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The Protein Foldmg Problem 
In theoly, all one needs to know in order to fold a protein into its 

biolo@ca& active shape is the sequence of its  constituent amino acids. 
PVh,v has nobody been able to put theory into practice? 

by Frederic M. Richards 

n the late 1950s Christian E. Anfin- 
sen and his coIleagues at the Na- 
tional Institutes of Health  made a 

remarkable  discovery.  They  were explor- 
hlg a long-standing  puzzle in biology: 
What causes newly made proteins- 
VtJhich resembk loosdy coiled s m g s  
and are inactive-to  wind into specifi- 
cally shaped balls able to perform  cm- 
cia1 tasks in a living cell? In the process 
the  team  found the answer was simpler 
than anyone  had ima,@ned. 

I t  seemed the amino acid  sequence 
of a  protein, a one-dimensional trait. 
was fully  sufficient to  speczy the mole- 
cule’s  ulfimate  three-dimensional  shape 
and biological  activity. (Proteins ar.e 
built from a set of just 20 amino acids, 
which are assembled into a chain ac- 
cording to directions embedded in the 
genes.) Outside factors, such as en- 
zymes that might catalyze folding, did 
not have to  be invoked as mandatory 
participants. 

The  discovery.  which has since been 
c o m m e d  n?my times-at least for rel- 
atively small proteins-suggested  that 
the forces most  responsible for proper 
folding in the ceil could, in theory,  be 
derived From the basic principles of 
chemistry and physics. That is, if one 
knew the amino acid sequence of a 
protein, all that would  have to be con- 
sidered would be the properties of the 
individual amino acids and their behav- 
ior in aqueous solution. (The interior 
of most CeUs is 70 to 90 percent water.) 

IR actuality, predicting the confor- 
mation of a protein on the basis of its 
amino acid  sequence is far from sim- 
ple. More than 30 years after Adinsen 
made his breakthrough,  hundreds of 
investigators are still at work on that 
challenge,  which has come to  be widely 
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known as the protein folding problem. 
‘The solution is of more than  academ- 

ic interest. Many major hoped-for  prod- 
ucts of the developing biotechnology 
industry  are novel proteins. It is already 
possible  to design genes to dircct the 
synthesis of such proteins. Yet failure 
to  fold properly is a c o m o n  produc- 
tion  concern. 

For a time, those of us working on 
the folding problem  despaired of ever 
finding an answer. More recently, how- 
ever, advances in theory and experi- 
ment, combined with growing interest 
on the part of industry, have kindled 
new optimism. 

Most  of the detailed information 
available so far comes  from studies on 
small, water-soluble, globular  proteins 
containing  fewer t h  300 or so amino 
acids.  The  relative importance of vari- 
ous rules of folding and  assembly  may 
be  somewhat different for those  pro- 
teins than for others-notably  long fi- 

brous proteins and  varieties  residing in 
cellular  membranes.  Indeed. some large 
proteins have  recently  been shown to 
need foldhg help  from other  proteins 
known as chaperonins.  The  balance of 
the article will not consider  such corn- 
plesities but will focus entirely on the 
unassisted folding reaction undergone 
by a great many proteins. 

It would  be  wonderful if research- 
ers had an atomic-level microscope 
that couid take a movie of individu- 
ai protein molecules folding up from 
their extended,  unstable  state to their 
final. or native, state, which is more 
stable. From a collection of qovies, all 
aspects of the reaction pathways could 
be seen directly. Unfortunately,  no such 
instrument exists; investigators must 
Fall back  on much less direct measure- 
ments  and very car&  reasoning. 

One can  gather helpful clues to the 
rules of folding by examining the three- 
dimensional shuctures of unfolded and 



fully folded proteins and by analyz- 
illg [hc properties o f  individual amino 
acjds and small pcptidcs (lincar chains 
of amino acids). Fortunatcly, the archi- 
tecture of hundreds of native proteins 
has  been determined by such imag- 
ing techniques as X-ray crystallography 
and, more recently, nuclear  magnetic 
resonance (NMR). Both techniques  have 
advanced  dramatically in thc past dec- 
ade, as has  thcoretical  work attcrnpt- 
ing to  predict  folding  rnathcmatically 
by computer. 

Isolatcd amino acids consist of a cen- 
tral  carbon  atom-called  the alpha car- 
bon-bound  to  an amino group (NH.,), 
a carboxyl group (COOH) and  a  si& 
chain.  The  differences among  amino 
acids, then,  stem  from differences in 
their side chains, namely, in shape, size 
and polarity.  Shape and size affect the 
packing together of amino acids in 
the  final  molecule.  Polarity (or lack of 
it) determines the nature  and strength 
of interactions between  amino  acids 
in a protein  and beween the protein 
and water. 

For instance, polar amino acids inter- 
act strongly with one  another in what 
are called  electrostatic interacaons. The 
molecules are considered  polar if they 
carry a formal charge (owing to the 
loss or gain of one or more electrons) 
or if they are electrically neutral over- 
all but have  localized regions  where 
positive or negative charges  predom- 
inate.  {Positive charges  are  contribut- 
ed by protons in atomic nuclei.  neg- 
ative charges by electrons surround- 
ing the nuclei.)  Molecules are  attracted 

when  thcir  oppositely  charged regions 
arc closc; thcy arc rcpcllcd whcn like 
charged  regions  arc  close. 

Nonpolar  amino acids can also at- 
tract or repel one anothcr. albeit more 
wcakly. because of what are callcd van 
dcr Waals forces.  Electrons and pro- 
tons vibratc constantly, and the vibra- 
tions result in attractions between sub- 
stances that are near  one  another. Thc 
attraction turns into repulsion whcn 
thc substances arc about to  touch. 

In aqueous solution, polar  amino 
acids tend to be hydrophilic; they at- 
tract water molcculcs,  which are quite 
polar.  In contrast, nonpolar  amino ac- 
ids, which  generally include  hydrocar- 
bon  side chains, tend  to  be hydropho- 
bic:  they mix poorly with  water  and 
"prefer" to associate  with one other. 
Alternatively,  one can  think of them 
as being squeezed  out of the water as 
a  consequence of the strong  attraction 
between polar substances. 

The  peptide bond  linking one ami- 
no acid to the next in a  sequence in- 
fluences  folding as well; it  markedly 
cons&ains the universe of possible con- 
formations that can  be taken by  the 
protein  backbone (the repeating series 
of alpha  carbons, carboxyl carbons  and 
amino  nitrogens in a  peptide chain). A 
peptide  bond forms when the carboxyl 
carbon of  one  amino acid  binds with 
the amino niuogen of the  next, releas- 
ing a molecule of water. The resulting 
strong linkage  between the  connected 
amino acids-called residues  once they 
are joined-is quite rigid. 

Consequently, rotation about the 

pcptidc bond is severely limited. In- 
deed. the atoms lying  between alpha 
carbons are held in a single  plane, so 
that they  essentially form a stiff plate, 
Folding of the peptide backbone  is 
thercfore accomplished  mainly  by rota- 
tion  of the plates around  other bonds- 
namely,  those connecting the plates (0 
the  alpha  carbons. 

E xamination of the peculiarities 
of denatured, or unfolded, pro- 
teins has added still other hints 

to how folding is accomplished. Un- 
folded or newly formed proteins are 
often called random coils,  implying 
that no  region of the  backbone looks 
significantly  different from any other 
region. In fact, the chains are probably 
never  truly  without some regions that 
are twisted. associated or otherwise 
different from the rest of the molecule. 
Certain of these substructures, which 
are probably unstable  and fluctuating, 
might well serve as 'seeds," around 
which stably sculpted regions  eventual- 
ly form. 

Significantly  more is known about 

FOLDING of the protein  thioredoxin is 
generally representative of'how other 
small proteins fold the initjaUy open. 
unstable chain (a) becorns increasingly 
compact ( b  and c), ultimately adopting 
a spherical shape (4. The intermediate 
stages shown are hypothetical, because 
their shapes-and those of the interme 
diates of most'proteins-are not known 
fully-  White represents carbon; red. oxy- 
gen; blue, nitrogen; and yellow. sulfur. , 
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~0 ACIDS (a) are W e d  togelher in a protein (b) by a strong bond that forms 
between the carbox~l carbon of one amino acid and the amino nitrogen of the 
next Because the resulting linkage, which is h o w n  as a peptide bond, holds the 
joined atoms rigidly in a plane, the bond limits the conformational options of the 
protein. Folding is accomplished mainly by rotation about the axes of the bonds 
connecting the central alpha  carbon with the amino nitrogen and carboxyl carbon. 

the  foIded than  the  unfolded  state. For 
instance. most of the  backbone of the 
compact, native mdecule can be di- 
vided into regions of secondary struc- 
ture,  which are distinct se,ments  hav- 
ing characteristic shapes. (The amino 
add sequence is the primary smcture.) 
The secondary  elements falI into three 
main categories: helices (mainly the so- 

called alpha helix). beta strands or  beta 
sheets, and turns connecting the helic- 
es and strands (see illustration on oppo- 
site page]. In beta strands the backbone 
is extended, or stretched out; in beta 
sheets two or more parallel or antipar- 
allel strands  are arranged in rows. 

Secondary elements  can combine 
with one  another to form motifs, or su- 

P H E N W I N E  ARGININE 

DIFFERENCES in the shape, size and polarity of amino acids derive from differ- 
ences in their side chams. In phenylalanine, for example. the side chain is nonpo- 
l a r  and cyclic,  whereas the side chain of arginine is both strongly polar and linear. 
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persccondaty  StrucIures,  and thc final 
assembly of all secondary  clemcnts is 
the  tertiary structure. Several tertiary 
classes have bccn identified, such as 
the  all  alpha-helix class, the all beta- 
strand class and  particular arrange- 
ments of combinations o f  helices and 
beta strands. 

The  presence of different secondary 
elcments raises  the  possibility  that cer- 
tain amino acids  favor  dcvclopment  of 
specific  secondary  arrangements. For 
example.  some  amino  acid  residues are 
found mort often in helices  than else- 
where,  whereas  others  tend  to be found 
in beta  shcets. On the other  hand,  none 
of these or other similar statistical cor- 
relations are strong. 

Several other discoveries show that, 
as might  be  expected from the hy- 
drophobic  and hydrophilic properties 
of the amino acids. the tendency of 
water and nonpolar residues to avoid 
one another has a profound  effect on 
the  final shape of a protein. The inte- 
rior  of  native  proteins is largely free 
of water and contains mainly nonpolar, 
hydrophobic  amino  acids.  Converse- 
ly, residues with formal  charges al- 
most invariably reside. at the surface, 
in contact with water. Polar residues 
are found on both the ouqside and  the 
inside, but in the interior they are in- 
variably joined to other polar groups 
by hydrogen  bonds.  Such  bonding, in 
which two atoms (UsuaUy nitrogen and 
osygen) are joined through a shared 
hydrogen arorn, apparently enabIes the 
residues to remain  comfortable in the 
interior, away from water. 

Hence,  one  rule of folding  seems to 
be that contact  between water and hy- 
drophobic amino acids must be limit- 
ed as much as possible,  although this 
general rule is not sufficient to pre- 
dict which  specific  residues wiu appear 
where. For example. it is not possible 
to identify  which  nonpolar  residues will 
remain at the  surface, as some fraction 
of them invariably do. 

A norher  general rule, based on oth- 
er  analyses,  posits important ster- 
ic constraints. The final product 

has to be packed  efficiently,  that is, the 
space must be filled  without  haxing 
neighboring atoms ovcrlap. Structural 
studis show that the amino acids in 
folded  proteins are generally  packed 
about as tightly as other small organ- 
ic moleculcs  pack  togethcr.  Computer 
modelers  can  safely assum that in the 
final  protein (141th a few rare mcep- 
tions), the lengths of bonds betu'een 
atoms and the  angles between conscc- 
utii.e bonds will bc identicat to those 
that have  been found in smaller orgtn- 
ic molecules. 

. _.  

. .  



Researchers  agree on details of the 
Structure of folded proteins, but they 
diverge on many other points. There  is, 
for instance, littie agreement on the na- 
lure  and number of foldmg  pathways. 

At one extreme is the  doubtful sug- 
gestion  that a newly made protein tries 
out all possible  conformations until it 
finds the  unique, stable structure of  the 
native protein. This proposal  assumes 
that all conformations are equally  like- 
ly to  be  tested; yet they are not. Also, 
as was  pointed  out years  ago by Cy- 
ms Levinthal, then at the Massachu- 
setts  Institute of Techology, no mole- 
cule would  have the opportunity to test 
anywhere  near all the  possible  confor- 
mations in the time it takes for pro- 
teins to fold-a  few seconds at most. 

At the  other  extreme is the notion 
that  proteins follow a single, d e h e d  
pathway:  every  molecule of a given  pro- 
tein becomes  compacted by following 
one defined sequence of steps. Consid- 
ering  the great number of conforma- 
tions an unfolded molecule can adopt, 
that  idea seems improbable as well. 
This  hypothesis is akin to  the  propo- 
sition that everyone WilI enter New 

-York Ciry via Interstate 95, regardless 
of where  they start. 

A thud suggestion, which admits of 
one  or  more  pathways,  assumes. the 
hydrophobic effect is all important ini- 
tially, much more so than electrostatic 
interactions or space-filling concerns. 
This idea holds that the chain collapses 
rapidly to approximately its hal den- 
sity in order  to remove hydrophobic 
amino acids from water. Then, in this 
much  reduced space, it rapidly reorga- 
nizes itself into the correct secondaor 
and tertiary structures. From a mechan- 
icai point of view, ths scenario  seems 
unlikely because the chain would  have 
to open  up somewhat to permit  the re- 
quired  movements. Nevertheless, the 
model has some  experimental  support. 

The best  guess  today is that  second- 
aq'  structure forms before most pro- 
teins a:? able to compact extensive- 
1y. Molecules  of  the same protein can 
fdlow different pathtt.a>zs  to the same 
end,  but the choice of pathway is limit- 
ed. Various models along these lines 
have been  proposed, including  l\.hat is 
called the framework  model of Robert 
L. Baldwin of Stanford Univcrsir). and 
Peter S. Kim, now at the Whitehead In- 
srirute for  Biomedical  Research. 

In general. such models  suggest that 
the unfoldcd  chain rapidly forms  mar- 
ginaIly stable bits of secondar),  struc- 
turc. Some of  these  segments interact. 
I T  they pack together particularly well. 
or form bonds readily, they srabilizc 
one another,  at least for a time.  The 
stabilized units, or microdomains. lead 

the molecule  toward greater structural 
organization by associating with other 
segments or helping to bring distant 
segments into contact, or both. 

Inherent in this kind of model is the 
assumption that the  hydrophobic  effect 
is large but can be spent incrementally. 
Some  fraction of its energy is expended 
to  influence  the formation of second- 
ary elements. and the rest promotes 
the association of those  elements into 
the tertiary  conformation. 

K nowing something about  the 
structures that repeatedly  appear 
en route to the  native state would 

help to  clarify the rules of folding. Re- 
grettably,  trapping  intermediates is dif- 
ficult. in part because  folding  is a high- 

ly cooperative process. Interactions that 
promote  folding by one part of the 
protein  also promote folding  elsewhere 
in the  moIecule;  hence, intermediate 
shapes do not persist For long. Nev- 
ertheless, clever techniques have cap- 
tured or identified some characteristics 
of a number of intermediates. 

There is now firm  evidence, for ex- 
ample, that certain proteins form an in- 
termediate that is larger than the na- 
tive  form of the protein and  has its sec- 
ondary structure intact. Oleg ftitsyn of 
the Institute for Protein  Chemistry at 
Pustshino in the Soviet Union calk this 
structure the 'molten glohule." The ex- 
istence of such  a  structure is puzzhng, 
however. 

Because  the  globule is larger in vol- 
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unlc than thc native molcculc, i t  must 
contain a considcrablc  amount of wa- 
ter, and many of the sidc chains  in  the 
globule do sccrn to be in contact  with 
l%-atcr. Yet thc force of the  hydrophobic 
effect shouid be squeezing  this  water 
out. How can one have a stable,  observ- 
able intermediate undcr these  condi- 
tions? What  can its stmcturc actually 
bc? l'hcsc intribruing questions cannot 
yct bc answcrcd. 

In othcr expcrirncnls,  Thomas E. 
Crcighton and his collcagues at the 
Medical Rcscarch  Council  Laboratory 
of Molecular Biology in Cambridge, En- 
gland, have studied thc  folding of the 
protein pancreatic  trypsin  inhibitor 
(PTI ), which,  like  many  proteins, forms 

ALL  HELICES 

internal  disulfide bonds as it  folds. A 
disulfide bond is  a sulfur-sulfur ( S - S )  
linkage  between the  side chains of two 
cysteine amino acid residues. Creigh- 
ton and his co-workers unfolded the 
native product and  then  started  the 
folding reaction,  interrupting  it at dif- 
ferent  intervals.  They  thereby captured 
intermediates that could  be  identified 
by a  particular  disulfide bond. In this 
way, a  folding  pathway  was  tracked for 
thc  first  time. 

The complete structures of the inter- 
mediates are not yet known in detail, 
but the work has revealed that fold- 
ing does not necessarily  proceed  along 
a  single,  direct track. As PTI folds, 
intermediates having  disulfide bonds 

that do not exist in the h a t  molecule 
appear  and then disappear. In  other 
words, parts of the  molecule apparent- 
ly act somethmg Eke a party host who 
brings two well-matched strangers to- 
gether  and then, when the two are en- 
grossed in conversation, leaves them 
and mixes  with other guests. 

Studying a major proposed  interme- 
diate of the same Pn protein, Kim and 
Terrence G. Oas, also  at the Whitehead 
Institute. have found  evidence that even 
though some parts of a molecule asso- 
ciate  only  transiently, other parts prob- 
ably do form structures that remain sta- 
ble. From Creighton's work, they h e w  
that two specific stretches of the mole- 
cule  become  connected by a disulfide 
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CONCEPT OF WATER-ACCESSIBLE  SURFACE enables one to estimate the force ex- 
erted  by water on a  molecule in aqueous solution. The accessible surface (outer 
line)-shown for a thin slice through a  protein-is  determined  by  tracing the path 
of the center of an imaginary water molecule as it rolls along  the  protein's exter- 
nal atom. The surface is conceptually divided into water-loving (culured line) and 
water-hating ( b k k  line) parts. depending, respectively, on whether the  atoms 
are polar or nonpolar. A large water-hating surface corresponds to a strong com- 
pressive force, and a large water-Ioving surface corresponds to a strong expan- 
sive force.  The compressive force dominates when protein molecules are folding. 

A WAY TO CAPTURE  FOLDING  INTERMEDIATES 

1. SELECT AN OPEN CHAIN 

3. INITIATE .. .. FOLDING 
7 .  .. 

. 
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from later exchange. 

factors as  the  influence on energy of 
thc  length.  stretching and twisting of 
bonds and  the strength of electrostatic 
interactions,  hydrogen bonds  and van 
der Waals forces. The approach has 
been  valuable for confirming or h- 
proving models of structures that  were 
determined  experimentally. 

For  molecules  whose  final stmctures 
are a  complete mystery. however,  prob- 
lems arise.  Certain of the numbers 
plugged into  the equations may  have 
large  margins of crror. Furthermore, 
there  is no way to know whether the 
reported energy minimum represents 
the absolute  minimum or simply an in- 
termediate  lowenergy state. At  the mo- 
ment,  theory does not  provide any way 
of ascertaining  what the absolute mini- 
mum value  ought to be. 

In a  related approach that might 
eventually  yield  motion  pictures of pro- 
teins in  the act of folding,  Martin  Kar- 
plus of Harvard  Univmity  applies New 
ton's I a k  of motion to  the atoms in 
a  protein. The forces on the  atoms of 
a  molecule in a  given state  are de- 
rived from the potential-energy  func- 
tion. Then the computer  calculates  the 
acceleration of each atom and its dis- 
placement a t  the end of an extremely 
short interval. \ 

B y  repeating the process  over  a pe- 
riod  controlled  by the available com- 
puting power, the program can reveal 
movements of the  individual  atoms. 
Consequently, it is now becoming  pos- 
sible to identify  the effects of small  mu- 
tations on protein  stability and dynam- 
ic  behavior. Yet limits on computing 
power make it impossible to uack more 
than a  few  nanoseconds in a  molecule's 
life,  a span too short  to directly  reveal 
much  about  protein folding. 

In spite of its limitations,  theoreti- 
cal work based on the  potential-ener- 
gy function holds much  promise.  Stud- 
ies  involving the function should make 
it possible to discern the relative im- 
portance of various  forces  acting on 
a protein, such as electrostatic  interac- 
tions and van der Waals repulsions. 
Teasing apart the  influences is critical 
because a folded  protein is only rnar- 
ginally  more stable than an unfolded 
one. Hence. the  factors that make the 
difference are likely  to be  subtle. (The 
slight  energy  differential  between  the 
stable  and unstable state might  reflect 
the need for a  cell to inactivate pro- 
teins  rapidly as its needs  change.) 

I n the long run. calculations invol!.- 
ing the potential-energy  function 
may  well  succeed  in predicting  the 

tertiary structure of any protein from 
its amino acid  sequence. In the mean- 
time. other less fundamental  but srill 



useful ways of thinking  about the fold- 
ing problem  have emerged. 

h y  resolution of that puzzle will 
have  to  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 deveIopcd an algorithm to 
calculate the solvent-accessible area of 
a protein of h o r n  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 di\.ide the accessible area of an 
extended  protein  chain (or any select- 
ed molecule) according to che 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 ih con- 
tact with such  atoms is known. Th~s 
tension is, as Cyrus Chothia of the hled- 
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 uith water-that 
is, a  strong force tends to reduce the 
area of contact benveen the  water and 
the oil, and to squeeze  a  protein  chain 
into a bail. Tension is low  when polar 
atoms  and water are in contact,  and 
the  hydrophobic  effect is not seen. 

Summation of the nonpolar accessi- 
ble areas of an unfolded  chain yields a 
measure of the potential hydrophobic 
effect. In genera!, 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 to  compact 
the  chain. 

Various im,estigators are also exam- 
ining  the estent to n.Nch packin, a con- 
siderations direct folding. In one ap- 
proach, lists have  been made of the 
amino acid sequences of molecules that 
adopt essentially the same thrce-di- 
mensional  conformation. On the basis 
o f  the steric properties of the amino 
acids in thc molecules-such as  shape 
and wlume-Jay \V. Ponder of Yak has 
generated other Lists of amino acid se- 
quences that theoretically should  adopt 
thc same conformations. 

Just how \\dI thosc sequences  ac- 

CONFORMATION of a fold in the interior of the protein crambin (lefr). 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~enetated "mutant" (right) even when four of the five amino aads are re 
placed with 0th- Indeed, many  combinations of amino acids can be accommo- 
dated if the substitutes resemble the originals in shape and volume.  Knowledge of 
how amino aads pack may go a long way toward predicting the shape of,a protein. 

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. 

D etermining  whether this possi- 
bility 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.  bloreover, as the  protein  folds.  the 
disrances  between  the  atoms constantly 
change, which adds further complc~ir),. 

\. 

The  precise  effects of hydrophobic, 
steric and eiectrostatic 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 srjli 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 wjll resolve 
a  question of deep  scientific interesr 
and, at the Same time, have immediate 
application in biotechnology. 
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