











0 derable amo O a de bond
» d : D
D Qa0 0D 0
ATropnoon O a
oula b § g prod
O O Q B 0D 01d g O
b G d ond a

B oa O

e a 0
( dpPp O
O appbd
ap 0 0
a ed g 0
0 3
0 o o
0 o

u




bond early in the folding process and
that the bond persists. They wondered
whether the supersecondary structure
in the region around the bond also
formed early and persisted.

To answer the question, they chem-
ically synthesized two separate frag-
ments of the protein, each including
one of the two cysteines that partici-
pate in the stable disulfide bond. The
small peptides had no discemible struc-
ture of their own, but when they joined
in solution, they adopted a conforma-
tion closely resembling that seen in the
native chain.

This finding confirms that nativelike
structures can indeed form early, and
it suggests that certain parts of the
molecule may be more important than
other parts in initiating folding. The
result also indicates that interactions
between apparently unstructured seg-
ments of a protein may facilitate the
development of secondary structure.

Intermiediates are being studied by
another ingenious method that capital-
izes on the many internal hydrogen
bonds found in all native proteins. First
normal hydrogen atoms bound to the
nitrogen involved in peptide bonds are
exchanged with a related atom—-the hy-
drogen isotope deuterium (D)—by plac-

ing the chains in heavy water, D,0.-

Then folding is initiated.

As folding proceeds, what would have
been hydrogen bonds become “deute-
rium” bonds (N-D-O) instead. At some
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PLAUSIBLE MODEL of how proteins fold allows for several energetically favorable
pathways, although only two possibilities are showr. First the chain forms re-
gions of unstable structure (uncolored cylinders). By associating, certain regions
become stabilized (color). These stabilized microdomains then facilitate the as-
sociation of other regions and thus lead the molecule toward increasing structar-
al organization. Eventually, all pathways lead to one or more “rate-limitihg™ in-
termediates, which all give rise to the same final conformation for the protein.

Experimentation is not by any means  this way, they are testing various hy-
limited to studies of intermediates. A potheses, such as the proposal that cer-
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useful ways of thinking about the fold-
ing problem have emerged.

Any resolution of that puzzle will
have 1o include a way of defining the
force exerted on a protein molecule by
water. In principle, estimates of the hy-
drophobic effect are, or can be, embed-
ded in the potential-energy function,
but exactly how best to accomplish
that step is far from clear.

One method for analyzing the effect
of water has emerged from work done
by Byungkook Lee at Yale University in
1971. Lee developed an algorithm to
calculate the solvent-accessible area of
a protein of known structure—that part
of the complex surface in direct con-
tact with water. On the basis of prelimi-
nary findings, he and I suggested the
algorithm would be useful in studying
protein folding.

We divide the accessible area of an
extended protein chain {or any select-
ed molecule) according to the nature of
the atoms that contribute to the area.
Are they nonpolar and therefore hy-
drophobic {mainly carbon and sulfur
atoms), or are they polar and therefore
hydrophilic (mainly nitrogen and oxy-
gen atoms)?

The surface tension of water in con-
tact with such atoms is known. This
tension is, as Cyrus Chothia of the Med-
ical Research Council has pointed out,
a direct measure of the force exerted
on the molecule by the solvent. Surface
tension is high when nonpolar mole-
cules and water are in contact, just as
it is when oil is mixed with water—that
is, a strong force tends to reduce the
area of contact between the water and
the oil, and to squeeze a protein chain
into a ball. Tension is low when polar
atoms and water are in contact, and
the hvdrophobic effect is not seen.

Summation of the nonpolar accessi-
bie areas of an unfolded chain yields a
measure of the potential hvdrophobic
effect. In general, as might be expected
from structural analyses, the net force
acting on most protein chains is large
and positive, tending to reduce contact
with the solvent and thus 1o compact
the chain.

Various investigators are also exam-
ining the extent to which packing con-
siderations direct folding. In cne ap-
proach, lists have been made of the
amino acid sequences of molecules that
adopt essentially the same three-di-
mensional conformation. On the basis
of the steric properties of the amino
acids in the molecules—such as shape
and volume—Jay W. Ponder of Yale has
generated other lists of amino acid se-
quences that theoretically should adopt
the same conformations.

Just how well those sequences ac-

CONFORMATION of a fold in the interior of the protein crambin (left), depicted
mainly as a chain of alpha carbons (orange), derives from the tight packing of
five nonpolar amino acids (blue spheres). That conformation is maintained in a
computer-generated “mutant” (right) even when four of the five amino adds are re-
placed with others. Indeed, many combinations of amino acids can be accommo-
dated if the substitutes resemble the originals in shape and volume. Knowledge of
how amino acids pack may go a long way toward predicting the shape o'f\a protein,
Y

tually fit their assigned classes is still
being determined experimentally, but
many do seem to fit. This finding, to-
gether with the profound influence of
water, makes it conceivable that the
hydrophobic effect and steric consid-
erations by themselves determine how
a protein folds.

If that is the case, what is the role of
long- and short-range electrostatic in-
teractions in protein folding? Undoubt-
edly, the contribution of such interac-
tions varies from protein to protein.
For many proteins, large changes in the
formal charges can be made without
significantly affecting the final overall
structure. Hence, it may be that elec-
trostatic interactions are often more
important for stabilizing the final con-
formation than for forming it in the
first place.

etermining whether this possi-
Dbih‘ty is correct requires an abil-

ity to gauge the strength of elec-
trostatic interactions. Yet the mathe-
matics is complicated by the fact that
atoms in a folding protein are often
separated by water, which can mute
the long-distance attractions or repul-
sions in ways difficult to estimate in the
absence of detailed structural informa-
tion. Moreover, as the protein folds, the
distances between the atoms constantly
change, which adds further complexity.

The precise effects of hydrophobic,
steric and electrostatic interactions,
then, remain a matter of conjecture.
Research into protein folding, however,
is proceeding enormously faster today
than in the past. Those of us involved
in the effort still cannot “play the mu-
sic,” but we are rapidly learning certain
of the notes. That progress alone is
heartening, as is knowing that a solu-
tion to the folding problem will resolve
a question of deep scientific interest
and, at the same time, have immediate
application in biotechnology.
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