






































THE BIOLOGICAL PHYSICS OF CELLS

Research in the Developmental Resource

for Biophysical Imaging Optoelectronics

“...1t has been
necessary to pioneer
new techniquies in
ovder to study the
miolecular dynamics
of cellulay
functions.”
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by Watt W. Webb

nliving cells, a very small number of mac-

romolecules—sometimes only one—can

stimulate a global response. The signals
generated by sparse molecular receptors are
so tiny that they are often obscured by the
complex chemical environment of the whole
cell’slife processes. The experimental demands
of this fundamental frontier frequently exceed
the best available measurement capability, and
it has been necessary to pioneer new tech-
niques in order to study the molecular dynam-
ics of cellular functions.

Several years ago, the universal signifi-
cance of biological problems began draw-
ing my research interests away from popu-
lar problems in condensed-matter physics.
The sensitive experimental strategies that I
had developed for observing the dynamics
of small numbers of particles, atoms, mol-
ecules, or photons in tiny mesoscopic sys-
tems appeared ideal for studying molecular
signals in living cells. Experience has vali-
dated this concept, and over the years my
colleagues and I have studied molecular
mechanisms of transmembrane signaling,
sensory transduction, possible molecular
mechanisms of memory, regulation of de-
velopment, mechanisms of gene regulation,
biomolecular motor mechanisms, and func-
tion of membrane receptor molecules. This
paper summarizes some recent accomplish-
ments of graduate students, postdoctoral
associates, and collaborators working in my
laboratory.

How Protein Molecules Percolate

and Perambulate on the Cell

The microscopic motion of macromolecules
on and in living cells is necessary for the
intense traffic of information that governs
cellular function. An important example is
the diffusion of the low-density lipoprotein
(LDL) molecule on the cell surface, which
plays a part in the regulation of serum cho-

lesterol—a function that is essential to
health. Earlier experiments had shown that
the diffusion of nearly all cell-surface pro-
teins is orders-of-magnitude slower than
fluid physics would predict for a two-dimen-
sional lipid membrane. So the questions
arose: What are the extra restraints, and
what is their biological significance? To
study this problem, a bright fluorescent
marker for LDL was developed. This made
it possible to detect and locate individual
receptor molecules to within 30 nanometers.
With the help of digital technology for im-
age acquisition and processing, as well as
new computer algorithms, thousands of
LDL receptor molecules were tracked si-
multaneously as they followed trajectories
on the surface of human cells with muta-
tions that cause hypercholesterolemia.

This research showed that cell-surface
protein diffusion is generally restricted by
random energy barriers through which the
molecules percolate (see Figure 1). Biologi-
cal regulation of these percolation barriers
appears to be an active, energy-consuming
process whose molecular origins have yet
to be understood. Active biomolecular mo-
tors not only drive flows involving a num-
ber of neighboring molecules, but also the
independent motions of single molecules.

In a collaboration with chemistry pro-
fessor Barbara Baird and her student James
Slattery, my graduate students, Ingrid Brust-
Mascher and Toni Feder, have found that
simple thermally activated percolation
accurately describes the restrained diffusion
of the immunoglobulin E receptor, which
binds allergen particles. In fact, we think the
same physical mechanism accounts for most
restraints on cell-surface diffusion. New re-
search aims to identify the molecules in-
volved in the diffusive restraints and in the
active locomotion of some cell-surface
molecules.






Figure 2. A model of the
mechanosensitive ion channel
responsible for auditory
transduction in the inner ear.
There are fifty channel molecules
per hair cell, in the walls of the
stereocilia that compose the hair
bundle. A stretch-sensitive ion
channel, shown in the closed
position in (a), is opened by the
displacement of the stereocilia
(b). This allows calcium ions to
enter the cell, sending a signal to
the auditory nerve. If a strepto-
mycin molecule lodges in an
open ion channel (c), calcium
ions can no longer enter and the
transmission of auditory signals
is interrupted.
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Transduction between Mechanical,
Chemical, and Electrical Energy

Two kinds of mechanical transduction are
common in biological cells: chemo-
mechanical and mechanoelectrical. The
molecular motors that empower muscle and
cellular mobility are chemomechanical
transducers. They convert chemical energy
from the hydrolysis of ATP (adenosine
triphosphate) into the mechanical work of
the muscles. Mechanoelectrical transducers
vitalize the sensory processes in the inner
ear that make possible the perception of
sound and acceleration.

Auditory transduction depends on a
microscopic organelle, the hair bundle, that
is displaced by the motion of fluid in the
inner ear and stimulated to generate an elec-
trical signal. To learn more about the mo-
lecular mechanisms of this process, Wini-
fried Denk, a former graduate student,
developed a microinterferometer capable of
detecting the displacement of a hair bundle
on a subatomic scale. He demonstrated that
hair-bundle displacement opens a stretch-
sensitive ion channel in the cell membrane,
increasing the flow of ion current through
the membrane, depolarizing the cell and
transmitting a signal to the nervous system.
This mechanoelectrical transduction mech-
anism is so sensitive that spontaneous ther-
mal motion of just a few nanometers causes
the hair bundle to generate a background
noise that acts as a threshold to audibility.

Denk and I also studied the effects of strep-
tomycin, an antibiotic that has long been
known for its ototoxicity, in order to probe
the molecular properties of the mechano-
sensitive channel. Our work showed that
streptomycin molecules inhibit the me-
chanical motion that closes the ion chan-
nel, and established the statistical thermo-
dynamics of the mechanosensitive molecular
mechanism of auditory transduction (see
Figure 2).

Mechanosensitive ion channels have also
been found in cells that play no part in sen-
sory perception. While working to deter-
mine how they function, graduate student
Lorinda Opsahl discovered mechano-
sensitivity in a fungal peptide antibiotic,
alamethicin, which she introduced into a
pure lipid membrane. The alamethicin
molecules formed channels through the
membrane by joining together like the
staves of an open-ended barrel. To study the
mechanosensitivity of the channels, she used
a patch of membrane as a barrier between
two volumes of salt water that contained
extra alamethicin. When the patch is
stretched by applying a pressure difference,
work done by tension in the membrane adds
more staves, increasing the diameter of the
channels and allowing more ions to pass
across the membrane. This simple mecha-
nochemical transfer of molecules between
salt water and membrane may be a factor in
the mechanosensitivity of cells.












Squeezing Blood Cells

Red blood cells are produced
in bone marrow. When they
are mature, they pass through
small pores in the marrow’s
endothelial cells, which sepa-
rate the tissue compartment
from the circulatory system.
For the body to keep the
proper number and type of
blood cells in circuladon, they
must not be released too early.
Researchers have noticed that
the deformability of blood
cells increases as they mature,
and it seems likely that this is
part of the mechanism by
which the release of cells is
regulated. Immature cells ap-
parently remain in the mar-
row until they are flexible
enough to squeeze through
the pores.

Since the marrow is not ac-
cessible for observation, we
designed an experiment to test
this hypothesis in vitro. Mak-
ing use of the microfabri-
cation technology available at
the National Nanofabrication
Facility, we developed a sys-
temn that enabled us to mea-
sure the physical requirements
for the passage of cells
through pores.

To fabricate a pore of the
right dimensions, we began by
thinning down part of a sili-
con wafer to produce a win-
dow about one micron thick,
using photolithography and
anisotropic etching. Then we
used electron beam lithogra-
phy and reactive ion etching
to cut through this window,
forming a pore at the center

Biological Research with Nanofabrication

by Harold Craighead and Richard E. Waugh

of a tiny disk that remained
attached to the surrounding
silicon at two points (see Fig-
ure). The disk was glued to
the tip of a glass micropipette
with a water-resistant adhesive

and then freed from its matrix.

"To conduct the experi-
ment, we inserted the pipette
with the pore on its dp into a
chamber on the stage of a
light microscope. Both the pi-
pette and the chamber were
filled with physiological sa-
line. Blood cells were put into
the chamber and pressure in
the pipette was lowered so
that they would be sucked to-
ward the pore. The pressure
difference was controlled with
a water manometer so that we
could look at the time it took
for a cell to get through the
pore as a function of the driv-
ing pressure. In addition, we
used pores of different sizes.

We found that the pressure
and time required for a cell to
traverse the pore increased, as
expected, with cell stiffness.
Variation among immature
cells was considerable—prob-
ably reflecting variation in
relative maturity within the
population. But the difference
between immature cells and
mature cells was significant.

If a pore had a diameter of
1.4 microns and the pressure
was about 2 percent of that
generated by the heart, all of
the mature cells—and none of
the immature cells—would
pass through. This ability to
differentdate between cells of
differing deformability in-
creases when the pore is
smaller and diminishes when
the pore is bigger. It is
thought that the body deals
with blood loss or anemia by
opening the pores in the mar-

row endothelium to release
more blood cells. Judging
from our experiments, this
should result in more imma-
ture cells entering the circula-
tory system—a fact that has
been clinically observed.

More work will be re-
quired to explore all the rami-
fications of pore size on the
supply and quality of blood
cells, but the results we have
already obtained clearly sup-
port the view that cell deform-
ability plays a central role in
controlling the release of red
blood cells from bone marrow.

Harold Craighead is a professor
in the School of Applied and
Engineering Physics and di-
rector of the National Nano-
fabrication Facility. Richard C.
Waugh is an associate professor
in the Department of Biophysics
at the Universiry of Rochester.

micropipette

window
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SURROGATE ANIMALS
FOR LABORATORY TESTS

urrent procedures for determining

the toxicity of hazardous chemicals

leave much to be desired. The
most common way to assess the risk of both
natural and synthetic compounds is to ob-
serve their effects on live animals, such as
rats and mice. But in addition to raising
troublesome ethical questions, this tech-
nique yields results that are expensive to
obtain and difficult to interpret.

One serious methodological problem in-
volves cross-species extrapolation. As shown
in Table I, it takes hundreds of times more
dioxin to kill hamsters than to kill guinea pigs.
Other species fall between these extremes, but
itis hard to know which species’ sensitivity is
most similar to that of humans.

Another problem is extrapolation to low
doses. If we want to know what dosage will
cause but one new cancer per million, we
would need, for a statistically valid estimate,
more than ten million animals. Since this is
not feasible, it is customary to determine the
effect of a relatively high dose on a smaller
number of animals. An extrapolation over
three or four orders of magnitude is then made
from this data.

Because of these impediments to a straight-
forward interpretation, it is necessary to make
assumptions about how laboratory findings
apply to human beings. A man is not justa big
mouse. Extrapolation requires models that
take into account differences in sensitivity, rela-
tive size, and dosage. This is a serious matter,
for different models can result in widely vary-
ing regulatory limits (see Table II).

These problems illustrate the need to un-
derstand mechanisms of toxicity at the mo-
lecular level as well as relate them to whole-
animal physiology. Lisa Sweeney, Naheed
Mufti, John Babish, and I have been work-
ing in this direction. We are building a
model that will allow the rational predic-
tion of toxicological responses to varying
doses in humans.

by Michael L. Shuler

A Cell-Culture Analog

to a Computer Simulation

One way to avoid the difficultes of research
with live animals is to use a computer simula-
tion. Physiologically-based pharmacokinetic
models (known as PBPKs) have been devel-
oped to predict the distribution and biotrans-
formation of drugs. These computer models,
which incorporate many principles of chemi-
cal engineering, divide the body into various
compartments that correspond to different

Table |
DIFFERENCES IN TOXICITY
AMONG SPECIES

Species LD, (TCDD mg/kg)*
Guinea pig 0.6-2.5

Mink 4

Rat 22-320

Monkey <70

Rabbit 115-275

Mouse 114-280

Dog >100—<3,000
Hamster 1,150-5,000
Human ?

* The dose of TCDD (dioxin) that causes
death in half the subjects, in milligrams

per kilogram.

Table Il
ACCEPTED LEVELS
OF TCDD INTAKE

Country/ Picograms per kilogram
organization of body weight per day
United States (E.P.A) 0.006
Germany 1.0
Netherlands 4.0
Canada 10.0
World Health

Organization 10.0

“... different
models can vesult in
widely varying
regulatory limits.”

Differences between species in
the toxicity of TCDD (a kind of
dioxin) leads to sharply differing
estimates of what is safe for
humans.
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Figure 1. Three systems for evaluating toxicity.
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types of tissue. Compartments that simulate
the function of organs such as liver, lungs,
muscle, fat, and kidneys are connected by a
simulated circulatory system. The model in-
cludes realistic estimates of organ size and flow
rates between compartments, as well as algo-
rithms to predict the concentration in each
compartment. The effects of 2 particular drug
or chemical can be studied by inputting its
kinetics of conversion.

So far, the usefulness of PBPK models has
been limited. They describe well the flow be-
tween organs, and they are generally satisfac-
tory in describing the ingestion, inhalation, or
absorption of a compound. Thus, they have
aided in determining the best doses and sched-
ules for administering chemotherapeutic
drugs. But PBPK models have not lent them-
selves to good a priori predictions of metabo-
lism or secondary chemical reactions.

One day in 1989, when I was preparing for
a visit from Lisa Sweeney, who was about to
begin graduate study with me, I suddenly re-
alized that it would be possible to build a cell-
culture analog of a PBPK. Where a PBPK
model specifies a liver compartment, the cell-
culture analog would have a chamber with liv-
ing liver cells. Instead of a mathematical con-
necton between symbolic compartments, the
analog system would have multiple interact-
ing chambers with a circulating culture
medium.

The Advantages of Testing

with Surrogate Animals

An apparatus containing interconnected cell
cultures of various organs can be thought of as
a surrogate animal. It offers a number of ad-
vantages over testing procedures that depend
on live animals, PBPK models, and other in-
vitro techniques.

The use of cell cultures means that metabo-
lism is accurately represented. By simply mea-
suring concentrations in and out of a cell cham-
ber, “black box” kinetics can be determined,
and interactions among cell types can be ob-
served. In addition, cells can be removed from
the chambers for examination. The induction
of enzyme systems, changes in genetic infor-
mation, and other processes can be monitored
and related to hypotheses about mechanisms
at the celtular level. Of course, cells cultured
outside the body may not behave in precisely
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TCDD (molar)

Inside the cell it may join a receptor protein
and a translocating protein to form a complex
that crosses the nuclear membrane and enters
the cell’s nucleus. There, the complex may
interact with the DNA that contains the cell’s
genetic information, “turning on” a gene that
induces the formation of a messenger molecule
(mRNA). This molecule then leaves the
nucleus and serves as a template for the for-
mation of a protein—in this case, the enzyme
P450IAL. It is capable of producing many mol-
ecules of this enzyme.

Since this mechanism requires a series of
binding and translocation events that may or
may not take place, the relationship between
the input of TCDD and the induction of
P450IAl is not linear. The cell-culture analog
device is useful in this situation, because it gives
an empirical measure of induction. We used it
to study the induction of P450IA1 in a human
lymphoblastoma cell line, and found that at a
0.01 nanomolar concentration of TCDD, the
amount of P4501A1 induced was indistinguish-
able from the uninduced, basal level. Only
when the concentration of TCDD was greater
than this threshold did the amount of P450IA1
begin to rise (see Figure 3).

"This result suggests that many models used
to assess risk are unnecessarily conservative.

These models, which extrapolate to low doses
from observations made at high doses, gener-
ate “virtual safe doses” that vary by many or-
ders of magnitude. While a 0.01 nanomolar
concentration of TCDD would be judged
unsafe according to all of these models, actual
experiment shows that only when TCDD is
increased beyond this threshold amount does
P450IA1 rise above the basal level. Without
any knowledge of the molecular mechanisms
involved, a regulatory agency would have to
err on the side of caution and establish a very
conservative “virtual safe dose.” With an un-
derstanding of the actual mechanisms, the
agency could base regulations on a more real-
istic estimate.

In this particular case, however, the issue is
probably academic. While P450IA1 induction
is a convenient way to measure cellular re-
sponse, it is unlikely that this mechanism is
directly involved in the formation of human
cancers. Cancers are caused by cell division
that escapes the body’s normal control mecha-
nisms. We know that changes in the control
of mechanisms for cellular replication and di-
vision are influenced by changes in protein
phosphorylation, and so we are now turning
our attention to this subject.

We are developing mechanistic interpre-

Figure 3. Three models used to
define safe levels of dioxin
compared with experimental
results. In the Probit model, P(D)
= ®[(logD-1)/c], and in the
Multi-hit model, P(D) = (AD)*/K,
where P(D) is the probability of a
response at a particular dose
level, @ is the standard normal
integral from —- to x, j1 is the
mean, ¢ is the standard devia-
tion, A is an unknown rate
constant, and k is the number of
hits on a receptor required for

a response. In the threshold
model, there is no induction for
doses less than a threshold value,
D*, while for higher doses, D, the
response is B log (D/D*), where B
is a fitting parameter. The risk of
exposure to TCDD (in picograms
per kilogram per day), is 0.186
according to the Probit model,
0.041 according to the Multi-hit
model, and 4.0 according to the
threshold model.
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POLYETHYLENE COMPONENTS
FOR HIP AND KNEE REPLACEMENTS

“The principal
constraint on the
longevity of total

joint replacements is
the body’s reaction to
debris genevated by
damage to the
articulating

surfaces.”
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by Donald L. Bartel

otal joint replacement has become a

common surgical procedure. When

the bones that articulate in hips and
knees are damaged through injury, disease, or
normal wear and tear, they are replaced with
joints made of steel, ceramic, or plastic. In
general, these artificial joints perform remark-
ably well. They provide an excellent range of
motion, permitting the recipients to engage
in most everyday activities, and greatly reduce,
if not eliminate, the pain associated with dam-
aged joints. Long-term follow-up shows that
joint replacements can be expected to perform
well for ten to fifteen years. Through mechani-
cal analysis and improved design, the biome-
chanics group at the Sibley School of Mechani-
cal and Aerospace Engineering hopes to extend
this period.

How Joint Replacements

Wear Out

The principal constraint on the longevity of
total joint replacements is the body’s reaction
to debris generated by damage to the articu-
lating surfaces. In most contemporary designs,
a convex metal component articulates with a
concave, ultrahigh-molecular-weight polyeth-
ylene component. In some hip replacements,
a ceramic (AL, O,) is used instead of metal for
the ball portion of the joint.

Over time, debris is generated by the mo-
tion of the components under loads trans-
ferred across the joint. This debris, which
is mostly polyethylene, migrates to the sur-
rounding soft tissue, where it eventually
triggers a biological reaction. When the
body deals with the debris it also releases
agents that attack the bone, generally near
the interface with the implant. As a result,
the joint becomes more susceptible to in-
fection and bone resorption, which loosens
the prosthetic components. The ten or fif-
teen years that it takes for a critical amount
of debris to accumulate is, in effect, the use-

ful life of the joint.

There are two aspects to this problem—
one mechanical and the other biological. The
debris is generated by mechanical processes,
and the amount of debris is a function of the
materials used and the geometry of the articu-
lating surfaces. The body’s response to the
debris is the biological side of the problem. To
understand the relevant biochemical processes,
it is necessary to find out which materials are
most detrimental, to identify the consequences
of shape and size, and to determine how much
debris is needed to evoke the body’s reaction.

During the past ten years, my students
and I have collaborated with the Depart-
ment of Biomechanics at the Hospital for
Special Surgery, in New York City, to de-
velop total joint replacements with greater
longevity. Our goal, which is to decrease the
damage that occurs at articulating surfaces,
requires a comprehensive approach. Objec-
tive measures must be used to evaluate the
in-vivo performance of components; the
mechanical properties of polyethylene must
be determined; the stresses caused by con-
tact between the metal and plastic compo-
nents must be understood; and designs must
be developed that minimize surface dam-
age while, at the same time, maximizing
overall function and facilitating surgical im-
plantation. Knowledge of these parameters
is essential for designers who wish to de-
velop better prostheses, as well as for sur-
geons who wish to make informed choices
between contemporary designs.

Structural Analysis

of Polyethylene Components

Our research has concentrated on the poly-
ethylene components of implants because they
are especially susceptible to surface damage
and because the body seems to be more sensi-
tive to polyethylene debris than to metallic
debris. Structural analysis of these components
requires the specification of geometry, mate-
rial properties, and loads.


















THE MULTIPLE-MINIMA PROBLEM
IN PROTEIN FOLDING

“One of the goals of
modern biophysical
chemistry is to be
able to predict the
conformations that
different molecules
will assume when
allowed to find their
lowest-energy
states.”

32 Cornell Engineering Quarterly

by Harold A. Scheraga

arge organic molecules have a special

property that enables them to play fun-

damental roles in the life process. They
fold up. The places at which they fold are the
bonds between their constituent atoms. The
forms that the segments of a molecule can as-
sume, as they rotate around these bonds, are
theoredcally infinite in number. But in fact
molecules tend to settle into shapes—or con-
formations, as they are technically called—that
are most favorable from an energetic point of
view.

One of the goals of modern biophysical
chemistry is to be able to predict the confor-
mations that different molecules will assume
when allowed to find their lowest-energy
states. For simple molecules, which contain
only a modest number of atoms, the confor-
mation corresponding to the lowest energy can
be determined quite easily. But finding the
lowest-energy conformation for large mol-
ecules, which may be composed of thousands
of atoms, requires sophisticated computational
methods and extremely powerful computers.

Basic Outline

of the Folding Problem

Polypeptides are long, chain-like organic mol-
ecules consisting of a sequence of amino acids
that fold up to become biologically active pro-
tein molecules. For a number of years, my
colleagues and I have been studying the way
that polypeptide chains fold.

The thermodynamic hypothesis used to
calculate the most stable conformation of a
biological macromolecule derives from Chris-
tian Anfinsen’s experiments on ribonuclease,
for which he won the Nobel Prize in 1972.
The technique involves generating a chain in
an arbitrary conformation (using either Car-
tesian coordinates or internal coordinates),
calculating its conformational energy, and then
finding ways to minimize this energy untl the
lowest value, or global minimum, is located.
Numerous procedures have been developed

to accomplish this, and we have evaluated three
(AMBER, CHARMM, and ECEPP) by com-
parison with each other and with experimen-
tal results. (ECEPP, on which the work dis-
cussed in this article is based, stands for
Empirical Conformational Energy Program
for Peptides.)

"To complete the calculation of the free en-
ergy of the system, it is necessary to take en-
tropy into account. This involves not only con-
formational fluctuations, but also the
distribution and configuration of solvent mole-
cules around a given conformation of the
chain—the potential of mean force. While
individual water molecules have been used to
introduce the effect of hydration, the compu-
tations can be greatly simplified by using ei-
ther a hydration-shell model or a solvent-ex-
posed surface-area model. The speed and
efficiency of our new algorithm to compute
solvent-exposed surface area now makes it
possible to optimize a combined function, such
as ECEPP, plus free energy of hydration.

Unfortunately, this whole procedure leads
only to the local minimum nearest the arbi-
trary conformation that was used as a starting
point. Organic macromolecules can fold into
a bewildering variety of different shapes, in-
cluding many that differ very little in energy
from the one corresponding to the global mini-
mum. But the shapes corresponding to these
local minima are not necessarily similar to each
other, and they may be separated from each
other by higher-energy conformations.

To find the global minimum—the lowest
energy state of all, which corresponds to the
most stable conformation of the molecule—
one must, in principle, find all the local
minima, and then pick the lowest. Since this
requires an amount of computation that taxes
the best of computers, we have sought ways to
eliminate, early in the game, conformations
that are unlikely contenders. We are develop-
ing methods for searching conformational
space that will discover, with maximum effi-
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come into play in determining conformations,
but the self-consistent electrostatic field
(SCEF) method assumes it to be the most
importantone. Under this approximation, the
peptide dipoles must be optimally oriented in
the local electrostatic field, although the whole
molecule contributes to the local electrostatic
field at any given point. The implementation
of this method begins with a minimization of
the total ECEPP energy of an arbitrary start-
ing conformation. The orientations of all pep-
dde-bond dipoles with respect to the local elec-
trostatic field in this locally minimized
conformation are examined, and the one that
is leastacceptable is reoriented. This alters the
conformation of the chain, whose total
ECEPP energy is then minimized. Repeated
iterations of this procedure rapidly led to the
global minimum (an a-helical conformation)
of a twenty-residue poly(L-alanine) chain.

"The usual Metropolis Monte Carlo proce-
dure does not search conformational space
efficiently, and so we introduced Monte-Carlo-
plus-energy-minimization (MCM), which
searches only the space of the local energy
minima. Here again, a starting conformation
is chosen randomly, and its total ECEPP en-
ergy is minimized. Then backbone and dihe-
dral angles are randomly selected, and random
changes (ranging from —180° to +180°) are
made in these dihedral angles. The energy of
this altered conformation is then minimized,
and the Metropolis criterion is used to deter-
mine whether or not to accept it. The proce-
dure is then repeated. In eighteen randomly
selected starting conformations of the pen-
tapeptide Met-enkephalin, the MCM proce-
dure led to an identical global minimum.

By combining the best features of the SCEF
and MCM methods, implemented by thermal
perturbations, we developed the electrostati-
cally-driven Monte Carlo (EDMC) procedure.
This technique has been able to obtain the
right-handed a-helical (global) minimum con-
formation of a twenty-residue poly(L-alanine)
chain by starting from many randomly cho-
sen inital conformatons including the fully
extended chain and the /lefi-handed a-helical
form. It has also been applied successfully to
Met-enkephalin and to the twenty-residue
membrane-bound portion of melittin.

Another procedure designed to overcome
the inefficiency of Metropolis Monte Carlo is

based on adaptive importance sampling. The
partiion function for a polypeptide is evalu-
ated by a Monte Carlo procedure, and aver-
age propertes of the molecule are then com-
puted from this function. Conformational
space is searched with a probability distribu-
tion function that is adjusted at each stage to
concentrate the sampling in regions where the
partition function is largest. In late iteraions
of the procedure, the probability distribution
converges on the Boltzmann distribution.
Application to Met-enkephalin led to the low-
energy conformation obtained with the meth-
ods described previously.

Building Up from Below

to Find the Global Minimum

A significantly different procedure, similar in

spirit to a technique pioneered by Gordon

Crippen (who received his doctorate from

Cornell), carries out optimization in a space

of high dimensionality, where the obstacles of

three-dimensional space are easier to sur-
mount, and then the system is relaxed back
into three dimensions.

This procedure depends on the fact that
the energy of interaction E7 between every
pair of atoms 7 and j depends only on their
separation djj. 'Thus, when E7 is assigned its
minimum value, the total energy of the mole-
cule E = S Ejj is also minimized. But the out-
come of this process does not correspond to a
structure that can exist in three-dimensional
space. Therefore, the system is relaxed back
to three dimensions, with an accompanying
rise in energy. In other words, the global mini-
mum is approached from below, rather than
from above, as in the previously described pro-
cedures.

According to a theorem propounded by
mathemetician Leonard Blumenthal, a set of
n points (the » atoms) in (7—1)-dimensional
space is embeddable in three dimensions so
long as three necessary and sufficient condi-
tions hold true.

1. The set must include four points (p, p,, p,,
p,) that are exactly three-dimensional.
(These points might be, for example, a pla-
nar peptide group or an external regular
tetrahedron.)

2. The four-dimensional volume formed by
the simplex of points (p,, p,, p,, p,, p) must
be zero forall i = 1,...,7.
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3. The five-dimensional volume formed by
the simplex of points (p,, p,, p;, p.» P P, ) must
be zero forall ij=1,...,n.

Based on this theorem, and using distances
as the variables, the global minimum can be
found as the objective function F'is minimized,

F=wEFE+w4DF4D+wSDFSD+WBFB

where each w is a weighting factor, FE is the
ECEPP energy, F4D and F.D are Cayley-
Menger determinant constraints on the four-
and five-dimensional volumes, and FB incor-
porates information setting upper and lower
bounds for the distances. Application of this
procedure led to the same (global) minimum-
energy structures that were obtained by the
MCM and EDMC procedures.

Using Empirical Observations
to Limit the Options
Various properties of amino acids and peptides,
including structural information obtained
from x-ray diffraction studies of crystalline
proteins, can be used as aids in the search of
conformational space. For example, the ob-
servation that certain pairs of amino acids “pre-
fer” to adopt b-turn structures or contact each
other in globular proteins limits the expected
folding patterns. A factor analysis of numer-
ous properties of amino acid residues has
helped identify those that affect conformation.
One procedure that takes advantage of such
information is pattern-recognition-based im-
portance-sampling minimization (PRISM),
which increases the efficiency of the build-up

procedure. Instead of minimizing energy at
each step, which is computationally expensive,
PRISM searches conformational space by
building up with probabilities and not mini-
mizing energy until the end. The conforma-
tional space of each residue is divided into four
regions, with no undefined “coil” state. In or-
der to take the interaction between residues
into account, at least minimally, attention is
focused on tripeptides. Each residue is allowed
to adopt one of four possible conformations,
which means thata tripeptide can have 4° pos-
sible conformations for any given amino acid
sequence. The probability of each of these
conformations is assessed in accordance with
data obtained from structures of proteins de-
termined by x-ray diffraction and an analysis
of amino acid properties in terms of ten or-
thogonal factors. The whole chain is then built
up from the N terminus, using the most prob-
able tripeptide conformations and adding resi-
dues one at a time so that they overlap prop-
erly. In this manner, individual tripeptide
probabilities determine the probabilities of the
whole polypeptide chain. In work carried out
thus far, we have retained the ten most prob-
able chain states and randomly selected, for
each one, twenty conformations calculated
according to a bivariate Gaussian distribution.
The energies of these two hundred confor-
mations are then minimized. For the thirty-
six-residue avian pancreatic polypeptide, the
lowest-energy conformation, as calculated by
PRISM, was similar to the structure revealed
by x-ray diffraction (see Figure 2).

Figure 2. Avian pancreatic
polypeptide. This stereo view
compares the lowest-energy
structure as computed by PRISM
(open circles) with the structure
as revealed by x-ray diffraction

(solid circles).
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A NOTE TO OUR READERS

A year has passed since we began publishing the Quarterly in its
new format, and we would like to know how we are doing. When
we adopted the eight-and-a-half-by-eleven design, we expected
a deluge of reactdon. But this never happened. One old-timer
grumbled that with the loss of the nine-inch-square format the
Quarterly had come to look so much like everything else that he
almost threw it in the trash along with his junk mail. Another
reader, who wrote to ask a favor, mentioned in passing that the
new format looked nice. And that was the entire response to our
face lift.

If no news is good news, most people must like our new
look. But are they satisfied with the way we present the mate-
rial? We have recently found that some readers consider the
articles too technical and would like to see them made more
accessible. This would involve a significant change in the char-
acter of the magazine, which we would not want to undertake
without careful consideration.

We have always tried to aim the Quarterly at the “technically
trained nonspecialist,” making the assumption that people who
are interested in engineering research and education have some
background in science and mathematics. It might have been a
long time since they sat in chemistry and physics classes, but we
have assumed that they could follow a semitechnical argument
and would find it a mind-stretching experience.

"To pitch the articles toward a wider readership, we might have
to write them ourselves. Faculty members who are used to writ-
ing for scholarly journals sometimes find it difficult to address a
more popular audience. We try to reshape their work, encourag-
ing them to explain technical details and to show the relevance of
their research in a broader context. But we cannot rewrite a story
completely, for the person who signs an article has a right to say
how it should be.

Some of the best magazines published by other engineering
colleges are written by their own staff members. Reporters inter-
view people who conduct new and exciting research and then
write about it in a style that they deem appropriate to their audi-
ence. The Quarterly is almost alone in featuring articles written
by the faculty members themselves.

While it is impressive to have stories that come “straight from
the horse’s mouth,” it is also important to have stories that read-
ers can understand. We try to achieve both goals, but may not
always succeed.

Should we continue with faculty-written articles pitched at a
fairly high level, or should we change to staff-written articles that
are accessible to practically everyone? Should we find some com-
promise between these extremes? Are there other alternatives?
We would appreciate hearing the opinions of our readers.—DP
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