
second time scale ( 8 ) .  
Rh(phi)2DMB3- was found to catalyze 

the repair of a thymine di~ner  incorporated 
site-specif~cally (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 

Oxidative Thymine Dimer Repair shown to mediate long-range electron 
transfer reactions, we considered whether 

in the DNA Helix the DNA helix mlght sim~larly facilitate 
long-range oxidative repair. We previously 

Peter J. Dandliker, R. Erik Holmlin, Jacqueline K. Barton* reported that the T-stacked array of hetero- 
cyclic, arolnatlc bases of DNA facilitates 

The metallointercalator Rh(phi),DMB3' (phi, 9,lO-phenanthrenequinone diimine; DMB, long-range photoinduced electron transfer 
4,4'-dimethyl-2,2'-bipyridine) catalyzed the repair of a thymine dimer incorporated site- between donors and acceptors bound by 
specifically in a 16-base pair DNA duplex by means of visible light. This repair could be intercalation (1 1-13). Moreover, oxidative 
accomplished with rhodium noncovalently bound to the duplex and at long range (1 6 to damage to guanine 5'-GG-3' doublets in 
26 angstroms), with the rhodium intercalator tethered to either end of the duplex as- DNA by photoiniuced charge transfer at 
sembly. This long-range repair was mediated by the DNA helix. Repair efficiency did not long range ( 2 3 4  A )  fro111 a rhodium inter- 
decrease with increasing distance between intercalated rhodium and the thymine dimer, calator covalently tethered to the DNA 
but it diminished with disruption of the intervening vstack. duplex has been demonstrated (14). T o  ex- 

plore the remote repair of thymine dilner 
lesions mediated by DNA, we prepared 
dimer-containing 16-bp duplexes with a 

Solar  ultraviolet radiation damages our ge- dimer-containing strand in a first-order ki- Rh(II1) intercalator covalently tethered to 
netic material and leads to mutations and netic process, with concomitant appearance one end (15) and irradiated these assem- 
cancer. The most thoroughly studied llght- of the repaired oligonucleotide (Fig. 1).  blies with 400-nm llght (Fig. 2). High-per- 
induced DNA lesion 1s the cyclobutyl thy- Quantitative repair has been observed with formance liquid chromatography (HPLC) 
mine dimer that results from a [2+2] pho- concentrations of rhodium complex as low analysis (under denaturing conditions) of 
t ~ c ~ c l o a d d i t i o n  between adjacent thymine as 500 nM (1 0) and a >10-fold excess of the reaction mixture showed the steady dis- 
bases on the same polynucleotide strand DNA duplex. This synthetic repair system appearance of the dlmer-containing strand 
(1 ). Eukaryotic cells eliminate the thymine is remarkable in that the metal complex is and the corresponding appearance of the 
dimer by excision, whereas bacteria such as activated by visible light. Repalr of d~mer-  repaired strand as a function of irradiation 
Escherichia coli use photolyase enzymes (2, containing oligonucleotide substrates can at 400 nm (16). 
3) to repair the lesion photoche~nical l~ be acco~nplished with catalytic amounts of Photocleavage of DNA by phi complex- 
without excision. In the latter process, vis- metal complex and sunl~ght. es of rhodium with irradiation at higher 
ible light (350 to 450 nm) induces a one- Because the DNA T-stack has been energies (313 nm) has been usef~~l  in mark- 
electron photoreduction of the thymine 
dimer substrate by the enzyme, initiating its 
repair. In model systems, photoexcited tryp- ' AGAGCAG@GP.CACGT~ A 

' TCTCGTC.UCTGTGCP.~ TT 
tophan has served as a reductant with irra- 
diation at 5 3 0 0  nm (4). Work with pyrlm- 1 Repair 

Dvison of Chemstry and Chemical Engineerng, Cafor- 
n a  nsttute of Technooqv, Pasadena, CA 91 125, USA. 

idine dimer model compounds indicated 
that repair of the lesion could also be initi- 

'To whom corresuondence should be addressed 

I 

y appeared. The constant signal at T, = 26 min corre- 
sponds to the complementary strand. Soutons containing thymne dimer-modifed 16-bp duplex and 
one equivalent of rac-Rh(phi),DMB3+ were irradated w~th 400-nm light to effect DNA repar. The 
quantum yield for thymine d~mer repar measured for 20 m n  of irradiation was 0.0001 mol per Einstein 
with stoichometric rhodium. The light source was a Hanovia Hg-Xe arc lamp equipped with a mono- 
chromator. The samples (40 kl) containing 8 FM DNA duplex. 8 FM rac-Rh(ph),DMB3+, 50 mM NaCl, 
and 5 mM iris (pH 8.50) were irradiated at ambient temperature. Product anays~s was accomplished by 
hgh-temperature reversed-phase HPLC on a Microsorb MV C,, analytical column (Rainin) mainta~ned 
at 80°C (flow rate = 0.8 m mn- ' ;  we used a linear gradlent of 20 mM ammonium acetate containing 2 
to 3% CH3CN for 10 min, then 3 to 4% CH3CN for 30 mn);  under these conditons, each oligonucleot~de 
elutes w~th a characteristic retenton tme. The identity of the indiv~dual compounds was confirmed by 
coinjection with authentic samples. Electrospray ionization mass spectrometric analysis of the repaired 
strand also showed the ex~ected mass. 
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ated by photoinduced oxidation with ultra- s!.,,y. 8; '+ I! 

violet light ( 5 3 0 0  nm) (5). Thus, repair - - -,,,JKN, 

P may proceed through both radical cation 
and radical anion intermediates (6). 

We recognized that intercalating corn- 

/ 1 I ',, 

--i_i'L 

400 nm light I ( 

!; 
, I  

.-'. ', 

plexes of rhodium(III), which bind tightly 1 1 11 
R h ( p h l ) , D ~ ~ ~ -  1 1  l 1  

to DNA and are also strong photo-oxidants, 
- i _ ~ # ~ ( -  I; 

might dlrectly promote the repair of thy- ' AGAGCAGTTGACACGT~ ' 
' TCTCGTCAI.CTGTGCA' 1 11 

mine dimers incorporated in duplex DNA 
I 1 1  I! 

substrates. The complex Rh(phi),DMB3+ Fig. 1. Photochemical repair of the thymne dimer in DNA . , - I ' ~ - I ; .  , ) :  ~ 

binds in the major groove ofdoLlble.strand. by noncovalently bound rat-Rh(phi),DMB3+. Shown I 
DNA ,vlth an affinity >106 M-1 by schemat~cally are (left panel) the reaction. and (right pan- ! 

l 1  

intercalation of the phi ligand (7 ) .  E ~ ~ ~ ~ ~ -  el, top to bottom) the HPLC chromatograms at 0, 2, 5. 
1 ;  

( I  
tion of the colnplex at 400 nln, where DNA 10, and 20 min of irradiation. The amount of thymine ,--- . ! t. 

dimer-containing strand with retention time T, = 6 mln 
does not light, yields an decreased steady with increasing irradiation time, while 

I 1 I 
10 20 30 

ing ex.cited state that decays On the llano- thecorresponding repaired strand (T, = 15 min) smooth- TR (min) 
. 



ing sites of intercalatlon (7)  and permits the modified and 3'-modified duplexes at 313 
determination of distances ( 1  1 ,  14) over n m  indicated Intercalation up to  four base 
which DNA-mediated electron transfer re- steps from the  end of the  duplex (Fig. 2). 
actions can occur. Photocleavage of 5 ' -  Therefore, o n  the  basis of the  photocleav- 

age results, tethering of rhodium to the  
dunles nrecludes direct contact of the  metal 

L L 

center and thymine dilner within a duplex. 
T o  test whether the  repair of Rh-modi- 

fied D N A  duplexes proceeded in a n  inter- 
duplex reaction, we examined dlmer repair 
for a n  Rh-modlfied duplex over a concen- 
tration range of 2 to 32 FM. T h e  repair 
efflciencv of rhodium noncovalentlv bound 
to the  duplex appears to be 30 times that In 
Rh-modified D N A  duplexes, and we con- 
sidered whether an  interdunlex reaction 

0 I 2 \ ' i 

j 
Fig. 2. Long-range repair of the thymine dimer by rhodium I 
covalently tethered to the DNA duplex. Shown schematically are 

I I I 1 
(left panel) two DNA assemblies containing tethered A-rhodium , I, - 
at either end and a thymine dimer in the complementary strand, I 

1 

and (right panel, top to bottom) the HPLC chromatograms at 0, I 1 1  

1, 2, 4, and 6 hours of rrad~ation for the reaction wlth the duplex __ ,,,'- 
modfled w t h  rhodum at the 3 '  end (bottom eft). The thymine I I I I 

d~mer-conta~n~ng strand w ~ t h  T, = 17 min decreased steady l 5  2O 25 30 
with increas~ng irradiation time, while the corresponding repaired TR (min) 

strand (T, = 26 m~n)  smoothly appeared. The metallated oligo- 
nucleotide eluted at T, = 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 3O6 
CH,CN over 10 min. to 4.50'0 CH,CN over 30 min, and to 20% over 10 mln. Analysis of the visible 
absorpt~on spectrum showed that the metal complex d ~ d  not degrade durng the course of the reaction, 
consistent with a catalytic repair process. The quantum yield for thymine dimer repar calculated for 6 
hours of irradiation was 2 x 1 O-E m o  per Einstein. The arrows (left panel) indcate relative intensities for 
the drect photocleavage (14) with 313 nm light. The distrbuton of intens~tes ndcates that the most 
probable s~te  for ~ntercalaton of rhodum IS In the 5'-CG-3' step for the 5'-Rh-mod~fied ogomer and 
equally in the 5'-CG-3' step and 5'-GT-3' step for the 3'-Rh-modified duplex. With these i?tercalation 
sites, the dstance between the catalyst and the cyclobutane ring of the dimer is 19 to 22 A. 

might account for this difference. In the  
Rh-modified D N A  duplexes, we found that 
the  repair efficiency varied by only 2O.6 he- 
tween 2 and 16 pM, with a 6% increase in  
efficiency between 16 and 32 phi. If the  
repair were primarily intermolecular, we 
~vould have expected a n  increase in repair 
efficiency of at least 500% over this con- 
centration range. These data therefore in- 
dlcate that at 8 LM, where we nerforlned 
most of the  rebair experimen;~, duplex 
dimerizatlon is not significant (1 7) .  W e  also 
tested the  intermolecularitv of the  reaction 
at 8 pM directly in a n  experinlent in  which 
a 16-bp duplex containing a thylnine dimer 
was irradiated in  the  presence of a separate, 
undamaged duplex bearing a pendant rho- 
dium complex; we observed n o  detectable 
repair. Lastly, interduplex intercalation is 
inconsistent with D N A  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 
dllnerisation constant of <lo3 M-' (18).  
Hence, repair in the  Rh-modified dL1plexes 
occurs in a n  intraduplex reaction and is 
initiated from a renlote position 16 to 26 A 

Table 1 (left). Long-range thymne d~mer repalr In duplexes w~ th  tethered rhod~um Repar IS expressed as the percentage of thymne d~mer repalred after 6 
hours of r radat~on Repar effc~ences are gven for assembles contanlng ether A or I -Rh Combned random error In sample preparat~on rrad~at~on and 
HPLC analyss 5 5 %  Separat~on d~stances between catalyst and thymne d~mer are based on ntercalaton at the s~tes shown schemat~caly Melt~ng 
temperatures (T,) were determ~ned w~ th  2 p M  solut~ons of modfled duplex Reacton condtons for repalr were ~dent~cal to those In F g  1 Table 2 (right). 
Long-range thymlne d~mer repalr In duplexes w ~ t h  tethered rhod~um w~thout and w~ th  nterven~ng bulges Repa~r IS expressed as the percent- 

aae of thvmne d~mer  reoared after 6 hours of r rad~at~on Com- - ,"-> - . ,.,. b k d  ranbom error ~n sample isreparallon, rradiation, and HPLC 
I rn  I'G) neparr analysis, 5 5 % .  Reacton condtlons for repalr were identcal to 

Duplex Distance (A) t T T  -TT A-Rh .4-Rh those in ~ i ~ ,  1 
A 

5 ' A C G T  GWT-T+A-Gv -GT  
ec-TC-k6C-~C-T ci A 5' 19 67 59 -- Tm ("C) Repair (%) 

Duplex +TT 3-Rh 

c, A , kcerd A-TGT-TGT d%kOGT 

87 
TUc-,+-c-~ A - c - ~ ~ c  AT 

U5' 
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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 O 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. 

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 TT-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 rhodium 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 
TT-stacking. A likely possibility is that the 
rhodium tether restricts optimal overlap of 
the intercalator with the helical TT-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)2DMB3+ 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)2DMB3+ 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 TT-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 Dedl p 
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 dedl  conditional mutants. Preliminary evidence suggests 
that the protein Dedl p may be required for the initiation step of translation, as is the 
distinct DEAD-box protein, eukaryotic initiation factor 4A (elF4A). The DEDl gene could 
be functionally replaced by a mouse homolog, PL10, which suggests that the function 
of Dedl p in translation is evolutionarily conserved. 

E ukal\otic .. . t r a~~s la t ion  initiation requires 

Inany factors to  promote the binding of the 
803 ribosome to  the initiation codon in the 
mRN'4 (1 ,  2).  Binding of the 43s preini- 
tiation complex, which is derived fro111 the 
40s subunit of the 80s  ribosome, to lnRNA 
is a rate-limiting step that reqr~ires three 
eukaryotic initiation factors: 4A (eIF4A), 
4B, and 4F (consisting of three subunits, 
eIF4A, eIF4E, and eIF4G). It has been pro- 
posed (3)  that eIF4B and eIF4F together 
fornl an RNA-helicase colnplex that binds 
to  the 5' cap of the mRNA through eIF4E. 
This complex then nnwinds dr~plex struc- 
tures in the 5 '  untranslated region, thereby 
permitting the 43s colnplex to scan the  
mRN'4 until the first A U G  codon is select- 
ed. eIF4A is thought to play a major role in 
this unwinding process, because it can u11- 
wind short R N A  duplexes in vitro in con- 
junction xvith eIF4B (4). eIF4A belongs to 
the  evolutionarily conserved DEAD-box 
protein falllily (5), whose members share 
nine highly co~~served  amino acid regions, 
including the distinct Asp-Glu-Ala-Asp 
(DEAD) sequence. Here, we report that 
translation in yeast reqr~ires another 
DEAD-box protein, Dedlp,  whose function 
appears to be conserved in evolution. 
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T h e  DEDl gene was originally identified 
as a n  essential open readiqg frame adjacent 
to HIS3 (6) .  Dedlp was hypothesired to 
f~lnction in nuclear pre-mRNA splicing be- 
cause spp8l-l ,  a mutant allele of D E D l ,  
suppresses the growth and splicing defects 
caused by the  prp8-l mutation (7). More 
recently, it was reported that overexpres- 
sion of DEDl can suppress the growth de- 
fect of an R N A  oolvrnerase 111 (Pol 111) 

L ,  

mutant, which suggests that Ded lp  can also 
influence Pol I11 transcription, althorlgh it 
may not normally participate in this process 
(8). T o  investigate the  filnction of Dedlp,  
we isolated two dedl cold-sensitive lniltants 
(9). T h e  dedl-120 and dedl-199 alleles yield 
miltant for~ns of Dedlp with predicted ami- 
n o  acid substitutions of G1yl"' + 'Asp and 
G1yW' 4 Asp (dedl-120) and Gly3" 4 

Asp (ded1-199). A t  25°C both mutants 
grew s~~bstantially slower than did the wild- 
type strain, and at 15°C they did not grow. 

W e  first examined the dedl-120 and 
dedl -1 99 mutants for splicillg defects by 
Northern (RN'4) blotting. N o  splicing de- 
fects xvere detected in either dedl mutant 
after shiftina cultures to 15°C for 2 hours. 

0 

This observation was in sharp contrast to  
the aberrant rise in ACT1 pre-mRNA lev- 
els and decline in mature CRY1 mRNA 
levels in control strains prp2 and p r p l l ,  
which harbor splicing rnrltations (10).  

Instead, we found that,  at 1 j 0 C ,  the 
incorporation of ['jS]methionine into acid- 
precipitable peptides in each dedl mutant 
strain was -10% of that incorporated in 
the isooenic wild-tvoe strain. This inhibi- , 
tion of protein synthesis seemed to  be ger-  
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