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PERSPECTIVES

        P
hysicists love emergence. From a wel-

ter of complex details about a system’s 

constituents, simple and universal rules 

sometimes emerge that adequately describe 

the collective behavior of the components. 

Even if these rules are not completely uni-

versal, they often have only a few relevant 

parameters, a vast simplifi cation compared to 

the many that describe the constituents indi-

vidually. But as Vafabakhsh and Ha remind 

us on page 1097 of this issue ( 1), emergent 

behavior can conceal important aspects of a 

system. Using a beautiful application of fl u-

orescence microscopy, the authors provide 

the clearest evidence to date that the elastic-

rod model for DNA mechanics, an emergent 

description that works well on long length 

scales, breaks down on shorter length scales 

relevant to cell biology.

Emergence is often a function of increas-

ing length scale. For example, the com-

plex intermolecular dynamics of individual 

water molecules can be ignored in the design 

of plumbing; for this purpose, it suffi ces to 

know just two parameters for water: its mass 

density and its viscosity.

However, the very forgetfulness of nature 

that simplifi es its long-scale character can 

also conceal the details that we need to know 

if we are to understand shorter-scale regimes. 

The mechanical properties of DNA are a case 

in point. It is tempting to regard this famous 

molecule as just a database containing the 

algorithm for constructing an organism. But 

DNA is also a physical object that constantly 

bends, twists, and interacts with other bio-

molecules. Particularly important, DNA is 

often observed to be tightly bent, in contexts 

such as gene regulation and packaging (see 

the fi gure).

Polymer physicists have long known that 

a stiff polymer like DNA will display emer-

gence. On long length scales, such a molecule 

may be adequately described as an elastic rod, 

that is, a rod that resists bending with a linear 

relation (Hooke’s Law). The mathematics of 

elastic rods was developed in the 19th cen-

tury; all that is needed in the polymer con-

text is to add the action of random thermal 

motion, which takes on crucial importance on 

the nanometer scale.

Some of the fi rst single-molecule manip-

ulation experiments on DNA found that the 

simple elastic rod model, despite having only 

a single free parameter, gave a quantitative 

account of the behavior of lambda phage 

DNA ( 2). This agreement became even more 

impressive with later experiments.

Could DNA be literally regarded as a lin-

early elastic rod? The late Jonathan Widom 

( 3) did not think so. He knew that the rod 

model required a prohibitive amount of elas-

tic energy to be expended to form the struc-

tures shown in the fi gure; yet, these structures 

form readily.

To reduce uncertainties that arise from the 

complex cellular milieu, Cloutier and Widom 

undertook in vitro experiments with DNA 

fragments of length equal to the circumfer-

ence of the nucleosome core particle. They 

assayed the ability of these fragments to form 

loops in the absence of the histone proteins 

that might be thought to facilitate loop forma-

tion. The results were astonishing. Not only 

did small loops form readily; for loops of bio-

logically relevant sizes (see the fi gure), the 

ability to form spontaneously was found to be 

nearly independent of loop size (apart from a 

modulation with periodicity equal to the heli-

cal pitch) ( 4,  5).

Perhaps these results should not have come 

as a great surprise. It has long been known 

that DNA has discrete alternate conforma-

tions, attainable at a modest free-energy cost, 

including some with sharply localized kinks 

( 6), locally melted regions, and fl ipped-out 

base pairs. Thus, just as bending a soda straw 

eventually gives a catastrophic breakdown of 

its rod elasticity, so too could severe nonlin-

earities enter DNA elasticity. Kinks were also 

known to form in tightly bent structures like 

the nucleosome ( 7,  8). Accordingly, immedi-

ately after Cloutier and Widom’s work, theo-

rists investigated simple models incorporat-

ing highly bendable behavior on short length 

scales ( 9,  10). Such models automatically 
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Experiments show that at biologically relevant 

length scales and under conditions resembling 

those in cells, DNA does not behave like an 

elastic rod.
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B C

Biological examples of tightly bent DNA. (A) DNA winds around a protein core 
(lavender) to form the nucleosome. (B) A transcription factor (green) forces DNA 
into a tight loop. (C) A bacterial virus packs over 10,000 base pairs of DNA into a 

small capsid. The results of Vafabakhsh and Ha bear on the question of how such 
structures can self-assemble despite the high elastic energy cost traditionally 
attributed to tightly bent DNA.C
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displayed emergent elastic-rod behavior on 

long length scales, thus reconciling the new 

experiments with the old ones. Later, a meso-

scopic (intermediate-scale) model was found 

that incorporated still other experimental 

results, yet, like the original elastic rod, had 

only one free parameter ( 11).

Unfortunately, Cloutier and Widom’s 

experiments were fraught with uncertain-

ties. Their assay relied on the large ligase 

enzyme, required an intricate protocol, and 

did not directly report looping rates. Later 

experiments have given similar results with-

out use of ligase ( 11,  12), but in each case, 

some aspect of the assay did not resemble the 

situation in vivo.

Vafabakhsh and Ha now offer a clean, sim-

ple demonstration of non-rodlike behavior 

in DNA at biologically relevant scales. The 

new work is done in vitro, and hence is free 

from many unknowns in the cell, yet was not 

affected by some potential artifacts present 

in previous in vitro experiments, for exam-

ple, the proximity of hard walls and large 

reporter beads. Not only do their results vin-

dicate Widom’s intuition; they also show that 

this behavior occurs for generic sequences 

[it is even more pronounced for special 

ones ( 13)]. Finally, the experiment confi rms 

the near independence of looping ability on 

DNA length in the relevant regime—a cardi-

nal property in the theories of ( 9– 11).

The new results will still need to be inte-

grated with previous experiments, not all of 

which have seemed to fi t the picture described 

above ( 14). They will also provide guidance 

as theory seeks to go beyond generic mod-

els to ones predicting the details of sequence 

dependence. Already, however, they illus-

trate the two-edged character of emergence: 

It can simplify behavior, but this is not always 

appropriate. To learn about a system on some 

length scale, we must devise experiments that 

specifi cally probe that particular scale.  
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        E
arth’s atmosphere is often compared 

to a low-temperature combustion 

system. Reactive hydrocarbons are 

emitted from both natural and anthropo-

genic sources and then oxidized by hydroxyl 

radicals (OH) through a complex chain of 

reactive free radicals. It is usually assumed 

that the molecules and radicals involved are 

all in their lowest energy states. However, 

on page 1066 of this issue, Glowacki et al. 

( 1) show that a strikingly different product 

distribution can be obtained in the oxidation 

of acetylene depending on whether the radi-

cals contain high amounts of internal (vibra-

tional) energy or are fully relaxed. The study 

used a combination of experiment and the-

ory to provide a complete description of the 

reaction of OH radicals with acetylene in the 

presence of varying amounts of O2 and N2.

Acetylene (C2H2) is an important atmo-

spheric constituent, being emitted as a by-

product of incomplete combustion. It has 

an atmospheric lifetime of about 12 days 

(which is governed by its reaction with OH 

radicals), which allows it to be used as a 

tracer of anthropogenic activity or biomass 

burning in relatively clean regions. Previous 

studies have shown that two sets of oxidation 

products are accessible under atmospheric 

conditions; one makes formic acid and for-

myl radicals, and the other makes glyoxal 

and reforms the hydroxyl radical (see the 

fi gure). The overall reaction rate constant 

was measured a number of years ago ( 2, 

 3) but during one of these studies, Bohn et 

al. ( 2) noted that the apparent rate constant 

for OH loss was reduced in the presence of 

oxygen. To explain the O2 dependence of 

the rate constant, they suggested that the O2 

could interact with the energetic free radi-

cals (R-OH) produced from the addition of 

OH to acetylene. Glowacki et al. convinc-

ingly confirmed this hypothesis by both 

experiments and theory.

Acetylene is a linear molecule with a tri-

ple bond between the carbon atoms. When 

OH adds to C2H2, the hydrogen atom on 

the opposite carbon can end up either on 

the same side as the OH or diametrically 

opposed. According to the calculations of 

Glowacki et al., the confi guration with the 

hydrogen furthest from the oxygen should 

be the most stable and leaves an unpaired 

electron next to the oxygen (the cis posi-

tion). When O2 adds to this unpaired elec-

tron, it can easily abstract the H atom on 

the OH group, providing a low-energy exit 

channel to glyoxal and OH. If the O2 adds 

trans to the hydroxyl group, the rearrange-

ment to products is a little more tortuous, but 

should also be rapid, leading to formic acid 

and HCO.

The two conformations of the radical do 

not interchange freely in the ground state 

but are separated by a small energy barrier. 

However, when the OH initially adds to the 

C2H2, the intermediate radicals have suffi -

cient internal energy (in the form of vibra-

tional excitation) such that the hydrogen can 

fl ip easily between the cis and trans confi gu-

ration. However, collisions with other mol-

ecules transfer energy out of the radical, and 

after a suffi cient number of collisions, the 

internal energy is reduced below the barrier. 

Thus, the more energetic the C2H2-OH radi-

cal is when it reacts with O2, the more likely 

it is to produce formic acid, and vice versa.

The situation acquires added complexity 

when it is recognized that O2 can act both 

as a collision partner and a reactive part-

ner, whereas N2 just acts as an inert collision 
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