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Abstract distant similarities among functionally unrelated proteins
[3, 7, 10, 11, 13]. In fact, it has long been recognized
In this paper we present a method for protein structure that globular proteins, despite their huge number, can be
comparison that is based on indexing. Unlike most methodsgrouped in a quite limited number of basic folds [18, 22].
using indexing, ours does not use invariants of@heatoms

) o : X In this paper we consider the problem of matching a
of the proteins, rather it relies on geometric properties of the

i : guery protein against a database of existing proteins for the
secondary structures. Given a set of protein structures, we g 1 iic assignment of a newly determined structure to

compute the angles 'and distances of all the triplets of lin- y\o ot the existing protein families. This is a problem that
ear segments associated to the secondary structures of thgas recently received a lot of attention in the biological lit-

proteins and use them to bqlld hash tables. The hash ta-arature [19, 20]. We propose an approach to solve this prob-
bles can be used for fast retrieval of hypotheses of matche§e, hased on indexing using geometric invariants of the sec-
of a query protein against the database. We present andyary structures of the proteins. We consider all triplets of
analyze the tables obtained for two separate sets of Pro-gaqqndary structures and their associated best-fit linear seg-
teins that are representatives of all the folds in the PDB. ,ants. Geometric properties of the three linear segments
The tables show an interesting distribution of the triplets of are computed and used to index a three-dimensional hash ta-
elements, especially if one takes into account that the el-p|e. after the table has been built for a given set of proteins,

ements of a triplet are generally not close in space. The g4ch entry contains information about all triplets of geomet-
majority of the elements are found to belong to two planar ey similar structures in the given set. The table can then

regions in the thrge-dimensional tables. The plangr regions be used for different types of protein comparisons, for in-

can be charaqterlzed as those whose corresponding t”pletsstance, for matching a query protein against the database, or

of structures lie on almost parallel planes. for fast retrieval of common substructures among proteins.
Moreover, the table can be used for a statistical analysis of

Keywords: indexing, geometric hashing, pattern recogni- the arrangement of the secondary structures.

tion, secondary-structure elements, globular proteins. Indexing techniques present obvious advantages over
other search techniques when large databases are involved.
The matching phase of the indexing is not heavily depen-
dent on the size of the database since it does not require to
match each protein structure separately. Drawbacks of in-
dexing are excessive memory requirements for the hash ta-
The exponentially growing number of three-dimensional ble entries, sensitivity to quantization parameters, and the
protein structures available through the Protein Data Bankpossibility of false positive matches. Geometric hashing
(PDB) [1] has been paralleled by the development of severaland indexing for protein structural comparison were first
automatic programs for pattern recognition and detection of proposed in [7], where invariant properties of quadruples

1. Introduction
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of C, atoms were used in the hashing scheme. Here wements. Several heuristics have been proposed to solve either
use higher-level properties of secondary structural elementsone or both: coarse quantization of the hash bin, the selec-
which allow us to reduce the memory requirements and thetion of few relevant bases, the detection of "seed matches”
computation time. Obviously, the result of the matching and the clustering of them.
based on the secondary structures can only provide a coarse In object recognition, most of the research on indexing
estimate for the matching at the atomic level. has focused on which type of invariant to use. Ad-hoc high-
One of the contributions of the paper is in the analysis of level shape features, may be selected for applications to spe-
the arrangements of triplets of secondary structures. Spa<ific classes of objects. One important way to overcome
tial relationships among the elements of secondary struc-the limitations of geometric hashing is to use more com-
ture have not been systematically analyzed, except for packplex global invariants to index the hash table. In [4], it is
ing of helices or strands in contact [5, 6, 24]. We analyze shown that higher-dimensional index spaces lead to a dras-
the distribution of the hash tables for two separate repre-tic reduction in computation time. They tend however to
sentative sets of proteins from the PDB each consisting ofproduce many false positive matches and therefore require
approximately 300 folds. A more complete and detailed a careful verification phase.
analysis of angle bias in secondary structure packing can Geometric hashing and indexing have been applied to
be found in [21], where a comparison is made between thesolve various instances of the protein structure compari-
distribution of cosines of angles between triplets of linear son problem, from the complete comparison of large sets
segments associated to secondary structures and a theoretif proteins, to the fast retrieval of patterns or motifs from
cally obtained distribution for triplets of random uniformly the PDB, to the pairwise comparison of proteins allowing
distributed unit vectors. hinge bending [7], [8], [12], [23]. More recently, appli-
This paper is organized as follows. We first review ex- cations have included multiple structural alignment, that is
isting approaches to matching 3D structures using index-the determination of the largest substructure common to all
ing technigues and then present our indexing scheme ananolecules of a given ensemble [17]. Unlike other existing
describe the hash table construction and its use for proteirprotein structure comparison methods, they generally use
structural comparison. We focus on the analysis of the dis-only 3D information in the form of coordinates of thig,
tribution of entries in the tables for two datasets of approxi- atoms of the proteins and are sequence independent.
mately 300 proteins with structurally different folds.

. 3. Index structure
2. Previous Work
We consider the problem of matching a query protein

We briefly review some indexing methods based on ge- against a database of protein structures and use the sec-
ometric invariants and on the use of hash tables. Theondary structures as primitives of the matching. Geometric
technique ofgeometric hashingvas originally developed properties of triplets of secondary structures serve to build
within the field of Pattern Recognition and Computer Vi- and query the hash table. The secondary structure elements
sion to solve the model-based object recognition problemare approximated by linear segments and their angles and
[14]. Given a database of object models, it consists of rep-distances are computed. The three dihedral angles associ-
resenting each model by storing redundant transformation-ated to a triplet of secondary structures are used to index
invariant information about it in a hash table. This table is a 3D hash table. Each table entry stores information about
compiled off-line. At recognition time, similar invariants all triplets of segments of the proteins in the database that
are extracted from the sensory data and hashed into the tahashed into it. The distances between the segments of a
ble to find possible instances of the models in the scene.triplet are also included in the table to be used in the match-
Geometric hashing has generally been applied to point setgng phase to filter hypotheses of correspondences. The con-
either 2D or 3D under rigid transformations or the more struction of the table is computation intensive; it requires
general affine transformations. For matching 3D point sets,O(n?) time, for n secondary structures. However, once it
qguadruples of points are used to define reference frames ois built it allows fast retrieval of candidate matches between
bases in which the coordinates of all other points remain in- the query protein and the proteins stored in the database.
variant. Models are stored into the table by considering all
possible combinations of quadruples of points as bases an@®.1. Building the hash tables
using the invariant coordinates of the remaining points to
index the table. At recognition time, if the correct quadru-  All triplets of segments associated éaehelices and3-
ple of points is chosen from the image points, the candidatestrands are considered in the analysis independently from
matches are efficiently retrieved. Geometric hashing suf-their position in the polypeptide chain. The definition of he-
fers from sensitivity to noise and excessive memory require-lices and strands in a protein is taken from the PDB, without
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performing any specific control. The segment associated to

a secondary structure belongs to the best-fit line through the

Ca atoms of the helix or the strand and has approximately

¢ the starting and ending residue number of each of the
three secondary structure elements

the same length as the structural element. The details of the © the distances between the segments.

computation of the segments are omitted. A segment rep-

resenting a helix usually corresponds quite well to the axis
of the helix itself, except for very long helices that are of-

ten bent. Fos-strands, the representation through a linear
segment is generally more approximate, especially for long
and bent strands. In our experiments all segments are con
sidered oriented, the orientation being determined by the

The distance is measured as the distance between the middle
points of the two segments.

For each cell a counter of the number of entries in the cell
is also kept. Due to the relatively large approximation intro-
duced in the simplified segment representation, the angles

are discretized into intervals of 10 degrees. Each table is

then a three-dimensional matrix consisting of 18x18x18 el-
ements cells. For instance, the cell with coordinates (0,0,0)
contains all the triplets of segments with three dihedral an-
egles each in the range [0, 10]. All triplets of segments in a
protein, irrespective of their relative distance, are included
in the tables, thus most of the triplets are relative to struc-

tural elements spatially distant.

polypeptide chain, from the N to the C-terminus.

We build four separate three-dimensional hash tables.
Each table is indexed by the three angles formed by thre
segments associated to three secondary structtu&le. 0
corresponds to the triplets gfstrands onlytable_1 corre-
sponds to the triplets consisting of twibstrands and one
a-helix, table_2 correspond to the triplets of ongstrand
and twoa-helices and, finallytable_3 corresponds to the
triplets ofa-helices only.

Let (s;, 55, s1) be a triplet of segments, whesecorre- , )
sponds either to an-helix or ag-strand. Leta,, be the Once the four tables have been built, they can be queried

dihedral angle formed by two segmentandr. The di- to find similarities in the'arra'ngment of thg secondarystruc—
hedral angle between two segments is the angle formed byures of a query protein with the proteins stored in the
the two planes perpendicular to the straight lines contain-database. A proteif is matched against the database of
ing the segments themselves and therefore is defined in th@roteins by the following procedure:

range [0, 180]. In previous papers, the interval of angular
values could be extended to [-180,180] because only pack-
ing helices and strands were considered [6, 24]. However,
the absolute values of the angles are coincident in the two
systems.

The triplet of segment§s;, s;, si) is then described by
the three anglesof;, i, ax;). The three angles, quan-
tized into uniform intervals, give an index for accessing a
cell of one of the four tables where the triplet of segments
is stored. For the triplet of angles we use the canonical
representatioffa, 3,7), with a < 8 < ~, so that only
one copy is entered into a table for each triplet of seg-
ments. As a consequence, the distribution of the triplets
(a, B,7) is constrained by the three following inequalities:

3.2. Recognition

¢ For each triple(s;, s;, si) of secondary structures of
P, compute the three anglés, 3, v) and the three dis-
tances of the associated segments. In the correspond-
ing hash table, look at the cell indexed ky, 3, )
and tally a vote for each entry in the cell with simi-
lar distance values. Repeat the same for the adjacent
neighboring cells.

Formulate and rank hypotheses of matching by deter-
mining the proteins with the highest number of votes.

¢ Verify hypotheses, thus eliminating false positives.

Each entry in the cell contains triples of segments with
almost identical dihedral angles, but they may have very

<
% < 5 different distance values. Obviously, similarity among an-
- <adt 3 gles does not imply spatial similarity, that is the possibility

of aligning the two sub-structures. The only possible can-
nqidates for matching a triplet of segments of the query pro-
tein are the entries that have similar distance values to that

The last inequality follows from the fact that 3 and~y
can be mapped to the angles formed by three edges incide
to one vertex of a tetrahedron. Note that there is no explicit . ) .
information in our tables about the order of the segmentst”plet' Thus a vote is tallle'd Ohly o those e”t”FeS:
along the polypeptide chain. A cell of the look-up table with . Because of t_he_: quantization, the most similar stored
index (o, 3,~) contains a list of elements each associated triplets may not lie in exactly the same hash cell as the query

to three segments forming, 3,7) angles. Each element triplet, but in one of the nelghpor|ng cells. That is why our
consists of the following: method examines also the adjacent cells to accumulate con-

sensus for matching hypotheses.
Hyphotheses of matches of the query protein with the
stored proteins are ranked according to the number of votes

¢ the 4-digit identifier of the protein which contains the
three structures corresponding to the segments
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they accumulate. At this stage, there is no check for the populated: the constraints < g < v andy < a + 8 im-
consistency of the multiple triplet associations that provide ply that only a wedge of the table may contain non-empty
consensus for the same hypothesis. In other words, it couldcells. The inspection of all the tables shows a concentration
for instance, happen that two triplets of the query protein of elements in certain regions of the wedge. Figures 2-4 dis-
consisting of distinct elements are hashed into two triplets play the regions of the four tables that are more populated,
sharing some elements. False positive matches may thuse. the regions of all the cells that contain a number of ele-
arise and a verification phase is needed. However, in praciments greater thars3 whereo is the standard deviation. It
tice, simply counting the number of votes provides a rea- can be observed that these cells identify two planar regions

sonable matching score. in the @, 3, ) space defined by the equations:
The verification of the hypothesized matches may be per-
formed by a pairwise comparison between the proteins, ei- a+fB=v

ther at the level of secondary structures [9] or by extending and:
the matching to residue level.

Once compiled, the table can be used for different types a+ 3 =360—-vy ,
of comparisons, for instance for all-to-all structure compar- if o + 3 > 180.
ison.

The above relationship is in some way unexpected. We are
4. Distribution of triplets of elements in fact considering elements of secondary structure that in
general are not in contact, i.e. that do not directly interact.
Nevertheless, since they belong to the same protein, their
non-covalent interaction is mediated by a sequence of other
strands or helices. We have also to consider that in general
the straight lines that contain the segments do not intersect
and are not coplanar. The previous relationship holds in
fact for the case of three coplanar straight lines. Consider
now three non-coplanar segments. It can be shown (see Ap-
pendix) that the relation + 3 = « holds if and only there

One of the representative sets is taken from Fischer et . h llel ol h - t the th
al. [8] and contains 268 structures. Of them, approximately exist three parallel planes each containing one of the three
. ' ' segments. The planes are constructed as follows. As it is

.200 were l.Jsed n the analysis mgstly_because the remaing, o) known, a pair of segments in space defines two paral-
INg ones d'.d not include the speC|f|cat.|on of t-he secgndarylel planes through either segment parallel to the other seg-
structures in the PDB. The other set is obtained using the ent. Thus, the three pairs of segments in a triplet define
unique folds deposited every year at the PDB as detected.. | ' T =

by SCOP [19]. Approximately 300 proteins of this set were Six planes that are pairwise parallel. df+ § = 7, then
azalyzed - APP y P the six planes reduce to three parallel planes each through

: . N one segment. Due to the discretization of the 4, )
thelr':r?h:z tzegft '22’ Vrr\:ir?tzogvstsr:)eciiltsetgt;gtlt%g osfetgsnzr;?le:tﬂcgpace, these planes are almost parallel for the majority of the
fures ?or the selgcted roteins. The number of ent)r/ies intriplets in the tables; in other words the tetrahedron formed

P i by the three unit vectors associated to the three segments

each o_f the four tables for the two representatlve_sets 'Sand through the origin of the coordinates system is almost
shown in table 1. Column two and four of the table give the "flat”

number of entries of the complete tables, column three and

five those of the tables using a cut-off distance (in brackets This property is expected for frequent motifs, such as

in the table). the 8-a-3 motif [2], that is found in almost every protein
The hash tables are displayed only for the set of proteinsstructure that has a parall@lsheet. In 83-a-3 motif, two

obtained by SCOP [19]. The results obtained for the otheradiacent paralleB strands are packed against arhelix

The Protein Data Bank contains about 12,000 protein
models, but its high level of redundancy makes any statisti-
cal analysis performed on the entire database highly biased
In order to avoid this problem, our analysis has been under-
taken on two different and limited sets of structures, each of
them containing at least one representative of all the folds
in the database.

set are very similar and are not presented heride_0, cor- and the helical axis is parallel to the plane of the t@o
responding to all the triplets of thregstrands, is shown  strands. Moreover, often in a sheet most of ftetrands lie
in figure 1, where the three axesy andz representy, S, on the same plane, and therefore satisfy the above relation.

and~y, respectively. The elements of a cell of the table are These cases however, generally involve packing elements
graphically represented by dots. For simplicity, a dot in the or elements close in space. In our tables, close elements
picture represents 10 elements (triplets) in the correspond+epresent a small fraction of the overall entries. To the best
ing hash table cell. Dots within the same cell are shown of our knowledge, this property was not observed before in

uniformly distributed in the cell. As already noticed, for ge- a systematic way for the elements of secondary structure not
ometrical reasons not the entire three-dimensional table isclose in space.
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5. Distribution of triplets of elements close in  interacting helices [24] present a quite broadened distribu-
space tion that necessarily influences the distribution of triplets.
The value of maximum of the distribution, indicates that

The analysis of the distribution of angles in triplets of itLle secro?ldlary ?trltjclturr:atielermltlar:tf clr(])isinlrtlhspaie ter;?vtlo p?ck
elements spatially close, i.e. helices or strands linked by a parallel-parafiel-antiparatiel fashion. the axes ot two o

non-covalent interactions, was performed using a subset oifjhreergtfgrrlm i'ferrl?g ;n?(ﬁ;\('gs(?nzrlgsa;es%l?;rtzcrj\ 'Tethihs?hrge
elements of the previous tables. rection, whi ird axi Ml glewl

The idea of including in the analysis only triplets of sec- other two, but its directionis reversed. Besides, the majority

ondary structural elements that interact with each other, i.e..mc the elements close in space do not lie on parallel planes,

. . indicating that this is an overall property of non-interacting
ﬁe?itc::go\l/:i tﬁogtnli(;;dsgﬁ]gy:trgrggnaf)gn(ﬂsg r?ézcglzgz (t)c: th elements. Moreover, if we neglect the direction of the axes,
. LT ) %he maximum of the distribution of angles between triplets
sum of their van der Waals radii, is impracticable once the

hash table has been built. In fact, the original data basebecomes roughly (30, 30, 20), i.e. most elements of sec-

has been reduced to a collections of segments and the orig(-)ndary structure close in space tend to pack forming similar

inal atomic details are missing. Since the information on angles.

the distance between the middle points of each pair of seg-

ments is present in the database, we have applied a cutof6. Conclusions
based on such distance, assuming that a distance between

segments shorter than a given value should in general cor-  Regularities in the arrangements of secondary structural
respond to secondary structural elements directly interact-elements have been often observed in the past, but in gen-
ing. Different cutoff values were chosen f@strands and  eral the analysis has been limited to a subset of proteins and
a-he“CGS, since the mean distance between strands close Iﬂ) elements direcﬂy interacting_ In this paper we have con-
space is definitely shorter than that between helices. A com-sidered all combinations of triplets of elements and in all
promise was used for mixed sets, thus cutoff values werecases the same rules seem to apply. In particular:
10, 15, 20 and 20 Angstrom fauble 0, table_1, table_2
and table_3, respectively. This approximation should in- e When the elements are not close in space, i.e. their
clude most of the triplets we want to consider, along with atoms are not directly interacting, the three elements
some unwanted. It must be pointed out that tests performed  tend to lie on parallel planes;
using quite different cutoff distances (i.e., 15 Angstrom for ) ) )
table_0 or table_3, instead of 10 and 20 Angstrom, respec-  ® When elements are close in space, i.e. some of their
tively) do not alter the general behavior of the table. atoms are close enough to give non-covalent interac-
The results are displayed in Fig. 6- 7 and summarizedin  1ONS, they show a preference to pack with dihedral an-
Table 2. Table 2 gives the local maxima of the cell counters ~ 91€S in well defined ranges, as previously observed by
in each of the 4 tables for the second set of proteins. The  Other authors for packing pairs of elements. In par-
second column of the table gives the three indexes(angular  ticular, they are often oriented with two of their axes
ranges) of the cell corresponding to the maximum, the third ~ Parallel and the other anti-parallel.

column the value of the maximum inunits. ) The two previous statements do not represent "rules” and
The close structures represent a small fraction of the 56 i fact not strictly obeyed: they arise from a statistical

overall triplets: for this reason, each dot in the figure rep- 54y sis of experimental data and indicate a general trend
resents one triplet, instead of 10 triplets as in Fig. 1-5. ,q.a than a well defined behavior.

The cells that include a number of dots greater thare?e

grouped in a quite small region: fegble_0 andtable_1 this i

area is quite narrow The maximum in the table corresponds/ - APpendix

to the value. (30, 150, 150). Somewhat different is the sit-

uation fortable_3, representing groups of threehelices, Consider three segmentsh, andc and letw, 5 and~y be
which presents a less defined distribution. Nevertheless, itthe angles formed by andb, b ande, anda andc, respec-

is significant that one of the three local maxima is coinci- tively. We assume thatr < 8 < . We show that the rela-
dent with that of the other sets. The broadening:fdie_3 tion a4+ 3 = v holds if and only if there exists three parallel
can be partially explained by the use of a cutoff distance planes each containing one of the three segments. Further-
larger than that considered for the other table: perhaps amore, if two of the three segments are coplanar then two of
relevant number of secondary structure elements not interthe three parallel planes are coincident; if all three segments
acting to each other are included in the statistics. Moreover,lie on the same plane, then the three parallel planes are all
it has been previously observed that angles between pairs o€oincident with the one containing the three segments.
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Given two segments consider the two parallel planes

Az +By+Cz+D =0

through either segment parallel to the other segment. Re-where:

call that the equation of the plane through the lineith
cosine directorg), i, v) and parallel to the line with co-
sine directorg\’, u', V') is:

(z—2Vh+@y—y)k+(z-2)t=0 1)

where:

h=w/' —pvik=vN —-vXt=\—p\;

and(z’,y'z") are the coordinates of a point of r.

For the three pairs of segments of a triplet, the above equa-
tions define six planes that are pairwise parallel. We show

A=0

B= ¢\/1 — cos? 3 — (cosy — cos acos 3)2 /sin’a
C = (cosy —cosacosf)/sina

The fourth coefficientD is different for the two planes
and is computed by imposing that the plane passes through
a point of either segment. The normal to both planes
ps andps has cosine director§A/k, +B/k,C/k), where
k = £V A2 + B2 + C? = +sin 3. The angle formed by
the two normals andm is given by:

that the six planes are parallel and, in fact, reduce to three

planesiffa + 8 = ~.
For the proof, we consider the three unit vectessb,,, ¢,

associated to the three segments. Without loss of generality,

we choose a coordinate system with thexis onb,,, and
thexy plane containing,,. Thusa,, b, have cosine direc-
tors:

(cosa,sin , 0), (1,0,0)

respectively. The third unit vectay, forming an angle off
with b,, has cosine directors:

(cos B, u,v)
that satisfy the constraint:
cos?B+p?+v2 =1
Sincec, forms an angley with a,, we have:
cosy = cosa cos 3 + usina;

= (cosy — cosacos )/ sina

v= 4_—\/1 — 082 8 — (cosy — cosaccos 3)2 ] sin® a

The two plane®; andp, defined by the equation 1 through
eithera, or b, and parallel to the other unit vector have
equations: + d = 0, where the value of for p; (po) is
determined by imposing that the plane contains a point of
a, ( b,). Letn be the normal to both planes;has cosine
directors(0, 0, 1).

Similarly, the planegs; andp, defined by the equation 1
through eitheb,, or ¢, and parallel to the other unit vector
have equations:

Proceedings of the First International Symposium on 3D Data Processing Visualization and Transmission (3DPVT'02)
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cosnm = £(cos+y — cosacos 3)/sinasin

The two vectors, andm are parallel if and only if:
cosnm = %1

that is:

cosy = cosacos B % sin asin 3.

or, equivalently,:
y=atps

Since in the hash table for all triplets of angles we have:
a < B < «, it follows that the four planeg,, p», p3 and

py are parallel iffy = « + 8. If we consider the remain-

ing two planesps andpg defined by equations 1 relative

to a,, andc,, along the same lines we can obtain the same
result. However, this is automatically derived by the follow-
ing consideration. The three normals defined as above and
through the origin of the reference system form a tetrahe-
dron. If two normals are parallel, then necessarily the third
one is parallel to the other two. This completes the proof.
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set 1 (Fischer et al) set 2 (SCOP)

tot. n (d) tot. n(d)
table 0: 3 B-strands 56,084 | 597 (10) | 115,343| 1,234 (10)
table_1: 2 B-strands - kx-helix | 112,483| 3,269 (15)| 233,119| 6,621 (15)
table_2: 1 3-strand- 2n-helices| 105,912| 4,934 (20)| 239,578| 10,866 (20)
table_3: 3 a-helices 39,526 | 1,511 (20)| 119,013| 4,278 (20)

Table 1. Number of triplets contained in each hash table for the two data sets considered.

angular coordinates maximum
table_0: 3 B-strands 40, 150, 150 63 (60)
table_1: 2 3-strands - Xx-helix 10, 150, 160 135 ()
30 150 160 132 (%)
table_2: 1 B-strand- 2n-helices 30, 150, 160 117 (o)
table_3: 3 a-helices 30, 40,70 34 (7o)
40, 140, 160 30 (7o)
90, 120, 140 34 (7o)

Table 2. Local maxima of the cell counters in each of the 4 tables for the second set of proteins.

Figure 1. Stereo views of table 0 (all triplets of three [-strands) Along the z,y and z axes are the

dihedral angles «, 3, and «. Each dot represents ten triplets in a cell.
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Figure 3. table_1 (triplets of two (-strands and one «a-helix)

Figure 4. table 2 (triplets of one [-strand and two «-helices)
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Figure 5. table_3 (triplets of three «-helices)
Figures 2-5 show stereo views of the 4 hash tables.

U N R e

Figure 7. table_3 (triplets of three «-helices)
Figures 6-7 display the angular distribution of the triplets of elements close in space.
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