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A conformational search space describing the relative position and orientation of

protein secondary structure elements in three-dimensions was de�ned. These spa-

tial relations were encoded by homogeneous transformation matrices between pairs

of residues \in contact" in two di�erent secondary structure elements. A database

of all occurrences of spatial relations for �ve hydrophobic residues was built. The

use of one residue contact per pair of secondary structure elements, which were ap-

proximated by standard (�,  ) assignments, was su�cient to reproduce accurately

the core structure of proteins with known three-dimensional structures.

1 Introduction

Knowledge about protein three-dimensional (3-D) structure is key to protein

function comprehension and manipulation. Due to di�culties associated with

experimental protein structure elucidation, it is not surprising that predic-

tive methods are increasingly gaining popularity. Protein modeling is mainly

restricted to comparative methods which only apply to 15 to 20 percent of

all known sequences sharing more than 30% identity.1{5 Consequently to the

many genome sequencing projects, an explosion of novel gene discoveries of

unknown structure and function is observed.6 De novo protein structure pre-

diction methods are thus needed.

The secondary structure (SS) of a protein can be inferred from its se-

quence by using statistical methods, such as Markov models7, 8 and neural

networks.9, 10 The SS of a protein can also be determined experimentally, for

instance from NMR spectroscopy data. The �-sheet topology of a protein

can also be inferred from statistical methods,11 and determined from NMR

spectroscopy data.12, 13 Once the sheet topology has been assigned, atomic

coordinates of homologous �-sheets in previously determined 3-D structures



can be proposed. Thus, �-� and �-� residue contacts can be inferred theo-

retically or determined experimentally.14, 15 These contacts can be translated

into geometrical constraints to de�ne a constraint satisfaction problem (CSP)

to resolve the 3-D structure.

In the search for an acceptable de novo modeling scheme, existing methods

have been considered and analyzed, and our desire to make use of accumulated

structural data led us to consider a protein adaptation of the MC-SYM RNA

CSP solver.16{18 We thus propose the following scheme for de novo protein

structure prediction: (i) the de�nition of the protein SS by existing experimen-

tal and theoretical methods; (ii) the use of SS information to assign �-sheet

topologies and �-� and �-� residue contacts to de�ne a CSP; (iii) the use of

MC-SYM to generate consistent core structures; (iv) the use of existing meth-

ods to complete the core structures with loops and side chains; and, (v) the

re�nement and evaluation of the structures using existing energy minimization

protocols and potentials.19{21

In this article, the focus has been put on the implementation of the protein

conformational search space, the creation of operators to manipulate protein

3-D core structures, and a best-�rst search algorithm to demonstrate that

the developed conformational search space contains the native x-ray crystal

structures. Other conformational search spaces were introduced in the past.

The most common methods are based on the sampling of the �- torsion

space,22 on theoretical spatial relations of SS elements,14, 23 on the properties

of the loops connecting the SS elements,21 and on geometrical samplings of

the SS element space.24 Although almost the same precision can be reached

by the use of these methods, they describe conformational search spaces that

are larger than the one introduced in this article, and, in general, require more

structural information to converge to the native fold.

2 Conformational search space

2.1 De�nitions

Residue contacts bears side-chain and backbone packing information, that is,

the relative position and orientation of the two SS elements which contain the

residues in contact. A protein core structure is the assembly of its constituent

SS elements in 3-D space. Two SS elements are in SS contact if they share at

least one residue contact.

A residue contact between residues A and B forms if their distance is

smaller than a certain threshold, jA;Bj < d, where d is the threshold value

and j�j denotes the Euclidean distance. The ensemble of all residue contacts in



a given protein constitutes a residue contact graph, where each node represents

a residue and each edge represents a residue contact (see Figure 1).
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Figure 1: Residue contact graph for the cyclin box (PDB �le 1�n). The framed residues are

those involved in SS elements. The lines represent residue contacts. The distance threshold

was set to 7.0�A between threading points as de�ned in reference 19.

Similarly, the ensemble of all SS contacts de�nes the SS contact graph,

where the nodes represent the SS elements and the edges indicate that at least

one residue contact exists between a given pair of residues in the connected SS

elements (see Figure 2).

Every SS element in a protein is involved in a SS contact. To satisfy this

condition, consider the degenerated distance threshold, d = 1. This makes

the SS contact graph connected, that is, there is a path that connects any pairs

of SS elements. A connected SS contact graph that contains no cycle is a

SS contact spanning tree (see Figure 3). There are NN�2 spanning trees for a

graph that contains N fully connected vertices. The SS spanning tree addresses

all SS elements and suggests a construction order in which the SS elements can

be introduced. A possible order for the SS spanning tree in Figure 3 would be:

H2 as the reference SS element; H1 placed from H2; H3 placed from H2; H4

placed from H3; and, H0 placed from H3. It is thus possible to de�ne a protein

conformational search space from a SS contact graph. Each residue contact

can either be used as a spatial relation operation which positions and orients
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Figure 2: SS contact graph for the cyclin box (PDB �le 1�n). The SS elements are circled.

An edge was drawn when at least one residue contact was observed between two SS elements

(see the residue contact graph in Figure 1).

a SS element from another one (just as in the construction order above), or as

a distance constraint. For instance, the contacts dropped in the selection of

the SS spanning tree should be replaced by distance constraints that must be

satis�ed in the �nal constructions.
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Figure 3: One of the spanning trees for the cyclin box (PDB �le 1�n). The SS elements are

circled. An edge was drawn when at least one residue contact was observed between two SS

elements. The tree, as compared to the graph contains no cycle (see the corresponding SS

contact graph in Figure 2.)

2.2 Implementation

Homogeneous transformation matrices25 (HTM) were used to encode the spa-

tial information of residue contacts. HTMs contain translation and rotation in-

formation. For instance, the local referential of a residue can be represented by

an HTM from three right-handed unary orthogonal vectors that can be calcu-

lated from three non-colinear atomic coordinates. A local referential indicates



the translation and rotation to be applied to the residue coordinates expressed

in the canonical referential to obtain its absolute coordinates. Consider for

instance the local referential of a residue A, RA, which can be calculated by

using three backbone atoms in A. One of the three is elected as the origin of

A while the two others respectively align with the X and Y axes (see Figure

4). Backbone atoms, instead of side-chain, were chosen because the backbone

characterizes much better the relative orientation and position of SS elements.
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Figure 4: Spatial relation between two residues. The axis systems represent the local ref-

erential of the residues. The dotted arrow indicates the transformation of one's referential

into the other. The atoms selected to compute the local referential are indicated with black

dots. The dotted lines indicate the peptide bonds.

The spatial relation between residues A and B can also be expressed with

an HTM: TA!B = R�1
A

� RB . A residue contact between A and B can be

reproduced between any pair of residues, for instance A' and B', by applying

R�1
B0 � TA!B �RA0 to the atomic coordinates of B' to position and orient B'

with respect to A'. Symmetrically, R�1
A0 � T�1

A!B
� RB0 applied to the atomic

coordinates of A' positions and orients A' relative to B'.

Any residue contact found in the Protein Data Bank (PDB)26 can be

extracted and used afterwards as a building block of protein 3-D structure to

orient and position SS elements. Once a pair of residues have been positioned

and oriented from the application of HTMs, the extension of each SS element is

made by using standard (�;  ) assignments for the other residues; for instance,

(�60�,�40�) for �-helices and (�120�, 140�) for �-strands.27 In this way,

any pair of SS elements involved in SS contact in the database of known 3-

D structures can accurately be reproduced from a single residue contact. A

protein 3-D structure can be built by applying this construction scheme to

each of its constituent SS elements. Our hypothesis is that all protein 3-D

folds are contained in a conformational search space de�ned from such SS

element contacts.



2.3 Transformational sets

A transformational set is a set of HTMs associated with a residue contact type,

that is, the types of residues and the nature of their host SS elements (�-�, �-�,

intra-strand �-� and inter-strand �-�). All possible residue combinations could

be part of a residue contact, and thus 1600 = 4 � 20 � 20 transformational

sets could be de�ned. A question that was addressed is whether it would

be possible to �nd a smaller subset of residue contacts that would allow one

to de�ne a conformational space containing all protein folds within a desired

precision.

Subsets of residues can be identi�ed from weighted SS contact graphs where

the weight of an edge is determined by the minimum residue contact distance

between the connected SS elements (see Figure 5). The residue contact distance

is de�ned by the Euclidean distance between the two closest threading points of

two residues, as de�ned in reference 19. If only a subset of residues is considered

then a subset-speci�c weighted SS contact graph is de�ned. The minimum SS

spanning tree can be computed from this graph, as shown in Figure 6. The

number of contacts in the spanning tree depends on the relative frequencies

of the residues and their propensity to make contact. The magnitude in the

distances is function of SS element packing and the nature of the contacts.
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Figure 5: Weighted SS contact graph for cyclin box (PDB 1�n). The weights correspond to

the minimum distances between two connected SS elements.

Consider, for instance, all subsets of �ve residuesa. There are 20!
5!(20�5)!

=

15504 such subsets. For each subset, consider all contacts and contact distances

found in the minimum SS spanning trees obtained from all protein 3-D struc-

tures in the PDB Select 25 database (the main characteristic of the PDB Select

25 is that no two structures share more than 25% sequence identityb).28, 29 The

athe number �ve came from an initial intuition that the subset composed of the �ve most

hydrophobic residues could generate good results.
bnote that a database containing no similar folds would be more appropriate.
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Figure 6: Weighted SS spanning tree for cyclin box (PDB 1�n). This is the minimum

spanning tree corresponding to the graph in Figure 5.

subset that maximizes the number of contacts and returns the smallest mean

and median distances is fALA, ILE, LEU, PHE, VALg. This result is some-
what not surprising since hydrophobic residues are known to be buried inside

proteins and form contacts. This result also con�rms our intuition that hy-

drophobic residues could be best suited for the proposed construction scheme.

A database of transformational sets was thus built using the subset fALA,
ILE, LEU, PHE, VALg for �-�, �-� and inter-strand �-� contacts de�ned by

distances smaller than 7.0�A. For the intra-strand � � � contacts, hydrogen

bonds were used.

3 Demonstration

Here we demonstrate that the conformational search space de�ned by the trans-

formational sets de�ned above contains any of the known x-ray crystal struc-

tures. The demonstration is based on the reproduction of the x-ray crystal

structures of 46 proteins randomly taken from PDB-Select 25. Note that the

reproductions of those proteins were made by using HTMs extracted from

other proteins (Jack Knife experiment30). To avoid exhaustive exploration,

the building procedure was driven by knowledge of the x-ray crystal structure

and, in the consideration of several possible search directions, by exploring �rst

the ones minimizing the root mean square deviation (RMSD) from the x-ray

crystal structure; for this reason, the procedure is referred to as the best-�rst

search procedure. This algorithm, however, does not guarantee convergence to

the optimal construction.

1. Build a pseudo-crystal structure. Make the reference element the one

of the two SS elements that are linked by the largest number of residue

contacts and add it to the best-�rst queue.



2. If the queue is empty then STOP and report the best conformation found

so far. Otherwise, select from the best-�rst queue the partial structure

that minimizes the RMSD from the crystal structure divided by the

number of SS elements in the partial structure, and superimpose it to

the crystal structure.

3. Append to the partial structure selected in step 2 a new SS element

according to the spanning tree. All residue contacts from the crystal

structure can be used to append the new element. For each contact,

compute the spatial relation between the partial structure residue and

its partner in the pseudo-crystal structure, Tbest. Among the transforma-

tional set for this contact, determine the best HTM by taking the matrix,

from those that di�er from Tbest by less than ��A in the translation, and

that minimizes the Euclidean distance of the rotations. Apply the best

HTM and the canonical �- assignments to position and orient the SS

element in the partial structure. Add the new partial structure to the

best-�rst queue.

4. If the new partial structure from step 3 is complete, that is, all SS ele-

ments are present, then compare it to the best completed structure built

so far and select the one that has the minimum RMSD with respect to

the pseudo-crystal. Remove from the best-�rst queue all partial struc-

tures that would lead to higher RMSDs. A lower bound for the RMSD

of partial structures is approximated by adding 0.15�A for each missing

SS element. Thus, partial structures with a lower bound RMSD higher

than the current best RMSD are eliminated from the queue. Goto step

2.

In the �rst step of this algorithm, a pseudo-crystal structure is built. The

pseudo-crystal represents the x-ray crystal structure from which SS elements

were substituted by standard �- assignment SS elements. The building order

that was considered is a maximum spanning tree derived from a weighted

graph where the nodes represent SS elements and the vertices represent residue

contacts (see Figures 7 and 8). The weights were de�ned as the number of

residue contacts observed in the x-ray crystal structure.

The results of applying the best-�rst search procedure to 46 proteins are

shown in Table 1. The results suggest that spatial relations among the �ve

selected hydrophobic residues \in contact" can be used as building blocks of

protein 3-D structures. From the RMSD values, the x-ray crystal structures

of all tested proteins are clearly accessible from a conformational search space

de�ned by residue contacts.



Table 1: Results of the best-�rst search for 46 proteins of the PDB. Proteins are referred

to by their PDB mnemonics. The RMSD1 values indicate the RMSD of the pseudo-crystal

structure from the crystal structure. The pseudo-crystal is obtained by substituting the SS

elements by canonical elements obtained from standard assignments for the �-helices and the

�-strands. The RMSD2 values indicate the RMSD of the best found structure, as identi�ed

by the best-�rst search procedure, from the corresponding pseudo-crystal structures. The

RMSD3 values indicate the RMSD of the best found structure, as identi�ed by the best-�rst

search procedure, from the corresponding x-ray crystal structures. The #PU values indicate

from how many di�erent proteins the HTMs used in the best structure were extracted. Note

that for proteins composed of N SS elements, N � 1 HTMs were used for its construction.

All RMSD values were calculated for the backbone atoms in the SS elements only.

Protein #SS #residues #PU RMSD
1

RMSD
2

RMSD
3

� � � � (�A) (�A) (�A)

1aak 5 4 44 26 7 0.83 2.47 3.09

1ab2 2 8 20 37 8 1.27 2.88 3.29

1abm 7 5 110 24 11 1.45 3.33 3.26

1atx 0 4 0 22 3 1.52 3.98 4.40

1bab 7 0 108 0 6 0.73 2.54 2.60

1bvh 5 4 52 20 8 0.79 2.44 2.36

1c5a 4 0 49 0 3 0.79 1.56 1.95

1cbn 2 2 21 8 3 0.66 2.17 1.62

1cde 6 7 88 52 12 1.28 2.88 2.85

1chr 12 11 135 57 21 1.04 2.92 3.08

1crl 11 11 116 65 20 1.32 3.26 3.20

1dsb 8 5 112 30 12 1.07 2.97 3.07

1ede 11 8 121 46 18 1.19 3.54 4.26

1erg 1 3 8 14 3 1.15 2.10 2.03

1fas 0 3 0 18 2 1.29 2.07 2.88

1gox 11 8 117 32 18 0.71 2.53 2.77

1hlb 8 0 115 0 7 0.86 2.24 2.39

1l18 9 4 102 15 12 0.69 2.93 2.78

1lga 13 0 125 0 11 0.91 2.49 2.95

1nar 7 9 87 55 14 0.96 2.81 2.92

1ofv 5 6 53 27 10 0.75 2.31 2.60

1pfk 13 11 168 66 21 0.95 2.73 3.06

1phh 12 18 125 81 26 0.86 3.42 3.18

1pii 18 16 157 79 26 0.62 3.35 3.20

1pox 19 20 229 113 32 0.87 3.52 3.59

1rhd 10 10 109 43 19 0.93 3.57 3.38

1sbp 12 11 131 57 20 1.00 3.15 3.62

1sto 7 5 91 34 11 1.75 3.11 3.15

1tca 10 7 89 35 16 1.67 3.04 3.54

1tml 7 7 86 35 12 0.73 2.39 2.38

1ula 7 12 87 68 18 1.08 3.12 3.06

1wsy 11 8 117 50 18 0.78 2.77 3.40

1xya 13 9 170 51 18 0.81 2.83 2.66

2acq 10 8 112 41 16 0.71 3.34 3.22

2atc 9 11 119 81 10 1.41 3.18 3.37

2ctc 9 8 110 45 16 0.74 2.76 2.91

2cyp 12 0 149 0 9 0.99 2.59 2.46

2fal 8 0 112 0 7 0.88 2.16 2.22

2gbp 10 12 139 67 17 1.07 2.64 3.17

2liv 4 7 54 44 9 1.20 2.51 2.53

2pia 5 11 41 70 13 2.55 3.60 3.52

2rn2 4 5 47 43 8 0.91 2.61 2.63

2tmd 16 13 162 69 26 1.00 3.89 3.91

3dfr 3 8 33 59 10 1.58 2.61 3.06

4fxn 4 5 52 37 8 1.33 2.99 3.00

5p21 4 6 51 44 9 1.31 2.86 3.24
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Figure 7: Weighted SS contact graph for cyclin box (PDB �le 1�n). The weights in this case

correspond to the number of residue contacts between two connected SS elements.
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Figure 8: Weighted SS spanning tree for cyclin box (PDB �le 1�n). This is the maximum

spanning tree corresponding to the graph in Figure 7.

4 Conclusion

A new and e�cient representation of protein conformational search space,

based on residue contacts, was developed. We have shown that hydropho-

bic contacts contain information about the relative position and orientation of

�-� and �-� SS elements. This is of course only a necessary step, not a highly

signi�cant result, since evaluating and deciding which fold is the correct one

represents the actual di�culty of automated protein structure determination.

Nevertheless, the technique presented here shows promises for the develop-

ment of a productive protein 3-D modeling scheme. For instance, the tech-

nique should allow one to explore a representative small fraction of a protein's

conformational space with the use of low resolution data, such as covariation

data from multiple sequence analysis and mutagenesis data. Furthermore, a

better characterization of residue contacts and of their spatial relations should

allow us to predict protein 3-D structure from sequence and SS information, a



requisite to de novo protein design. The fact that higher RMSD values were

measured for proteins that are mainly composed of �-strands indicates that

more e�orts should be put on the re-construction of �-sheets than on the re-

construction of �-helices. Producing actual predictions is the next step of this

research project.
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