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mputational emistry

BY PAULINA BORSOOK

OMPUTATIONAL CHEMISTS ARE ON THE VERGE OF

being able to create, on demand, materials that have specific

properties, whether of flexibility, durability, or the ability to turn

an alluring shade of lavender when the late-afternoon light strikes
them at a certain angle.

A possibly apocryphal insight {variously attributed to Nobel Prize-winning
physicists Paul Dirac, Edward Teller, and others! states, “The work of phys-
icists is finished; what is left is engineering.” Dirac, one of the fathers of quan-
tum mechanics, said in 1929 that “The underlying physical laws necessary . . .
for a large part of physics and the whole of chemistry are completely known,
and the difficulty is only that the exact application of these laws leads to equa-
tions much too complicated to be soluble.” No chemist has had the time or the
means to perform the calculations, so no chemical engineer has been able to use
the solutions to build new materials. It is turning out that advances in computer
hardware and software may prove Dirac WrIong: supercomputers and new wavs
to use them may finally be able to solve the equations that explain and describe
the material universe.
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Computational chemists are begin-
ning to make runs at these quan-
tum mechanical equations, now
that supercomputers can help re-
lieve the burden of complex calcu-
lations. In theory, it is possible to
apply the equations to understand
precisely how it is that a piece of
wood is brown and hard. Once that
mathematical solution is under-
stood, it should be a matter of engi-
neering to create other substances
that are equally brown and hard.

Until now, in spite of advances

* in basic science, chemists and
biotechnologists have still largely
made their discoveries on the basis
of empirical m. 5 of trial and er-
ror. Computati. . . science could
change all that.

Molecular design (as one branch

of computational science is called)

is already considered to have stra-

tegic importance. The Office of

Naval Research is bringing togeth-

er chemists, physicists, engineers,

and computer scientists to consider

techniques for mastering the mate-

rial universe at levels never before

possible. Computational science
~will have an immediate impact

on quality of life in areas

as diverse as animal rights

Structural Biology” felt like being
present at the creation of some-
thing. The feeling in the air was
that of approaching a major thresh-
old in capabilities that scientists
have long sought. Computers are
finally fast enough for Something
Important to happen in several dif-
ferent fields. {Although it pays to
remember that Artificial Intelli-
gence [Al] has been threatening to
be at a similar threshold for the
last 20 years.)

Structural biology, now largely a
branch of computational science,

is concerned with the physical/
chemical structures of biological
compounds. Crick and Watson’s
uncovering of the double-helix
structure of DNA is perhaps the
best-known example of structural
biology. The people who cracked
the structure of hemoglobin, the
first protein whose structural con-
figuration (“conformation,” in
structural-biology vernacular) was
understood, won a Nobel Prize for
their work, too. Yet, thirty years
later, scientists are still not exactly
sure how oxygen really binds with-
in the hemoglobin molecule — and
the binding of oxygen within hemo-

globin is among the most basic
physiological functions. As things
stand now, it’s like not really un-
derstanding what it means to
breathe, though we still take it on
faith that breathe we must. Struc-
tural biologists try to figure out
similar life processes at the level
of physics.

A central problem facing the field
of structural biology is the issue of
protein folding — understanding
(and therefore being able to predict)
why proteins, as dictated by the or-
dering principles of genetic instruc-
tions, take the shapes they do in
order to perform the functions they
have been assigned by nature.

Protein folding fascinates structural
biologists and computational scien-
tists from other disciplines because
it is a highly visible problem, with
huge payoffs for those who solve

it. Understanding protein folding

is necessary to understand how
biological processes work. Once

. the rather routine mapping from

the highly funded, highly publi-
cized Human Genome project is
completed, the hard part will begin:
knowing how the proteins associ-
ated with a particular
gene are biologically

(no more animal testing
for drugs or cosmetics),
use of natural resources,
and workplace safety. The
secondary impacts — the
way new materials will
change our minds and
our societies — are

e Y

The goal of computadonﬂl science is to make theoretical
breakthroughs about fundamental physical principles by using
computers to extend scientists’ abilities to deal with complex
phenomena. Computational biology is scary enough, as Kevin
Kefly’s and Steven chy’s articles in this issue demonstrate.

active. The same
principle, of structure
determining func-
tion, also applies to
research into how
drugs take action in
the body. In spite of
all the leaps in phar-

harder to predict. m’h‘w"m ml:lnwbcv:hq:::ey:oml, PNIMB' macological research,
weapons, and side effects might result when the capability no one truly under-
It happened stands the specific

in Tallahassee

A conference (one at-
tendee called it “molecu-
lar Woodstock”) brought
together computational
scientists from diverse
disciplines at Florida State
University in Tallahassee
in January 1992. This

ofcnaﬁngmokculestoperfonncemintasksoncom-
~ mandis tmnslated into technology? :

Paullna Borsook ls ﬂnkbing her MFA thesls at Columbla, a
book-length series of Interconnected short stories that delin-
eate how the new information technologies (focusing on but
not limited to email) deform relationships.” The title story of - -
" the collection, “Virtual Romance,” features the WELL, and

was nominated for a Pushcart Prize. She describes herself

as “a Luddite who has made a ﬁvlng fortbe’pcst ten years doesn’t.
writing about computers and communications.” Her email

mechanics of drug
action, the particu-
larities of why an
effective medicine
binds to a particular
molecule, and why
a similar but inef-
fective medicine

“Workshop on High-Per- address is loris@well.sf.ca.us. —Howard Rheingold Structural biologists
formance Computing and ‘ : - and other computa-
Grand Challenges in tional scientists are
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drawn to the mysteries behind pro-
tein folding. Computational scien.
tists (as do all good scientists) have
the sense that if this problem can
be posed in an aesthetically pleas-
ing way, an equally aesthetic solu-

tion will be on hand. Particle
physicists are migrating to this
problem in part because of their
traditional attraction to aestheti- -
cally pleasing problems, but also
because breaking the code of pro-

~ COMPU
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the fluorocarbons they replace.

from the sun. -

human subjects.

of dollars.

won’t run!

-

engines simultaneously far more

. Di-ng design could allow pharmaceuﬁal compamuto \aseg the -
 usefulness of candidate medicines long before they are tested on -

* Metal alloys can be created that co

T

powerful, lighter, and safer.

o Pmeein folding isn’t the only area of interest for computatioml
sdénﬁsuﬁ.?%utaﬁonal chemistry, as manifested hmolecular -
engineering, hopes to create mathematical models able'to predict -

~ the behavior of experimental substances. This could change the =
‘shake-and-bake process of chemical invention, . - i .

* New methods of catalysis (speeded-up chemical reactions used ~
in ordinary manufacturing processes such as the cracking of crude

oil to make gasoline) can be achieved ﬂlroughmaﬂ!emat:cal model-
ing. Each new process so discovered is potentially worth billions .

* Polymers, the basis of plastics ahd other
designed to achieve specific ends. At last, pantyhose that really

o e, e

- "QTHER”I‘.}MES OF INQUIRY IN
ATIONAL SCIENCE =~

' Molecularengheenng — controlling the microworld ~could trans-
form every area of industrial production. With supercomputers and
’ supercdmputéi’édf,tw:a;‘e‘_ﬂgt' did not exist as recently as five years *
ago, theoretical chemists are poised to invent solutions to a number

i~

" ew products could be designed from the molecular level tobe
biodegradable. Subﬁtuusfor environmentally destructive com- -
poundscbdldw'&émtéddﬁtw&aswellas,orevenbetuerﬂ\ah, :

* Solar energy may finally replace fossil fuels. Efficient photovoltaic
cells could replace those available today, manufactured from mate-
rials designed from scratch at the molecular level to absorb energy B

ey

syehetics, can o custom.
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tein folding at the atomic level,
of breaking down into its physics,
is a problem that can — and most
likely will — be solved. Not so
the origins of the universe, the
mysteries of time, and where we
all came from and are going to.
Particle physicists are leaping on
the problem of protein folding be-
cause so many obvious, elegant,
and soluble problems have already
been solved in their native field.

Dimensions
of the problem

There are from anywhere from

60 to 500 constituent amino acids
in a particular protein, with the
sequences of the amino acids
determining its structure. With
sickle-cell anemia, for example,
the difference between one amino
acid being present as opposed to
another makes the crucial differ-
ence in oxygen uptake — and seri-
ous illness in the life of the sickle-
cell-anemia sufferer. Scientists as
yet can’t predict the three-dimen-
sional structure (conformation)

of a protein from the sequence

of the amino acids in it.

Each amino acid is at an angle
relative to the next one in a se-
quence. Initially, conformations
were sought experimentally
through x-ray crystallography,
but scientists prefer the intellec-
tual satisfaction that would come
from finding an overarching prin-
ciple that would generally predict
conformations. Further, making
crystals is a black art, not a sci-
ence, and there are whole classes
of proteins, such as those embed-
ded in the fatty ripply media of
membranes, where it is almost
impossible to create crystals.
Hence the current turn to com-
puters to seek a general principle
of protein folding.

Theoretically, there are about

five different possibilities for the
difference in position from one
amino acid to the next; extrapo-
late this, and you have a fine com-
putational problem to be solved,
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for there could be 3-to-the-100th-
power ditferent variations of amino-
acid angle variations for a particular
protein. No computer on the mar-
ket today jor proiected to be around
in the not-so-near future! could run
through this manv iterations to find
what the conformation would be for
a protein. Which is where things get
interesting: researchers are attempt-
ing to narrow the search through
the creation of clever software
algorithms.

Computational scientists have
ideas, of course, on how to prune
the search for likely conformations.
Some use familiar computational
methods, such as decision trees,

or Monte Carlo, a computer pro-
gram that takes all the known in-
formation about a physical system
and systematically and repetitively
introduces an element of chance

(hence the name: like rolling the
dice at Monte Carlo! into the model
created by the data and probabil-
ities fed into it. Al has also been
thrown arcund as a'way to solve
the problem.

More interesting, Peter Wolnyes,
a scientist at the University of ILli-
nois, has a more interdisciplinary
approach. He borrows from neu-
ral-networking models of how the
brain works, using the 500 or so
protein configurations already
known, to reason by analogy. His
novel method brings prior infor-
mation into the search, creating

a learning algorithm.

Everyone devoted to the problem
seems to have a different intuitive
sense of how the search ought to be
pruned. The feeling at Tallahassee
was that computer hardware had

, 9 “uge ¥ “ume V e
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improved enough in the last ten
years and that massively parallel
machines have finallv matured
enough, that somebedy might
happen on a truly interesting
solution in the next vear or so.

The birth
of a new science

The conference in Tallahassee was
expected to attract 50 people; more
than 300 came. The birth of a new
science was evident in several re-
gards: structural biologists, with
their concerns about algorithms,
and discussions of energy fields,
had more in common with physi-
cists than their more traditional
colleagues in evolutionary biol-
ogy or in field ecology. Biologists,
chemists, physicists, and computer
scientists were speaking a common

In gt electrophoresis,
eiecical potential
acpied to DNA
fragmerts placed

in a zel causes the
fragrents to move
through the gel and

separate Dy size.

This schemat.c shows a knotted DNA fragment within a

g ou

=l with the gel represented as a regular atice. Simulating

il

e: electrophoresis heios researchers petier attack the

ztaloging of the functions of the tnousarcs of genes
found in the human cell
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language of problem-solving through
modeling on supercomputers.

The conference also raised the

hot issue of big science and little
science, centralized versus distrib-
uted computing. Some of the most
passionate argument centered on
whether, in a time of decreased
national funding for research and
development, an effort should be
made to lasso $20 million for a
nifty new supercomputer, or have
that money put into having the
equivalent of a Sun or Silicon
Graphics workstation on every
grad student’s and every post-
doc’s desk.

The people who want the super-
computer say that there are kinds
of problems that can only be solved
by big iron; that having access to
the unique ways massively paralle]
machines solve problems will cre-
ate new understandings and new
ways to try to understand reality;
that those who have never played
on one of these magnificent instru-
ments cannot appreciate the dif-
ference a Cray or Kendall Square or
Connection Machine would make.
[“Traditional” supercomputers use
one very powerful processor that
Processes many instructions “seri-
ally” — one at a time. “Massively
parallel” supercomputers use thou-
sands of relatively less powerful
processors that operate simulta-
neously — “in parallel.” The use of
large numbers of less powerful pro-
cessors makes it possible to produce
supercomputers at much lower cost
— “desktop supercomputers.”] The
best and brightest scientists say that
the best science gets done when sci-
entists know how to make use of
new technologies, leaving behind
endless recapitulations of what they
learned in grad school. They say,
bring on the supercomputers,

Yet the genius of the microcom-
puter revolution (and the way some
of the most intellectually interest-
ing science has historically gotten
done) has been by someone noodling
around in a modest, relatively low-
tech fashion. Personal computers
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The main value to computational chemists of crambin, a very simple protein, is its simplicity:
crambin was one of the first proteins whose structure has achieved high resolution at the
atomic level. This visualization was done on a Silicon Graphics workstation,

gave individuals routine access to
computing power. Funding for ac-
Cess t0 a pricy new supercomputing
center necessarily means that only
certain people can use that com-
puter time, in rationed amounts —
and the question remains, with fis-
cal technology policy being what it
is in the US: might that money be
better spent letting graduate stu-
dents try out their ideas for the
minimal price of a piece of small-
scale local hardware? No super-
computer center overhead costs,

no telecommunications charges, no
competition for scarce computing
time with folks from other univer-
sities. The power to solve the prob-
lem would remain on the desktop.

Still, revolutions in technology are
as much about changes in toolmak-
ing as they are about the creation
of Wonder Widgets. Think of the
zillions of toolmaking innovations
that had to take place in order for
the automobile to hit the road with
any reliability and force. Since soft-
ware is the tool of this technologi-
cal revolution, it might well be true
that it is only on big, massively par-
allel machines that the new tools,
and new ways of doing business,

can be created to attack the prob-
lems of computational science
(see sidebar, p. 50).

This problem of toolmaking is
related to a curious blending of
research and commerce unique to
the field. Supercomputer companies,
most notably Thinking Machines,
have on staff Ph.D.s whose jobs
involve cranking out papers and
doing research on computational
problems in physics, chemistry,
and biology, as well as servicing
accounts and tending to customers’
needs. The synergy appeals to aca-
demic scientists: at last, they think,
computer-company staffers who
speak our language and can under-
stand the problems we are working
on. But the covert marketing mes-
sage this sends is that the presence
(and publication histories) of sci-
entists on staff at the computer
companies are existence proofs that
the machines can be used to solve
problems similar to those academic
researchers are struggling with, This
matters supremely in this new field
of computational science and with
this new technology of massively

- parallel machines: regardless of

what vendors say, programming

Rich Friesner




and software development for
these new machines is, as the sci-
entific jargon goes, not trivial. And
scientists take comfort in the indi-
rect assurance that the machines
can be made to work and that func-
tional software-tooling is at hand.

Predictably, venture capital is
flowing into the field — but inter-
estingly enough, it is into the com-
panies creating the software tools.
The market for these tools is al-
ready grossing around $50 million
per year, and there are already
mergers and acquisitions of these
toolmaking companies.

As usual, there is a potential
downside to the fine invisible
hand of capitalism. Will the dic-
tates of private enterprise deter-
mine what kinds of problems get
worked on, and which ones get
slighted? Further, this is a field in
which petrochemical and pharma-
ceutical companies have invested
large amounts of money from the
very beginnings of computational
science — so the question remains
whether the free flow of scientific
information will be affected by the
hybrid mixture of basic research
and commercial investment. Will
unfavorable results not be reported?
If an in-house scientist doing mole-
cular modeling for a drug company
solves the protein-folding problem,
for example, will patent concerns
prevent word from getting out?

Regardless, computational science
is posed to take off the way bio-
technology did ten years ago. Even
Business Week did a recent cover
story on the topic (titled “The New
Alchemists”). Professionals in the
field, the academics researching
these frontiers, are beginning to
form companies capitalizing on

the means to predict and design
the behavior of any new compound
desired by science, industry, or 100
well-trafficked shopping malls
across the country. And the Tal-
lahassee conference has spawned

a task force charged with trying to
wrest money from Congress to sup-
port this Grand Challenge in Struc-
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Fluorine atoms reacting with a silicon surface — an important general chemical reaction
because 1t is the basis for all computer-chip technology. Computer chips are etched with
fluorine to create integrated circuits. The manufacture of chips has become sufficiently
advanced that pattemns can be etched at the level of submicrons; it has thus become
critical to understand what goes on at the atomic level. Once that understanding is
achieved, integrated-circuit patterns could be created at the atomic level, accel-

erating the miniaturization of computer technology.

Here, silicon bonds are being broken and silicon-flucrine bonds are being formed.
Computational chemistry on an FPS Computing model 521-EA superminicomputer

solved the equations that created this model.

tural Biology that, they argue, can
only be met by funding a super-
computer center.

In the short term, physical chem-
ists wonder if, to get the support

to develop the software that will
underpin the twenty-first-century
industry of alchemy, they’ll have to
beg for a Big Science project like a
Structural Biology Supercomputer
Center, instead of simply being able
to ask for more funding for more
support for more graduate students
who will use more workstations.
Meanwhile, computational chem-
ists feel they may be able to deliver

on the promise that nanotechnol-
ogy has been making: engineering
in the microworld. And if they suc-
ceed, they may overturn our entire
post-industrial way of life: if dia-
monds or gold or what appears to be
clear-heart redwood can be manu-
factured as easily as plastic wrap is
now, then the dream of enough of
everything for everyone might be
achieved. Money and material
wealth might become something
very different, but chemists, or
whoever employs them, would be-
come the new Lords of Creation.
And that could be pretty scary. ¥

27 GATE 5 ROAD  SAUSALITO, CA 94965 5 3

e T

B
§

LTI L




