
1250 Macromolecules 1981,14, 1250-1259 

An Approach to the Multiple-Minimum Problem in Protein 
Folding, Involving a Long-Range Geometrical Restriction and 
Short-, Medium-, and Long-Range Interactions1 

H. Meirovitch2* and H. A. Scheraga*2b 
Baker Laboratory of Chemistry, Cornell University, Ithaca, New York 14853. 
Received January 5,  1981 

ABSTRACT Because of the extremely large number of minima in the multidimensional conformational energy 
hyperspace of a protein, it is very improbable that the native structure can be attained by minimizing the 
energy of a conformation that does not have the same long-range structural features as the native molecule. 
To attempt to circumvent this difficulty, we divide the conformational space of a protein [bovine pancreatic 
trypsin inhibitor (BPTI), in the example considered here] into a relatively small number of classes according 
to the spatial geometric arrangements of the loops (SGAL) defined by the disulfide bonds (three, in the case 
of BPTI). To reduce computer time, we suggest that each of these classes (possibly -20 in number for BPTI) 
be represented by at least one conformation chosen from it at random and that the conformational energy 
of each of these selected structures be minimized. We assume that one of the conformations selected from 
the class containing the native structure would emerge as the one of lowest energy. The selected conformations 
are defined initially with the help of a space-filling model (SFM) of BPTI. The bond lengths, bond angles, 
and energy are defied by the computer program ECEPP (which takes all backbone and side-chain atoms, including 
nonpolar hydrogens, into account), and the energy is minimized by alternating between two different procedures. 
To test this approach in this initial study, we minimized the energy of only three starting conformations: (a) 
The “native” structure, (b) a conformation having the same SGAL as the native structure, but differing from 
it in other structural aspects (e.g., it did not have the C-terminal a-helix), and (c) a conformation which did 
not have the correct SGAL. The energy of (a) was lowered from lo6 to -179 kcal/mol (primarily because 
of relief of a few steric overlaps) without significant changes in the dihedral angles, indicating that the native 
structure is one of minimum energy in the ECEPP representation. The energy of (b) was lowered from 1O’O 
to +94 kcal/mol (with a root-mean-square deviation of 5.9 A) but, even though the chain had the correct SGAL, 
the structure differed from the native one in many respects (e.g., it still did not have the C-terminal a-helix, 
and it had a larger radius of gyration). From this result, we conclude that energy minimization of a compact 
conformation, by itself, does not lead to drastic changes in structure. The SFM and the correct SGAL greatly 
restrict the conformation, from both a short- and a long-range point of view, respectively, but while these 
restrictions are necessary they are not sufficient to fold the chain correctly without the inclusion of additional 
short-, medium-, and long-range information. The minimized energy of (c) is +168 kcal/mol, which is higher 
than that obtained from (b). This is in accord with our assumption that one of the structures with the correct 
SGAL would lead to the lowest energy. The efficiency of the two minimization procedures, the technical problems 
in the use of the SFM, and the directions for future work are discussed. 

Introduction 

A currently accepted assumption, based on experiments 
of Anfinsen and co-worker~,~+ is that the native structure 
of a globular protein corresponds to the global minimum 
of its free energy. A statistical mechanical treatment of 
a detailed model of even a small protein such as bovine 
pancreatic trypsin inhibitor (BPTI) in a solvent or in 
vacuum (by energy rninimi~ation,~ Monte Carlo,8 or mo- 
lecular dynamics proceduress) is, however, beyond the 
scope of present computers. The essential difficulty is the 
multiple-minimum problem, i.e., the existence of an ex- 
tremely large number of local minima in the multidimen- 
sional conformational energy hyperspace of the protein. 
In the course of minimization of the energy, the system 
is trapped in a minimum close to the starting conforma- 
tion, which in general is not the global minimum but a local 
one. Therefore, if minimization is started from a confor- 
mation chosen at  random, the probability of reaching the 
global minimum is essentially zero.1+12 

In view of this difficulty, a two-stage strategy has been 
adopted to attempt to reach the global minimum.13 In the 
first stage, approximate methods are used to obtain 
structures which, in some aspect.?., resemble the native one. 
In the second stage, these structures are refined by means 
of rigorous energy minimization. In most cases, however, 
the second stage has not been carried to completion be- 
cause of the large amount of computer time r e q ~ i r e d . ~  
Most of these approximate methods are summarized in ref 
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14; it is, however, of interest to discuss some of them here 
in order to demonstrate the need for developing new 
procedures such as the one to be presented in this paper. 

In one method, highly simplified models for the protein 
(which are assumed to have relatively smooth energy 
surfaces) are developed and the energy is rninimized.l6 
This approach has been used by Levitt and W a r ~ h e l ’ ~ J ~  
and by Kuntz et al.18 They started minimization from 
open chains and obtained compact structures. The results, 
however, were unsatisfactory, and the multiple-minimum 
problem was not surmounted in these models. In another 
approach, short-range interaction models are used. For 
example, the probabilities for an amino acid to be located 
in the helix state, the extended state, etc. are derived from 
X-ray structures of many proteins (some of these proce- 
dures are given in ref 19-23 and others are reviewed in ref 
14 and 19). Burgess and Scheraga7 showed that this 
short-range procedure is also unsatisfactory, even if the 
prediction is a perfect one, since the ranges of the states 
in the (4, #) maps are relatively large and a given sequence 
of states can therefore lead to substantially different 
 structure^.^^^^^ In order to decrease the conformational 
range of the chain substantially, information about long- 
range contacts must also be incorporated. Such infor- 
mation has been used by Tanaka and Scheraga26p27 in a 
simple model for a protein in water; the results were un- 
satisfactory, however, probably because of an oversim- 
plified treatment of the chain and because a sufficient 
number of long-range constraints was not included in this 
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procedure (the question of the number, kind, and quality 
of constraints required has been discussed elsewherez8). 
One type of long-range constraint, an artificial attractive 
potential to form disulfide bonds between appropriately 
paired half-cystine residues, is included in the detailed 
energy function ECEPP,” which also treats all pair intera- 
tomic interactions (short-, medium-, and long-range). 
Knowledge of the location of the disulfide bonds, however, 
is not sufficient to define the protein uniquely (without 
carrying out energy minimization28 and, possibly, even 
when energy minimization is carried out); in any event, 
incorporation of the known locations of disulfide bonds 
does not constitute enough information to surmount the 
multiple-minimum problem. 

A purely geometric approach (in contrast to the ener- 
getic ones discussed above) has been suggested recently 
by C r i ~ p e n , ~ ~  by Kuntz et al.,31 by Have1 et al.,32 by Ycas 
et al.,33 and by Goel and Y ~ a s . ~ ~  In these procedures, all 
sources of information (including statistical data from 
X-ray structures of proteins) for determining restrictions 
on short-range as well as medium- and long-range distances 
between the atoms of the protein are used. This infor- 
mation is incorporated in an “objective” function which 
is optimized with respect to the atomic coordinates. The 
chain is represented only by point-mass Ca atoms, and 
efficient optimization procedures are used. These sim- 
plifications smooth out the surface of the objective function 
and speed up the rate of convergence; thus, this approach 
is useful to study the effect of the imposition of various 
distance constraints on the extent of folding. 

In the present paper we develop a new approach to the 
problem of the folding of globular proteins based on en- 
ergetic and geometric criteria. In the first stage, short-, 
medium-, and long-range interactions and a long-range 
geometric criterion are taken into account in order to 
define a set of starting conformations which is shown to 
be sufficiently small to be computationally feasible but 
sufficiently large to have a reasonable chance of including 
a native-like conformation. In the second stage, the en- 
ergies of these conformations are minimized. Our method 
is applied to BPTI. The first step is to build a structure 
(having the amino acid sequence of this molecule) by 
means of a space-filling model (SFM) and to connect the 
three pairs of half-cystines forming the disulfide bonds (for 
details, see the Methods section). Paper dials are attached 
to the faces of certain atoms to enable us to determine the 
set of dihedral angles (4, J / ,  and x’s) corresponding to a 
given three-dimensional structure of the SFM. Together 
with standard geometryB (bond lengths and bond angles), 
these dihedral angles constitute the complete data required 
for defining the initial structure with the help of a com- 
puter. 

Even though the model takes into account the short-, 
medium-, and long-range excluded volume effect and has 
the correct disulfide bonds, the number of SFM confor- 
mations is still very large. Further, these disulfide-bonded 
conformations are generally relatively compact and, be- 
cause of the multiple-minimum problem, it is unlikely that 
the overall long-range structure can be drastically altered 
by energy minimization. Therefore, we introduce an ad- 
ditional long-range restriction to limit the magnitude of 
the computational problem and increase the chance of 
reaching the native structure by energy minimization. A 
convenient way to describe the long-range structure of a 
disulfide-bonded protein is to specify the spatial geometric 
arrangement of the loops (SGAL) formed by its disulfide 
bonds. These loops can penetrate or be threaded into each 
other in various ways which thereby define classes of 
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structures (see Methods section). Since a conformation 
would not be expected to shift from one class to another 
by means of energy minimization, it is reasonable to expect 
that an adequate representation of the conformational 
space of a disulfide-bonded protein molecule will be ob- 
tained by first sampling one conformation from each class 
and minimizing its energy; this is the only (long range) 
restriction used to choose a representative conformation, 
at random, from each class. Since the native structure 
belongs to one of these classes, we expect that the con- 
formation representing this class will lead to the “best” 
structure, i.e., the one with lowest energy. This expectation 
is based on the assumptions that the native structure 
corresponds to the global minimum of the energy and that 
the closer a conformation is (structurally) to the native one, 
the lower is its energy. These assumptions might fail for 
large loops, e.g., where much conformational freedom still 
exists for the class that contains the native structure. In 
this case, more than one conformation is required to rep- 
resent a class; in fact, one should choose more than one 
representative of a class for larger loops. This approach 
is feasible, of course, as long as the number of classes is 
small. The procedure described thus far (involving a de- 
tailed model of a protein) does not use information from 
the known X-ray structures of proteins but rather is based 
primarily on energetic considerations. I t  should be pointed 
out, however, that empirical information can be incorpo- 
rated into it as well (see Methods section). Because of the 
large amount of computer time required for energy min- 
imization, we do not carry out the complete procedure in 
this initial study but rather construct and minimize the 
energy of only three starting conformations. Our main 
purpose here is primarily to test the procedure and, sec- 
ondarily, to examine whether the imposition of the correct 
SGAL constitutes a sufficient constraint to fold the chain 
correctly by means of energy minimization. 

In the Methods section, we describe our approach in 
detail and in the Results and Discussion section, the results 
of the work are presented and the conclusions for further 
development of the method are discussed. 

Methods 
In the first stage, a Corey-Pauling-Koltun (CPK) SFM 

of the backbone and side chains of BPTI was constructed, 
and the half-cystines were connected to form the 5-55, 
14-38, and 30-51 disulfide bonds. All amino acids were 
placed in the L configuration. In order to preserve the 
planarity of the peptide group, adjacent C’ and N atoms 
were cemented together in the trans conformation, Le., 
with o = 180’. A paper dial was attached to the face of 
one of the atoms for each bond about which rotational 
freedom was allowed, and a scratch mark was inscribed 
on the face of the opposite atom as described by Yankeelov 
et al.35 It  was thus possible to read the values of the 
dihedral angles (& rCii ,  xi’)  of each residue for any con- 
formation of the chain with a precision of h5’ (see ref 35). 
The criterion for placing the SFM in a specific confor- 
mation is described below. 

Such a model is clearly a much more detailed one than 
that used in other methods.15-18,26,31-34 In addition to the 
inclusion of every atom (including all hydrogens), the 
planarity of the peptide group is preserved, and short-, 
medium-, and long-range steric overlaps are automatically 
avoided because of the hard-sphere space-filling character 
of the CPK models. Also, some long-range contacts (the 
disulfide bonds) are automatically preserved in the 
SFM.36p37 Another advantage of the SFM is the conven- 
ience in defining and analyzing structures with different 
SGAL’s. 
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Figure 1. Schematic representation of the seven SGAL’s in a 
protein molecule having two disulfide bonds. (A) Loops I and 
I1 are separated; (B, B’) two different ways to thread loop I 
through loop I1 (from two different sides of loop 11); (C, C’) two 
different ways to intertwine loops I and II; (D, D’) two different 
ways to thread loop I1 through loop I (from two different sides 
of loop I). 

The flexibility of the chain is considerably reduced by 
forming the disulfide bonds, but an extremely large num- 
ber of conformations is still possible (see the discussion 
by NBmethy and S ~ h e r a g a ~ ~ ) .  Hence (see Introduction), 
random sampling of starting conformations from the whole 
conformational space of the disulfide-bonded protein 
molecule will probably lead to conformations that are 
structurally different from the native one; i.e., such ran- 
domly chosen starting conformations are inadequate to 
reach the native structure by energy minimization. We 
therefore suggest that the conformat.ional space by divided 
into a relatively small number of classes which correspond 
to certain spatial geometric arrangments of the loops 
formed by the disulfide bonds and that each of these 
classes be represented by at least one conformation chosen 
a t  random, as explained in detail below. 

As an illustration, consider a chain having only two 
long-range contacts, one (ae) connecting the two ends of 
the chain, and the other (bd) connecting two middle res- 
idues (Figure 1) (these contacts could be covalent or 
noncovalent  interaction^^^ but, for purposes of this dis- 
cussion, we shall treat them as disulfide bonds). Two, and 
only two, loops are created by these contacts, viz., I and 
II.40 There are 7 simple SGAL’s (i.e., arrangements with 
no more than one penetration of a given loop) which are 
shown in Figure 1. Thus, in A of Figure 1, loops I and I1 
are separated from each other. In B and B’ of Figure 1, 
loop I is threaded through loop I1 from two different sides 
of loop 11. Arrangements C and C’ show two different ways 
of intertwining loops I and 11. In D and D’ of Figure 1 loop 
I1 is threaded through loop I from two different sides of 
loop I. Even though A, B, B’, D and D’ represent five 
different SGAL’s they are topologically equivalent because 

30 w 

Figure 2. The three loops of BPTI. R, right SGAL, as in the 
native protein; W, wrong SGAL. Loop I is formed by disulfide 
bond 5-55, loop I1 by 14-38, and loop I11 by 30-51. In R, segment 
14-30 (which is part of loop 11) passes through loop 111, whereas 
it does not in W. 

they can be interconverted without breaking any covalent 
bonds; C and C’, however, are not only different SGAL’s 
from the other five, but also have a different topology 
because it would be necessary to break disulfide bond ae 
or bd, form this SGAL, and then remake these disulfide 
bonds to convert A, B, B’, D, or D’ to C or C’ (this is true 
provided that rotation around bond bd is not allowed). 
Each of the SGAL’s in Figure 1 constitutes a different class 
of conformations. Since loop penetration is well-defined 
mathematically, the classes of SGAL’s are well-defined for 
any arrangement of the two loops; it should be noted that 
there is a range of conformations within each SGAL class. 
It is important to point out that proteins are simpler 
systems than is implied by a mathematical representation 
of loops, as in Figure 1. First of all, it is unlikely that 
proteins will be threaded to any great degree.39 Secondly, 
the stiffness of the backbone and the bulkiness of the side 
chains reduce the possible number of SGAL’s below that 
for a corresponding mathematical curve. Thirdly, knotting 
of the polypeptide chain is unlikely to occur, and in fact 
has never been o b ~ e r v e d . ~ ~ ~ ~ ~  

In general, the number of classes depends on the length 
of the chain, the positions of the contacts, and the amino 
acid sequence (since the sequence determines the flexibility 
of the chain; also bulky side chains can prevent loop 
penetration). In the case of BPTI, there are three disulfide 
bonds, and hence three loops (Figure 2). It is more dif- 
ficult to represent the various SGAL’s of BPTI, as was 
done in Figure 1 for the hypothetical protein with two 
disulfide bonds. To the best of our knowledge, no theo- 
retical treatment has been given of the number of possible 
classes of SGAL’s for a given number of disulfide bonds. 
Therefore, we were able to define the classes of SGAL’s 
for BPTI only by using the geometrical criteria underlying 
Figure 1 and by manipulating wire models (while paying 
attention to the SFM) to identify as well as possible the 
total number of SGAL’s. 

It should be noted that, unlike the loops of Figure 1, 
loops I1 and I11 (see Figure 2R which shows the correct 
SGAL)’have a common segment, viz., 30-38. Loop I 
contains almost the whole molecule (5-55) but, for the sake 
of convenience, we prefer to treat the “pseudoloop” I’ (5, 
14,38,30, 51,55, 5 ) ,  which is not a loop according to the 
conventional definition (see the discussion of loop 1140 in 
Figure 1). Loop I’ shares the same common segment, 
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30-38, with loops I1 and 111. It should be pointed out that 
the remaining segments of these loops (viz., the segments 
that do not contain segment 30-38) are relatively small 
(comprising 16, 13, and 13 residues in loops 11, 111, and 1’, 
respectively); therefore, these loops can penetrate each 
other (in the sense of Figures lB,  1B’, lD, and 1D’) only 
slightly. Hence, these penetrating structures are less likely 
to occur and, if they do, they do not differ much from 
similar nonpenetrating structures; therefore, they are not 
considered as separate SGAL’s in the present case. 

In order to find the number of SGAL’s for BPTI, we first 
deduce the number of SGAL’s for loops I1 and 111. These 
loops can form five unknotted SGAL’s: (a) the two loops 
are not threaded into each other, as in Figure 1A; (b,c) loop 
I11 is threaded through loop I1 from two different sides of 
loop 11; (d,e) loop I1 is threaded through loop I11 from two 
different sides of loop 111. For example, in the SGAL of 
the native structure, segment 14-30 of loop I1 is threaded 
through loop 111, with segment 14-25 passing below seg- 
ment 30-38, and segment 30-38 passing above segment 
38-51, as shown in Figure 2R [this SGAL is denoted as d 
above]. For each of these five SGAL’s, we found four of 
the following five different unknotted geometrical ar- 
rangments of loop I’ (a different four for each SGAL): (i) 
loop I’ is not threaded through loops I1 and 111; (ii) loop 
I’ is threaded from one side of loop 111; (iii) loop I’ is 
threaded from one side of loop 11; (iv, v) loops 11 and I11 
are threaded simultaneously by loop I’ from both sides. 
In SGAL d, however, loop I1 is twisted and, therefore, two 
of the above four arrangements are sterically not allowed 
because of the bulkiness of the side chains. Thus, we 
estimate that there are 18 simple SGAL’s for BPTI. In 
Figure 2W, we show one of the wrong SGAL’s; it is wrong 
in the sense that loops I1 and I11 do not have the same 
SGAL as the native structure. 

Even if one member (conformation) is selected from each 
class of SGAL’s, this is still a large number of starting 
conformations. This number cannot be reduced, in gen- 
eral, by  observation^^^^^^ that loop penetration and 
threading do not occur frequently in proteins, because 
BPTI is an example (albeit an infrequently occurring one) 
of a threaded protein. The number of classes can, however, 
be decreased by imposing restrictions of the following types 
on the SFM. First of all, only compact members of the 
SGAL’s should be considered so that the density of the 
model should resemble the experimental density. Sec- 
ondly, since hydrophobic (hydrophilic) amino acids occur 
more frequently (infrequently) in the interior than on the 
surface of proteins, members of SGAL’s with radial dis- 
tributions of amino acid residues (around the center of 
mass) which deviate highly from the observed average 
distribution can also be excluded (for details, see ref 
42-45).% The first criterion can be applied directly to the 
SFM, and the second criterion to the computer-generated 
version of the SFM. Imposing these restriction enables 
the effect of the solvent, which is difficult to treat rigor- 
ously, to be taken into account in an empirical manner.& 
In the present work, we did not impose any of these re- 
strictions, nor did we use any statistical information from 
the known structures of proteins to restrict the dihedral 
angles of the amino acid residues to be located in helix, 
extended, or other states. The only restrictions on the 
dihedral angles were those imposed by steric hindrance and 
the SGAL’s in the SFM. Such additional restrictions are 
being imposed in related work in progress. 

I t  should be emphasized, however, that a large number 
of conformations belong to a given class of SGAL’s. We 
select conformations at  random in each class. Clearly, it 
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is essential to have a good representation from the class 
of the native structure (which, of course, is unknown). In 
a first approximation, we may select one conformation 
from each class. In a second approximation, we may select 
more than one from each class. If two conformations from 
a given class differ significantly, it would be necessary to 
use the second approximation. The conformations selected 
in either of these approximations constitute starting con- 
formations for energy minimization in the second stage. 

In the second stage of our procedure the dihedral angles, 
corresponding to each of the starting conformations, are 
determined from the SFM and provided to the computer 
as the initial data for energy minimization. I t  should be 
pointed out that the structure generated by the computer 
generally differs from the one constructed with the help 
of the SFM for several reasons: (a) a reading error of f 5 O  
in the values of the dihedral angles can change the 
structure of large chains drastically; (b) because of the 
weight of the SFM, the plastic connectors are distorted 
significantly; and (c) there are slight differences in bond 
lengths and bond angles between the CPK SFM and the 
model of amino acids used by ECEPPe2’ Because of this 
problem, an ORTEP stereoplot of each starting conformation 
is examined before minimization in order to make sure that 
the SGAL is not destroyed. If the SGAL is destroyed in 
the computer-generated conformation, we correct it as 
explained in the next section. 

The energy function (ECEPP~) that is minimized consists 
of nonbonded and electrostatic interactions as well as 
torsional and artificial disulfide loop-closing potentials.36J” 
ECEPP constitutes a very detailed model of the protein 
which also takes all hydrogen atoms into account (the 
hydrogen bond potential, involving polar hydrogen atoms, 
is included in the nonbonded portion of the algorithm). 

The energy is minimized with respect to two groups of 
variables47 with the help of two minimization procedures. 
The first is M I N O P , ~ ~  which requires the calculation of 
gradients; with this procedure, the system is directed to 
the closest local energy minimum, whose energy can be 
very high. In such a case, we then apply a second proce- 
dure [systematic alteration of dihedral angles (SADA)] 
which searches for lower energy regions beyond that in 
which the system was trapped by MINOP. In SADA, each 
variable is changed sequentially, one at  a time, in incre- 
ments of n degrees within some predefined range around 
its current value. If a lower energy is obtained for a change 
in one of the dihedral angles, the altered value replaces 
the current one; if not, the current value is retained. The 
complete minimization procedure consists of several cycles 
of SADA, followed by MINOP, and the process is repeated 
until the reduction of the energy in one cycle of SADA or 
in 20 derivative calculations with MINOP is less than 0.05 
kcal/ mol. 

It should be pointed out that the minimization proce- 
dure described above, which is based upon both m o p  and 
SADA, takes the molecule out of the region closest to the 
starting conformation and, therefore, the lowest attainable 
energy depends to some extent on the order in which 
m o p  and SADA are applied. Hence, in comparing the final 
energies obtained from two starting conformations, one 
must bear in mind that the results are not absolute in the 
sense that they depend on the minimization procedure 
used. 

The calculations were carried out on a system consisting 
of an FPS AP-12OB array processor and a Prime 350 
minicomputer host.49 Even though the AP is one of the 
fastest machines available at  present, a complete energy 
m i n i m i ~ a t i o n ~ ~  with respect to all 267 dihedral angles of 
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Table I 
Energy Values of the Six Structures (kcal/mol)a 

confor- cystine 
mation electrostatic nonbonded torsional torsionalC loop closingd total 

WI 54.8 2.25 X 10' 108 68 7 2.85 x 104 2.25 X l o 8  
W F  19.4 104 35.2 8.66 0.940 168 
N I  -20.2 1.71 X l o6  81.0 21.9 18 5 1.71 X l o6  
N F  -14.6 -221 45.8 8.53 2.03 -179 
RI 15.3 2.20 x 1O'O 148 3820 1.24 x 105 2.20 x 1O'O 
R F  12.1 18.9 49.8 11.7 1.80 94.3 

a Definitions of the various interactions are given in ref 27. 
the torsional energy about the Cp-S and S-S bonds. 
and the nonbonded Cp...S distances from their standard values. 

See text for definitions of the six conformations. This is 
This is the energy arising from the departure of the S-S bond distance 

BPTI requires a considerable amount of computer time 
(see ref 49 for details). In this initial work to explore the 
procedure, we therefore minimized the energies of only 
three starting conformations: (a) a structure of BPTI that 
was partially refined by Swenson et al.50 from the X-ray 
coordinates of Deisenhofer and Steigemann51 (This initial 
"native" structure50 is referred to as NI, and the final 
structure obtained from it by energy minimization is re- 
ferred to as NF.); (b) a conformation obtained by use of 
the SFM, which had the same (i.e., right) SGAL as in NI, 
but different from NI in many respects (e.g., it did not have 
the C-terminal a-helix) (We refer to this conformation as 
RI, and to the final structure obtained from it by energy 
minimization as RF.); and (c) a conformation, also obtained 
by use of the SFM, but which had the wrong SGAL (This 
conformation is referred to as WI, and its energy-mini- 
mized structure as WF.). The right and wrong SGAL's of 
BPTI are illustrated in Figure 2. 

The energy of NI is minimized primarily to see if the 
native structure is one of minimum energy in the ECEPP 
representation.% Also, the value of the energy of NF can 
then serve as a reference with which to compare the en- 
ergies of RF and WF.52 In addition, a comparison of the 
structures of RF and NF might provide information as to 
the validity of this approach, i.e., as to whether the im- 
position of the right SGAL constitutes enough restrictions 
so that energy minimization would bring it to the native 
structure. Comparison of the energies of RF and WF will 
indicate whether our assumption (that a starting confor- 
mation from the class of the native structure should lead 
to a lower energy than those obtained from other starting 
conformations) is valid. 

Results and  Discussion 
Energy Minimization of NI. NI was obtained by 

Swenson et alew by fitting a standard-geometry model to 
the X-ray coordinates51 of BPTI and carrying out a limited 
energy minimization. Their energy function used united 
atoms for the hydrogens and carbons of nonpolar groups, 
rather than treating the hydrogens explicitly, as is done 
by ECEPP. Their limited energy minimization was carried 
out segment by segment, with only a small number of 
dihedral angles being allowed to vary in each segment, and 
the atoms were constrained to remain close to their ex- 
perimental positions. Since we use ECEPP, minimize with 
respect to 155 or 196 of the maximum of 267 variable 
dihedral angles?' and do not impose constraints to keep 
the computed structure near the experimental one, it could 
not be determined prior to the minimization what extent 
of change would be imposed on NI by our procedure. 

Pottle et al.49 carried out the initial part of the mini- 
mization of NI, using MINOP.48 They varied 154 dihedral 
angles at a time-all the backbone dihedral angles, 4i and 
+i (except 4 of Pro, which is kept constant at -75' in 
ECEPP), and all of the side-chain dihedral angles, x?, except 

for alanine. The high energy of NI ( - lo6 kcal/mol; see 
Table I) arises from contacts between atoms which exist 
in ECEPP but did not exist in the united atom model.50 
Their minimization required -27 h of computer time, and 
their final energy was -+lo0 kcal/mol. Most of this time 
was spent on the computation of the derivatives of the 
energy, -3.5 min being required to compute 154 deriva- 
t i v e ~ . ~ ~  

Their final structure was used here as a starting one for 
further energy minimization. First, MINOP was used, and 
all 155 side-chain dihedral angles were varied;47 this low- 
ered the energy to -91 kcal/mol. Then 227 dihedral angles 
[all backbone dihedral angles ($,, $,), except $ of Pro, and 
the side-chain dihedral angles x:, x,2, and x,3] were allowed 
to vary.47 This decreased the energy further, to --110 
kcal/mol. This was the lowest energy that could be ob- 
tained with MINOP for this choice of  variable dihedral 
angles; presumably, the minimum of the local potential 
well has thus been reached. 

At  this stage, SADA was employed. Each dihedral angle 
was changed sequentially (in the order specified by the 
ECEPP algorithm) around its current value in increments 
of lo within the range of h5, then f10, and then f20'. If 
a lower energy was obtained for a change in one of the 
dihedral angles, the altered value replaced the current one. 
This procedure was applied three times to all variables 
sequentially, and the energy was lowered to -164 kcal/mol. 
Further use of MINOP lowered the energy to -179 kcal/mol. 
The total energy and its components are given in Table 
I. The electrostatic energy changed very little; in fact, it 
increased slightly between NI and NF. The torsional en- 
ergies decreased slightly. A somewhat larger decrease was 
obtained for the (disulfide) loop-closing potential, which 
means that the geometry around the S-S bonds ap- 
proached standard values more closely. The largest change 
in energy arose from the nonbonded (including hydrogen 
bond) interactions, due to the removal of atomic overlaps 
during minimization. 

Some geometrical properties of NI and NF are given in 
Table 11. R, is the root-mean-square radius of gyration 
with respect to only the C" atoms. RMS is the root- 
mean-square deviation of a given conformation from NIS2 
with respect to only the C" atoms: 

(1) 

where d, and d,'are the distances between the ith pair of 
C" atoms in NI and in the compared structure, respec- 
tively, and N is the total number of C" pairs. Since only 
residues 1-55 were located in the experimental electron 
density the root-mean-square deviation is computed 
only for residues 1-55. The contact maps, however, are 
given for 58 residues, with residues 56-58 added to com- 
plete the structure. D5,M, D14,38, and D30,51 are the distances 
between the C" atoms of the three disulfide-bonded pairs 

RMS = C-(d, - d,12 I i 2  L N 1  ,= IN  
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Table I1 
Geometrical Parameters for the Six Structures (A)' 

conformation R, RMS D5.5 5 Dl4.38 D 3 0 , 5  1 D ( s - s ) , , 5 5  D(s-s)14,$8 D(s-s  )30,51 

WI 13.7 8.9 10.4 8.1 4.8 11.9 5.1 5.5 
WF 13.2 8.3 5.4 6.0 6.2 2.0 2.0 2.0 
NI 10.4 0 5.1 6.5 6.3 1.8 2.7 1.9 
NF 10.6 0.5 5.8 5.9 6.6 2.0 2.0 2.1 
RI 14.8 8.7 19.7 16.7 15.3 14.9 13.7 13.6 
RF 11.7 5.9 6.3 5.7 6.9 2.1 2.0 2.0 

a See text for definition of the parameters. 

0 Ib 20 30 40 so 0 IO 20 30 4 0  50 

Residue Number 

Figure 3. Contact map of the various conformations. The squares 
indicate pairs of C" atoms whose distances of separation are 110 
A. 

of residues. The corresponding distances, D(S-S), between 
the three pairs of S atoms are given in the last three 
columns of Table 11. The parameters for NI and NF are 
close to each other. R, is slightly larger in NF than in NI, 
which indicates that the optimized structure is more open. 
The largest deviation for the disulfide bonds is 0.7 A (for 
D,,,,), which is close to the value of RMS = 0.5 A; this 
means that the geometry around the disulfide bonds is 
about as good as that of the rest of the structure. The 
changes, Aq5 and AI), that occurred in the backbone dihe- 
dral angles are listed in Table 111. Relatively large dif- 
ferences, A 4  and A$, were obtained for the two ends of the 
chain, whereas the middle portion changed very little in 
minimization. The similarity between the two conforma- 
tions is also demonstrated by comparison of their 10-8, 
contact maps (Figure 3) and their ORTEP stereodiagrams 
(Figure 4). 

The facts that NI and NF are very similar (RMS = 0.5 
8, for C" atoms) and that NI is close to the X-ray structure 
(RMS = 0.6 A for all backbone atoms; see Table I of ref 
50) mean that NF is also close to the experimental con- 
formation. This indicates that the native structure is one 
of minimum energy in ECEPP but the results of these 
computations do not enable us to decide whether this is 

Figure 4. Stereoviews of virtural bond representations of (A) 
NI and (B) NF. The disulfide bonds connect half-cystine residues 
5 and 55, 14 and 38, and 30 and 51. 

the global or a local minimum. 
Energy Minimization of SFM Structures. The SFM 

was fixed in the desired conformation by means of iron 
stands, rods, and wires. It takes several hours to read all 
the 267 backbone and side-chain dihedral angles from the 
dials of the model. In order to avoid errors, we have 
generally carried out this reading three times and then 
averaged the readings. As has been pointed out already, 
the structure generated by the computer differs from the 
one defined by the SFM mainly because of reading errors 
and the distortion of the SFM plastic connectors caused 
by the weight of the SFM. Therefore, an ORTEP stereo- 
diagram of the computer structure was always examined 
to make sure that the SGAL defined by the SFM still 
existed in the computer structure. The energies of the two 
SFM structures illustrated in Figure 2, RI and WI, were 
minimized by the same procedure used for NI. 

The SFM of RI was constructed to give the SGAL of the 
native structure, and the only other restrictions were the 
avoidance of short-, medium-, and long-range overlaps for 
both backbone and side-chain atoms. We did not assign 
any conformational state (helix, extended, etc.) to any 
residue nor did we try to pack the model a t  the right 
density. In fact, the dihedral angles obtained by this 
procedure differed substantially from the experimental 
X-ray ones. In this sense, our choice of RI is a random 
one in the class to which NI belongs. 

The initial conformation of RI, generated by the com- 
puter from the set of dihedral angles provided by the SFM, 
did not have the correct SGAL because of the types of 
errors mentioned above; Le., instead of segment 30-38 
being above segment 14-25 (as illustrated in R in Figure 
2), it was below. We directed segment 3G38 to lie above 
segment 14-25 by increasing $ of Ala-27 by 25'. This 
change of I) of Ala-27 not only produced the correct SGAL 
but also brought the disulfide-bonded pairs 5-55 and 14-38 
(which previously were far apart) closer together. The 
resulting structure (RI) thus had the correct SGAL but 
still differed considerably from the original SFM structure, 
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Table 111 
Changes in the Backbone Dihedral Angles, A @  and Aji (in Deg), between the Initial and 

Final Energy-Minimized Structures 

NF - NI RF - R I  WF - wx 
Residue A $  A *  A $  AJi A $  A $  

Arg 1 
P r o  2 
A S P  3 
Phe 4 
c y s  5 
Leu  6 
G l u  7 
P r o  8 
P r o  9 
T y r  1 0  
T h r  1 1  
G l y  12  
P r o  1 3  
c y s  14  
L Y S  15 
A l a  16  
Arg 1 7  
I l e  18 
I l e  l 9  
Arg 2 0  
T y r  21 
Phe 22  
T y r  2 3  
A s n  24  
A l a  2 5  
L y s  2 6 .  
A l a  27 
G l y  28 
Leu 29 
C Y s  30 
G l n  31 
T h r  3 2  
P h e  3 3  
V a l  3 4  
T y r  3 5  
G l y  36 
G l y  37 
C Y S  38  
Arg 3 9  
A l a  4 0  
L y s  41 
Arg 4 2  
A s n  4 3  
Asn 44 
Phe 4 5  
L y s  46  
S e r  47  
A l a  4 8  
G l u  49  
Asp  50 
Cys  51 
Met 5 2  
Arg 5 3  
T h r  5 4  
c y s  55  
G l y  5 6  
G l y  57  
A l a  5 8  

- 4 0 . 0 2 1  
0 .000  

- 1 4 . 1 1 7  
- 6 . 3 1 8  
-3 * 337  
-1 . 7 3 3  

0 . 0 7 9  
0 . 0 0 0  
0 . 0 0 0  
0 . 4 6 0  

- 0 . 0 4 0  
0 . 1 8 6  
0 . 0 0 0  

- 0 . 2 6 8  
- 1  . 9 7 5  

0 . 2 7 4  
0 . 3 4 2  

- 0 . 1 3 2  
0 . 3 7 7  

- 0 . 0 4 7  
- 0 . 6 8 8  
- 0 . 0 3 4  

0 . 2 5 0  
- 1 . 5 6 8  
- 1 . 9 6 1  

0 . 6 5 8  
0 . 0 9 3  

- 0 . 3 0 3  
- 0 . 9 5  1 
- 0 . 4 4 7  
- 0 . 3 7 0  

0 . 2 1 4  
- 0 . 0 0 2  

0 . 6 5 8  
0 . 5 0 7  

- 1 . 1 5 6  
-0 * 979  
- 0 . 2 9 4  

1 . 3 3 6  
0 . 6 8 8  

0 . 7 1 0  
0 . 4 9 8  
0 . 9 4 1  
0 . 2 4 8  
0 . 6 5 8  
0 . 4 7 0  

-0 .010  
- 0 . 7 6 5  

0 . 8 1 5  
3 . 6 1 1  

- 1 , 2 9 5  
- 0 . 5 5 5  

1 . 8 9 8  
6 . 6 9 5  

4 . 3 1 4  
5 . 7 1 3  

- 1 . 0 0 9  

- 9 . 4 2 0  

- 2 0 . 5 5 4  
- 1 9 . 0 0 3  

6 . 6 2 5  
- 0 , 7 2 7  

1 . 6 3 1  
- 0 . 4 5 4  

0 . 3 0 3  
- 0 . 7 8 3  

0 . 7 2 3  
0 . 1 1 2  

-1 .421  
1 . 2 1 0  

- 0 , 4 5 2  
- 1 . 3 5 5  

0 . 4 1 0  
0 . 4 1 7  
0 . 2 8 4  
0 . 3 4 8  
0 . 1 6 9  

- 0 , 4 1 3  
0 . 4 1 6  
0 . 4 4 9  

- 1 . 8 8 8  
0 . 1 4 0  
0 . 9 4 2  

- 1 . 8 8 6  
- 0 . 5 4 0  
- 1 . 1 6 1  
- 0 . 7 3 7  
- 0 . 4 7 5  

0 . 4 8 2  
0 . 2 1 6  
1 . 2 1 4  
0 . 3 5 1  

- 0 . 3 5 0  
- 0 . 5 0 9  

0 . 0 0 4  
1 . 1 7 7  
1 . 5 3 6  

- 1 . 0 3 7  
- 0 . 0 3 1  

0 . 7 6 3  
0.880 
0 . 2 9 4  
0 . 7 7 1  
0 . 5 8 4  

- 0 , 1 1 9  
- 0 . 3 1 6  

0 . 7 9 5  

- 0 . 5 2 5  
1 . 4 5 5  
7 . 9 5 8  
3 . 4 9 3  

2 1 . 8 6 5  
- 5 . 6 1 9  
- 1 , 4 4 4  

- 1 8 . 9 9 5  

1 . a 7 7  

as can be seen from Table 11 and from the ORW stereoplot 
of Figure 5C [in the SFM, the S-S bond lengths are fixed 
by the CPK model a t  2.08 A, but the values of D(S-S) for 
the computer-generated version of RI were considerably 
greater than this distance; similarly for the distances be- 
tween the C" atoms of disulfide-bonded pairs]. The value 
of R, was also very large. In other words, RI had a more 
open structure than it should have had. 

The nonbonded energy of RI (-1O'O kcal/mol) was 
much higher than the disulfide loop-closing energy ( - lo5 
kcal/mol) and the other interaction energies. Thus, any 
minimization a t  this stage would be governed by the 
nonbonded rather than by the other interactions. Hence, 
minimization with respect to the backbone variables might 
have increased the distances between the disulfide-bonded 
pairs instead of bringing them together (thereby destroying 
the correct SGAL). Therefore, the energy was first de- 

4 . 9 9 8  - 1 8 . 0 6 4  
0 . 0 0 0  9 . 0 8 8  

- 1  1 . 9 2 7  1 . 8 8 2  
5 6 . 9 2 2  - 3 0 . 8 5 0  
2 7 . 3 0 1  - 2 1 . 7 9 2  
2 2 . 0 3 7  1 . 3 3 3  
2 6 . 5 9 2  - 1 1 . 4 3 7  

0 . 0 0 0  - 1 1 . 9 7 9  
0 . 0 0 0  - 4 . 2 6 8  

- 0 . 6 1 5  - 1 . 2 1 5  
8 . 9 9 5  -15 .397  
3 . 0 2 3  - 0 . 7 3 8  
0 .000  1 . 0 6 6  

- 1 . 2 8 2  0 . 2 6 0  
- 2 . 1 1 9  2 . 9 7 9  
- 1  , 5 4 9  -1 . l o 2  
1 1 . 0 1 4  - 8 . 8 1 3  

4 . 1 1 2  - 0 . 3 1 5  
- 4 . 0 5 0  - 2 . 2 7 8  

1 . 6 7 8  - 5 5 . 6 2 0  
6 1 . 3 1 3  - 1 . 0 3 1  

0 . 7 6 3  - 1 . 9 5 5  
- 1 . 2 4 0  - 0 . 0 6 2  
- 2 . 2 6 7  2 . 1 9 0  

1 . 3 1 0  - 1 . 7 8 3  
0 . 3 0 1  - 2 9 . 5 6 6  
0 . 9 4 4  3 . 4 3 7  
2 . 1 0 5  - 2 . 0 8 1  

- 1 . 5 3 4  1 . 1 0 8  
- 6 . 5 2 2  - 4 . 7 8 0  

9 . 9 2 2  7 . 9 4 6  

0 . 5 4 8  2 . 2 7 2  

3 . 8 3 1  5 . 6 2 2  

1 . 3 7 0  - 1 . 1 6 2  

2 . 1 3 2  - 8 . 0 2 8  
1 . 8 7 7  6 . 9 4 9  

5 . 2 5 1  2 . 8 3 4  
3 . 8 5 2  - 4 . 7 8 9  

- 2 . 2 0 5  0 . 2 7 6  
- 3 . 2 9 6  - 4 . 0 1 1  
- 2 . 8 6 9  5 . 6 0 4  

4 . 5 9 4  - 8 . 0 2 2  
- 0 . 9 7 0  0 . 7 1 4  

3 . 0 9 1  4 . 1 2 7  
3 . 0 8 7  8 . 4 5 8  
9 . 2 8 7  - 8 . 3 1 5  

-2.8'39 2 . 7 8 5  
3 . 7 2 9  2 . 6 2 5  

7 . 1 1 0  5 . 5 6 9  
1 . 5 1 4  -3 .224  

- 1 . 4 0 7  - 4 . 3 2 7  
0 . 7 7 3  - 5 . 2 9 7  

- 5 . 7 7 9  2 . 9 5 9  
- 8 . 0 7 3  - 4 0 . 2 5 1  

- 2 0 . 1 6 2  4 3 . 1 0 1  
- 2 0 . 8 6 0  - 8 . 9 7 1  

- 5 . 0 2 0  6 5 . 0 2 4  
- 5 8 . 0 1 2  - 7 5 . 0 1 5  

- 1  5 . 0 0 1  
0 . 0 0 0  

- 1  2 . 0 0 8  
4 4 . 0 9 8  

- 1 7 . 0 2 0  
1 1 . 8 8 1  
- 7 . 8 2 0  

0 . 0 0 0  
0 * 000 

- 1 , 4 0 1  
2 . 2 2 7  

- 1 . 6 8 7  
0 . 0 0 0  
3 . 3 3 4  

- 1 . 8 2 1  
- 3 . 7 2 7  

1 . 9 7 8  
3 . 4 5 7  

- 4 . 2 0 0  
0 . 8 7 1  

- 0 . 0 3 2  
0 . 5 8 7  
3 . 3 1 6  
0 . 7 5 3  
2 . 3 6 9  
0 . 1 1 3  

- 0 . 5 1  1 
- 0 . 6 4 3  
- 0 . 1 8 4  
- 0 . 3 9 5  
- 0 . 0 4 0  

6 . 1 2 1  
2 . 6 0 1  

- 0 . 6 7 3  
- 0 . 2 5 5  
- 0 . 4 9 2  

0 . 1 4 7  
0 . 8 9 2  
0 . 4 1 4  

0 . 1 3 9  
0 . 0 3 3  
0 . 7 3 9  
1 . 3 4 0  
0 . 2 6 5  

- 0 . 7 3 0  

- 0 . 0 4 2  
- 0 . 0 8 3  

0 . 7 4 1  
0 . 2 9 1  
0 . 6 8 1  

- 3 . 8 8 5  
1 . 6 6 6  

- 3 . 9 5 2  
- 9 . 5 5 7  

- 2 0 . 4 5 7  

- 2 6 . 0 1 6  
1 6 . 0 0 3  

2 7 .  a 7 2  

2 8 . 0 1 2  
5 2 . 0 3 8  

- 1 6 . 0 1 7  
-3 1 . 0 6 6  

- 8 . 2 3 8  
- 8 . 7 1 5  
- 1 . 8 8 2  

2 . 1 3 3  
- 1 . 2 5 5  

2 . 3 5 6  
- 7 . 5 8 9  
- 5 . 4 8 7  

7 . 9 1 6  
- 9 . 7 2 8  
1 7 . 4 7 4  

3 . 0 9 1  
5 . 9 7 6  
1 . 1 0 5  
0 . 9 4 0  
0 . 6 7 4  
1 . 8 8 2  
5 . 1 3 1  

- 0 . 2 3 8  
- 2 . 6 9 3  
- 0 . 3 4 0  
- 0 . 2 8 1  

0 . 3 6 2  
1 . 5 3 5  

- 0 . 7 6 6  
0 . 6 5 2  
0 . 3 0 0  
0 . 4 3 5  

- 5 . 7 0 4  
- 0 . 2 4 6  

0 . 4 4 5  
- 0 . 8 6 5  

1 . 6 5 3  
0 . 0 6 9  

0 . 0 6 3  

1 . 5 9 8  
2 . 9 3 6  
0 . 4 1 2  
0 . 9 8 5  

6 . 7 7 9  

0 . 5 9 7  
5 . 3 9 6  

- 6 . 5 4 9  
- 4 . 9 2 9  

- 2 0 . 5 7 4  
-1 3 . 1 0 8  
-12 .997  

7 . 7 9 9  
4 7 . 0 9 9  

-3 1 . 0 0 2  

- 1 . 6 6 4  

- 1 . 1 3 6  

- 0 . 2 0 9  

-27 .827  

creased by varying only the side-chain dihedral angles; 
then the backbone variables were also allowed to change 
but without large movements of the backbone. In the 
initial stage of the calculations, SADA was applied to all of 
the 155 side-chain dihedral angles.47 Each dihedral angle 
was allowed to change in increments of lo in the range 
f20° around its current value. In the next step, this in- 
crement and range were increased to 4 O  and f180°, re- 
spectively. The energy decreased to - lo9 kcal/mol. We 
then allowed all the backbone dihedral angles (k, $i) and 
side-chain dihedral angles x' and x2 to vary (altogether 196 
variables4'), again using SADA. In order to avoid drastic 
geometrical changes of the backbone in the first few cycles, 
we confined the variation of these dihedral angles to a 
small range, f 4 O ,  which is within the reading error ( f 5 O ) .  
In later cycles, this range was increased to *loo. When 
the energy was lowered to -5000 kcal/mol, we applied 
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Figure 5. Stereoviews of virtual bond representations of (A) WI, 
(B) WF, (C) RI, and (D) RF. 

MINOP, which was found to be very efficient in this range 
of energies; it lowered the energy to - 1000 kcal/mol and 
we again applied SADA. It should be pointed out that we 
also tried to use MINOP when the energy was much higher, 
but the system was always trapped in a local minimum in 
contrast to the computation with NI, where MINOP ap- 
peared to be more efficient; we therefore had to apply SADA 
in the high-energy region. The lowest energy that could 
be achieved by the two minimizers was 94 kcal/mol, which 
is a relatively high energy. 

The computer time required for this minimization was 
approximately 30 h. Table I11 reveals that the largest 
changes in backbone dihedral angles occurred for the 
residues of the two ends of the chain (as was found for NI). 
The changes in the dihedral angles in the middle  of the 
chain, however, were larger than those obtained for NI. 

Table I1 reveals that R of the optimized structure RF 
is -3 A less than that of kI ,  but it is still higher than the 
value of R, of NI, which indicates that the density of RF 
is smaller than that of NI. As seen in Table 11, the di- 
sulfide bond distances are close to those of NI (the dif- 
ferences between the D’s are much smaller than the value 
of RMS-5.9 A); these differences do not exceed 1 A, and 
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in most cases are mu h less. A comparison of the ORTEP 
stereodiagrams of N\(Figure 4A) and RF (Figure 5D) 
reveals that the SGAL is the same in the two structures. 
Two of the turns are almost in the same places for the two 
structures, whereas the third turn occurs in residues 36-40 
in NI but is shifted to residues 39-44 in RF. The a-helix 
which exists in NI near the C terminus, and which was not 
imposed on RI, also does not appear in RF. Other dif- 
ferences, in the short- and medium-range structure, exist 
between the two conformations; these can be seen from 
the two ORTEP stereodiagrams. Another way of comparing 
these structures is by means of the contact maps (Figure 
3). 

We also minimized the energy of another structure, WI, 
which did not have the same SGAL as in NI. This SGAL 
is represented in Figure 2B. The energy of WI was min- 
imized by using the same procedure that was applied to 
RI. The minimizers succeeded in bringing the S-S pairs 
close together as in NI and also in decreasing R, slightly. 
Conformation WF, however, is much less dense than NI 
and less similar to NI than is RF. This is demonstrated 
by comparisons of the ORTEP stereodiagrams (Figure 5B, 
4A, and 5D) and of the contact maps (Figure 3). Here also 
the minimization procedure affected primarily the dihedral 
angles of residues located at the two ends of the chain. The 
energy of WF is larger than that of RF by -75 kcal/mol, 
in accordance with our assumption (see Introduction) that 
a conformation representing the class of the native 
structure should lead (by energy minimization) to  a 
structure with lower energy than structures belonging to 
the other classes. One must bear in mind, however, that 
even for WI and RI, the results of the minimization are 
not absolute in the sense that they depend on the specific 
minimization procedure used. I t  should also be pointed 
out that the present test of our assumption is based on the 
minimization of the energy of only two conformations (in 
which we find the energies to be in the order NF < RF < 
WF); additional computations of this kind will be required 
to establish the validity of this assumption. 

Conclusions 
Several conclusions can be drawn from this work. 
(1) The SFM was found to be useful in defining con- 

formations with certain long-range structural properties 
(Le., S-S bonds and different SGAL’s). The SFM, how- 
ever, is not accurate enough and this inaccuracy generally 
leads to deviations of the structure generated by the com- 
puter from the SFM structure. In fact, some of the 
structural changes imposed by the energy minimization 
process were “corrections” of the deviations mentioned 
above. For example, the S-S bonded half-cystine pairs 
that were always found to be located too far from each 
other in the computer structures were brought back by the 
loop-closing potential in the energy minimization proce- 
dure to the correct distances, as in the SFM structure. It 
therefore seems to be very important to use, in addition 
to the SFM, a computer graphics system which would be 
helpful in defining better starting conformations and in 
facilitating control over the minimization process. 

(2) Energy minimization of NI, without  the use of any 
constraints to keep it close to the observed structure, led 
to a conformation that is structurally almost unchanged. 
This means that the native structure of BPTI corresponds 
to a minimum (with a negative value) in the energy 
function ECEPP. It is, however, not clear whether this 
minimum of ECEPP is also the global minimum. 

(3) SADA and MINOP were not able to cause any drastic 
structural change in the compact starting conformations. 
The minimizers also failed to pack the molecule tightly 
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enough, and did not lead to the C-terminal a-helix, when 
this information was not included in the starting confor- 
mation. All of this means that energy minimization is very 
limited in bringing about significant changes in compact 
structures; therefore, most of the structural features of the 
native molecule should be included in the starting con- 
formation. An SFM conformation which has the correct 
SGAL (such as RI) led to a structure resembling NI in 
overall shape, but not in the detailed short-range structure. 
To achieve agreement with NI in both the short- and 
long-range structures, more restrictions on the starting 
conformations, such as the correct experimental density, 
will have to be added. Other structural information de- 
rived from the known structures of proteins may also be 
used. In order to apply such restrictions efficiently, a 
computer graphics system would seem to be a very useful 
tool. 

(4) We assumed that the starting conformation repre- 
senting the class of the native structure would lead to lower 
energy than other starting conformations. The results of 
our minimizations confirm this assumption. One has to 
bear in mind, however, that energy minimization beyond 
the closest minimum depends on the pathway of mini- 
mization and, in this sense, the results are not absolute. 
Also, it will be necessary to minimize the energies of ad- 
ditional structures in order to test this assumption more 
completely. 

(5) SADA was found to be efficient in lowering the energy 
in all ranges of energy. MINOP, on the other hand, was 
inefficient a t  high energies, since the system was trapped 
in high-energy local minima. It seems to be important to 
check this problem carefully and to test other minimizers 
as well. It should be pointed out that the computer pro- 
grams of both minimizers (except for the computation of 
gradients) have not yet been adapted for use on the AP. 
The speed of computation can still be increased by a factor 
of 4-5 by optimizing the code for the gradient routine49 
and transferring the rest of the minimizing procedures to 
the AP. 

(6) The definition of the SGAL’s introduced in this 
initial study is intuitive. Work is currently in progress to 
try to develop a computer algorithm for the definition of 
SGAL’s which will be useful for the estimation of the total 
number of classes. We are also considering the intro- 
duction of additional constraints that are being imposed 
on the SFM structure (which has the correct SGAL) in 
order to fold the protein successfully by energy mini- 
mization. 

Acknowledgment. We are indebted to Dr. J. A. Yan- 
keelov, Jr., for providing the tools and dials that were used 
with the CPK space-filling models. We also thank M. S. 
Pottle, S. Rumsey, and R. W. Tuttle for help with the 
computations and G. NBmethy, M. Oka, M. S. Pottle, and 
H. Wako for helpful comments on this manuscript. 

Note Added in Proof. These calculations have been 
extended by incorporating short-range restrictions in the 
present protein-folding algorithm. The root-mean-square 
deviation was thereby reduced to 4.4 A [Meirovitch, H.; 
Scheraga, H. A. Proc. Natl. Acad. Sci. U.S.A., in press]. 

Supplementary Mater ia l  Available: Cartesian coordinates 
and dihedral angles of NI, NF, RI, RF,  WI, and WF (114 pages). 
Ordering information is given on any current masthead page. 
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ABSTRACT: A differential geometric representation of polymer chains is used to study protein backbone 
structure on the four- and five-C" length scales. The analysis of the distribution of four-C" unita in the 
curvature-torsion ( K ,  T) plane reveals that there are islands of structure which occur with greater-than-random 
probability. These correspond to the well-known types of backbone structure-extended (E), right-handed 
a-helical (Ad, and flat-bend (&) structure. I t  is shown that there are three distinct types of extended four-C" 
structure-left-handed twisted (EL), right-handed twisted (Ed,  and nearly flat (E,,). The and EL structures 
form a structural continuum, but the ER region is separated from this continuum by a region of low occupation. 
The AR and & regions also form a continuum. These high-frequency islands are distributed throughout the 
occupied region of the ( K ,  7) plane and include structures of all types except that in the AL (left-handed a-helical) 
region. The high frequency of occurrence of these structures suggests that they are of low energy and therefore 
likely to occur in nucleation structures in the folding of the denatured molecule. It follows from the fact that 
these high-frequency structures occur throughout the occupied region, however, that there is relatively low 
selectivity in nucleation on  the  four-C" scale, with structures representative of the entire occupied region 
being potential nuclei on the four-C" scale. Extension of the analysis to  the five-C" scale shows that the 
high-frequency structures on this scale are made up of combinations of the high-frequency four-C" structures 
and that a higher degree of selectivity in nucleation appears on the five-(? length scale than on the four-C" 
scale. Substantial differences are noted in the frequency of occurrence of the various combinations. Within 
the extended region, for example, the most frequently occurring structures are with ERER being the 
least frequent. A study of the correlation between nearest-neighbor four-C" structures reveals that certain 
pairs of four-C" structures have a low probability of occurring. A& and A& have a low positive correlation, 
while ExAR and AREx (where X is R, L, or 0) have a negative correlation, indicating that these structures 
tend to auoid pairing. Five-C" components of nucleating structures are likely to be those which both occur 
with high frequency and show positive correlation between their four-C" components. Of these, the most 
frequently occurring are ExEx and ARAR, which are repeating (regular) structures. The & four-C" structure 
plays an important role in nucleation, despite its relative numerical infrequency, because it is the principal 
four-C" structure which forms potential five-C" nucleating structures which are nonregular. Larger nuclei, 
which are not considered explicitly in this paper, presumably arise as additional four-C" unita associated with 
five-C" nuclei already present in the folding chain. 

I. Introduction 
One of the significant aspects  of protein archi tecture  is 

t h e  presence, in  molecules with widely differing funct ion 
and amino acid sequence, of certain well-defined structural 
features. Historically, t h e  first such  features  to be noted 
were the a helix and t h e  extended strand (which associates 
wi th  other strands to form t h e  P sheet). These two 
structures are part icular ly  easy to observe and classify 

because they  are  built up of repeating units (residues) with 
similar  conformation. They are therefore capable of oc- 
curring, and of being observed, on a wide variety of 
backbone length  scales, from a single residue to tens of 
residues. 

It later became clear that there is at least one important 
structural fea ture  which occurs on a single, well-defined 
length  scale. T h i s  is the bend, o r  cha in  reversal, whose 
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