


The Nature of Chance

1.1 Silk, Strength, and Statistics

Spider silk is an amazing material. Pound for pound it is four times as strong
as steel and can absorb three times as much energy as the KEVLAR from which
bullet-proof vests are made (Gosline et al. 1986). Better yet, silk doesn’t require
a blast furnace or a chemical factory for its production; it begins as a viscous
liquid produced by small glands in the abdomen of a spider, and is tempered
into threads as the spider uses its legs to pull the secretion through small spigots.
Silk threads, each a tenth the diameter of a human hair, are woven into webs
that allow spiders to catch prey as large as hummingbirds. Incredible stuff!

The strength and resilience of spiders’ silks have been known since antiquity.
Indeed, anyone who has walked face first into a spiderweb while ambling down
a woodland path has firsthand experience in the matter. Furthermore, the basic
chemistry of silk has been known since early in this century: it is a protein,
formed from the same amino acids that make our skin and muscles. But how
does a biological material, produced at room temperature, get to be as strong as
steel and as energy-absorbing as KEVLAR? Therein lies a mystery that has taken
years to solve.

The first clues came in the 1950s with the application of X-ray crystallography
to biological problems. The information provided by this technique, used so
successfully by James Watson and Francis Crick to deduce the structure of
DNA, allowed physical chemists to search for an orderly arrangement of the
amino acids in silks—and order they found. Spider silk is what is known as
a crystalline polymer. As with any protein, the amino-acid building blocks of
silk are bound together in long chains. But in silks, portions of these chains
are held in strict alignment—frozen parallel to each other to form crystals—
and these long, thin crystals are themselves aligned with the axis of the thread.
The arrangement is reminiscent of other biological crystalline polymers (such
as cellulose), and in fact can account for silk’s great strength.

It cannot, however, account for the KEVLAR-like ability of spider silk to absorb
energy before it breaks. Energy absorption has two requirements: strength (how
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much force the material can resist) and extensibility (how far the material can
stretch). Many crystalline polymers have the requisite strength; cellulose, for
example, is almost as strong as silk. But the strength of crystalline polymers is
usually gained at the loss of extensibility. Like a chain aligned with its load, a
protein polymer in a crystal can extend only by stretching its links, and these
do not have much give. Cellulose fibers typically can extend by only about 5%
before they break. In contrast, spider silk can extend by as much as 30% (Denny
1980). As a result of this difference in extensibility, spider silk can absorb ten
times more energy than cellulose. Again, how does silk do it?

This mystery went unsolved for 30 years. As powerful a tool as X-ray crystal-
lography is, it only allows one to “see” the ordered (aligned) parts of a molecule,
and the ordered parts of silk (the crystals) clearly don’t allow for the requisite
extension. If silk is to be extensible, some portion of its molecular structure
must be sufficiently disordered to allow for rearrangement without stretching
the bonds between amino acids in the protein chain. But how does one explore
the structure of these amorphous molecules?

The answer arrived one dank and dreary night in Vancouver, British Columbia,
as John Gosline performed an elegant, if somewhat bizarre, experiment (Gosline
et al. 1984). He glued a short length of spider silk to a tiny glass rod, and,
like a sinker on a fishing line, glued an even smaller piece of glass to the
thread’s loose end. Pole, line, and sinker were then placed in a small vial of
water so that the spider silk was vertical, held taut by the weight at its end
(fig. 1.1). The vial was stoppered and placed in a second container of water in
front of a microscope. By circulating water through this second bath, Gosline
could control the temperature of the silk without otherwise disturbing it, and by
watching the weight through the microscope he could keep track of the thread’s
length. The stage was set.

Slowly Gosline raised the temperature. If silk behaved like a “normal” mate-
rial, its length would increase as the temperature rose. Heat a piece of steel, for
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FiG. 1.2 The length of a piece of spider silk decreases slightly

as temperature increases, an effect explained by the random
rearrangement of the amorphous portions of the material. (Data from
Gosline et al. 1984)

instance, and it will expand. In contrast, if the molecules in the amorphous por-
tions of the silk are sufficiently free to rearrange, they should behave differently.
In that case, as the temperature rose, the amorphous protein chains would be
increasingly rattled by thermal agitation and should become increasingly con-
torted. As with a piece of string, the more contorted the molecules, the closer
together their ends should be. In other words, if the amorphous proteins in silk
were free to move around, the silk should get shorter as the temperature was
raised. This strange effect could be predicted on the basis of statistics and ther-
modynamics (that’s how Gosline knew to try the experiment) and had already
been observed in man-made rubbery materials. Was spider silk built like steel
or like rubber?

As the temperature slowly drifted up—10°C, 12°C, and higher—the silk
slowly shortened (fig. 1.2). The amorphous portions of silk are a rubber!
From this simple experiment, we now know a great deal about how the non-
crystalline portions of the silk molecules are arranged (fig. 1.3), and we can
indeed account for silk’s great extensibility. Knowing the basis for both silk’s
strength and extensibility, we can in turn explain its amazing capacity to absorb
energy—knowledge that can potentially help us to design man-made materials
that are lighter, stronger, and tougher.

There are two morals to this story. First, it is not the orderly part of spiders’
silk that makes it special. Instead, it is the molecular disorder, the random,
ever-shifting, stochastic arrangement of amorphous protein chains that gives the
material its unique properties. Second, it was a knowledge of probability and
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FiG. 1.3 The molecular architecture of spider silk. Crystals of ordered proteins
are aligned with the silk fiber’s axis, providing the material with great
strength. Randomly arranged (amorphous) protein chains connect the crystals
in an extensible network.

statistics that allowed Gosline to predict the consequences of this disorder and
thereby perform the critical experiment. As we will see, the theory of probability
can be an invaluable tool.

Probability theory was originally devised to predict the outcome in games
of chance, but its utility has been extended far beyond games. Life itself is
a chancy proposition, a fact apparent in our daily lives. Some days you are
lucky—every stoplight turns green as you approach and you breeze in to work.
Other days, just by chance, you are stopped by every light. The probability of
rain coinciding with weddings, picnics, and parades is a standard worry. On a
more profound level, many of the defining moments of our lives (when we are
born, whom we marry, when we die) have elements of chance associated with
them. However, as we have seen with spider silk, the role of chance in biology
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extends far beyond the random events that shape human existence. Chance is
everywhere, and its role in life is the subject of this book.

1.2 What Is Certain?

As an instructive example, imagine yourself sitting with a friend beside a
mountain stream, the afternoon sun shining through the trees overhead, the
water babbling as it flows by. What can you say with absolute certainty about
the scene in front of you? Well, yes, the light will get predictably dimmer as
the afternoon progresses toward sunset, but if you look at one spot on the river
bank you notice that there is substantial short-term variation in light intensity
as well. As sunlight propagates through the foliage on its way to the ground,
the random motion of leaves modulates the rays, and the intensity of light on
the bank varies unpredictably both in space and in time. Yes, a leaf falling off
a tree will accelerate downward due to the steady pull of gravity, but even if
you knew exactly where the leaf started its fall, you would be hard-pressed to
predict exactly where it would end up. Turbulent gusts of wind and the leaf’s
own tumbling will affect its trajectory. A close look into the stream reveals a
pair of trout spawning, doing their instinctive best to reproduce. But even with
the elaborate rituals and preparations of spawning, and even if all the eggs are
properly fertilized, there is chance involved. Which of the parents’ genes are
incorporated into each gamete is a matter of chance, and which of the millions
of sperm actually fertilize the hundreds of eggs is impossible to predict with
precision.

Even the act of talking to a friend is fraught with chance when done next to
a mountain stream. The babbling sound of the brook is pleasing because it is so
unpredictable, but this lack of predictability can make communication difficult.
Somehow your ears and your brain must extract from this background noise the
information in speech.

So, chance in life is unavoidable. Given this fact, how should a biologist
react? In many disciplines, the traditional reaction is to view the random varia-
tions of life as a necessary evil that can be exorcised (or at least tamed) through
the application of clever ideas and (as a last resort) inferential statistics. Even
then we are taught in our statistics classes to abhor unexplained variation. In a
well-designed experiment, the less chance involved in the outcome, the better!

There is an alternative, however: the approach taken by Gosline in his experi-
ment on spider silk. If chance is a given in life, why not use it to our advantage?
In other words, if we know that a system will behave in a random fashion in the
short term and at small scale (as with the random thermal motions of protein
chains in silk), we can use this information to make accurate predictions as to
how the system will behave in the long run and on a larger scale. Therein lies















