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occur. This match is achieved sporadical- 

states in which the electron is at the nity to take advantage of occurrences of 

~ : : ~ ~ ~ n ~ i ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ " , ' f  ~ ~ I i ~ ~ i ~  2 donor and at the acceptor, respectively- minimum destructive interference, but the 
bana-Champaign, urbana, IL 61801, USA. ~ - ~ ~ i l :  are only very weakly coupled to each 0th- electron has to wait for these events to 
kschulte@ks.uiuc.edu er by an energy D. Quantum physics re- happen and, accordingly, the electron 

Exploiting Thermal Motion ly through energy fluctuations induced by 
thermal motions of the surrounding pro- 
tein matrix (see the figure), as described 

Klaus Schulten by the celebrated Marcus theory (5) and 
its generalizations (6). 

T he molecular machines of living quinone (QBHZ). The associated electron The coupling energy D itself has long 
cells are made from soft materials- transfer proceeds in three steps. Balabin been considered immune to thermal mo- 
biopolymers like proteins and RNA. and Onuchic focus on the second and tion, but researchers have recently start- 

These machines work at physiological third steps, in which an electron is trans- ed to question this assumption (7). Bal- 
temperatures and thus experience thermal ferred from bacteriopheophytin (BPh) to abin and Onuchic now make a dramatic 
motion, yet their function, which requires quinone QA and from there to quinone case for the dependence of D on thermal 
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correct alignment of parts and 
steering of reactions, is executed 
with precision. Proteins do not 
lose control even when electrons 
are the carriers of function and 
quantum dynamics, with its sensi- 
tivity to interference effects and 
minute positional changes, reigns. 

What are the mechanisms that 
make protein function so robust 
against thermal motion? On page 
114 of this issue, Balabin and 
Onuchic (1) provide a fascinating 
answer to this question. The au- 
thors combine molecular dynam- 
ics and quantum chemistry to 
study electron transfer processes 
in the photosynthetic reaction 
center (RC) of the bacterium 
Rhodobacter sphaeroides (2). 
They conclude that electron trans- 
fer may occur through a web of 
tunneling pathways, with con- 
structive or destructive interfer- 

between pathways that is Environment matters. Arrangement of prosthetic groups involved diffraction pattern On the pane' 
typical for the wavelike Processes in the electron transfer reactions in the RC. The protein matrix is behind the plate. At  any One 

of quantum mechanics (3). The shown in transparent blue with its backbone presented by a thin point on the panel, the electrons 
pattern of interference that arises black tube. ~ ~ ~ i t ~ t i ~ ~  energy is transferred from the light-harvesting experience a specific interfer- 
is linked to the effect of thermal proteins to a pair of bacteriochlorophylk (P) (purple); the energy ence-destructive at points of 
motion, which appears to be ex- drives the transfer of electrons through BPh to quinone QA and low electron density, construe- 
ploited by the RC to tune the reac- quinone Q,. The thermal motion of the protein matrix is strongly tive at points of high electron 
tion kinetics. coupled to the electron transfer process through Coulomb interac- density. Likewise, electrons 

The RC acts as a solar battery tion and through alterations in the tunneling pathways of the elec- transferred through the RC ex- 
that generates an electrical poten- tron, for example, between QA and Qs. Figure produced with the perience interference between 
tial from sunlight. The first step in program VMD (70). donor and acceptor, arising 
photosynthesis is the absorption from multiple paths as if they 
of light by an antenna pigment. This ab- QB. After the latter is turned into QB-, it were multiple slits in the RC. 
sorbed energy is then transferred to the shifts inside the protein to a new location, Balabin and Onuchic show that when 
RC, which becomes electronically excit- speeding up the transfer of the second the interference effect is mainly construc- 
ed. The RC is responsible for using this electron (4). tive, as in the case of the BPh to QA trans- 
electronic excitation to transfer electrons The RC functions not despite its ther- fer, the coupling and hence the electron 
across the photosynthetic membrane these ma1 motion but by exploiting it. Electron transfer are almost independent of thermal 
electrons are subsequently used to fix car- transfer is strongly coupled through the motion. In contrast, in the case of destruc- 
bon. In the overall electron transfer pro- Coulomb interaction to the surrounding tive interference, such as the QA to QB 
cess, two electrons combine with two pro- medium and is thus controlled by thermal transfer, thermal motion exerts a strong in- 
tons, turning a quinone (QB) into a hydro- motion of the environment. The initial fluence. In the latter case, thermal fluctua- 

and final states of electron transfer-the tions ~rovide the electron with an ovvortu- 
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BPh 

motion. The coupling arises 
through an effective conduction 
of electrons, which occurs easi- 
ly within chemically bonded 
protein components but with 
difficulty when jumps between 
nonbonded elements, that is, 
between the edges of side 
groups, are necessary. The elec- 
trons often explore not a single 
path linking the donor to the ac- 
ceptor, but rather a web of path- 
ways. Because of the quantum 
nature of electron motion, inter- 
ference effects arise between 
pathways. This effect is familiar 
from the diffraction experiment 
described in quantum mechan- 
ics textbooks: When electrons 
have to pass through a plate 
with two open slits, they experi- 
ence destructive and construc- 
tive interference of their two 
possible routes, resulting in a 
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transfer rate depends on the degree of ther- 
mal motion. 

Electron transfer from BPh to QAwas 
found to be dominated by two construc- 
tively interfering paths, whereas the trans- 
fer from Q, to QB appeared to proceed 
through a web of pathways with a high de- 
gree of destructive interference. The au- 
thors suggest that for the QAto QBtrans-
fer. the electron probes the different paths 
that arise in the course of thermal fluctua- 
tions and selects for the actual transfer 
event pathways that occur only for suit- 
able conformations; the latter may deviate 
substantially from the crystal structure. 

Electron transfer processes are ubiqui- 
tous in cellular bioenergetics and require 
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high eff ic iency as  well as  robustness  
against thermal disorder. The scenario that 
emerged in the s tudy o f  Balabin and 
Onuchic shows that natural systems can go 
beyond the ubiquitous thermal activation 
for barrier crossing in using thermal fluc- 
tuation to their advantage. This effect is 
likely to occur in instances other than the 
RC. An example has been found already in 
the light-harvesting system that fuels the 
RC with energy. This system contains ag- 
gregates of  chlorophylls that, in the ab- 
sence of thermal motion. share their exci- 
tation coherently in the form of so-called 
excitons but appear to revert to localized 
less coherent excitations through thermal 
noise (8. 9). 

Proximity Matters 
JohnR. K. Savage 

hromosomal aberrations, where seg- 
ments of chromosomes are rearranged 

I in various ways or even lost. are a uni- 
versal result of exposure to ionizing radiation. 
Such changes are found in thyroid tumors 
from many children exposed to radiation af- 
ter the Chernobyl nuclear reactor accident. 

One of the earliest controversies facing 
the field of radiation cytogenetics was the 

debate about just how 
Enhanced online at close chromosomes 
www.sciencemag.org/cgi/ have to be for radia- 
contentlfull/290/5489/62 t ion-induced rear-

rangements to occur. 
Obviously, the radiation-damaged regions of 
separate chromosomes must "touch" at 
some stage of the exchange process. How- 
ever. it is unclear whether these regions 
come into close contact after radiation dam- 
age (the "breakage first" hypothesis), or 
whether exchanges occur only where close 
contact already exists (the "contact first" hy- 
pothesis). Breakage-first has always been 
the dominant idea and 1s considered to be 
more consistent with quantitative data on 
chromosome aberrations ( 1 ,  2). Even so, 
many experiments indicate that the radia- 
tion-induced DNA strand breaks in chromo- 
somes cannot be very far apart for exchange 
to be possible (3). 

Enter Nikiforova et al. (4), on page 138 
of this issue, with their study of two regions 
on chromosome 10 that are inverted in 
many radiation-induced thyroid tumors. 
One region contains the gene encoding the 
RET receptor tyrosine kinase, and the other 
region (30 Mb away) contains the H4 gene. 

The author is a t  34 City Road, Tilehurst, Reading 
RG31 SHB, UK. 

In many radiation-induced thyroid tumors, 
there is an intrachromosomal inversion re- 
sulting in the fusion of the tyrosine kinase 
domain of the RET gene with a section of 
the H4 gene. The investigators show that in 
35% of normal thyroid cells the RET and 
H 4  genes are actually in close proximity 
within the interphase nucleus, as judged by 
resolution of fluorescent probes with three- 
dimensional microscopy. They postulate 
that such a preformed molecular associa- 
tion-perhaps a normal event during thy- 
roid cell differentiation-may favor radia- 
tion-induced "intrachange" between the re- 
gions containing these genes. An associa- 
tion between RET and H 4  was only 
marginally present in normal lymphocytes 
and was completely absent in mammary ep- 
ithelial cells. 

Recurrent chromosome aberrations 
(commonly, but not exclusively, inter- 
changes) are an established feature of 
many cancers and are used for diagnosis, 
prognosis, and the tracking of tumor pro- 
gression. Structural rearrangements at the 
molecular level can juxtapose segments of 
DNA that are not normally adjacent to one 
another such that genes are switched on or 
off, suppressor sequences are unmasked 
or hybrid genes are formed that produce 
aberrant proteins with oncogenic activity. 
Frequently, these juxtapositions are very 
precise, with the exchange point in one 
participating chromosome (very occasion- 
ally both) being positioned to within a few 
base pairs in many cases. 

Many of the arguments adopted in de- 
bates about the relative ments of the contact- 
first and breakage-first hypotheses depend- 
ed on a traditional plcture of chromosome 
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architecture and interphase organization. 
The traditional view held that chromosomes 
had a solid backbone that was completely 
severed by radiation, forming open mobile 
ends (primary breaks) that wandered around 
the nucleus, rejoining with similar ends in 
the vicinity-like cut-up spaghetti in a plas- 
tic bag (5) .Today we know that chromo- 
some integrity depends on enormous 
lengths of DNA packaged with histone pro- 
teins into a complex tertiary structure. We 
also know that the principal damage inflict- 
ed by radiation is the DNA double-strand 
break, which (in view of the complex pack- 
aging of DNA with protein) will not pro- 
duce the open-ended primary backbone 
breaks envisaged by the early theorists. 

Moreover. during interphase of the cell 
division cycle. the two (p  and q )  arms of 
each chromosome occupy very discrete do- 
mains. Even though the two arms of a chro- 
mosome must lie fairly close together, there 
is no evidence for an ordered arrangement 
of domains relative to one another within 
the nucleus. Thus. there is no massive inter- 
mingling of  chromatin or unrestricted 
movements of open broken ends. Howe~er. 
although the bulk of the DN.4 is confined 
to the chromosome domains. some of it is 
spun out into loops. Some of these loops 
are attached to the nuclear envelope near 
the pores, and others are anchored to the in-
tranuclear matrix where manv "factories" 
controlling cellular processes are located 
(see the figure, next page, lower left). The 
regions between the chromosome domains 
form an interconnected network of channels 
throughout the nucleus, which can be 1-isu- 
alized as containing multistranded "cables" 
of extended DNA ( 6 ,  7). 

This situation has modified our think- 
ing considerably about the proximity of 
chromosomes and the movement of radia- 
tion-induced broken ends (lesions). Much 
of the chromatin is so wrapped up, "splint- 
ed," and anchored that structural exchangc 
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