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Molecules squeezed and stroked

Steve Granick, Zhiqun Lin & Sung Chul Bae

Soft matter is often found in tight spots. A study shows that tangled
chain-like molecules, squeezed between solid surfaces and stroked by

sliding, might become exceptionally ordered.
ow does a pen write on paper? As

H you blink your eyes, how do tears

lubricate your cornea? As you type,

how does the hard disk store information?

All of these apparently disparate actions

share a central feature — surfaces, separated

by fluids, are squeezed together and the

molecules sandwiched between are stroked

by sliding. Sliding is one of the most com-

mon processes of the everyday world, but

we know little about the interplay between

surfaces and their confined lubricants.

Shinji Yamada has now looked at the
effect of sliding on the behaviour of the
silicone oil polymer PDMS — a flexible
threadlike chain molecule that normally
exists in a tangled, randomly coiled form.
Writing in Langmuir', he reports that the
degree of friction between two sliding
surfaces depends on the number of layers of
PDMS sandwiched between. Remarkably,
each layer is the width of the polymer back-
bone, indicating that sliding might have
ordered the polymer chains.

To look at the behaviour of confined
PDMS during sliding, Yamada sandwiched
a film of the polymer between two layers
of solid mica. He then measured the kinetic
friction produced as the two surfaces were
squeezed and simultaneously slid over one
another. Surprisingly, he was able to com-
press the confined molecular film during
squeezing and sliding to thicknesses
equalling only two, three or four molecular
layers. And the number of layers affected the
total friction between the sliding surfaces.
When the polymer was squeezed to a thick-
ness of three or four molecular layers, the
middle layers also seemed to slide, resulting
in low friction. But when the thickness of
the film was squeezed to the width of only
two molecular layers, the degree of friction
increased abruptly by sixtoeighttimes (Fig. 1).

The finding that PDMS can form such
thin layers in films is surprising, because
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decades of research have led to the view that
long-chain polymers form much thicker
conformations — instead of aligning in flat
layers they coil randomly, rather like tangled
spaghetti’. The polymer that Yamada looked
at is about 1,000 repeat-units long, so, if
it forms a random coil, the polymer film
should be about 10 nm thick. But Yamada
describes PDMS films that were an order of
magnitude thinner than this.

A speculative but plausible explanation
forthisdiscrepancy is that sliding might have
oriented the polymer chains into discrete
molecular layers, each layer having the thick-
ness of the polymer backbone (Fig. 1).
Extreme deformations are most likely to
happen in thin films of soft materials
because the movements of these molecules
are retarded by confinement and so they are
deformed more rapidly than they can re-
equilibrate®. The difference between poly-
mersat rest, or atequilibrium, and polymers
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undergoing deformation during sliding, is
considerable.

Why are studies such as Yamada’s impor-
tant? If the model shown in Fig. 1 is correct,
measuring the increases in friction under
different degrees of compression could
provide clues about how precisely a polymer
is oriented by sliding. Studies of confined
molecules might also have more practical
implications. The ability to manipulate giant
molecules under confinement may enable
new kinds of nanoscale structures to be fabri-
cated. For example, the use of conducting
polymers in display devices has been lim-
ited by an inability to produce sufficient
order along the polymer backbones®. If
sliding can orient other large polymers,
besides PDMS, the technique described by
Yamada might be a useful route towards
enhancing order in thin films of these tech-
nologically useful molecules.

But how might sliding orient giant poly-
mers? Computer simulations and theory
provide clues® but no definite answers. Imag-
ingthelocal density of moleculesin ultrathin
films and the local orientation of individual
chain segments are technical hurdles that
must be overcome before these questionscan
be answered. The most advanced synchro-
tron X-ray-reflectivity measurements have
begun to yield images of confined molecules
at rest® but not yet during sliding. The inter-
action of visible light with matter’ — for
example, Raman and infrared imaging —
has impressive potential, but this technology
is at an early stage. The problem with using
these techniques to image confined mol-
ecules is distinguishing the signal (the fluid
monolayer) from all the noise (the sliding
surfacesand the solids beneath them).

Another task will be to distinguish the
behaviour of individual confined molecules
from the average behaviour. Biophysics
has been invigorated by single-molecule
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Figure 1 Squeezing out the tangles. a, The polymer PDMS usually exists in a random coil
conformation. b, ¢, Yamada® has shown that PDMS might be ordered into discrete molecular layers —
each layer the width of the polymer backbone — by sliding when it is confined between two
atomically smooth mica surfaces. Compressing the sandwiched film to a thickness of four backbone
widths produces low friction between the sliding surfaces, as the middle layers are mobile. When

the film is compressed to a thickness of two backbone widths, the magnitude of friction abruptly
increases. A challenge for materials scientists is to augment the macroscopic friction measurements
with local measurements of molecule density, alignment, mobility and energy flow between chemical

bonds as the molecules slide.
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approaches to studying processes such as
enzyme turnover. Applying a single-mol-
ecule approach to thin films of soft matter,
one study showed that the average friction
masked an unexpected variety of molecular
movement?,

Yamada' has provided a conceptual
model of how sliding might order large poly-
mer backbones. The challenge now is to put
flesh on this model by revealing the mecha-
nisms underlying this phenomenon. The
word friction evokes the triviality of chang-
ing the oil in one’s automobile, yet, as David
Tabor emphasized ten years ago®, a funda-
mental issue must be addressed before we
can fully understand friction and sliding —
how is energy dissipated when surfaces slide
over one another? What is the roadmap of
energy flow as molecules slide past one
another? When these questions are
answered, the word ‘friction’ will have real
substance, and models of friction will be

Developmental biology

Partners united

Matthew Freeman

predictive. Then we will have to apply our

understanding of friction to issues such as

biolubrication®®. Machinery wears out, as we

all know. So do eyes and knees. n
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There is often more than one way of cracking a scientific problem.
Two views of one question have led to the marriage of two signalling

proteins in search of a partner.

he world would be less interesting if
Tunicellular organisms in some ancient

swamp had not teamed up, giving rise
to multicellular species and, eventually, to
us. But, at the same time as allowing new
survival strategies (not to mention the
emergence of civilization), the evolution of
multicellularity presented new difficulties:
for example, cells in a single organism, and
therefore derived from the same egg and
sperm, had to choose for the first time
between many possible fates.

We now know that most cells learn their
fate from signals produced by other cells,
and the hunt is on to identify components
of these signalling systems. On pages 507
and 512 of this issue, Weiss, Frasch and
co-workers' and Palmer and colleagues?
describe experiments that unite a pair of
hitherto enigmatic signalling proteins — a
secreted protein, Jeb, and a cell-surface-
located receptor, Alk. By showing that Jeb
binds to and activates Alk, these papers pro-
vide new insight into development, and also
illustrate the relationship between develop-
ment and cancer: developmental signals are
potent regulators of cell behaviour, and so
can have disastrous effects if uncontrolled.

This story began in 1997, when unregu-
lated activity of the anaplastic lymphoma
kinase (AlKk) protein was discovered to be the
cause of a cancer known as anaplastic large-
cell lymphoma®®. Alk belongs to a family
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of enzymes called receptor tyrosine kinases,
and is most closely related to the insulin
receptor. So it was straightforward to predict
—and itwas subsequently confirmed —that,
like other members of this enzyme family,
Alk is a cell-surface receptor that activates
several intracellular signal-transduction
cascades, including a pathway that contains
the so-called mitogen-activated protein
(MAP) kinase. It was, however, much harder
to determine which protein (or proteins)
binds to Alk to activate these pathways.
Simultaneously, but in apparently un-
related experiments, fruitfly biologists were

Visceral muscle
fusion-competent
cells

Visceral muscle [~
founder cells |

Somatic
muscle
cells

trying to understand how the intricate
patterning of the embryonic musculature
develops. Scott and colleagues® had identi-
fied an unusual secreted protein, Jelly belly
(Jeb), which was required for the develop-
ment of the visceral muscles — those that
are under involuntary control, such as the
muscles that move food through the gut.
They found that Jeb was emitted from adja-
cent somatic muscles, and proposed that it
was a signal by which somatic muscles could
induce neighbouring mesoderm tissue to
produce visceral muscle cells.

In a collaborative effort, the laboratories
of Manfred Frasch and Joseph Weiss have
pursued this model, as they now describe’.
They examined fruitfly embryos with muta-
tions in the jeb gene, and discovered that Jeb
is required specifically for the formation of
visceral ‘founder’ cellsin mesoderm. Itis not,
however, needed to produce the follower
cells that later fuse with these founders. The
previous discovery that the founder cells
internalize extracellular Jeb® suggested that
they express a specific receptor for this
secreted protein. And the fact that MAP
kinase is activated in these same cells hinted
that Jeb could be a binding partner for a
receptor tyrosine kinase, as such receptors
are known to trigger MAP kinase.

In a different approach, Ruth Palmer’s
laboratory had been using fruitflies to study
the normal function of Alk (although its
pathological function in cancer was known,
its normal role was not). They showed that
Alk is expressed in’, and required for the
formation of®, the early visceral mesoderm
inflies.

This was the point at which the two pro-
jects intersected: Frasch and colleagues saw
the published expression pattern of Alk’ and
speculated that it could be their predicted
receptor tyrosine kinase; Palmer and co-
workers saw the similarity of the jeb mutants®
to their alk mutants, and guessed that Jeb
could be the binding partner for Alk. They
independently used a powerful combination
of genetics and biochemistry to show that

Figure 1 Making muscles in fruitflies. This model is based on the new findings*. During the
formation of visceral muscles (such as gut muscles), somatic muscles (red) secrete Jeb, while potential
visceral founder cells (green) express the receptor Alk. Alk-expressing cells next to Jeb-secreting cells
receive the signal, which activates the MAP kinase pathway. This induces expression of duf and org-1,
thus inducing the Alk-expressing cells to become visceral muscle founder cells (pale green).
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