
steady, laminar process. This is because study these issues provides hope for sub- the U.S. Department of Energy and 

reconnection could well be a very turbulent stantive breakthroughs. After the work- Monbusho (the Japanese Minis 
of Education), 12 to 14 January 1998, Prince- process-both in time (intermittent) and shop, Petschek commented that "I found ton, NJ, 

space ( ~ a t c h ~ ) .  Moreover, the effects of the meeting very stimulating. In particu- 3, p, A, Sweet, in Hectromagnetic Phenomena in 
boundary conditions need to be more realisti- lar, I had not been aware of the number of Cosmical Physics, 6.  Lehnert, ~ d .  (Cambridge 
cally taken into account. The desired resolu- ways people have found to calculate recon- Univ. Press, New York, 1958), p.123. 

tion to these issues will be driven by more ad- nection rates. The new experiments are very z: i: ~ , P ~ ~ ~ ~ ~ k ~ k ~ ~ , " ~ ~ ~ :  ~ ~ ~ s ~ ~ ~ / \ 2 5  
vanced diagnostic and computational ap- nice. If one has been looking at interpreta- (1964). 
proaches which will enable progress in un- tions based on single satellite measure- 6. M. Yamada et a/., ~ h y s .  Rev. Lett. 78, 3117 
covering the interrelationship between local ments, the rakes of magnetometers (the in- (1997); M. Yamada et ab, ~ h y s .  Plasmas 4, 1936 

plasma dynamics in the reconnection layer ternal probes on MRX) seem to generate (Igg7); and references therein. 

and global boundary conditions. 7. H. Ji et al., Phys. Rev. Lett., in press. 
huge of data which 8. R. Kulsrud, Phys. Plasmas, in press. 

Even as the debates continue on the makes interpretation so much easier." 9. J. F. Drake et a/., Geophys. Res. Lett. 24, 2921 
Sweet-Parker model versus the Petschek (1997); and references therein. 
model, dn the nature and cause of anoma- References and Notes 10. R. Horiuchi and T. Sato, Phys. Plasmas 4, 277 

(1997). lous resistivity, and on the relationship be- 
S, Tsuneta, Astrophys, 456, 840 (19961, 11. This commentary was prepared with the help of 

tween magnetic reconnection and 2. The workshop on the physics of magnetic information provided by M. Yamada, R .  Kulsrud, 
mechanisms, the emergence of ways to reconnection and dynamos was cosponsored by J. Drake, and H. Ji. 

A Dislocation Crash Test sects another or changes its slip plane 
(cross-slip). In order to simulate large mac- 
roscopic deformations, it is necessary to 
consider many dislocations and all of their 

Peter Gumbsch interactions and their dynamics. 
Six years ago, a French research group 

(3) first simulated such dislocation motion 
on the basis of interacting dis- 

W h a t  makes an atomic-level simulation of Crete, straight dislocation seg- 
lattice defects in pure copper crashing into ments in its full three-dimen- 
each other interesting? Not the detailed re- sional complexity (see lower 
sults of the multimillion-atom calculation part of figure) and has since led 
reported by Zhou et al. on page 1525 of this the field. These discrete dislo- 
issue ( I ) ,  but rather the idea that such simu- cation dynamic (DDD) simula- 
lations can contribute one important miss- tions serve two main purposes: 
ing part of a big puzzle: the physical basis for First, they help us understand 
the engineering description of the deforma- the processes that lead to self- 
tion of materials. organization and structuring of 

For engineering simulations of a car the dislocation fields, and sec- 
crash (see figure, top) or of metal-forming ond, they have the potential to 
processes such as deep drawing or rolling, give a physically based descrip- 
continuum mechanical techniques like the tion of the materials' response 
finite element method are exclusively used. during deformation, which 'can 
Any such continuum description requires then be used for continuum 
the specification of the governing constitu- modeling (4). 
tive equations, that is, equations that relate The DDD simulations need 
the response of a material to an applied to be given mobility laws, 
force. Currently, the necessary parameters which describe how a disloca- 
are empirically adjusted to experiments, but tion responds to a stress acting 
simulations could in the near future allow 

- -  - -. - - - -. . - . - . - . -. . . . on it. Although one generally 
these constitutive equations to be deter- sucn as In a car crasn trap, courtesy of Daimler-~enz AG), re: has to consider the whole dislo- 
mined from physically based simulations. quires equations that describe the response of a material to an cation structure, in some metals 

Materials deformation consists of a well applied load. In the near future, one may be able to obtain and in certain temperature re- 
understood elastic contribution and a per- such equations from discrete dislocation simulations (bottom, gimes, this response critically left, courtesy of 8.  Devincre CNRSIONERA); these, in turn, re- 
manent plastic contribution. The plastic de- quire atomistic input on dislocation core structure, cross slip, depends only on one individual 
formation is mainly carried by dislocations, and dislocation intersection (bottom, right), dislocation type. An example is 
line-defects of the regular crystal lattice. the low-temperature deforma- 
When a dislocation moves through the crys- ment vector. Different dislocations strongly tion of body-centered cubic metals like iron 
tal, it shears the crystal along its plane of interact with each other (2). The long- or molybdenum, where the screw disloca- 
motion (slip) by a well-defined displace- range interaction can be well described by tion is known to control the plastic response 

linear elasticity theory, which is sufficient (5). Its properties can reasonably well be un- 

The author is at the Max-Planck-lnstitut fiir Metall- 
for many applications of dislocation me- derstood in qualitative terms by analyzing 

forschung, 70174 Stuttgart, Germany, E-mail: chanics. The short-range interaction, how- the core of the dislocation atomistically (6). 
gumbsch@finix.mpi-stuttgart.mpg.de ever, is crucial when one dislocation inter- Such atomistic studies of the core structure 

www.sciencemag.org SCIENCE VOL. 279 6 MARCH 1998 1489 



of inilividual dislocations have been nos- 
sible for almost 30 years, albeit in a rather 
cri~lle manner owing to the lack of refine- 
ment of the interatomic potentials. It is only 
recently that atomistic studies reached a suf- 
ficient level of sophistication to really start 
becoming quantitative. 

Similarly, until a few years ago, it was 
simply impossible to study the other 
atornistic asnects of dislocation mechanics. 
namely, cross-slip and dislocation intersec- 
tion. Both nrocesses have now been tackled. 
Last year, an elegant atomistic modeling 
technique was applieil to model cross-slip in 
copper (7). More recently, Zhoir et al., in 
this issue ( I ) ,  and Ri~latov et al. (8) have 
presented studies of dislocation intersec- 
tions. These atomistic simulations cncorn- 
pass millions of atoms and generate such a 
vast amount of information (some lo4 con- 
figurations of lo6 atoms) that one of the 
most important steps is to discard most of it, 
namelv. all the atornistic information not 
ilirect1;'connected to the cores of the dislo- 
cations. What is left is a physical picti~re of 

tary with links to additional resources is 
available for Science Online subscribers 
at www.sciencemag.org 

the atomic configurations in such a disloca- 
tion intersection and even some quantita- 
tive information about the stresses required 
to break the junction. 

This atomistic study focuses on one of 
many different dislocation intersections in 
only one particular material, pure copper. 
Nevertheless, it exemplifies where atomistic 
modeling could in the near future contrib- 
ute to the understanding of the mechanics 
of materials. Properly quantified, the 
atomistic simulations may contribute the 
last missing bits of information for the direct 
DDD simulation of macroscopic deforma- 
tions based exclusively on  physically trans- 
parent "rules." Such a comparison would 
mean directly calculating, as compared to 
empirically adjusting, the governing consti- 

tutive equations of continuum mechanical 
models of the deformation of materials. 

Atomistic simulations still have a long 
way to go if they are to capture the full com- 
plexity of the dislocation core mechanisms 
contributing to the mechanical behavior of 
model materials, not to mentlon more com- 
plicated alloys. However, the present devel- 
opments hold great promise that a link can 
eventuallv be achieved between atomic scale 
and macrcxcopic large-scale deformation. 
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Topological Nuts and Bolts DNA phosphodiester is formed in the pro- 
cess. Since the new bond is of comparable 
energy to the original phosphodiester, the co- 

Howard A. Nash valent DNA-enzyme intermediate can be 
readily attacked by the previously liberated 

M o s t  cnzymcs do chemistry-atalyzing re- 
actions that change the covalent structure of a 
substrate. But with some enzvmes that work 
on polymeric substrates, the end result is a 
mechanical rather than chemical chanec. 
Among these are the topoisomerases, which 
can untwist sunerhelicallv coiled DNA. Start- 
ing with the irst example some 25 years ago 
( 1  ), these enzymes that can change the topol- 
ogy of L>NA have been the subject of elegant 
mechanistic and biological studies (2). On 
pages 1504 and 1534 of this issue, we get a first 
hut very informative look at the structure of 
human topoisomerase I (3, 4), whose impor- 
tance is highlighted by its identity as the target 
of an important class of anticancer drug. 

In a molecule of DNA without free ends, 
the number of times two nolvnucleotide 

L ,  

strands wind around each other is fixed. This 
tonoloeical invariance is the inevitable con- - L, 

sequence of the continuous DNA backbone, 
which forbids the two chains to pass through 
one another. Accordingly, an enzyme that al- 
ters DNA topology must break at least one 
strand. And, to restore the physical continu- 
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Topoisomerase I ready to unwind DNA. The 
intact DNA strand is in cyan, and the strand tran- 
siently nicked by the enzyme as part of the relax- 
ation event is in magenta and pink. The 
polypeptide backbone of the catalytic core of 
the protein is shown as a ribbon. 

ity of the DNA after the ensuing change in 
interwinding, the enzyme must also se?l the 
break. Exactly as predicted in the initial study 
(1 ), this reversible breakage is achieved be- 
cause topoisomerases maintain the high- 
energy status of the phosphodiester bond 
during unwinding. Nucleases, another class 
of DNA-cleaving enzymes, hydrolyze a 
phosphodiester in the backbone of DNA to a 
phosphomonoester. In contrast, topoiso- 
merases use an enzyme residue (typically 
a tyrosine) to break DNA. A new enzyme- 

end of DNA to res'tore f i e  enzyme and pro- 
duce intact, rejoined DNA. 

Reversible cleavaee is an artifice that has 
u 

arisen in nature more than once. In eukary- 
otes there are at least three major types of 
topoisomerases-nonhomologous enzymes 
that are distinguished biochemically by the 
number of strands cleaved and whether the 
liberated end comes from the 3' or 5'side of 
the phosphodiester (2) .  All three are impor- 
tant: Disruption of any one is either frankly 
lethal or causes substantial defects in DNA 
metabolism. Topoisomerases appear to be 
especially important in growing cells, pre- 
sumably to deal with the topological com- 
plexities arising from replication, and sev- 
eral potent anticancer therapies achieve 
their effects by pharmacological inhibition 
of either topoisomerase I or I1 (5). 

Scientists have been fascinated with the 
detailed mechanism of these enzymes. Not  
only is phosphodiester catalysis of interest 
in itself, topoisomerases somehow let DNA 
strands change their interwinding. In doing 
this, the enzyme must permit (or even en- 
courage) the transiently unshackled strands 
to move with respect to each other, but not 
so far as to preclude subsequent rejoining. In 
recent years, structural information has be- 
come available for two of the topoisomerase 
families (6, 7); the present work completes 
the picture. 
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