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Double Helix Does Chemistry 
At a Distance--But How? 
It 's hard to be surprised anymore by DNA's 
repertoire of talents. It is a genetic archive 
with a remarkable combination of security 
and accessibility, a powerful probe that can 
seek out and bind to matching DNA mol- 
ecules, even a potential computer. Now add 
yet another startling ability to the DNA 
resume. In a paper in this issue of Science 
(p. 1465), chemists at the California Institute 
ofTechnology (Caltech) led by Jackie Barton 
present evidence that the DNA double he- 
lix can perform what thev call chemistry at 
a distance. A DNA molecule with a chemi- 
cal group artificially tethered to one end 
appears to mediate a chemical change far 
down the helix, causing a patch of damaged 
DNA to be mended. 

The DNA damage repaired in the ex- 
periment-a small kink in the helix known 
as a thymine dimer-is the kind of damage 
caused by the sun's ultraviolet rays, and it 
can be a first step toward the deadly skin 
cancer melanoma. While the chemical groups 
Barton and her colleagues used for their dem- 
onstration aren't found in the body, long- 
range DNA repair of some kind might play 
a role in normal cells, and Barton thinks the 
finding might point the way to therapies 
that could patch up damaged DNA after 
severe sun exuosure. 

The result may point to an even more im- 
pressive attribute of DNA-if it means what 
Barton thinks it does. The ability of DNA to 
cany out long-range repair launches this pa- 
per into the heart of an already heated contro- 
versy over the possibility that DNA's unique 
structure allows it to behave like a conductive ~~~~~ 

wire, utterly unlike the insulating behavior of 
proteins. The paper is the latest of four from 
Barton and her colleagues supporting the 
~ r o ~ o s i t i o n  that electrons can flow freelv . . 
through the channel that runs down the cen- 
ter of the ioined bases of the helix-in this 
case, traveling from the thymine dimers to 
the added chemical groups and repairing the 
dimers in the process. "There is no question 
that these results are saying DNA is a different 
system than proteins," says Barton. 

If Barton is right and DNA readily trans- 
ports electrons, the implications could go well 
beyond DNA repair. In living things, the 
transfer of electrons in DNA plays a crucial 
role in DNA regulation and other biological 
processes. And the technological possibilities 
are alluring as well: Knowing the precise elec- 
trical properties of DNA, says Georgia State 
University chemist Tom Netzel, could allow 
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chemists to tailor artificial DNA molecules 
to serve as sensitive biological probes and 
minute photochemical machines. 

But Barton faces some determined ske~tics. 
By taking a variety of different experimental 
tacks, her group has finally proved its case to 
the satisfaction of some colleagues. Columbia 
University's Nick Turro, for instance, who 
collaborated on the first of Barton's papers, 
says the four experiments taken together 
"show unambiguously that there's long-range 
chemistry that can be performed on DNA, 
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and that electron transfer can be accom- 
plished." Stanford University biologist Philip 
Hanawalt, a leader in the study of DNA 
damage and repair, calls Barton's latest work 
"convincing." Others, however, see loop- 
holes in each of the earlier paper-interpre- 
tations equally consistent with the data that 
do not require a paradigm shift. As Univer- 
sity of Pittsburgh theoretical chemist David 
Beratan puts it, "It's a mystery story. You 
have to decide what data are convincing and 
try to piece together a coherent story." 

Easy as n. At issue is exactly how elec- 
trons move through large organic molecules. 
Twenty-five years of study have convinced 
chemists that in proteins, electrons move 
only by the laborious process of quantum- 
mechanical tunneling through pathways that 
connect one atom to the next along the 
protein's backbone. Researchers have sus- 
pected that DNA might be different. They 
have pointed out that the arrangement of 
bases on the complementary strands allows 
the electrons shared by multiple atoms to in- 
habit donut-shaped electron clouds above 
and below each ring of bases. The interior of 
the helix can be thought of as a stack of these 
n orbitals. If electrons could be injected into 
this stack, so the theory goes, they might easily 
tunnel from one end of the DNA to the other. 
While this would still be a quantum-mechani- 
cal effect, the electron transfer would be as 
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effortless as moving current through a wire. 
But the n-stack conductivity theory has 

always been a minority opinion. DNA sim- 
ply does not fit the expected criteria for con- 
ductors, says Beratan: "What we know about 
it from basic physical chemistry doesn't make 
it look like a wire." Even biology has argued 
against the theory. If electrons could scoot 
around DNA with such facility, says Beratan 
simply, "we'd all be in a lot more trouble 
when we walk out in sunlight." 

In 1993, however, Barton, Turro, and their 
colleagues in effect hooked a DNA strand up 
to a circuit. tested its conductivitv. and came , . 
up with evidence that seemed inconsistent 
with the theory of DNA as a resistor (Science, 
12 November 1993, p. 1025). They had cre- 
ated metal complexes that slipped between 
adjacent base pairs in the DNA. One arm of 
the complex would stick into the core of the 
DNA helix, or intercalate, "like one blade of 
a propeller," says Barton, injecting an elec- 
tron into the core or retrieving one, depend- 
ing on the complex. 

The two chemists attached an electron- 
donating ruthenium complex near one end of 
a 15-base uair svnthetic DNA helix and an . , 

electron-accepting rhodium complex near 
the other end. When hit bv uhotons, the ru- , . 
thenium would be excited and begin to glow 
until it could transfer an electron. If no 
rhodium acceptor was attached to the other 
end of the DNA, the ruthenium continued to 
glow. But if a rhodium-acceptor complex was 
in place, says Barton, "the glow was quenched 
because of the vresence of electron transfer." 

Indeed, Barton and Turro saw no detect- 
able glow at all, which they interpreted as 
evidence that the DNA shuttled electrons 
between the metal com~ounds so fast that 
the quenching happenei before it could be 
measured. The implication, they said, was 
that electrons could move huge distances 
through the DNA at speeds a million times 
faster than would be possible if the electrons 
had to tunnel laboriously from atom to atom, 
as they do in proteins. 

The result shook up the field. As Beratan 
says, "I don't even have to do much theory to 
tell you the Barton '93 result is extremely 
provocative." Chemists were skeptical, and 
they were especially troubled by the lack of 
any glow from the ruthenium, says Tony 
Harriman, a spectroscopist at the University 
Louis Pasteur in Strasbourg, France. "[Barton 
and Turro] took a very, very negative result 
and converted it into an extremely positive 
conclusion. Many people would interpret 
not seeing the luminescence as failure of the 
experiment. To interpret it in a very spec- 
tacular way and a very positive way is going 
to raise a few evebrows." 

Indeed, Harriman promptly set off to do 
an experiment using organic molecules as 
donors and acceptors, spaced at random dis- 



tances on the DNA, He was able to see his 
complexa luminesce and could measure the 
rate at whkh the glow was quenched* which 
indicated ekctrm transfer rates "a little 
fwtef than would be expected from a pro- 
tein,,butmnsistent with themdane DNA- 
m-resistor &my. Pmd Caltech chemist Tom 
Meade tethered donor and acceptor metal 
mplezm ta opposite em% of m &base pair 
DNA helix and h d  a similar, modeeit dx- 
tron-era& rate. 

Beanon agmm that "thm ww no q& 
that [the 1993. &ding] was a m l t  
and required lots af con&" To shuw that 
the of l e m c e  in her ezqxrimenta 
r d l p  was due to e- mmder and t o m -  
sure its rzte, she- ~1is ted  University o f M h -  
sots chemist Paul &baa, an in dm- 
fast spmtmxopy. These experiments required 
concentrations of mmplexes ttro high for 
hmbe&sEkeda&eddistanceapaptm 
the DNA helix. Imm& the twobimslm- 
ply mixd them with'the DNA and d 1 0 d  
them to intercalate md0mS.y along the helix, 
pmamably tame W a p t  The d i q -  
pearanee d the glow, qs in&cated by the spec- 
~ ~ o ~ , ~ ~ ~ ~ t t ~ b e a s ~ & ~ d  

electran d e r  &wn the heliix ( G 2 6  
July 1996, p. 475). 

Thisre.sultcametlvitha~eatofitsswsl, 
huwever. Bemuse the m d  paups weren't 
t e t h d  TB the DM& w k o n  e q h q  the 
distance t h e e 1 m M t o  mvdoouldnw be 
~~~, It was conceivable that that mrnetal 

of the Jd of Phyxid C W q  B that he 
has now reanaIyzd the daa from b cqeri- 
ment with Barton and found &at thx: uh 
are cexnphtily consheent wkh c l w w r i ~  
combbad with short-rsnge: electron tram- 
fer." In the 16 Eeb- issue d t h J d 4  
the Ammiam C W  , ~ N . M ~  
and his dfeagues at the Chdmers Insti- 
of Teehnologp in Wen come to the 
codu&n fram a similar experimeat. CIm 
t~rirxg, he says, is "a much more plausible 
explanationw than &tive I334A. 

A Pm For Barton, the aperi- 
a x e  just d - ~ r e d  the wed to lock the 
metal compkxa onto the DNA. Her latat 
experimenrs rely an a chemical change in 
DNA, driven by charge transfer to a d k a t  
&emic~l p u p 5  ts make a caw ;for the elw- 
trial cmductivity of the R stack. In the 22 
Aqwt 1996 iwue of Nmiv ,  h e  and her 
colleagues d x r i k  an experimmt in which a 
metal complex, excited by a photon, @ole an 

electron from a pair of guanine bases at a 
d k m t  site on the DNA. lliemult was wha 
is known as d a t i v e  damage to the DNA, 
apparently triggered by the electron transfm 
down the doubt helix. 

The ratio of reactions to photons wing 
inta the system-the sa-called quantum 
yield-was e-ely l ~ w ,  however3 just one 
in 110 million. That seemed to leave room for 
dtemative eqdanations. Lihlaybe [the r e -  

DNA changes wit-h distance* says Barton. 
In a mktor, such as a protein, the rate or 
efficiency of electron trade _fa& oEf very 
quickly with distance. In contrast, IEart~n 
and her callea.pes f m d  that tb repair &Ti- 
ciency d&t e k e  with the distance be- 
tween & md-acceptar complex and the 
thymine dimer. But specially fabricated dis- 
rupzi~sls in the &-pair sradc did cut into 
the &icienc~, "The bottom line," she says, 

rim happens] the one time the "iswewetesarryingovtalong- 
du~lex owns rn and gomethinc I mme electron--fer reaction 

we were dealing with a qmnm 
yield af3894, we d be! pretty. 
sure web dealing with a phe 
nomenon with an intact helix. If 
web W i g  with lP7 ~ u m m  
yieldN the 180m for &e to be 
f m h g  us t mu& greatex," 

In this WWk'5 sckm? papeft 
Barton presents a long-range 
chemistry epeskment that she 
says isrrk open tro this &jetxion, 
and now she'swfrmhgsatm can- 
verts. Barton and her colleagues 
L b r i d  DNA, helices with a 
built-in thymine dimer, then in- 
wmLatd an electma-accep* 

WimRInDNABo~rg,behsepfdm 
f m  a d k t e l  r stack (gray, 
s ~ i n t o p a r r d W v i a w s )  
alwrg &ti& e-m may tunnel 
.$r#na&msttebDmmifidal 

I 
t h 2  depended ~n &e 1~ stack." 

Barton says h t  because the 
reaction waar able ro repair ev- 
ery one of the d@ strands? 
them is no room to argue- that 
what is ha r r t rn i~  is afl& that 
depends onnmmvrare change in 
the double kik And Claude 
Helene, a biophysical chemist 
gt CNRS in Paris, says the data 
are. ccmvhcing9 and they %pen 
up the possibility that people 
will h searching for [evidence 
of chembtry ar a distance in 
DNA] in living orgmimm1) 

Bkt even after this latest ex- 
periment, jjut how each elec- 
won makes its way down the 
&ubL helix is still an open 
zpmtian. "We don't yet under- 
stand the mechanism," says 
Bartoafl Imtead of tunneling 
from tb thymiae dimer to the 
rhodium in one step, she sapf 

"maybe. it's happinga down due helix. If the 
enqies of the electran orbitals and that caf 
r h  ~Leetron aeceptd by the intercalamr are 
clQse moq& then the electmn mk&t =ily 
tunnel h base to base down the s mek, 
vimdly m&md by dkmme 

This mechanism would not work in pro- 
reins, where the gap between theenergies of 
the oxbitah and &at of art~fiekal e1iectl:on 
b m m  or acceptors would be too large. And 
hrton"s critics say it c9tn2t explain &e re- 
x u l t s r ~ ~ i n h e r  1993 and 1996khce  
papers. But it is consiseent wi&,prevaiiing 
theory, says Univerdty of M d  Cadina 
chemist Holden Thorp.: %is m y  re;aIly be 
chemistry z i t  a discam, with a believtvabk 

m d  a~np1ex at dxe d d the D M .  Ex- &anism. And there's a lot of -1 stuff 
posiqgthe-le to Iightexcites the rhodium she cauld da with that.'' 
amqound, triggering it to absarb an eIec- What*$ clea! to eveq0n.I: is that tb field 
trm from the thymine dimer d repair needs more data to shake out the reality. 
h e  DNA damage. ?!ken California sunlight Perhap half a dozen l a h   on's atnrong 
work just fine: says Bartan. And became them, have experiments or papers in the? 
the rhodium c q l a  can atrrlyzt the repair wads t b c  might pin down DMKs electriral 
reaction QV&I and o w ,  she says %t the ex- p~ope~tim and w h t  their m e c b s m  might 
peximt represent B mwgy to ratio- be. The dwbk helix Is nat accepting ia 
nally d&gi m 1 e l ~  that can accomplish new awo1ads wily. 'The burden of proof 
this kind of r w i r  thenqmtically." for SU& a startling rmlt," says Neml, "is 

It abo c~nstitutes the first systematic simp$ highs &aa for a boring result." 
mea~urtrneqt of haw electron &r in -Gary 'l2tubrr 
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