. Invasion of the optic nerve and
presence of tumor outside the orbit attest to the malignant
nature of the RPE-derived tumors. Their designation as
melanomas is supported by their origin from melanized cells
and 1s more specific than a broader designation based on their
epithelial origin, especially as the RPE is not a conventional
lining or glandular epithelium.

The RPE melanomas seen here and previously (4) in the
transgenic mice were predominantly hypomelanotic and ep-
ithelioid. Nevertheless several other patterns characterized
by glanduliform, fusiform, or small-cell differentiation were

Proc. Natl. Acad. Sci. USA 89 (1992)

observed. The diversity in morphologic architecture of hu-
man melanomas is well known and has been reviewed by
Nakhleh et al. (20), who have concluded that ‘‘malignant
melanomas may assume the histologic guise of adenocarci-
nomas, small cell carcinomas, and sarcomas.’’ Most of the
tumors reviewed by those investigators reacted strongly with
the reagents for S-100 protein and the HMB-45 antigen. The
fact that these same histological and histochemical charac-
teristics were found in both skin and RPE tumors in our
transgenic mice, before the W/ WY genotype was introduced
(4), strongly supports the view that the RPE neoplasms are
melanomas. Further evidence for this view is their invasive
and metastatic potential. It should be noted that no tumor of
the RPE, except melanoma, is characterized by this aggres-
sive biological behavior. For example, RPE adenocarcino-
mas, which can have some features in common with mela-
nomas, are known to be less aggressive and usually nonme-
tastasizing (21). In addition, the adenocarcinomas produce
cytokeratins whereas melanomas, including the eye tumors
found in our transgenic mice, are negative for keratin.

The disparity between our observations on mice and re-
ports of human RPE tumors may have several possible
explanations: species differences; incorrect or ambiguous
diagnoses of at least some human eye tumors (3), due to the
advanced stages of detection; or differences in the develop-
mental stages at which the mouse and human tumors
arise—at relatively younger and older ages, respectively. In
the experimental mice, the tyrosinase promoter undoubtedly
causes the transgene to start functioning in fetal life, when
eye pigmentation first appears. At that time, cells of the
developing eye are most actively proliferating (12) and thus
provide many potential target cells for transformation (22);
the fact that RPE melanomas were more common than
choroidal ones in the original (non-W/W?V) transgenics (4)
may be further attributable to differences in transcriptional
strength of this promoter in RPE vs. choroid. In contrast, the
typically later-onset human eye tumors originate when there
1s little RPE cell division (23), yet choroidal melanocytes may
still be frequently dividing. The difference between human
and mouse in occurrence of malignant RPE melanomas may
therefore be more apparent than fundamental, with the
balance of melanoma formation simply shifting among the
different pigmented eye tissues with age, and the RPE in
older individuals becoming more likely to form only benign
tumors. Nevertheless, any agent capable of stimulating RPE
cell division in vivo or in vitro would be expected to reactivate
the potential for malignant RPE melanomas at any age. This
expectation is borne out by the fact that explanted RPE cells
of adult human and other mammalian species resume active
division in culture and can be transformed with virions or
oncogenes (24, 25).

Two aspects of RPE aging contribute to an understanding
of eye melanoma formation in Tyr-SV40E transgenic mice:
pigmentary and mitotic changes. The higher prenatal than
postnatal expression of tyrosinase in the RPE would mean
that the transgene, driven by a tyrosinase promoter, is likely
to initiate RPE melanomas at an early age; melanomas were
indeed already present when the eyes were first examined
histologically, at 4 weeks (4). Mitotic activity in the C57BL /6
mouse RPE declines soon after birth and cell numbers are
stabilized by 2 weeks of age, with some further increase in
area due to cell enlargement (12). In light of the age-related
reduction in melanization (Figs. 2 and 4b), it follows that a
stimulus to cell proliferation—in this case, the transforming
SV40 sequences—would in effect distribute the available
melanosomes among an increasing number of cells, thereby

leading to hyperplastic nodules that are hypomelanotic, and
to hypomelanotic tumors. This did in fact occur (Fig. 4¢; also
see figure 2 in ref. 4) and was puzzling when first observed.
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W/W?" animals containing the integrated Tyr-SV40E trans-
gene can now be used as a source of material with which
several questions can be examined. Ostensibly normal RPE
cells, destined to become malignant, can be explanted from
very young mice to define genetic changes as the cells
progress toward malignancy. Whereas unavoidable contam-
ination of RPE cultures with choroidal melanocytes has until
now posed a problem for studies in vitro (26), no such
ambiguity would persist here. The animals themselves will
also enable metastatic propensities specific to RPE melano-
mas to be identified in the absence of any choroidal or skin
melanomas.
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ABSTRACT Like all aliphatic amines, the polyamines
spermine and spermidine are physical quenchers of singlet
molecular oxygen (103). The rate constants of these processes
were determined in vitro with photochemically generated 103
and the hydrocarbon rubrene as substrate, in pyridine. At
millimolar concentration, spermine and spermidine should
quench '0O7 in vivo and prevent it from damaging DNA. It is
proposed that a biological function of polyamines is the pro-
tection of replicating DNA against oxidative damage.

. b

.. spermidine and spermine are widely distributed in
nature, but their function 1s not known with any certainty’’
(1). This sentence summarizes the status in 1991 of a problem
that has been addressed in thousands of papers since
[L.eeuwenhoek’s discovery in 1677 of crystals of spermine
phosphate in human semen (2), where spermine reaches the
amazingly high concentration of 3.3 mg/g. It is known that
polyamines (Table 1) slow down autoxidation processes (3-5)
and thus inhibit oxidative damage caused by free radicals. We
propose here that the primary function of polyamines is to
protect DNA and RNA against singlet oxygen, 05 (14,), a
highly reactive and long-lived excited state of molecular
oxygen. Tertiary and secondary amines are long known to be
physical quenchers of singlet oxygen (6, 7). Chemical reac-
tion is minimal, and the amines are therefore not destroyed
In the quenching process. Spermidine and spermine (with one
and two secondary amine groups, respectively; Table 1) are
shown here to be no exception.

The recent paper of Balasundaram et al. (1) presents
intriguing and unexplained results consistent with our pro-
posal. These authors describe a mutant of Saccharomyces
cerevisiae 1n which endogenous putrescine is present in
normal levels, but the mutant is unable to synthesize sper-
mine and spermidine and requires their exogenous addition
for growth. However, this requirement holds only in aerobic
conditions, not in an atmosphere of N,/5% CO,.

Amine Quenching of Singlet Oxygen

The effectiveness of spermine and spermidine as in vitro
quenchers of 105 was determined by their ability to retard the
self-sensitized photooxygenation of rubrene (5,6,11,12-
tetraphenylnaphthacene), a bright-red hydrocarbon (R) that
reacts rapidly with 105 (k, = 4 x 10” M~ 1-s71) (7) to form a
colorless endoperoxide (RO,). This reaction competes with
quenching of 103 by amine (A):

g 4 RS RO

k
10§+A—q>A+302
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Aerated pynidine solutions of rubrene (0.22 mM) were
irradiated at 540 nm, and the concentration of rubrene was
followed photometrically as a function of irradiation time,
down to a concentration of rubrene of about one-half its initial
concentration; this was repeated in the presence of different
concentrations of amines in the millimolar range. Under these
conditions, k,/ka, the ratio of the pseudo-first-order rate
constant of decay of rubrene without amine to that with
amine, can be treated in a Stern—Volmer fashion. The slopes
of plots of k,/ka vs. amine concentration is k7, where 7is the
lifetime of O3 in the absence of amine under the conditions
of the experiment. These plots are linear up to =2 mM in the
case of spermine and spermidine.

This procedure was used to determine k47 not only for
spermine and spermidine but also for 1,4-diazabicyclo-
[2.2.2]Joctane (DABCO), triethylamine, and diethylamine,
three well-studied amines. The relative values are as follows:
DABCO and (C;Hs)3N, 1; spermine, 0.5; spermidine, 0.4;
(C2Hs);NH, 0.2. The rate constants for 105 quenching by
spermine and spermidine, calculated on the basis of an
average literature value (7) of kg = 2.5 X 107 M~Ls~1 for
DABCO, are listed in Table 2. The order of k; was expected,
since it reflects the known order of k, values of aliphatic
amines (7): tertiary (1) > secondary (0.2) > primary (0.005).
Amines quench O3 by a charge-transfer process (6, 8):
therefore, the lower the ionization potential, the better the
quencher. Similar results were obtained in toluene solution
with rose bengal as the sensitizer and irradiation at 560 nm.

Biological Effects of Polyamines

In addition to the recent work with the yeast mutants, earlier
studies with Escherichia coli mutants deficient in aliphatic
polyamines clearly show the importance of these amines for
growth (9, 10). In eukaryotes, an indication of their poten-
tially crucial role is the fact that ornithine decarboxylase, the
enzyme that catalyzes the first step of polyamine biosynthe-
sis, 1S synthesized in a burst at the end of the G; phase, just
before the S (synthesis) phase, and then is rapidly degraded
(10). In mammalian cells, it has the fastest protein turnover
rate of all eukaryotic enzymes.

There 1s no firm data on the cellular localization of poly-
amines in vivo, although the timing of the enzymatic synthe-
sis of the polyamines and the high levels of ornithine decar-
boxylase certainly suggest a role for polyamines at the time
of DNA synthesis. E. coli mutant studies indicate that
polyamines affect the rate of movement of the DNA repli-
cating fork (11). In vitro work shows a close association of
polyamines with DN A, neutralizing at least in part its nega-
tive charges and stabilizing it (12, 13). Similarly, there is
evidence for binding of polyamines to RNA (14) and an
indication that polyamines increase the fidelity of translation

—

Abbreviation: DABCO, 1,4-diazabicyclo[2.2.2]octane.
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Table 1. Structures of some polyamines

Amine Structure
Putrescine NH,-(CH»)s-NH>
Spermidine NH>-(CH»);-NH-(CH»)4s-NH>
Spermine NHQ-(CH2)3-N H-(CH2)4-N H-(CH2)3-N Hz

(10). All this is consistent with the proposal that polyamines
protect DNA and RNA against attack by 105

Many possible sources of 105 in living cells have been
identified, among them peroxidases (15, 16), dismutation (17)
of superoxide ion O; , and electron transfer from O3 to metals
(18, 19). As a result, singlet oxygen like polyamines 1s
ubiquitous. The preferred site for 105 attack on nucleic acids
is the guanine residue. In vitro, the rate constant of the
reaction with guanine has been estimated (20) at 5.3 x 10°
M~1s~1 and that of 105 with DNA at 5.1 x 10° M~ 1s™1,
These rate constants are both smaller than that for quenching
of 105 by either spermine or spermidine. Therefore, these
amines should afford protection to DNA, provided that they
are strategically located near the site of O3 attack, as is
expected. Oxidation of guanine in DNA causes loss of
transforming activity and mutagenesis, as well as some
single-strand breaks (21-23).

In E. coli, the concentration of spermidine is reported to be
4.7 umol/g of wet weight (24). On the assumption of 10'* cells
per g of wet weight and a cell volume of 2 um?, one calculates
a spermidine concentration, averaged over the whole cell, of
~2 mM, well within the necessary range for DN A protection.
Single-stranded DNA regions with exposed bases are the
most likely targets of 105 attack; if some of the spermidine
were synthesized near the replication forks, the local con-
centration of amine could be much higher. Although pu-
trescine (with only primary amine groups) is expected to be
a weaker quencher, its presence may be sufficient to protect
DNA in nonreplicating cells of the yeast mutant (1).

Conclusions

The harmful effects of 105 are, of course, not limited to
nucleic acids. Its reactivity with amino acids as well as with
lipids, leading to damage to cell membranes, is also well
documented (25). In addition, it should be emphasized that
105 is evidently not the only possible agent of oxidative
damage. O;, H>O,, and the extremely reactive free radical
‘OH must all be considered (26). As mentioned earlier,
several studies have shown that polyamines may also inter-
vene in some of these reactions. For example, they retard
free-radical autoxidation processes (3-5) and seem to mod-
erate the toxicity of paraquat, a source of superoxide i1on (27).

We believe that a case can be made for a role of polyamines
in the protection of DNA against oxidative attack, as docu-
mented in a companion paper (28), and that this may be their
primary function. One might speculate that, downstream, the
presence of polyamines could then allow protein synthesis,
once the integrity of DNA and RNA was ensured.

The present ideas could have implications for research in

fertility.
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Table 2. Rate constants, kg, for 103 quenching by amines

Amine ka i Ma szl X105
(C2Hs)3N 255
DABCO 255
Spermine 152
Spermidine 1.0
(C2Hs),NH 0.5

TCalculated on the basis of an average literature value (7) of 2.5 x 107
M~-1s~1 for DABCO.

We thank Konrad Bloch, J. Woodland Hastings, and David B.
Wilson for comments on the manuscript.
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ABSTRACT Oxidative damage to DNA induced by singlet
molecular oxygen (!03) includes single-strand breaks, which
the biologically occurring '0> quenchers spermine and sper-
midine are shown to prevent. These polyamines at a physio-
logical concentration (10 mM) reduce the percentage of the
open circular form of pBR322 plasmid DNA, which is gener-
ated at the expense of the native supercoiled form when the
plasmids are incubated with a chemical source of 105, the
water-soluble endoperoxide of 3,3’-(1,4-naphthylidene)dipro-
pionate. Spermine and spermidine can be expected to protect
DNA against other damaging effects of 103.

Harmful biological effects of molecular oxygen in its A,
singlet excited state (103) have long been known. These
Include damage to the genetic material, which results in
mutations and loss of transforming activity. 105 reacts se-
lectively with deoxyguanosine; oxidized guanine residues
lose base-pairing specificity (see ref. 1 for arecent review and
discussion).

Resolving an earlier controversy, Di Mascio et al. (2) and
Blazek et al. (3) demonstrated independently and unamblg-
uously in 1989 that 103 also induces single-strand breaks in
DNA. Among other findings, these authors showed that
exposure to 10> generates the open circular (OC) form of
plasmid pBR322 at the expense of the supercmled (SC) form
of this plasmid. In these experiments, 105 was produced in
three different ways: by photosensitization with an external
sensitizer (2, 3); by a microwave discharge through an oxygen
stream (2); or chemically, by the decomposmon of a water-
soluble endoperoxide (2). That O3 has a role in breaking the
DNA backbone was supported by two observations: (i)
replacing H>O by “H,O0 in the buffer increases the percentage
of OC generated (2, 3), in keeping with the longer lifetime of
103 in 2H,0 (4): and (ii) the presence of sodium azide, a very
efficient quencher of 105, protects the native supercoiled
form (3). These results have since been confirmed and
extended (5-7).

It therefore seemed that the appearance of single-strand
breaks in pBR322 DNA, induced by chemically generated
103, would provide a sensitive and convenient way of testing
the hypothesis presented in the companion paper (8)—

namely, that polyammes serve to protect DNA in vivo against
damage by !O5.

MATERIALS AND METHODS

Generation of Singlet Oxygen. Singlet oxygen (103) was
generated by the thermal dissociation of the water-soluble
endoperoxide (NDPO,) of 3,3'-(1,4-naphthylidene)dipropi-
onate (NDP), as described (9). This process generates singlet
molecular oxygen (*A,) in a high yield.
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Plasmid Preparation. The HB101 strain of Escherichia coli
was transformed by plasmid pBR322 using a calcium chloride
procedure, essentially as reported (2). Cells were spread on
ampicillin (100 wg/ml) agar plates and incubated overnight at
37°C. Transformed E. coli cells were grown in LB medium to
a cell density of =10° cells per ml. Plasmid DN A was purified
using the Qiagen plasmid kit, pack 500 (Qiagen, Studio City,
CA). The plasmid preparation contained =85% form I (SC),
~10% form II (OC), and =5% DNA fragments.

Exposure of DNA to !03, With or Without Inhibitors. Two
micrograms (20 wl) of pBR322 DNA was exposed to 10 mM
(10 ul) NDPO; in deaerated 50 mM sodium phosphate buffer
in H,O at pH 7.4 (total volume 200 wl). To study inhibitor
effects, some of the solutions contained 10 mM freshly
dissolved spermine or spermidine (as polyhydrochlorides),
10 mM histidine, or 1 mM sodium azide (20 wl each), in
addition to 10 mM NDPO,. The following three controls were
also performed: plasmid alone, plasmid plus 50 mM NDP (the
parent compound of NDPO; and a product of its decompo-
sition), or plasmid plus 10 mM spermine and 10 mM sper-
midine. In all cases, incubation was at 37°C for 100 min with
shaking.

Plasmid Treatment After '05 Exposure. Separation of the
different conformations of pBR322 DNA, form I (SC, native
conformation), form II (OC, resulting from single-strand
break), and form III (linear DNA, resulting from double-
strand breaks), was performed by gel electrophoresis, using
0.7% agarose gels in a horizontal gel electrophoresis chamber
at 30 mA for 120 min in 89 mM Tris borate/2 mM EDTA
butter. DNA (10 ul, 100 ng) was mixed with 2 ug of gel loading
buffer (15% Ficoll type 400/0.25% bromophenol blue) and
applied to the gel. After gel electrophoresis, the DNA bands
were stained with ethidium bromide and visualized by fluo-
rescence In a UV (Fotodyne 440) DNA transilluminator
system. In the experiments presented in Fig. 2, the negative
of a Polaroid (type SSP/N) photograph of the gel was scanned

with an E-C Apparatus Corporation (St. Petersburg, FL)
densitometer.

Abbreviations: OC, open circular; SC, supercoiled; NDP, 3,3’-(1,4-
naphthylidene)dipropionate; NDPO,, endoperoxide of NDP.
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Fic. 1. Electrophoretic separation of pBR322. Singlet oxygen-
induced damage and protective effect of spermine, spermidine, and
sodium azide. Lane 1, pBR322 plus NDP (50 mM), spermine (5 mM),
and spermidine (5 mM); lane 2, pBR322 plus NDPO; (10 mM); lane
3, pBR322 (10 mM) plus NaN3 (1 mM); lane 4, pBR322 plus NDPO
(10 mM), spermine (5 mM), and spermidine (5 mM).
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FiG. 2. Gel electrophoresis of plasmid pBR322 after exposure to 107 generated by the thermal decomposition of the endqpemxide I\]DPO;_, as
described in Materials and Methods. Effect of the polyamines spermine and spermidine and of the known 103 quenchers his'gid'me‘and sodium azide.
The DNA is present in two conformations, SC and OC, and as fragments (F). The percentage of DNA in the different forms IS indicated next to each
peak. Lane 1, pBR322 control; lane 2, pBR322 plus 50 mM NDP; lane 3, pBR322 plus 10 mM spermine and 10 mM spermndmei la.me 4, pBR322 plus
10 mM NDPO,: lane 5, pBR322 plus 10 mM NDPO, and 10 mM spermine; lane 6, pBR322 plus 10 mM NDPO; and 10 mM spermidine; lane 7, pBR322
plus 10 mM NDPO- and 10 mM histidine; lane 8, pBR322 plus 10 mM NDPO; and 1 mM NaN3i; lane 9, pBR322 plus 10 mM NDPO:.
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RESULTS AND DISCUSSION

Inspection of Figs. 1 and 2 confirms, first of all, that singlet
oxygen induces single-strand breaks in DNA. The percentage
of single-strand breaks, resulting in the OC form of plasmid
pBR322, rose from 9.7% =+ 2.6% in the pBR322 controls to
35% upon incubation with NDPO, (Fig. 2), confirming pre-
vious work (2). Both sets of results, obtained with different
preparations of plasmids, also show that neither NDP, the
product of the endoperoxide decomposition, spermidine, nor
spermine increases the percentage of the OC form of DNA.
On the other hand, both sets of results show that 1 mM
sodium azide protects the SC form of the plasmid against
damage by 03, confirming the effect of this well-known 103
quencher. Also as expected, replacing H,O by “H,O in the
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