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Systematic conformational search is a powerful tool in the modeling of proteins and peptides. As a deter- 
ministic method for sampling comformational space, it provides an efficient mechanism for finding 
global energy minima. The program CONGEN has been developed to use conformational search in con- 
junction with other modeling methods. The search operators in CONGEN can be combined in arbitrary 
ways, and therefore, they can applied to a wide variety of problems. Typical applications include homology 
modeling, construction of protein coordinates from C, positions, sidechain placement, peptide struc- 
ture modeling, derivation of three-dimensional structure from NMR constraints, etc. In this paper, a 
detailed description will be provided of its conformational search capabilities and its previous applica- 
tions to protein modeling. 

KEY WORDS: Conformational search, protein modeling, homology modeling, CONGEN, prediction 
of protein folding 

1 INTRODUCTION 

The prediction of protein structure from the amino acid sequence remains one of 
the most significant unsolved problems in biochemistry [l]. However, it is a very 
difficult problem for primarily two reasons. First, the conformational space of 
proteins is very large [2-41, and second, it is not known how to accurately calculate 
the free energy of proteins in solution. 

The approach that has been taken with CONGEN attempts to deal with both of 
these problems. Rather than try to work with an entire protein, efforts have been 
focused on the prediction of the structure of short segments (loops) within proteins. 
Such segments have the advantage that their conformational space is very restricted, 
and therefore, one can sample their entire conformational space in a reasonable 
amount of computer time. The availability of a complete sampling provides a 
powerful test of any free energy function that might be devised, since the true 
minimum energy of the conformational space can be evaluated. Comparison of 
the minimum energy conformer against an experimentally determined structure 
represents the ultimate test of a structure prediction method. 

Systematic search has been chosen over common methods of traversing confor- 
mational space for a number of reasons. First, it is very efficient. Methods such 
as dynamics or Monte Carlo operate by sequentially perturbing one conformation 
into another. The distance between successive conformers is generally very small. 
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Thus, many steps are required to move between local minima in the energy surface. 
On the other hand, conformational search can be programmed to generate local 
minima every time. Thus, the number of energy evaluations, which are the most 
time consuming operations, can be reduced. In addition, conformational search 
does not require the calculation of the derivative of the energy. This represents a 
significant savings over molecular dynamics, and also permits the exploration of 
energy surfaces which are not continuous. 

Second, systematic search is deterministic. When the algorithm completes, the 
space has been sampled. On the other hand, searches involving random processes 
must be run until no new conformations are found. Inevitably, this requires that 
many conformations will be repeatedly sampled before closure is achieved. 

Third, systematic conformational search provides control over the search process. 
There are numerous options controlling how finely the degrees of freedom are 
sampled. The order of sampling may be specified as well as which conformations 
are examined first. In  cases where the search is too long to completed in a reasonable 
amount of computer time, it is possible to order the search process to find the 
better conformations earlier. 

Fourth, compared to knowledge based modeling [5-81, systematic search is not 
dependent on existing databases of structure. Although the use of fragments taken 
from known protein structure can yield accurate predictions [9], such methods will 
fail if there are no homologous structures available in the database. In addition, 
there are examples where identical sequences have very different structures in dif- 
ferent proteins [lo]. Finally, we will gain more insights into the energetics of protein 
folding if we can predict structures ab inifio. 

With regard to the calculation of the free energy, empirical free energy methods 
[ l l ,  121 are being most heavily explored. However, in the work described in this 
paper, the available computer resources have been limited, and therefore, the 
CHARMM potential energy function [13] has been used as the energy function. For 
the antibody and T-cell receptor modeling, a surface area test has been added which 
improves the prediction by incorporating packing considerations. 

The division of the search problem into the generation of conformers and their 
energetic evaluation implies that progress can be made on each aspect of the pro- 
blem separately. Most of the previous effort on CONGEN has been on the genera- 
tion of structures, but improvements in the energy calculations are underway. 

In order to use conformational search effectively to model proteins, it is essential 
to have the capability to construct, manipulate, and analyze the molecule [13], all 
as part of the same system which perfoms the conformational search. Although 
many conformational search algorithms have been described [ 14-22], CONGEN 
integrates a number of methods together so that they can be applied easily in any 
way that is suitable for the problem at hand. 

In this paper, the conformational search capabilities in CONGEN will first be 
described in detail, and then a number of modeling problems win be described for 
which conformational search has provided some insights, and for which there is 
other data to  compare with the modeling. 

2 CONFORMATIONAL SEARCH IN CONGEN 

In its most general form, a conformational search is just a set of nested iterations 
of the degrees of freedom in the system. In the initial implementation of CONGEN 
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[23], the degrees of freedom were encoded directly into the program, and were 
capable of generating conformations for a single loop. It was clear from this pro- 
totype that the necessary operations inherent in such a search could be generalized 
to quasi-independent operators. This operators could then be combined in any 
reasonable way, and as a result, a great variety of searches could be performed. 

2.1 General Principles of the Conformational Search of Loops 
The fundamental problem of generating loop conformations is finding a set of 
atomic coordinates for the backbone and sidechains that satisfy all its stereo- 
chemical and steric constraints. For the sake of efficiency, it is presumed that bond 
lengths and bond angles are fixed [24], and in addition, it is assumed that the 
peptide w torsion angle is also planar. Under these assumptions the only degrees 
of freedom in the loop are the torsion angles. 

Given the chemical structure of proteins, the search process is divided into 
backbone and sidechain constructions. The backbone conformational space is 
normally sampled before the sidechains because the chain closure condition is very 
restrictive. As a result, fewer samples are generated early in the process, which helps 
to reduce the necessary computer time. 

2.1.1 Backbone construction 
The generation of backbone coordinates depends heavily on the modified GO and 
Scheraga chain closure algorithm [19,25]. The algorithm is designed to calculate 
local deformations of a polymer chain, i.e., finding all possible arrangements of 
a polymer anchored at two fixed endpoints. Given stereochemical parameters for 
the construction of the polymer, and six adjustable torsion angles between the two 
fixed points; this algorithm will calculate values for the six torsion angles in order 
to perfectly connect the polymer from one endpoint to the other. In the sampling 
of the backbone, the use of a planar w torsion angle reduces the number of free 
backbone torsion angles per residue to two, and therefore, three residues are 
required for the application of the GO and Scheraga algorithm. For generating con- 
formations of loops with more than three residues, the backbone torsion angles of 
all but three residues are sampled, and the Gb and Scheraga procedure is used to 
close the backbone. 

Bruccoleri and Karplus (1987) modified the GO and Scheraga algorithm to allow 
small changes in the peptide bond angles [25] .  After the first implementation of 
the algorithm, it was tested by deleting three residue segments in several different 
proteins, and calling the algorithm to reconstruct the peptide backbone. In the 
helices in flavodoxin [26], the algorithm failed to reconstruct a large number of 
these segments. An attempt was then made to reconstruct ideal a-helices where 
individual bond angles were perturbed by a few degrees. Many of these trials failed. 
Thus, it was clear that the normal variations in bond angles due to the limits of 
crystallographic resolution were interfering with the algorithm. By allowing the 
algorithm to adjust the bond angles by small amounts, typically no more than 5 " ,  
it was possible to find torsion angles that would close all three residue segments in 
the helices [25]. 

The free sampling of backbone torsion angles is done with the aid of a backbone 
energy map. Bruccoleri and Karplus (1987) calculated the energetics of constructing 
the backbone for three different classes of amino acids; glycine, proline, and all 
the rest. This information is stored as a map [27] which gives the energy as a 
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function of discrete values 4, $, and w ,  where w can only be 0" (cis) or 180" (trans). 
A set of maps corresponding to grids of 60", 30", 15", lo", and 5" have been 
calculated; typically, a 30" sampling is sufficiently fine for good agreement. 

With regard to  the peptide w angle, only the proline w angle is normally allowed 
to sample cis values. However, CONGEN can be directed to sample cis w angles 
for all amino acids. 

The ring in proline creates special problems. The proline ring constrains the 4 
torsion to be close to -65 degrees; any deviation from -65 degrees distorts the ring. 
The minimum energy configuration of the proline ring (specifically, 1,2 dimethyl 
pyrrolidine) has been determined for a range of 4 angles (*90 degrees) about -65 
degrees using energy minimization with a constraint on 4, and a file has been 
constructed which contains these energies and the construction parameters necessary 
to calculate the position of C,, C, and C, of the proline. All of these energies are 
adjusted relative to a minimum ring energy equal to zero. After a chain closure is 
performed, any conformations which have a proline 4 angle whose energy exceeds 
the minimum energy by more than the parameter, ERINGPRO, are discarded. 
Generally, a large value for ERINGPRO is used (209.2 kJ/mole or 50 kcal/mole) 
so that the chain closure algorithm does not overly restrict proline closures. The 
cis-trans peptide isomerization is handled by trying all possible combinations of cis 
and trans configurations. The user has complete control over which residues can 
be built in the cis isomer. Since there are only three residues involved in the chain 
closure, this results in no more than eight (Z3) attempts at chain closure. 

There are two optimizations performed during the sampling of backbone 
torsions. First, whenever any atom is constructed, a check is made to see if the 
atom overlaps with the van der Waals radius of any other atom in the system. If 
so, that conformation is discarded. Second, as backbone residues are generated, 
CONGEN calculates the distance from the growing end back to  the other fixed 
point. If that distance is greater than can be reached by fully extended backbone, 
then those conformations are discarded. 

The backbone can be constructed either forward from the N-terminus or back- 
ward from the C-terminus until only three residues remain. The N-terminus of 
the internal segment is anchored on the peptide nitrogen; the C-terminus is anchored 
on C,. When the construction direction is from the N terminus to the C terminus, 
the first torsion to be sampled in a residue is the w angle (which normally is sampled 
just at 180 degrees, and can be sampled at 0 degrees for prolines or, as an option, 
all the amino acids). It determines the C, and the peptide hydrogen positions. The 
4 angle determines the position of the carbonyl carbon and the beta carbon of 
the sidechain; and finally, the $ angle determines the carbonyl oxygen and peptide 
nitrogen of the next residue. When the construction is in the reverse direction; 
the $ angle determines the peptide nitrogen; the 4 angle determines the carbonyl 
carbon of the preceding residue, the peptide hydrogen, and the beta carbon; and 
the w angle determines the position of the preceding residue's C ,  and carbonyl 
oxygen. 

2.1.2 Sidechain Construction 
Given a set of backbone conformations, it remains to generate a set of side chain 
atom positions for each of the backbone conformations. This problem is divided 
into two parts, construction of individual sidechains and combining results from 
individual sidechains for all the residues. 
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As with the backbone atom placement, the atoms of a siciechain are positioned 
based on free torsion angles. The side chain torsions are processed from the 
backbone out as each succeeding atom requires the position of the previous atom 
for its placement. The sampling interval of each torsion can be either some fixed 
number of degrees or the period of the torsion energy. If the latter is used, and 
the parameters for the torsion energy specify only a single term in the Fourier series 
for the torsion energy, then the sidechain torsion energy is always zero. 

It is common for one free torsion to generate the position of more than one atom 
because of side chain branching, non-rotatable bonds, and rings. For example, 
although an explicit hydrogen [13] tryptophan has 11 side chain atoms to be placed, 
it has only two free torsion angles. Also, some side chain branching is symmetric, 
e.g. phenylalanine, and CONGEN can use such symmetry to reduce the sampling 
necessary. 

As with the backbone construction, a search of the surrounding space is made 
for any constructed atom to see if there are any close contacts. However, with the 
sidechains, there are two ways of checking for such overlaps. The first method is 
very simple: given the sampling of the torsion angles, each atom is constructed and 
checked for contacts. 

The second method, van der Waals avoidance, is more time consuming, but it 
yields better quality structures. It is a straightforward geometrical problem to deter- 
mine the range of torsion angles which will avoid constructing an atom within a 
given distance of other atoms in the system. As a side chain torsion angle, x i ,  
varies, it specifies a circular locus of points on which atoms can be constructed 
(Figure 1) [23]. If atoms in the vicinity of this circle are examined, the sectors of 
the circle which will result in the repulsive overlap of the constructed atom with its 
spatial neighbors can be calculated. The complement of these sectors can be used 
to determine values for the xi angles which avoid bad contacts. 

The information needed for side chain construction is stored in a side chain 
topology file. It is a straightforward matter to add new amino acids to this file so 
that the structure of unnatural amino acids can be predicted. 

Given this method for constructing individual sidechains, it remains to combine 
sidechain conformations for all the sidechains attached to a particular backbone 
conformer. 

Since the backbone construction process provides the position of C,, there is a 
strong bias to the side chain orientation. Thus, an acceptable course of action is 
the generation of only one sidechain conformation for each backbone conforma- 
tion. A substantial effort must be made to ensure that this one conformation the 
lowest energy possible for the given backbone. Second, because the side chains close 
together in sequence frequently are not close together in space, and therefore, do 
not interact strongly, it is a reasonable approximation to treat the side chains quasi- 
independently. Instead of finding all combinations of side chain atomic positions, 
the side chains can be processed sequentially so the time required for side chain 
placement increases linearly, rather than exponentially, with the number of residues. 

In order not to limit the options for using the program, five possible methods 
for generating side chain positions have been implemented. Some of the methods 
can generate only one side chain conformer; others can generate many. The first 
two methods described, ALL and FIRST, assume no quasi-independence of the 
sidechains whereas the others do. 

The first method, named ALL, generates all possible conformations by a series 
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Atom X Locus 
,..-.. 

Atom B 

Figure 1 An illustration of van der Waals avoidance. The construction of atom X is based on the posi- 
tions of atoms A, B, and C; the C-X bond distance, and 8-C-X bond angle. Depending on the value 
of xi. the center of atom X can be located anywhere on the circle illustrated as the ‘Atom X Locus’. 
Neighboring atoms, shown in dark gray, will block out parts of the circle, shown in dashed lines. The 
remaining part of the locus identifies the values of the torsion angle for which there are no van der Waals 
overlap. For illustrative purposes, the radii of the atoms in this figure are much smaller than actual 
values. 

of nested iterations over every sidechain as described above. The second method, 
named FIRST, uses the same algorithm as ALL except that all the iterations ter- 
minate when the first conformation for all the sidechains has been found. This 
method is useful for determining if a backbone conformation will accommodate the 
sidechains when details about the sidechain energetics are not required. 

The three other methods all depend on a function which evaluates the side chain 
positions as they are generated so that the best ones can be selected. “Best” is defined 
as the conformation whose evaluation function is numerically smallest. Two evalua- 
tion functions are currently provided, one based on positional deviations, and one 
based on the CHARMM energy function [13]. The evaluation function based on 
positional deviations is present for testing CONGEN as it provides a means for 
determining the limit of CONGEN’s ability to generate a known structure. If coor- 
dinates are available for the sidechain atoms, this evaluation function will determine 
the RMS shift between a generated side chain conformation and the initial coor- 
dinates. The second evaluation function computes the CHARMM energy of the 
sidechain atoms. 

In the first of these other methods, named INDEPENDENT, each side chain 
is placed independently, with atoms of the other side chains in the peptide being 
ignored; interactions with all other atoms in the system are included. The conforma- 
tion which has the lowest value for the evaluation function is selected for each side 
chain. When the RMS evaluation function is used, this method gives the optimum 
conformation, though it may be sterically inappropriate. However, it cannot be used 
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when the energy is the evaluation function unless the possibility of large repulsive 
van der Waals is not important. 

The COMBINATION method begins by generating a small number of the best 
side chain conformations for each side chain independently, as above. Then, these 
side chain conformations are assembled in all possible combinations, and those 
combinations which do not have bad van der Waals contacts are accepted. The 
number of conformations saved for each side chain must be small to avoid a com- 
binatorial explosion. 

The ITERATIVE method starts with an energetically acceptable side chain con- 
formation for all the side chains. This conformation is generated, if possible, using 
the FIRST method. Starting with this conformation, all the possible positions for 
the side chain atoms of the first residue are recalculated, and the conformation with 
the lowest energy is selected. The value of the evaluation function is also saved. This 
regeneration is done with all the other side chain atoms present so that their effect 
can be accounted for. The process is repeated sequentially for the rest of sidechains 
in the gap. The process then returns to the first residue and it is repeated over each 
side chain until the energies of the side chain atoms do not change or until the 
number of passes reaches an iteration limit. This method has the virtue that only 
one conformation is generated per backbone conformation, and it is an energetically 
reasonable one. However, if there are significant interactions between the sidechain 
atoms, the initial state of the sidechains will bias the iterative process, and the lowest 
energy side chain conformation may be missed. 

With any of the five methods described above, the CONGEN command can apply 
any of the minimization algorithms to the generated conformations. Minimization 
provides an ability to reduce the small van der Waals repulsions that are inevitable 
with coarse torsion grids. 

In a “experimental” test of side chain-building capabilities of CONGEN, the 
backbones of an immunoglobulin VL domain (McPc 603) and myohemerythrin 
were stripped of their sidechains and then were rebuilt. Two different orders for 
iteration over the sidechains were used; sequential from the N-terminus, or ordered 
by increasing distance from the center of gravity of the domain. In both cases the 
same result was obtained, namely, the buried core of the domain, where the side 
chain packing density was the highest, was rebuilt fairly accurately while side chains 
on the surface, particularly those carrying formal charges, were often placed into 
positions significantly different from the crystallographic positions [ 1 11. 

2.2 Organization of a CONGEN Conformational Search 

Within CONGEN, a degree of freedom signifies a computer operation applied to 
a group (zero or more) of atoms by either sampling a set of variables or performing 
an operation on existing atoms. When a conformational search is specified, the user 
indicates which degrees of freedom are to be sampled and also their order. The pro- 
gram automatically sets u p  a nested iteration over all of them. Only successful 
samples of a degree of freedom will invoke the succeeding degrees of freedom. The 
process can be visualized graphically in Figure 2. 

There are two reasons for taking this abstract approach to the operation of 
the search. First, it allows searches of arbitrary complexity to be performed. 
Second, the operations inherent in sampling a degree of freedom can be separated 
from the process of managing the search. Such modularity greatly simplifies the 
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. . O  Degree of Freedom 4 

Figure 2 Presented is the top portion of a search tree showing how the sampling process can be 
represented. Each successively deeper (meaning lower) level in the tree corresponds to a sampling of fur- 
ther degrees of freedom. The root node of the tree, which is at the top of the figure, represents the 
segment with no intervening residues constructed. The leaf nodes, which have no nodes emanating from 
them and which are not shown, are either completely constructed conformations or partially constructed 
conformations which were blocked because of the various constraints on the sampling. The completely 
constructed conformations will be as deep in the tree as are there are degrees of freedom to be sampled. 
The blocked conformations will be higher up. Intermediate nodes represent partially constructed confor- 
mations with a particular sampling of the degrees of freedom above it. Constraints applied early serve 
to delete many more possible nodes than pruning later on in the generation process. Adapted from 
reference 123) and used by permission. 0 1987 John Wiley & Sons, Inc. 

implementation of the program. In addition, once can apply the methods of state 
space search as developed in research into artificial intelligence [28]. 

Currently, six “degree of freedom” operators are provided in CONGEN. Three 
of them deal with atomic construction using stereochemistry. The backbone degree 
of freedom generates the position of the peptide backbone atoms, and the chain 
closure degree of freedom closes a loop. Because the G6 and Scheraga procedure 
finds multiple solutions to the chain closure, each solution is treated as a separate 
sample. The sidechain degree of freedom will construct sidechains onto any number 
of backbone residues, and depending on the method, it will generate either single 
samples or multiple ones. 

Two of the degrees of freedom are involved with input and output. The “WRITE” 
degree of freedom writes a conformation to a file each time it is invoked. It can 
also do some limited filtering of what is written by comparing the energy of each 
conformer against the minimum energy seen thus far. Normally, this filter will 
greatly reduce the number of conformers written to a file. In all cases, this degree 
of freedom does not generate any atomic positions, and it always succeeds. The 
“READ” degree of freedom can be viewed as an inverse of “WRITE”. It will read 
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Table 1 Testing CONGEN on known proteinsa. 

Secondary Protein Segment Min Min E 
Structure RMS RMS 

Helix Flavodoxin[26] 127-13 1 0.610 0.896 
Sheet Plastocyanin[84] 80-84 0.860 1.150 
Turn McPC 603[35] L 95-99 1.349 2.660 
Turn McPC 603 L 98-102 1.074 1.436 
Turn Kol[85] H 41-45 0.650 1.114 
Turn Kol H 4 1-46 0.685 0.789 
Turn Kol H 4 1-47 0.743 0.882 

aTests o f  CONGEN using known proteins. Adapted from ref1231 and used by permis- 
sion. 0 1987 John Wiley & Sons, Inc. 
bThis column presents the minimum RMS deviation to the crystal structure. For this 
calculation, the INDEPENDENT sidechain construction method was used, and side- 
chains were evaluated based on their agreement to the crystal structure. Thus, this 
column shows the theoretical lower limit of agreement for conformations generated by 
CONGEN. 
@Here, the ITERATIVE sidechain construction method was used, sidechains were 
evaluated based on their CHARMM energies. 

a set of conformations from a file, and then invoke succeeding degrees of freedom 
on each one. Conformations can be selected based on their energies, so it is possible 
to set up a “build-up” procedure [29] where the best conformations from one search 
are used as the starting point for adding additional residues. In addition, this degree 
of freedom allows a user to input his own set of conformations, which can be 
generated by arbitrary means. This approach was used by Martin et al. to process 
loop conformations as found in a database [6 ] .  

The final degree of freedom is the “Evaluate” degree of freedom. This operation 
is responsible for calculating either energies or root mean square (RMS) deviations. 
When used for energy evaluations, this degree of freedom can either calculate the 
energy, or it can perform minimization or dynamics on each of the conformers. 
When used for RMS deviations, it will compare the coordinates of the conforma- 
tions against a reference coordinate set. This is used for testing the search process; 
in particular, to see if a search is capable of generating the original experimental 
coordinates. 

2.3 Testing on Single Loops 
CONGEN was tested on a number of short segments in proteins with different 
secondary structures [23]. The testing was designed to answer two different ques- 
tions. First, does the limitation in degree of freedom to torsion angles, restrict the 
conformational space so that native structures cannot be generated? Second, how 
well the CHARMM energy function predict correct structures? Table 1 summarizes 
the results of these tests. Provided that the backbone is sampled well, the answer 
to the first question is that there is no limitation. A? seen in the middle column of 
the table, conformers are usually found within 1 A of the crystal structure. The 
second question is answered boy the last column in Table 1. In many cases, single 
loops are predicted within 1 A. However, in other cases, they are not. Figure 3 
shows a comparison between the CONGEN predicted structure and the X-ray struc- 
ture for the last loop in the table. 
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Figure 3 A stereo, stick figure showing the lowest energy conformation generated by CONGEN for 
heavy chain residues 41 to 47 in the antibody KOL!8S] (thin lines) and the X-ray conformation (thick 
lines). The RMS deviation between the two is 0.882 A .  Residues 40 and 48 which surround the generated 
segment are also included. Adapted from reference 1231 and used by permission. 0 1987 John Wiley 
& Sons, Inc. 

2.4 Surface Area Rule 

Because the energy function currently used in CONGEN is the in vacuo CHARMM 
potential energy, solvent effects are largely ignored. In modeling experiments with 
McPC 603, the conformational space of each of the loops was explored. In some 
cases, the lowest energy conformation was close to the X-ray structure. In other 
cases, the lowest energy conformation deviated significantly from the X-ray struc- 
ture, but the next lowest energy conformation agreed well. In all of these cases, the 
structures with the best agreement had the lowest accessible surface area. This made 
intuitive sense, as the solvent-accessible area of molecules is an approximate 
measure of the magnitude of solvent effects acting on the molecule; and proteins 
have been known to minimize their (nonpolar) solvent-exposed areas [ 1 1,301. 
Therefore, until solvent effects are incorporated into the energy calculation, loop 
conformations can be selected by examining all the conformations within 
8.4 kJ/mole (2 kcal/mole) of the minimum and using the one with lowest accessible 
surface energy. The “XCONF” command in CONGEN automates this task. 

3 APPLICATIONS OF CONGEN TO PROTEIN MODELING 

There have been a large number of applications of systematic conformational search 
to protein modeling. These range over homology modeling, small peptide structure 
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determination, theoretical studies of protein folding, and reconstruction of protein 
coordinates from C, coordinates. 

3.1 Homology Modeling 

Since many proteins evolve through the accumulation of small mutations, there are 
large families of proteins which have both similar sequence and structure. The pro- 
blem of predicting the structure of one protein from a homologous one is generally 
reduced to the prediction of the effect of the substitutions. In the case of many single 
substitutions, the sidechain construction operators in CONGEN can be used to 
model the replacement sidechains. Where there are more extensive substitutions or 
short deletions and insertions, then the full loop searching capabilities can be 
brought to bear. 

Nearly all of the homology modeling problems which have been attacked using 
CONGEN involve antibodies. In this section antibody modeling examples will be 
described for which there is experimental evidence to compare. Also, the modeling 
of a closely related protein, the T-cell receptor, will be presented. 

3.1.1 Antibody Modeling 
The antigen-combining sites of antibodies present ideal opportunities for experimen- 
ting with protein modeling procedures. First, the antibody structure, with its con- 
served @-sheeted framework and hypervariable combining site loops (antigen 
complementarity-determining regions or, CDR’s) is perfectly suited for loop-splicing 
experiments, both in the computer and in the laboratory [31]. Second, some 15 
X-ray crystallographic structures of antibody Fab fragments are currently available 
through the Brookhaven Protein Data Bank [32], and the number is steadily grow- 
ing into an impressive structural base supporting both homology modeling and 
structural analysis of various antibody antigeriic specificities. Finally, combining 
site model-building is often the only means of obtaining three-dimensional struc- 
tural information to guide protein engineering of practically important antibodies 
(e.g., anti-tumor therapeutic inimunoglobulins). 

The antigen combining site resides in the antibody Fv fragment, a non-covalent 
dimer of heavy and light chain variable domains (VH and VL). The domains 
themselves consist of conserved framework regions (essentially, an antiparallel, 
8-stranded @-sheet sandwich) and the six CDR loops (the LI-L3 loops in the VL 
domain and the Hl-H3 loops in the VH domain). The loops vary in length and 
sequence among different antibodies thus creating combining sites complementary 
to diverse antigens. 

The protocol for modeling antibodies consists of three steps: matching sequence 
by homology, construction of the framework, and construction of the hyper- 
variable loops. 

The goal of the sequence homology step is to find the antibody of known structure 
whose sequence is closest to the antibody being modeled. This can be done using 
the standard homology matching algorithms [33,34]. A second factor that must be 
included in the choice of antibody is the length of loops that must be constructed 
using CONGEN. If there is a choice between two nearly homologous structures, 
then one should choose the one which gives the shortest difference in the hyper- 
variable loops. Although the time will vary significantly with the number of glycine 
and proline residues in the loop, the local environment, and the orientation and 
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location of the endpoints; CONGEN can perform complete searches over loops 
up to about 10 residues using current computer technology. 

The next step in the antibody construction protocol is building the framework. 
First, one must use the “SPLICE command in CONGEN to change the sequence 
of the antibody of known structure into the antibody being modeled. Second, the 
coordinates of the hypervariable loops of the reference structure must be deleted. 

Finally, one must build the coordinates for the residues which changed in the 
framework. The “SPLICE command will preserve the backbone and C, coor- 
dinates if the sequence substitutions are of equal length. In such cases, only a search 
over the sidechains is necessary to build them. If a substitution requires a change 
in the length of the sequence, or if the substitution requires the removal or addition 
of a proline or glycine, then a loop search should be performed. The loop should 
be centered on the sequence changes, it should incorporate conserved positions from 
both sides of the changes, and it should be at least 4 residues long. 

Typically, all the individual sidechain substitutions are modeled using a single 
sidechain degree of freedom using the iterative search method. Then each of 
framework loop searches is done sequentially. 

Once all the framework substitutions have been made, the hypervariable loops 
can be constructed. Because of computer time limitations, the searches must be 
performed in sequential order. Since the framework structure is known in advance, 
the hypervariable loops are constructed from the framework out, so that the known 
structure can provide a partial template for constructing the lower loops. The order 
used is L2, H1, L3, H2, H3, and L1. 

Although the above protocol will work under ideal circumstances, Nature rarely 
provides ideal circumstances. However, procedures have been developed to deal 
with a number of problems than have arisen during antibody modeling. 

One of the most common problems is the failure of CONGEN is find any confor- 
mations for a loop. A related problem is finding only high energy conformers. In 
both cases, this is usually due to a small number of atoms that block the space near 
the endpoints of the loops because of imprecise positioning of side chains in the 
preceding framework construction. Usually, a visual inspection of the endpoints will 
reveal the problem. (The PEER program provided with CONGEN can be used for 
this purpose.) Alternatively, the conformational search debugging variables can be 
activated, and examination of the output will usually show a common residue 
involved in bad contacts. This second method must be used with caution since the 
debugging output of the program can be voluminous. 

Once the offending residue is found, the simplest solution is to incorporate it into 
the search of the loop itself. Because the degrees of freedom are general purpose 
operators, this is straightforward. Another option is to  use a finer grid for the 
backbone residues in this region. If the space through which a loop must pass is 
narrow, the finer grid should help. A third option, which is less likely to solve the 
problem, is to change the order of searching the backbone. Depending on the 
residues where the chain closure degree of freedom is applied, the conformations 
of the backbone will vary by a small amount. 

Another common problem that arises in the search is loops that are too long to 
be searched in reasonable time. The only option which has been tested is to break 
the search into pieces. Typically, two residues (both backbone and sidechain) are 
sampled at a time from each end of the loop, and the resulting conformers are 
written to a file. Succeeding searches use a small subset consisting of the lowest 
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Table 2 Summary of agreements for McPC 603a. 

Loop Length RMS ( A )  CPU 
( p  Vax I I )  

Total Backbone 

H1 5 1.7 0.7 4 hours 
H2 9 2.1 1.6 5 days 
H3 8 2.9 1.1 7 days 
L1 12 3.0 2.6 7 days 
L2 6 1.9 1.6 8 hours 
L3 6 1.4 0.8 5 hours 
Totals 46 2.4 1.7 20 days 

aThe RMS deviations for the loops (complete and backbone only) as well as the loop 
lengths and CPU times for the searches are given for each loop individually and for 
the six loops jointly. (Adapted from ref.[37], 0 1988 Macmillan Magazines Limited.) 

Table 3 Reconstruction of HyhellSa. 

Loop Length RMS ( A )  CPU 
( p  Vax [ I )  

Total Backbone 

H1 5 1.8 1.1 3 hours 
H2 7 3.1 2.1 20 min. 
H3 4 2.7 1 .o 2 hours 
L1 5 1.8 0.6 40 min. 
L2 6 1.7 0.8 31 hours 
L3 5 4.1 1.1 12 hours 
Totals 32 2.6 1.4 2.25 days 

aThe RMS deviations for the loops (complete and backbone only) as well as the loop 
lengths and CPU times for the searches are given for each loop individually and for 
the six loops jointly. (Adapted from ref.[37], 0 1988 Macmillan Magazines Limited.) 

energy conformers of the previous searches to extend the chain. The order of con- 
struction usually works from each end toward the center, although it is desirable 
to start at endpoints which are less exposed. Since less exposed endpoints have less 
space for sampling conformers, fewer conformers will result, and the likelihood 
that the correct conformer will be selected is increased. 

3.1.1.1 McPC 603 
The first published antibody modeling with CONGEN was performed on McPC 
603, a phosphorylcholine binding antibody [35]. In this study, CONGEN was used 
to generate conformations of each of the loops, and the results were compared 
against the X-ray structure as progress was made. This analysis of these conforma- 
tions provided the basis for the accessible surface rule. The final results are shown 
in Table2. 

3.1.1.2 HyHELS 
Using the protocol developed for McPC 603, a model of HyHELS [36] was con- 
structed [37]. The results are shown in Table 3. Because the loops in HyHELS were 
shorter than those in McPC 603, the construction was straightforward. However, 
two problems were noted upon comparison with the crystal structure. First, the 
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Table 4 Loop definitions and deviations for modeling 26-10. 

Loop Residues Number RMS ( A )  
Total Backbone 

HI Not done 5.1 a 3 . 5 a  
H2 50-57 8 3.6 3.5 
H3 98-106 9 5.5 5.2 
LI 31-37 7 2.9 2.1 
L2 55-66 6 5.0 3.6 
L3 94-101 8 3.3 2.8 

Totals 4.4 3.6 

'These deviations were calculated for residues 26-35. 

conformer selected for the H1 loop protruded into the space occupied by the H2 
loop. As a result, the H2 loop also deviated from the correct structure. This 
highlighted the difficulties with the sequential construction of the loops. Second, 
a number of the sidechains deviated from the X-ray structure. This was due to the 
fact that the modeling was done in the absence of the lysozyme antigen, whereas 
the crystal structure was of the antibody, lysozyme complex. All of the deviations 
occurred with hydrophobic sidechain which protruded to make contact with 
lysozyme, but were modeled to lay against the antibody. 

3.1.1.3 The Anti-digoxin Antibody, 26-10 
Numerous monoclonal antibodies have been raised against digoxin a cardiac 
glycoside [38]. Several properties of digoxin make it a valuable antigen in the study 
of antibody-antigen interactions. The antigen is quite large, and the steroid moiety 
is nearly rigid, with only a single rotatable torsion angle, the bond to the lactone 
ring. Even this torsion angle is sterically hindered so that there are only two states 
for the rotation. There are dozens of analogs for digoxin so that one can easily probe 
the specificity of the interaction. Many of the antibodies against digoxin have 
dissociation constants in the nanomolar range or better [38-401. 

The antibody, 26-10, was the first of the anti-digoxin antibodies modeled. McPC 
603 was used as the reference antibody. Table 4 gives the definition of the loops 
used for the first model. Loop H1 was not modeled because the only sequence 
difference in the definition of the loop was H 35 Glu --* Asn (this turned out to be 
an error.) 

In the first attempts at construction of the model, residues H Tyr 50 and H Trp 
104 in the center of combining site were modeled in a solvent exposed position. It 
appeared from a visual inspection of the model that H Phe 32 and H Tyr 33 were 
interacting with H 50. Since the definition for H2 started at H 50, we believed that 
extending the search to H 49 would allow for additional sampling for H 50. 
Therefore, the model was reconstructed with the extension of H2, and the sidechains 
of residues H 32 and 33 were included in the searches over H2 and H3. The resulting 
model had a cleft about the size of digoxin. About 10 side chains which were 
exposed to solvent and prominently located at the putative digoxin binding site were 
subjected to side-directed mutagenesis, and in almost all the cases, mutations to the 
selected positions resulted in alterations of antibody affinity for digoxin [39,40,41]. 

Nevertheless, the X-ray structure of 26-10 [42] turned out to differ from the 
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model that was constructed. The correct structure for 26-10 has a binding cavity 
lined with residues H 33 Tyr, H 50 Tyr, and H 104 Trp as well as the framework 
residue, H 47 Tyr. 

Upon comparing the two structures in detail, it was found that the H1 loop was 
substantially different for residues 28-30. These residues were outside the range for 
the H1 loop as we had determined 1431. As a result of this error and the sequential 
construction of the loops, H2 and H3 were constructed incorrectly. 

The results with 26-10 clearly demonstrate the importance of determining the 
endpoints to be used for modeling the loops, and the need to improve upon the 
sequential modeling protocol. However, the fact that polypeptide segments with 
essentially identical sequences may differ radically in their conformations presents 
a major challenge to all the protein modeling protocols [lo]. 

3.1.1.4 Antibody 40-150 Modeling 
A curious mutation in the antibody 40-150 1441 has also been analyzed [45]. The 
mutation of H94 serine to arginine results in a lo00 fold reduction in binding cons- 
tant. A subsequent deletion of the first two residues of the amino terminus of the 
heavy chain restores much of the binding energy. 

At first, reconstruction of the entire molecule of 40-150 was attempted. Unfor- 
tunately, the third hypervariable loop was too long to perform a successful search. 
CONGEN was then used to  model just the environment around position H 94, and 
it was discovered that the H arginine 94 can participate in a hydrogen bond network 
with residues H Asp 101, L Arg 46, and L Asp 55. Thus, in this case, dealing with 
a group of polar atoms buried inside and required to satisfy their hydrogen bonding 
potentials, the CONGEN-generated conformations were ranked not according to 
their calculated in vacuo energy or their solvent exposed surface but according to 
strength and quality of hydrogen-bonding they participated in (i.e., the CONGEN- 
calculated H-bond potential). A serine in position H 94 cannot participate in this 
network. When the two amino terminal residues are deleted, H Arg 94 becomes 
much more solvent exposed, and its charge would be solvated. As a result, it would 
not participate in the hydrogen bond network, and it would restore the network 
back to  the state when serine was in position, H 94. 

3.1.1.5 AN02 
AN02 is an anti-dinitrophenyl antibody [46] with very high homology to HyHel-5 
and Hyhel-10. It was modeled with CONGEN using two different starting structures 
[47]. The modeling was completed prior to the solution of the X-ray structure [48], 
and the two models were each compared against the X-ray structure, see Table 5 .  
In both cases the RMS deviation to the heavy chain was about 2.5 A and the 
deviations to the light chain were either 2.0 or 2.1 A. 

It is illustrative to review the protocols used for AN02. The heavy chain of AN02 
is 73% homologous with the heavy chain of HyHel-10, and the light chain of AN02 
is 83% homologous with the light chain of HyHel-5. Thus, two models were built, 
one where the heavy chains are superimposed using a least squares fit and the light 
chains are carried along, and a second model where the light chains are superim- 
posed and the heavy chains are carried a!ong. Both models ?re similar to each oth$r 
except for modest variations in L3 (1.3 A RMS), H1 (2.8 A RMS), and H3 (2.0 A 
RMS). 

Some of the loop constructions were different than encountered before. Loops 
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Table 5 Summary of agreements for  AN02, Model 

Loop Length RMS ( A )  
Total Back 

HI 9 3.4 2.2 
H2 I 2. I I .7 
H3 7 5 .5  3.6 
LI  6 2.7 1.4 
L2 7 0.8 0.8 
L3 7 3.8 2.4 

Totals  43 3.9 2.6 

aThe RMS deviations for the loops (complete and backbone only) as well as the loop 
lengths are given for each loop individually and for the six loops jointly for Model 1. 
The results from model 2 are very similar. (Adapted from ref.[47]). 

L2 and H2 were nearly identical to the parent anti-lysozyme antibodies, and there- 
fore, no loop construction was necessary. Loop L1 was constructed with no 
problems. 

Loop H1 had a change from Asp to Tyr at position 27 and an alanine insertion 
into position 34. The loop from position 26 to 34 was too long for a single CONGEN 
run, so the loop was split into two overlapping searches from 26 to 30 and from 
29 to 34. 

Loop L3 was a seven residue loop contain two sequential proliness. The first 
attempt to construct this loop failed to find any conformations. The search was then 
repeated with the backbone torsion grid for the prolines was reduced to 15", and 
low energy conformations were obtained. 

The H3 loop was also seven residues containing a proline. Using a 30" grid, no 
low energy conformations were found. Since there were no atoms blocking the end- 
points, the search was repeated using a 15" search, and many good conformations 
were found. 

3.1.2 The T-cell Receptor 
The T-cell receptor, coupled with proteins of the major histocompatibility complex 
(MHC), is the primary sensor of the cellular immune response [49,50]. The 
antigen/MHC binding element is a dimer of two subunits, a and 0, linked by a 
disulphide. There are sufficient sequence and structural similarities to  strongly sug- 
gest that the T-cell receptor has a variable domain with the same structure as the 
variable domain of antibodies [5  1-53]. 

Novotny et al. [54] devised a single chain flourescein binding T-cell receptor 
(named RFL3.8) from the variable domains of the receptor and constructed a model 
of it using the antibody construction protocol described above, except that the 03 
hypervariable loop was too long to completed in reasonable time. The conforma- 
tional search on this loop was truncated after 7 days of computation [55 ] ,  and the 
lowest energy conformer found was used in the model. In addition, the 23 residue 
linker between the a and 0 chains was modeled by using a very narrow range of 
6, rl. torsion angles for the backbone conformations. Since the structure of the linker 
is expected to be disordered in solution because of its large percentage of glycines, 
the goal of this linker model was to generate a plausible structure. 
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Although experimental structural studies on the single chain T-cell receptor 
remain to be performed, two site directed mutation experiments suggest that the 
structure is largely correct. First, after the receptor was first cloned, it was noted 
that it was poorly soluble. Examination of the model revealed that five hydrophobic 
sidechains were present on the surface opposite to the combining site. In immuno- 
globulins, these residues were all hydrophilic. All five of these hydrophobic residues 
were mutated to hydrophilic residues. The resulting receptor was more soluble than 
the original and had nearly identical fractionation and binding properties. 

Second, the model of the single chain T-cell receptor was superimposed on the 
anti-flourescein antibody 4-4-20 [56]. The model shows a cavity whose size and 
relative location is similar to that of the antibody. Six residues within the cavity of 
the RFL3.8 T-cell receptor as well as a lysine residue outside the combining site were 
mutated to alanine. Five of the six mutants made from residues within the cavity 
lost binding to flourescein, and the mutant of the external lysine had no change in 
binding relative to the wild type receptor [57]. Although the experience with 26-10 
illustrates that the T-cell receptor model could be incorrect, these experimental 
results are very encouraging. 

3.2 Small Peptides 
Conformational search has been extensively applied to the structure of small pep- 
tides [58-631. CONGEN has the necessary code and topology files for D amino 
acids, as well as the logic for handling cyclic peptides where the residues are joined 
in the backbone. 

This capability was used in the determination of the structure of cyclo-(D-Trp-D- 
Asp-L-Pro-D-Val-L-Leu) [64], an antagonist for the endothelin ETA receptor. The 
structure was determined by both NMR spectroscopy and by global energy minimi- 
zation using conformational search. Since the peptide was cyclic, the modified Gb 
and Scheraga chain closure algorithm could be used on the backbone, and therefore, 
the free backbone torsions could be sampled using a 10" or 15" grid. All backbone 
conformations were minimized by 50 steps of Adopted Basis Newton-Raphson 
minimization [ 131. 

The RMS deviation for heavy atoms between the average experimental stfucture 
and the lowest two energy CONGEN structures were 0.25 A. and 2.12 +. The 
backbone RMS deviations for these two structures were 0.22 A and 0.37 A.  The 
difference between the two lowest energy structures was the orientation of tryp- 
tophan sidechain. Otherwise, the CONGEN determined structures was nearly iden- 
tical to the experimental structure. 

3.3 Sidechain Reconstructions 
Because the sidechain degree of freedom can be invoked independently of any other 
degree of freedom, CONGEN has been used in a number of applications where 
sidechain positions needed to be modeled [ 1 1,65-681. 

3.3.1 Incorrectly Folded Structures 
An important test of any protein modeling procedure is the ability to discriminate 
correctly from incorrectly folded proteins. Novotny et al. [ 1 1,661 constructed 
models of sea-worm hemerythrin and the variable domain of the mouse K light chain 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
3
7
 
1
4
 
J
a
n
u
a
r
y
 
2
0
1
1



168 ROBERT E. BRUCCOLERI 

where the structures were clearly incorrect. Both of these proteins have the same 
length. The incorrect models were generated by swapping the sidechains of one 
protein onto the backbone of the other. In the first of these studies [66], the 
sidechains were initially constructed using trans sidechain torsion angles, and then, 
energy minimization was used to refine the sidechain positions. In the second study 
[ 111,  the sidechain modeling was improved by using the sidechain construction 
operator in CONGEN to rebuild the sidechains. The energies of the new models 
were improved, but the incorrectly folded models still had excessive non-polar 
solvent exposed sidechain surfaces. 

The sidechain construction operator was tested on the native protein structures. 
For both proteins, sidechain atoms beyond C, were removed, and the iterative 
sidechain algorithm was used to rebuild all the sidechains. elthough $ere was great 
variation in the individual sidechain deviations (from 0.0 A to 6.5 A), the largest 
differences were found with exposed sidechains. As the energy functions used to 
select sidechain conformations are improved, the agreement in the interior should 
also improve. 

3.3.2 Coiled coils 
Supercoiled dimers of a-helices are a common structural motif in transcriptional 
factors [69,70] and fibrous proteins [71]. The structural parameters for the super- 
coiling [72] can be used to construct the the peptide backbone in these dimers [67]. 
The sidechains for a particular sequence can then be added using the sidechain con- 
struction operator from CONGEN. It is possible to optimize the dimerization by 
calculating the dimerization energy while varying the supercoiling parameters. Two 
examples of such calculations are given below. 

Synthetic oligoheptapeptides having an alternating pattern of hydrophobic and 
hydrophilic residues (Lys-Leu-Glu-Ala-Leu-Glu-Gly), were shown to dimerize when 
the repeat length was at least four. Shorter peptides showed random structure [73]. 
The experiments were performed on peptides with repeats of one to five. 

Models of the five peptides were constructed by using the supercoiling para- 
meters of Crick and optimizing the distance between the helices and rotation 
angle of the helices. The peptide sidechains for each of these trials was constructed 
with the iterative sidechain construction method of CONGEN. Using an empirical 
free energy potential 1661, the free energy of helix and dimer formation was 
calculated, and it was found that the energy of helix and dimer formation was 
positive for repeat lengths of one through three, and negative for four and 
five. 

Using the construction protocols developed for the coiled coils, models of the 
leucine zipper DNA-binding proteins; fos, jun, GCN4; were used to calculate the 
stability of various homo- and heterodimers [68]. Recently, the X-ray structure for 
GCN4 was published [74], and the model structure for GCN4 was compared against 
the X-ray structure. Th: overall RMS deviation for a least squares superposition 
of all atoms was 2.70 A ,  but most of this deviation is due to the hydrophilic 
sidechains which would be expectec to be disordered in solution. The RMS deviation 
for tpe backbone atoms is 1.08 A ,  and the deviation for all the sidechains was 
3.58 A.  The agFeement for the leucine and valine sidechains found in the interface 
was only 1.51 A.  Visually, the packing of the leucine and valine sidechains in the 
interface is also preserved. 
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Table 6 RMS deviations for reconstructions from C, coordinatesa. 

Protein RMS C, ( A )  RMS backbone ( A )  
Myohemerythrin[86] 
Flavodoxin[26] 
Concavalin A1871 
Triose phosphate isomerase[88] 
Carboxypeptidase A[89] 
McPC 603 Heavy Chain[3S] 
Thioredoxin[90] 
Triacylglycerol acylhydrolase[91] 

0.87 
0.36 
0.73 
0.46 
0.62 
0.30 
1.28 
1.02 

0.89 
0.60 
0.99 
0.71 
0.84 
0.50 
N A ~  
N A ~  

aAdapted from ref.[75] and used by permission. 0 1992 Wiley-Liss Inc. 
bNot available because only C, coordinates were published. 

3.4 Reconstruction of the Backbone Coordinates from C, Coordinates 
A substantial fraction of the protein coordinate sets in the Brookhaven Protein Data 
Bank [32] contain only coordinates for the a-carbons. It is highly desirable to 
reconstruct the remaining coordinates from them. 

We have begun exploring the use of a directed search of conformational space 
in order to find good conformations for segments too long to be sampled 
exhaustively. Since a systematic search can be described as a traversal of a search 
tree, information about partial conformations can be used to direct the traversal 
(see Figure 2). For example, the best first search method begins by sampling the 
first degree of freedom. The partial conformer generated in this first step which has 
the best RMS deviation for the C, position will be used as first partial conforma- 
tion for sampling the second degree of freedom. Thereafter, the search tree is 
examined for the partial conformer that has the best RMS deviations for its C,'s, 
and the program selects for sampling the degree of freedom which extends the best 
partial conformation. AIthough this best first search method does not lead by itself 
to good quality conformations for large searches, variants of this procedure do work 
very well [75,76]. The a-carbon reconstruction problem is well suited to a directed 
search because any backbone conformation which deviates significantly from the 
a-carbons can be ignored. Once the backbone is constructed, the sidechain construc- 
tion operator can then be used to generate sidechain positions. Because the construc- 
tion of sidechains depend much more on the accuracy of the non-bonded interaction 
potential, the accuracy of the sidechains will not be as good as the backbone. 

The results of a number of test fits are given in Table 6. In all of these cases, 
the complete structures were found in a single search using a 5" grid and generating 
approximately 5 x lo7 partial conformers. The branching factor on each back- 
bone degree of freedom was around 600 conformers. Yet, these results are com- 
parable to other methods which use geometric information [77], energy minimization 
[78], or protein fragments from a database [79-811. 

3.5 Comparison to Dynamics 
Molecular dynamics is a widely used technique for sampling conformational space. 
It has been compared to conformational search both in terms of efficiency and com- 
pleteness [82]. 
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In this study, the motion of the six hypervariable loops of the variable domains 
of McPC 603 was simulated at temperatures of 500"K, 800"K, and 1500°K. The 
framework residues were rigidly fixed. The simulations were run for periods of 
11 1.5, 101.7, and 76.3 picoseconds, respectively, and they were analyzed in a variety 
of ways to measure the conformational space that was explored. In all cases, the 
trajectories never converged to any region of conformational space. 

Two of the hypervariable loops, H1 and L2, were defined with lengths short 
enough that a conformational search was completed within a day of VAX 780 CPU 
time, and the conformational spaces sampled by dynamics and CONGEN were 
compared. 

At 500"K, the space generated by CONGEN was larger by all measures that were 
used. In addition, for the H1 loop, many conformations were found by CONGEN 
which were far from any conformations in the trajectory, whereas all dynamics con- 
formations were found close to some CONGEN conformation. For the L2 loop, 
the conformational samplings generated by each method had unique conformers. 

At 800"K, most of the measures of conformational space were larger for the 
CONGEN sampling, but the volume measure for H1 was larger for the dynamical 
sampling. For both loops, the two samplings each had unique conformers. 

At 1500"K, the dynamics sampling was larger by all measures. Given the extensive 
cis-trans peptide bond isomerization, this was predictable. 

The result of this comparison suggest that for problems where the conformational 
space is short enough for systematic search, then it should be employed because of 
its greater coverage and efficiency. However, it must be realized that conforma- 
tional search does not sample over bond angles, and this could result in missing 
some regions of conformational space that molecular dynamics at high temperature 
might encounter [83]. 

4 CONCLUSION 

Systematic conformational search is a useful tool for a variety of problems in 
protein and peptide modeling. A number of problems have been described for 
which systematic search provided useful insights and reasonable agreement with 
experiment. Nonetheless, the full potential of this method has not been realized. 
Improvements to the energy functions and to the search methods will extend the 
range and type of problems to which this technique can be applied. In addition, 
we will gain further insight into the energetics of protein folding as a whole. 

For information about obtaining the CONGEN program, please contact the 
author. 
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