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Abstract

We present an automated method incorporated into a software package, FOLDER, to fold a protein sequence
on a given three-dimensional (3D) template. Starting with the sequence alignment of a family of homologous pro-
teins, tertiary structures are modeled using the known 3D structure of one member of the family as a template.
Homologous interatomic distances from the template are used as constraints. For nonhomologous regions in the
model protein, the lower and the upper bounds for the interatomic distances are imposed by steric constraints and
the globular dimensions of the template, respectively. Distance geometry is used to embed an ensemble of struc-
tures consistent with these distance bounds. Structures are selected from this ensemble based on minimal distance
error criteria, after a penalty function optimization step. These structures are then refined using energy optimi-
zation methods.

The method is tested by simulating the a-chain of horse hemoglobin using the o-chain of human hemoglobin
as the template and by comparing the generated models with the crystal structure of the a-chain of horse hemo-
globin. We also test the packing efficiency of this method by reconstructing the atomic positions of the interior
side chains beyond CB atoms of a protein domain from a known 3D structure. In both test cases, models retain
the template constraints and any additionally imposed constraints while the packing of the interior residues is op-
timized with no short contacts or bond deformations. To demonstrate the use of this method in simulating struc-
tures of proteins with nonhomologous disulfides, we construct a model of murine interleukin (IL)-4 using the NMR
structure of human IL-4 as the template. The resulting geometry of the nonhomologous disulfide in the model
structure for murine IL-4 is consistent with standard disulfide geometry.
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The three-dimensional (3D) structural similarity between
proteins of unknown structures has generally been inferred
from their relative distance to one another in a phyloge-
netic tree constructed from primary sequence information.
Homologous proteins with strong sequence similarity are
known to have similar tertiary structures. However, pro-
teins with weak sequence similarity, in some cases, show
strong structural homology. For example, the crystal
structures of CD4 (Ryu et al., 1990; Wang et al., 1990)
and PapD (Holmgren & Branden, 1989) show strong
structural homology but weak sequence similarity. This
suggests that the diversity in tertiary topology is much
more limited than the diversity found in the amino acid
sequences of proteins. Although much progress has been
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made in understanding the relationship between primary
sequence information and the tertiary structure it en-
codes, the rules of protein folding remain poorly under-
stood. Thus, modeling of protein structures based on
sequence homology remains the primary means of pre-
dicting the structure of a protein prior to obtaining actual
X-ray crystallography or NMR structural data.
Homology modeling/comparative modeling was used
by Browne et al. {1969) to model bovine a-lactalbumin
from hen egg-white lysozyme. McLachlan and Shatton
(1971) pointed out the structural similarities between -
Iytic protease of Myxobacter 495 and elastase, which be-
long to the same family. More recently, a systematic
approach to homology/comparative modeling was pro-
posed by Greer (1981) to model members in a protein
family when the 3D structures of some members of the
family are known. In this method, the known 3D struc-
tures of the proteins in a given family are superimposed
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to define the structurally conserved regions in that family.
Among the members of a given family, there is consid-
erable variation in the conformations of regions located
between two consecutive structurally conserved regions,
and thus, these regions are called the variable regions.
These variable regions essentially contribute to the iden-
tity of a protein in its family. Although the Cartesian co-
ordinates of the template protein are generally successful
in constructing the structurally conserved regions for a
structurally undefined member of that family, the mod-
eling of the variable regions has been a major problem in
this approach. Many suggestions to solve this problem ex-
ist in the literature (e.g., Fine et al., 1986; Moult & James,
1986; Snow & Amzel, 1986; Bruccoleri & Karplus, 1987;
Chothia et al., 1989; Claessens et al., 1989; Martin et al.,
1989). However, all of these methods have their short-
comings, some of which are highlighted below.

The homology method proposed by Greer (1981) along
with the knowledge-based approach (Claessens et al.,
1989) for modeling variable regions often lead to models
with high-energy short contacts between nonbonded at-
oms. These high-energy contacts are usually between in-
tervariable regions that are grafted from different known
protein structures. In cases where the sequence identity in
the structurally conserved regions between the template
and the model protein is weak, the interior residues are
also susceptible to short contacts. Generally, these short
contacts are removed by performing rotation around sin-
gle bonds using interactive graphics, which is a tedious
and, at times, impractical procedure. Energy minimiza-
tion is used to relax strains in a model. However, the min-
imization procedure leads to structures that are trapped
in local minima and relies entirely on the integrity of the
starting structure. Knowledge-based methods used to
model insertion/deletion sites require a database of sim-
ilar local folds and are not useful to model proteins on
templates that are of unique tertiary topology.

Ponder and Richards (1987) used a combinatorial ap-
proach to replace the buried side chains of template to
generate a list of sequences that could be packed in a given
template. In this method, the backbone of the template
protein is held fixed while changing the side chains and
their conformers. However, it is well documented that
the backbone atoms of proteins folding in the same tem-
plate are not necessarily superposable (Chothia & Lesk,
1982). In structurally homologous proteins sharing the
immunoglobulin (Ig) fold, a twist of nearly 20-30° be-
tween the sheets is tolerated, as well as a root mean square
(rms) deviation of more than 2-3 A in the backbone. Ad-
ditionally, swelling of the entire Ig fold is observed in
the structures of PapD (Holmgren & Branden, 1989) and
CD4 (Ryu et al., 1990; Wang et al., 1990) when compared
to the Ig structures. Thus, homology modeling methods
need to accommodate repositioning of backbone atoms.

The tertiary topology of a protein is an invariant with
respect to distance space, dictated only by the interaction
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between atoms in a manner proportional to the distance
between all of the atoms in a protein. Thus, it is realistic
to compare the homology between protein structures in
distance space. Distance geometry methods have been
used earlier by Srinivasan et al. (1986) to build a model
of bungarotoxin consistent with the topological constraints
from two other known homologous structures, along with
the other known experimental constraints for bungaro-
toxin. Havel and Snow (1991) used a similar approach
to simulate the structures of several Kazal-type trypsin
inhibitors based on sequences with a relatively high per-
centage of identity and on structures with absolute con-
servation of disulfide bridge topology. In both cases, it
has been shown that the structure conservation con-
straints are well retained by the model structures.

Here, we describe a systematic approach to homology
modeling using distance geometry. We present the algo-
rithm and a set of computer programs that automates
the simulation of protein models with strong or weak
sequence similarity to a known tertiary template using dis-
tance geometry. This method also provides for modeling
proteins with large insertion/deletion regions and that
contain disulfides that are nonhomologous to the tem-
plate protein. The various steps in the simulation of mu-
rine interleukin (IL)-4 model on the solution structure of
human IL-4 are used to illustrate the strengths of our
method.

Results

To assess the ability of our method to model homologous
proteins with high sequence identity we utilized the o-
chain of human hemoglobin (Brookhaven Protein Data
Bank [PDB] code: 2HHB) as a template to model the a-
chain of horse hemoglobin (PDB code: 2DHB). The horse
hemoglobin «-chain bears 84% sequence identity with the
human hemoglobin a-chain. From the sequence align-
ment file, a hybrid coordinate file for the horse hemoglo-
bin subunit was constructed as described in the Methods.
A distance constraint file and a hybrid structure file for
the model protein was generated by the automated pack-
age (described in the Methods) within a few seconds on
a Silicon Graphics workstation model 4D/220. The hy-
brid structure file and the distance constraint file were
used to embed 20 structures using DGEOM, a distance ge-
ometry program (Blaney et al., 1989) and three structures
with the least distance errors were selected. These three
structures are shown superimposed on the crystal struc-
tures of human and horse hemoglobin (Fig. 1A-C). The
rms deviations of the three model structures from the tem-
plate structure are given in Table 1. Table 1 also includes
the rms deviations of horse hemoglobin model structures
with that of the crystal structure. The rms deviations be-
tween the model structures simulated by our method and
the template are observed to be 0.001 A for both Co atoms
and backbone atoms (Table 1), showing that the model
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Fig. 1. A:Stereo view of the a-chain
of the three selected models (2DHB
#11 [red], 2DHB #3 [pink], and
2DHB #13 [cyan]) of horse hemo-
globin superimposed on the crystal
structure of «-chain of human
(green) hemoglobin. B: Stereo view
of the a-chain of the three selected
models (cyan, pink, and red) of
horse hemoglobin superimposed on
the crystal structure of a-chain of
horse (yellow) hemoglobin. C: Ste-
reo view of the a-chain of the three
selected models (cyan, pink, and red)
of horse hemoglobin superimposed
on the crystal structures of a-chain
of human (green) and horse (yellow)
hemoglobins.
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Table 1. Comparison of root mean square (rms) deviations
of the models of the a-chain of horse hemoglobin from the
crystal structures of a-chains of both the human (PDB code:
2HHB)} and horse (PDB code: 2DHB} hemoglobins

Protein | Protein 2 Trace Backbone All atoms
2DHB 2HHB 0.581 0.659 —
2DHB 2DHB_11 0.581 0.659 1.026
2DHB 2DHB_3 0.581 0.659 1.044
2DHB 2DHB_13 0.581 0.659 1.033
2HHB 2DHB_11 0.001 0.001 -
2HHB 2DHB_3 0.001 0.001 —
2HHB 2DHB_13 0.001 0.001 -

structures are consistent with the template constraints.
The rms deviation of the model structures with the crys-
tal structure of horse hemoglobin are of the same order
as that of the crystal structures of horse (2.8 A resolution)
and human (1.74 A resolution) hemoglobin «-chains. The
rms deviation of all the atoms of the model structures
with the horse hemoglobin crystal structure is 1.0 A.
Having established that the model structures are con-
sistent with the template constraints, we decided to test
our method for modeling proteins with a lower percen-
tage of sequence identity in the core region. For this pur-
pose, we created a hypothetical worst-case template of a
protein domain from the PDB by replacing the interior
residues with alanines and reconstructing the interior side
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chains of the protein using our methodology. This rep-
resents a case where the model protein bears the least
sequence identity with the interior side chains of the tem-
plate protein, thus testing the efficiency of this method
in packing the interior of the protein. We utilized the vari-
able light chain domain of the Fab fragment (VL3FAB)
from a crystal structure in the PDB (PDB code: 3FAB).
The ribbon diagram of the tertiary fold of this structure
is shown in Figure 2A (green). The residues L4, V10, V18,
120, C22, V32, W34, F61, V63, K65, L72, 174, Y85, C87,
S89, V98, T103, and L105 forming the interior of this do-
main were replaced by alanines, and the resulting struc-
ture was used as the template. Twenty structures were
simulated using the automated programs presented in the
Methods and three structures with the least distance er-
rors were selected. These three structures were energy op-
timized and are shown superimposed on the crystal
structure in Figure 2A. The rms deviation of the coordi-
nates held rigid by the template constraints in the three
structures are given in Table 2 along with their initial and
final energies. The initial potential energies of all the
structures are comparable with the crystal structure en-
ergies, showing that the simulated structures have no se-
rious short contacts. For the interior residues listed above,
x1 values in the three simulated structures are compared
with those from the crystal structure in Table 2. Whereas
similar x; values among the simulated structures reflect
unique side chain conformers within the same general
packing configuration, dissimilar x; values suggest aiter-

Table 2. Comparison of x,; values (degrees) of the interior residues, initial and final
energies (kcal), and rms deviations (A) of three selected simulated structures with
the crystal structure of the light chain constant domain of immunoglobulin

(PDB code: 3FAB) as described in the text

Residue Crystal x; VL3FAB #4 x, VL3FAB #20 x, VL3FAB #5 x,
L4 -7 —149 -70 —155
Vio —180 77 —151 —80
VI8 -70 —62 -166 —160
120 —57 -40 —69 94
Cc22 62 —158 —161 180
V32 75 71 —165 60
W34 —81 —65 -103 —-92
F6l —68 -52 —49 —43
V63 69 65 75 84
K65 —169 —154 —74 —~76
L72 —164 —157 —161 —165
174 174 49 —180 —61
Y85 —66 —131 -71 —86
C87 66 —170 —168 —165
589 -171 66 59 —162
VI8 =72 —-171 —93 —60
T103 —55 44 63 174
L105 —-152 -71 —124 43
Initial energy 2,477 2,702 2,714 2,723
Final energy 195 223 199 204
rms deviation — 0.63 0.56 0.66
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Fig. 2. A: Stereo view of ribbon di-
agram of the light chain constant do-
main of immunoglobulin (PDB code:
3FAB) crystal structure (green) su-
perimposed on the ribbon diagram of
the three selected structures: VL3FAB
#4, VL3FAB #5, and VL3FAB #20.
B: Stereo view of ribbon diagram of
VL3FAB #4 (red) superimposed on
the crystal structure (green). W38,
F58, and Y82 residues of VL3FAB #4
(red), VL3FAB #5 (yellow), and
VL3FAB #20 (pink) are shown relative
to these residues in crystal structure
(green). C: Stereo view of VL3FAB #4
(red) superimposed on the crystal
structure (green).



S. Srinivasan et al.

MURIL4: ————-— HGOCDENHLREIIGCILNEVTCECGCT P U TEMDVENVLTATENT
HUMILA: -EAEAHK DIT-IQEITKTLNSLTEQRTL CTELTVTDIFAASKDT Fi .
} ig. 3. Sequence alignment between
TEMPLT: ———————————— LOEITKTLNSLTEQKTL TELTVTDIFAASKDT murine interleukin (IL)-4 and human
IL-4 used in constructing the model
of murine IL-4. TEMPLT sequence
MURIL4: TESELV RASKVLRIFYLKHCK-TP LKENS------- SVLMELQ shows residues of human IL-4 used
HUMILA: TEKETF RAATVLRQFYSHHEKDTRCLGATAQQFHRHKQLIRFLK as template in building the model.
TEMPLT: TEKETF RAATVLRQFYSHHEK---(L-——=———————— LIRFLK Residues are color coded as follows:
lime, residues involved in turns in
backbone; blue, basic; red, acidic;
MURIL4: RLFRAFR LDSSISCTMNESKSTSLKDFLESLKSIMQMDYS---- & hydrophobic;yellow, cysteine;
HUMIL4: RLDRNLWCLAGLNS  PVKEADQSTLENFLERLKTIMREKYSKCSS ack, @l others.
TEMPLT : RLDRNLWCLAGLNS . PVRKEADQSTLENFLERLKTIMREKYSKCSS

nate packing arrangements for the interior of the protein,
which satisfy the distance constraints. It is interesting to
note that one of the simulated structures, VL3FAB #4,
shown superimposed on the crystal structure in Figure 2B,
has W34 and F61 oriented in the same fashion as in the
crystal structure. Structure VL3FAB #20 has 11 out of 18
interior side chains, including all ring side chains, with x;
values comparable to the crystal structure. In all three se-
lected structures the three ring side chains are found to
occupy the same volume element as in the crystal struc-
ture (Fig. 2B).

The second test case establishes that our method can
preserve structure conservation constraints and results in
well-packed structures with no short contacts and no
bond deformations even in the cases with weak sequence
identity in the core region. This is also reinforced by the
similarities in the potential energies of the model struc-
tures, which are comparable to the crystal structure.
Thus, all the simulated structures provide a good start-
ing structure for energy-based refinements without much
user interaction. In this test case, an average of 64% of
the ring side chains assumed the same orientation as in the
crystal structure, suggesting the important role of interior
packing in protein folding.

To test our method for generating structures for pro-
teins with an overall lower percentage of identity, large
insertion/deletion regions and nonhomologous disulfides,
the structure of murine IL-4 was simulated using the 3D
solution structure of human IL-4 (Powers et al., 1992;
Smith et al., 1992) as the template. Figure 3 shows the se-
quence alignment of the two proteins used in building the
model. There are two deletion sites in murine IL-4, and
they are positioned such that the regions of strong se-
quence similarity are minimally perturbed. In Figure 3,

the sequence TEMPLT consists of all amino acids from
the human IL-4 sequence except those near insertion/de-
letion regions. A minimum of two residues from either
side of the insertion/deletion sites are removed in the
TEMPLT structure to allow for the required flexibility in
simulating the conformations of the deletion regions.
The alternate disulfide link in murine IL-4 between
Cys-3 and Cys-85, as compared to human IL-4 (Carr et al.,
1991), was accommodated with the addition of disulfide
constraints during the simulation. As we noted previously
(Curtis et al., 1991), the third helix bears the least simi-
larity in the sequence alignment between murine and hu-
man IL-4, and, without additional information, the
placement of the large deletion site is ambiguous. How-
ever, to accommodate the nonhomologous disulfide
bridge found in murine IL-4 between Cys-3 and Cys-85,
this deletion was placed near the beginning of the third
helix. The upper and lower bounds for the atoms in the
cysteines involved in the disulfide are taken from Sowd-
hamini et al. (1989). Three structures were simulated and
energy minimized. In Figure 4A (ribbon) and 4B (atomic
detailed), one of the model structures of murine IL-4 (red)
is shown superimposed on the human IL-4 structure
(green). The two conserved disulfide bridges between hu-
man and murine IL-4 are shown in yellow in Figure 4A,
whereas the nonhomologous disulfides are rendered in the
respective colors of the protein structures. The rms devi-
ation of the backbone atoms between these two structures
is 0.64 A when superimposed using the TEMPLT resi-
dues. Figure 4C shows three structures of murine IL-4
embedded using our distance geometry method. The en-
semble of conformations for the variable regions in the
models have no short contacts and retain trans configu-
rations. The loop conformations among the three struc-

Fig. 4. A: Stereo view of ribbon representations of murine IL-4 (red) model superposed on the NMR structure of human IL-4
(green). Yellow CPK shows the two homologous disulfides in both the structures. Green CPK shows the nonhomologous disul-
fide in human IL-4, and red CPK shows the nonhomologous disulfide in murine IL-4. B: Stereo view of atomic detailed struc-
tures of murine IL-4 (red) model superposed on the NMR structure of human IL-4 (green). The three disulfides in human IL-4
structure are shown in cyan and the three disulfides of murine IL-4 are shown in pink. C: Stereo view of ribbon representations
of three simulated structures of murine IL-4 showing the different loop conformations. Disulfide cross-links in the three struc-
tures are shown in CPK. Full atomic structure in red is shown for one simulated structure.
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tures generated by this method vary considerably and
reflect the general problem related to modeling loops in
proteins. However, the short portion of 3-sheet in the two
overhand loop regions shown in the solution structures of
human IL-4 and the helical turns shown in one of the
structures (Powers et al., 1992) are conserved in the mu-
rine model. The three disulfides are classified as grade B
disulfides in the murine 1L-4 model (terminology of
Sowdhamini et al., 1989). It should be mentioned that in
the NMR structure of human IL-4 used as the template,
the three disulfides are of grades E (C7-C131), B (C28-
C69), and C (C50-C103). The simulated geometry of the
disulfide crosslink between Cys-3 and Cys-85 in the mu-
rine 1L-4 model, for which there is no homologous disul-
fide in the human IL-4 structure, shows that the distance
constraints used to simulate disulfide crosslinks are suf-
ficient to generate converged structures. All structures re-
ported here are minimized to an rms of 0.1 kcal/ A, and
minimization is done only with nonhydrogen atoms, due
to the fact that only nonhydrogen atoms are simulated.
Starting with the sequence alignment file shown in Fig-
ure 3, the CPU time necessary to simulate one structure
of murine IL-4 is roughly 3 h on a Model 4D/220 Silicon
Graphics workstation.

Discussion

The method described here has inherent advantages
over conventional homology modeling methods. In our
method, there are no short contacts in the simulated struc-
tures that usually result in unacceptable strains during
the energy refinement step. In conventional methods, the
bond stretching and the bond bending strains are kept
negligible at the expense of short contacts. Often, these
contacts cannot be eliminated by minimization procedures
and are generally rectified interactively by rotating single
bonds of amino acids involved in short contacts. Rota-
tions around main-chain bonds required to remove short
contacts often are not feasible solutions to this modeling
problem. For example, in larger proteins, individual bond
rotations are time consuming and generally not practical.
1t should be mentioned that although energy refinement
procedures are very efficient in removing strains in bond
stretching and bending forces, these methods may actually
introduce additional strain while removing short contacts.

Apart from being laborious, conventional methods
do not accommodate the cooperative movements in the
atomic positions, especially in residues that comprise the
interior of a protein. In contrast, we demonstrate that
the structures embedded by using our method are opti-
mized by forcing the distance between any two atoms
within the lower and upper bounds, thus avoiding close
contacts. An additional advantage of the distance geom-
etry method is the random embedding of different struc-
tures, allowing all possible positions for side-chain atoms
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to be explored, thus filling the interior of a protein uni-
formly. Furthermore, in the distance geometry approach,
all the side-chain atoms are treated with the same weight-
ing, leading to the optimal packing of interior residues
even when the sequence similarity between the residues in
the template and model protein is weak in structurally
conserved regions. Our method also enables simulation
of structures with alternative packing of the interior res-
idues. This property should be very useful in choosing sin-
gle-site mutations for structure-function studies of
proteins where alternative interior packings may lead to
profound effects on exterior conformations.

Our method expands on the earlier works of Sriniva-
san et al. (1986) and Havel and Snow (1991). We demon-
strate that sequences with large insertions and deletions
that contain nonhomologous disulfide placements relative
to the template structure can still be effectively simulated
when additional constraints are utilized. Apart from mod-
eling proteins, the distance constraints used for simulat-
ing disulfide crosslinks could be used during the solution
of structure sets from NMR-derived constraints. In ad-
dition, we provide a totally automated method, once the
alignment file is generated, for preparing the constraints
file and yielding simulated structures in a reasonable time
frame when using the processing power available with
desktop workstations.

Our ability to simulate the structure of murine IL-4
provides some insight into the structure-function aspects
of four helix bundle cytokines that bind to a homologous
family of cell surface receptors, the hematopoietin recep-
tor gene superfamily (Cosman et al., 1990). Diversity in
disulfide topology is found among the structurally homol-
ogous helical cytokines (Bazan, 1990). We postulate that
in helical cytokines, the disulfides play an important role
in retaining the functionally active conformations neces-
sary for receptor binding. In IL-4, there is interspecies di-
versity in disulfide topology between the murine and
human proteins (Carr et al., 1991). In our model, the non-
homologous disulfide causes conformational differences
between the two species near the C-terminal of the third
and fourth helices. In the ligand-receptor complex crys-
tal structure of growth hormone, a four helix bundle with
very similar topology to 1L-4, and its receptor, a mem-
ber of the hematopoietin receptor gene superfamily, the
C-terminal ends of the third and fourth helices are shown
to form the high and low affinity receptor binding epi-
topes (de Vos et al., 1992). This leads to the postulation
that the structural differences between murine and human
IL-4 caused by the nonhomologous disulfide are respon-
sible for the lack of cross-species competition in receptor
binding. Based on our demonstrated ability to model non-
homologous disulfide pairings, we plan to use this method
to model helical cytokines using experimentally deter-
mined disulfide pairings to supply additional constraints.

The other site of major structural difference between
murine and human IL-4 is found near the beginning of
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the third helix caused by the large deletion in the murine
IL-4 sequence. Our method provides a means to model
this long deletion a priori, without the need to use a
knowledge-based approach. This region is also found to
form a 3,4-helix in the crystal structure of granulocyte-
macrophage colony-stimulating factor (GM-CSF) (Diede-
richs et al., 1991; Walter et al., 1992), suggesting a general
feature of conformational diversity near the N-terminus
of the third helix among helical cytokines.

The rms deviation of the backbone atoms in the struc-
turally conserved regions of the simulated structure of
murine IL-4 is lower than might be expected. In our mu-
rine I1L-4 model, the rms deviation is 0.64 A, compared
to an expected value of ~1.1 A based on the percentage
of identical residues in the “common core” as defined by
Chothia and Lesk (1986). However, analysis of the true
core region as defined by the NMR structure for human
IL-4 (Powers et al., 1992) reveals 79% identity between
the human and murine sequences. Qur value of 0.64 A
is consistent with a core identity of 79% as observed by
Chothia and Lesk (1986) due to the fact that the differ-
ence in rms deviation is greatly affected between the val-
ues of 50-80% sequence identity in the core region. If, in
fact, our method yields structures with a lower rms devi-
ation than would be expected, this is due to the template
atoms being held rigid during the embedding process. A
future implementation of our method will allow for con-
sideration of the percentage identity in the structurally
conserved regions by incorporating the ability for tem-
plate atoms to have limited flexibility during structure
simulation.

In addition to homology modeling, future applications
of our method may include the automated generation of
structures from protein sequence databases, simulation of
structures with multiple chains, modeling protein struc-
tures de novo without the benefit of a homologous tem-
plate, and the use of multiple templates in modeling and
in the solution of crystal structures using the molecular
replacement method. Examples of these applications are
highlighted below.

Recently, an approach to solving the inverse protein
folding problem has been proposed by Bowie et al. (1991).
In this approach, the statistical preference of an amino
acid to reside in a given environment is matched with the
environment of every position in a given template. This
method is shown to be successful in generating candidates
for structurally similar proteins from protein sequence da-
tabases. The growing number of known 3D structures in
the PDB offers a large repertoire to model the structures
of proteins identified by this novel approach. Thus, our
automated method could utilize the Bowie et al. method
to identify candidate proteins, which would then be au-
tomatically “folded” based on a known template.

The proteins in the intercrine family form different
quaternary structures as shown in the 3D structures of IL-8
(Clore et al., 1990) and platelet factor 4 (Charles et al.,
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1989). In distance space, chemical constraints between the
chains can be removed during the simultaneous simulation
of the monomeric units and then added back as distance
constraints to simulate quaternary structure. It should be
noted that by using conventional methods, which use in-
ternal coordinates to build homology models, simulation
of multiple chain structures could be impractical because
valuable distance data regarding monomer orientation
in quaternary structure are unavailable. Other inherent
advantages of using distance geometry over the conven-
tional methods include modeling proteins with no known
homologous structures and simulating an ensemble of
topologies consistent with experimentally determined di-
sulfide and chemical constraints. Additionally, structure-
function data should be useful in the distance geometry
method, providing information that may be translated
into additional distance constraints. For example, spec-
troscopy data may indicate a hydrogen bond between ar-
omatic and acidic side chains. These data have specific
implications in distance space that can be easily factored
into the model. Our method should provide useful mod-
eling data to suggest additional experiments for structure-
function studies, thereby allowing an interactive process
for homology modeling.

Multiple templates could be used to model a protein
by constructing a chimeric template structure. This could
be achieved by aligning the sequences of all the template
proteins to the model protein highlighting the regions
bearing high sequence identities. The application of this
technique would be useful for the construction of highly
precise models of proteins where many members are in a
family with high levels of sequence identity and where
several structures have been solved. This approach would
have a limited utility in traditional applications of homol-
ogy modeling where the sequence identity may be rela-
tively low and only one or two template structures are
known. Thus, we will address the use of multiple tem-
plates in a subsequent implementation of our method.

Models of proteins built using template structures are
also used in protein crystallography. Such models can be
simulated using our method and could be used as starting
structures in solving the structure of a protein using the
molecular replacement method. For example, the low rms
deviation between the horse hemoglobin crystal structure
and the simulated structures suggests that the murine IL-4
models could be used to solve the crystal structure of mu-
rine IL-4 with a native data set.

Although our automated distance geometry method
solves many of the problems associated with homology
modeling, some basic problems remain. For example, even
though our observations show that simulated structures are
usually energetically comparable to crystal structures,
there is no simple rule to select the best structure from
the ensemble embedded by distance geometry. This will
remain a problem until the correlation of potential en-
ergy functions with the biological activity encoded by a
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protein’s 3D structure in its native environment is more
completely understood. Thus, experimentally derived
structure-function data will remain a key element to pick-
ing the best model, providing a healthy impetus for inter-
dependence between computational and protein chemistry.

Methods

Starting from a sequence alignment between the model
and template proteins, structures of the model protein
are simulated using an automated software package,
FOLDER. The various steps in the procedure are described
below. Each step is accomplished by automated programs
that are chained together resulting in the necessary input
files for embedding structures using DGEOM. Once these
files are created, DGEOM can be run on any available
hardware platform, including supercomputers, enabling
the simulation of much larger proteins, such as receptors,
in a reasonable time frame.

Step 1

A helical conformation is assigned to every amino acid in
the protein to be modeled, and Cartesian coordinates are
generated for every atom in the model protein using the
algorithm of Sundaram and Srinivasan (1979), which has
been implemented by the program BUILDER. This heli-
cal model is used only to compute the chemical con-
straints between the atoms in the model protein for which
no template constraints would apply. The arbitrary as-
signment of helical conformation to the peptide backbone
and the choice of side-chain rotamers does not impose
any restrictions on subsequent stages of the modeling
procedure.

Step 2

The sequence alignment between the template and model
proteins is used to create a hybrid coordinate set for the
model protein. This is done by using a matrix that assigns
positional identity among the side-chain atoms in various
amino acids (Table 3). In this table, the columns repre-
sent the branch location and relative position of the atoms
in a side chain in accordance with IUPAC-IUB nomen-
clature (1970). For every atom in the amino acid side
chain, an entry of 1 is made in the respective column.
Thus, for identical residues in model and template se-
quences, all the coordinates in the model structure are
replaced by the corresponding template coordinates. For
nonidentical residues, an atom-by-atom match is obtained
from the matrix shown in Table 3, and the coordinates
of each model atom are updated if a match in the tem-
plate is found. For example, if alanine is replaced by ar-
ginine in the model, the coordinates of the arginine atoms
N, Ca, C’, O, and Cg in the model are updated by the
template alanine coordinates. To accommodate insertions,
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the coordinates for all atoms in the insertion residues are
retained from the model. The resulting structure is a hy-
brid structure with coordinates from two reference frames
shown in Figure 5A,B. The hybrid structure has artifi-
cially long bonds arising from mixing coordinates from
two reference frames without any transformations. In
Figure 5A, the peptide backbone of human IL-4 (green
and yellow) and the helical model of murine IL-4 (blue
and magenta) are shown. The two sets of long bonds cor-
respond to the two regions of insertion and deletion in
murine IL-4. The number of long bonds in Figure 5A,B
represents the atomic coordinates for the atoms in murine
IL-4 model that have no homologous atoms in the tem-
plate. In Figure SC, the hybrid structure (red) is shown
superimposed on the human IL-4 template (green) and the
murine IL-4 model (blue). This step uses the program
HOMOLOGY.

Step 3

Atoms in the hybrid coordinate file that are assigned co-
ordinates from the template protein are grouped together
to form a rigid molecule, and the atoms that are assigned
coordinates from the helical model in Step 1 are grouped
as a flexible molecule. A list of geometrical constraints is
generated by using the program CONSTRAINT to ensure

Table 3. Positional identity matrix for side-chain atoms
of the amino acids used in constructing the hybrid
model from a template®

%) ©® O ® © (10 (1) (12) (13) (14) (15) (16) (17)

Ala 1
Arg 1
Asn 1
Asp |
Cys 1
Glu 1
Gln 1
Gly 0
His 1
Ile 1
Leu 1
Lys 1
Met 1
Phe 1
Pro 1
Ser 1
Thr 1
Trp 1
Tyr 1
Val 1

_ e e e e e e e D = O
= I = N =W I I W i R Y N S Y N =)
O = OO e O D e = O
R N I e e T - R - R I =)
N = = i e k)
R R R R - ===
- R R R R R R
N N =R e R R )
0O~ 00000 OO
O~ 00O OO0 O
P e - R R R R =)
R R R - R R )

3 Rows represent amino acids and columns represent positional iden-
tity as defined in the Methods. Homologous atoms in different amino
acids are aligned in columns with an entry of 1. Positions in rows rep-
resenting the unfilled position in an amino acid are given an entry of 0.
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Fig. 5. A: Stereo view of the backbone atoms
of the hybrid structure of murine IL-4 con-
structed by mixing coordinates from the human
IL-4 (green) and helical model of murine IL-4
(blue) as described in the Methods, Step 2. In
the hybrid structure (red), atoms taken from the
template structure are seen yellow because of
color blending red with green; coordinates of at-
oms taken from the helical model are seen in
magenta from color blending red with blue; the
long red lines are chemical bonds connecting
bonded atoms in the two reference frames. B:
All atoms representation of hybrid structure,
template structure, and helical model. Color
scheme is the same as in A. C: CPK represen-
tation in red shows the atoms of the hybrid
structure created from template (green) and
model (blue) structures.
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standard geometry when replacing the long bonds be-
tween the chemically bonded atoms in the hybrid coor-
dinate file. In addition to the above constraints, we also
impose a fit of the trans conformation of all peptide
bonds, chirality constraints at C3 atoms of isoleucine and
threonine, and geometrical constraints between the cys-
teines forming disulfide crosslinks. CONSTRAINT has
been optimized for various amino acid substitutions with
varied side-chain geometries.

The above three steps are chained together in the pack-
age FOLDER. The sequence alignment file shown in Fig-
ure 3 and the template structure file are used as inputs to
this automated package to create the two necessary input
files for DGEOM. The two files created by the package
are the hybrid coordinate file for the model protein and
the distance constraints file. DGEOM creates interatomic
distance constraints for all the atoms in the hybrid struc-
ture consistent with the rigidity constraints of the first
molecule. DGEOM also imposes chirality constraints
at Ca atoms. This distance matrix is then updated with
the distance constraint file created by CONSTRAINT.
DGEOM then computes an interatomic distance matrix
for every atom pair in the hybrid structure. Interatomic
distance bounds for atoms in the rigid molecule are set
equal to the distance found in the hybrid structure. The
lower distance bounds for all other nonbonded atom pairs
(between rigid and flexible or between flexible and flexi-
ble hybrid molecules) are set equal to the sum of their van
der Waals radii. The upper distance bounds are set equal
to the dimensions of the template protein. Using all of the
input distance constraints derived from the FOLDER
package, DGEOM embeds an ensemble of structures af-
ter smoothing the upper and lower bounds.

The structures are then energy optimized using the pro-
gram BIOGRAF (Version 2.1, Molecular Simulations,
Inc.). However, any method of minimization should prove
useful due to the excellent starting structures generated by
the distance geometry method.
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