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Oxidative Thymine Dimer Repair
in the DNA Helix

Peter J. Dandliker, R. Erik Holmlin, Jacqueline K. Barton*

The metallointercalator Rh(phi),DMB3* (phi, 9,10-phenanthrenequinone diimine; DMB,
4,4'-dimethyl-2,2'-bipyridine) catalyzed the repair of a thymine dimer incorporated site-
specifically in a 16-base pair DNA duplex by means of visible light. This repair could be
accomplished with rhodium noncovalently bound to the duplex and at long range (16 to
26 angstroms), with the rhodium intercalator tethered to either end of the duplex as-
sembly. This long-range repair was mediated by the DNA helix. Repair efficiency did not
decrease with increasing distance between intercalated rhodium and the thymine dimer,

but it diminished with disruption of the intervening m-stack.

Solar ultraviolet radiation damages our ge-
netic material and leads to mutations and
cancer. The most thoroughly studied light-
induced DNA lesion is the cyclobutyl thy-
mine dimer that results from a [2+2] pho-
tocycloaddition between adjacent thymine
bases on the same polynucleotide strand
(1). Eukaryotic cells eliminate the thymine
dimer by excision, whereas bacteria such as
Escherichia coli use photolyase enzymes (2,
3) to repair the lesion photochemically
without excision. In the latter process, vis-
ible light (350 to 450 nm) induces a one-
electron photoreduction of the thymine
dimer substrate by the enzyme, initiating its
repair. In model systems, photoexcited tryp-
tophan has served as a reductant with irra-
diation at =300 nm (4). Work with pyrim-
idine dimer model compounds indicated
that repair of the lesion could also be initi-
ated by photoinduced oxidation with ultra-
violet light (=300 nm) (5). Thus, repair
may proceed through both radical cation
and radical anion intermediates (6).

We recognized that intercalating com-
plexes of rhodium(IIl), which bind tightly
to DNA and are also strong photo-oxidants,
might directly promote the repair of thy-
mine dimers incorporated in duplex DNA
substrates. The complex Rh(phi),DMB**
binds in the major groove of double-strand-
ed DNA with an affinity of >10° M1 by
intercalation of the phi ligand (7). Excita-
tion of the complex at 400 nm, where DNA
itself does not absorb light, yields an oxidiz-
ing excited state that decays on the nano-
second time scale (8).

Rh(phi),DMB** was found to catalyze
the repair of a thymine dimer incorporated
site-specifically (9) in the center of a syn-
thetic 16-base pair (bp) oligonucleotide du-
plex. Excitation of the rhodium complex at
400 nm in the presence of dimer-containing
duplex resulted in the disappearance of the
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dimer-containing strand in a first-order ki-
netic process, with concomitant appearance
of the repaired oligonucleotide (Fig. 1).
Quantitative repair has been observed with
concentrations of rhodium complex as low
as 500 nM (10) and a >10-fold excess of
DNA duplex. This synthetic repair system
is remarkable in that the metal complex is
activated by visible light. Repair of dimer-
containing oligonucleotide substrates can
be accomplished with catalytic amounts of

metal complex and sunlight.
Because the DNA mr-stack has been
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shown to mediate long-range electron
transfer reactions, we considered whether
the DNA helix might similarly facilitate
long-range oxidative repair. We previously
reported that the m-stacked array of hetero-
cyclic, aromatic bases of DNA facilitates
long-range photoinduced electron transfer
between donors and acceptors bound by
intercalation (11-13). Moreover, oxidative
damage to guanine 5'-GG-3’ doublets in
DNA by photoinduced charge transfer at
long range (=34 A) from a rhodium inter-
calator covalently tethered to the DNA
duplex has been demonstrated (14). To ex-
plore the remote repair of thymine dimer
lesions mediated by DNA, we prepared
dimer-containing 16-bp duplexes with a
Rh(III) intercalator covalently tethered to
one end (15) and irradiated these assem-
blies with 400-nm light (Fig. 2). High-per-
formance liquid chromatography (HPLC)
analysis (under denaturing conditions) of
the reaction mixture showed the steady dis-
appearance of the dimer-containing strand
and the corresponding appearance of the
repaired strand as a function of irradiation
at 400 nm (16).

Photocleavage of DNA by phi complex-
es of rhodium with irradiation at higher
energies (313 nm) has been useful in mark-

5' AGAGCAGTIGACACGT? s
3 PCTCGTCAACTGTGCAS' T

Rh(phi),DMB3+ \j

5 AGAGCAGTTGACACGT?'
3' TCTCGTCAACTGTGCAS'

Fig. 1. Photochemical repair of the thymine dimer in DNA

400 nm light
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by noncovalently bound rac-Rh(phi),DMB3*. Shown
schematically are (left panel) the reaction, and (right pan-
el, top to bottom) the HPLC chromatograms at 0, 2, 5,
10, and 20 min of irradiation. The amount of thymine

dimer—containing strand with retention time T = 6 min T

T I 1
decreased steadily with increasing irradiation time, while 0 10 20 30

the corresponding repaired strand (T = 15 min) smooth-

Tg (min)

ly appeared. The constant signal at 75 = 26 min corre-

sponds to the complementary strand. Solutions containing thymine dimer—modified 16-bp duplex and
one equivalent of rac-Rh(phi),DMB®*+ were irradiated with 400-nm light to effect DNA repair. The
quantum yield for thymine dimer repair measured for 20 min of irradiation was 0.0001 mol per Einstein
with stoichiometric rhodium. The light source was a Hanovia Hg-Xe arc lamp equipped with a mono-
chromator. The samples (40 ) containing 8 WM DNA duplex, 8 uM rac-Rh(phi),DMB®*, 50 mM NaCl,
and 5 mM tris (pH 8.50) were irradiated at ambient temperature. Product analysis was accomplished by
high-temperature reversed-phase HPLC on a Microsorb MV C, 4 analytical column (Rainin) maintained
at 80°C (flow rate = 0.8 ml min~"; we used a linear gradient of 20 mM ammonium acetate containing 2
to 3% CH,CN for 10 min, then 3 to 4% CH,CN for 30 min); under these conditions, each oligonucleotide
elutes with a characteristic retention time. The identity of the individual compounds was confirmed by
coinjection with authentic samples. Electrospray ionization mass spectrometric analysis of the repaired
strand also showed the expected mass.
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ing sites of intercalation (7) and permits the
determination of distances (11, 14) over
which DNA-mediated electron transfer re-
actions can occur. Photocleavage of 5'-

modified and 3’-modified duplexes at 313
nm indicated intercalation up to four base
steps from the end of the duplex (Fig. 2).
Therefore, on the basis of the photocleav-

age results, tethering of rhodium to the
duplex precludes direct contact of the metal
center and thymine dimer within a duplex.

To test whether the repair of Rh-modi-

O__N N
*g N(CHa)E”
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SBCGTCRGTTGAGACET
SPGCACT-CARCT-CT-G-CAY

Fig. 2. Long-range repair of the thymine dimer by rhodium
covalently tethered to the DNA duplex. Shown schematically are
(left panel) two DNA assemblies containing tethered A-rhodium
at either end and a thymine dimer in the complementary strand,
and (right panel, top to bottom) the HPLC chromatograms at O,
1, 2, 4, and 6 hours of irradiation for the reaction with the duplex
modified with rhodium at the 3’ end (bottom left). The thymine

dimer-containing strand with T = 17 min decreased steadily .

with increasing irradiation time, while the corresponding repaired
strand (Tg = 26 min) smoothly appeared. The metallated oligo-

nucleotide eluted at Tg = 45 min and is not shown here. Reaction conditions were identical to those in
Fig. 1 except for the HPLC gradient: linear gradient of 20 mM ammonium acetate containing 2 to 3%
CH3CN over 10 min, to 4.5% CHZCN over 30 min, and to 20% over 10 min. Analysis of the visible
absorption spectrum showed that the metal complex did not degrade during the course of the reaction,
consistent with a catalytic repair process. The quantum vyield for thymine dimer repair calculated for 6
hours of irradiation was 2 X 10~ mol per Einstein. The arrows (left panel) indicate relative intensities for
the direct photocleavage (74) with 313 nm light. The distribution of intensities indicates that the most
probable site for intercalation of rhodium is in the 5’-CG-3’ step for the 5’-Rh-modified oligomer and
equally in the 5'-CG-3' step and 5'-GT-3' step for the 3’'-Rh-modified duplex. With these intercalation
sites, the distance between the catalyst and the cyclobutane ring of the dimer is 19 to 22 A,

fied DNA duplexes proceeded in an inter-
duplex reaction, we examined dimer repair
for an Rh-modified duplex over a concen-
tration range of 2 to 32 uM. The repair
efficiency of rhodium noncovalently bound
to the duplex appears to be 30 times that in
Rh-modified DNA duplexes, and we con-
sidered whether an interduplex reaction
might account for this difference. In the
Rh-modified DNA duplexes, we found that
the repair efficiency varied by only 2% be-
tween 2 and 16 uM, with a 6% increase in
efficiency between 16 and 32 pM. If the
repair were primarily intermolecular, we
would have expected an increase in repair
efficiency of at least 500% over this con-
centration range. These data therefore in-
dicate that at 8 uM, where we performed
most of the repair experiments, duplex
dimerization is not significant (17). We also
tested the intermolecularity of the reaction
at 8 pM directly in an experiment in which
a 16-bp duplex containing a thymine dimer
was irradiated in the presence of a separate,

Repair

15

T
20
Tr (min)

1

30 undamaged duplex bearing a pendant rho-
dium complex; we observed no detectable
repair. Lastly, interduplex intercalation is
inconsistent with DNA photocleavage ex-
periments measured as a function of con-
centration with Rh-modified duplexes.
These experiments, consistent with the re-
pair reactions, also support an interduplex
dimerization constant of <10°> M~ (18).
Hence, repair in the Rh-modified duplexes
occurs in an intraduplex reaction and is
initiated from a remote position 16 to 26 A

T
25

Table 1 (left). Long-range thymine dimer repair in duplexes with tethered rhodium. Repair is expressed as the percentage of thymine dimer repaired after 6
hours of irradiation. Repair efficiencies are given for assemblies containing either A- or A-Rh. Combined random error in sample preparation, irradiation, and
HPLC analysis, =5%. Separation distances between catalyst and thymine dimer are based on intercalation at the sites shown schematically. Melting
temperatures (T,.,) were determined with 2 uM solutions of modified duplex. Reaction conditions for repair were identical to those in Fig. 1. Table 2 (right).
Long-range thymine dimer repair in duplexes with tethered rhodium without and with intervening bulges. Repair is expressed as the percent-

age of thymine dimer repaired after 6 hours of irradiation. Com-

bined random error in sample preparation, irradiation, and HPLC

' Tm (°C) Repair (%) analysis, =5%. Reaction conditions for repair were identical to
Du/,:llex Distance (A) +TT  -TT A-Bh  A-Rh those in Fig. 1.
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away through the DNA base stack (19).
The DNA helix, which facilitates long-
range electron transfer, also mediates the
long-range repair of the thymine dimer.

The lower repair efficiency observed
with rhodium tethered to a remote site
relative to that seen with rhodium nonco-
valently bound could be a consequence of a
decrease in repair efficiency with increasing
rhodium-dimer separation, the destacking
of intervening base pairs, or both. We
therefore prepared a series of duplexes, each
containing a thymine dimer and a co-
valently bound rhodium intercalator, to test
the sensitivity of the reaction to both dis-
tance and destacking (Tables 1 and 2). In
all the assemblies, the 4-bp (5'-ACGT-3")
intercalation sites at either end of the du-
plex and the GAG sequences flanking the
T<>T lesion were identical. We systemat-
ically varied the duplex length, the position
of modification by rhodium (3’ or 5 termi-
nus), and the configuration about the
Rh(III) center (A or A). We also hybridized
the 5'-A-Rh-modified 16-nucleotide (nt)
strand and 18-nt strand to the 20-nt thy-
mine dimer strand, creating two assemblies
with internal bulges between the rhodium
intercalator and the thymine dimer.

Correlations between structure and re-
pair efficiency can be made from our results.
First, repair is sensitive to stacking of both
the donor and the acceptor into the helix.
This is evident in the consistently greater
repair efficiency with A-isomers relative to
that with A-isomers (20). As found in pre-
vious studies of DNA-mediated electron
transfer (12, 13), this result reflects the
deeper stacking of the right-handed metal
complex into the right-handed DNA helix
(21). Second, we see comparable repair in
reactions with rhodium tethered to the 3’
or 5" side of the dimer. From this observa-
tion, we infer that stacking on the 3" and 5’
sides of the thymine dimer within the helix
is not substantially different (22). We can
account for the differences in repair effi-
ciencies in these constructs on the basis of
the differential stacking of the rhodium in-
tercalator tethered to either end of the du-
plex (23). As seen in other electron transfer
assemblies (11-14), we find that repair ef-
ficiencies do not diminish with increased
separation between the thymine dimer le-
sion and tethered rhodium. Indeed, the
overall increase in repair efficiency ob-
served clearly for the A-Rh diastereomer
over this range of distances likely reflects
the increased helical stabilization with in-
creased duplex length. These data also ar-
gue against a mechanism in which fraying
of the ends of the DNA duplex might allow
the tethered rhodium complex to contact
the thymine dimer and initiate repair at
close range.
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Although the efficiency of these DNA-
mediated repair reactions does not appear
to diminish with increasing distance be-
tween the dimer and the oxidative catalyst,
the reactions are sensitive to stacking of the
intervening bases. The decrease in repair
efficiency caused by intervening bulges in
the DNA illustrates this sensitivity (24)
(Table 2). Single- and double-base bulges
do not completely destack a DNA duplex,
but they do introduce structural perturba-
tions (25); we have now shown that such
defects in the intervening w-stack inter-
fere with the long-range repair process.
This result confirms that the DNA helix
mediates this long-range oxidative repair
reaction.

The difference in the repair efficiency
of thodium covalently and noncovalently
bound to DNA may reflect features of the
structure of the thymine dimer within the
duplex. Our results show that increasing
the distance between intercalated rhodium
and the thymine dimer does not lead to a
reduction in repair efficiency; therefore, the
disparity likely results from differences in
m-stacking. A likely possibility is that the
thodium tether restricts optimal overlap of
the intercalator with the helical m-stack.
The lower repair efficiency in Rh-modified
duplexes may also indicate that the thymine
dimer is not fully stacked in the helix to
either its 3’ or 5’ side. It is possible that
repair by Rh(phi);DMB** noncovalently
bound to the duplex is more efficient be-
cause the complex can stack directly against
the thymine dimer (26). Alternatively, bind-
ing of Rh(phi),DMB** in the center of the
sequence may serve to stabilize the duplex
containing the thymine dimer in a stacked
conformation where DNA-mediated oxida-
tion is more favorable (27). Although we
have shown that long-range oxidative repair
through DNA is therefore possible, the de-
creased efficiency of reactions with tethered
rhodium, which are mediated by the helix,
suggests that it may be advantageous in an
enzymatic repair to project the thymine
dimer fully out of the helix for efficient
reaction (28), as has been proposed (3) on
the basis of the crystal structure of DNA
photolyase. ’

This work illustrates how a synthetic
catalyst may be applied in the repair of
thymine dimers in DNA with visible light.
The repair process functions at both short
and long range through the DNA bases
over a distance of at least 26 A. This repair
process represents an illustration of long-
range DNA-mediated electron transfer
chemistry and underscores the sensitivity of
such reactions to m-stacking but not to
distance. These electron transfer reactions
therefore provide a sensitive probe of inter-
vening DNA helical structure. Although

our results do not imply that DNA-mediat-
ed repair is operative in enzymatic photo-
reactivation, they do provide chemical ev-
idence for repair from a remote position
mediated by the DNA helix. We suggest
that these phenomena are important to
consider in the context of physiologically
relevant charge-transfer reactions involving

double-helical DNA.
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Requirement of the DEAD-Box Protein Ded1p
for Messenger RNA Translation

Ray-Yuan Chuang, Paul L. Weaver, Zheng Liu,
Tien-Hsien Chang*

The DED1 gene, which encodes a putative RNA helicase, has been implicated in nuclear
pre-messenger RNA splicing in the yeast Saccharomyces cerevisiae. It is shown here by
genetic and biochemical analysis that translation, rather than splicing, is severely im-
paired in two newly isolated ded7 conditional mutants. Preliminary evidence suggests
that the protein Ded1p may be required for the initiation step of translation, as is the
distinct DEAD-box protein, eukaryotic initiation factor 4A (elF4A). The DED1 gene could
be functionally replaced by a mouse homolog, PL70, which suggests that the function
of Ded1p in translation is evolutionarily conserved.

Eukaryotic translation initiation requires
many factors to promote the binding of the
80S ribosome to the initiation codon in the
mRNA (1, 2). Binding of the 43S preini-
tiation complex, which is derived from the
40S subunit of the 80S ribosome, to mRNA
is a rate-limiting step that requires three
eukaryotic initiation factors: 4A (elF4A),
4B, and 4F (consisting of three subunits,
elF4A, elF4E, and elF4G). It has been pro-
posed (3) that elF4B and elF4F together
form an RNA-helicase complex that binds
to the 5" cap of the mRNA through elF4E.
This complex then unwinds duplex struc-
tures in the 5" untranslated region, thereby
permitting the 43S complex to scan the
mRNA until the first AUG codon is select-
ed. elF4A is thought to play a major role in
this unwinding process, because it can un-
wind short RNA duplexes in vitro in con-
junction with elF4B (4). eIF4A belongs to
the evolutionarily conserved DEAD-box
protein family (5), whose members share
nine highly conserved amino acid regions,
including the distinct Asp-Glu-Ala-Asp
(DEAD) sequence. Here, we report that
translation in yeast requires another
DEAD-box protein, Ded1p, whose function
appears to be conserved in evolution.
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The DEDI gene was originally identified
as an essential open reading frame adjacent
to HIS3 (6). Dedlp was hypothesized to
function in nuclear pre-mRNA splicing be-
cause spp8l-1, a mutant allele of DEDI,
suppresses the growth and splicing defects
caused by the prp8-1 mutation (7). More
recently, it was reported that overexpres-
sion of DEDI can suppress the growth de-
fect of an RNA polymerase III (Pol III)
mutant, which suggests that Ded1p can also
influence Pol III transcription, although it
may not normally participate in this process
(8). To investigate the function of Dedlp,
we isolated two dedl cold-sensitive mutants
(9). The ded1-120 and ded1-199 alleles yield
mutant forms of Ded1p with predicted ami-
no acid substitutions of Gly'®® — Asp and
Gly** — Asp (ded1-120) and Gly*®® —
Asp (dedl-199). At 25°C both mutants
grew substantially slower than did the wild-
type strain, and at 15°C they did not grow.

We first examined the dedl-120 and
ded1-199 mutants for splicing defects by
Northern (RNA) blotting. No splicing de-
fects were detected in either ded] mutant
after shifting cultures to 15°C for 2 hours.
This observation was in sharp contrast to
the aberrant rise in ACT1 pre-mRNA lev-
els and decline in mature CRY] mRNA
levels in control strains prp2 and prpll,
which harbor splicing mutations (10).

Instead, we found that, at 15°C, the
incorporation of [*>S]methionine into acid-
precipitable peptides in each dedl mutant
strain was ~10% of that incorporated in
the isogenic wild-type strain. This inhibi-
tion of protein synthesis seemed to be gen-
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