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Abstract A structural tree for ß-proteins with predominantly 
orthogonal ß-sheet packing has been constructed. The 3ß-corner, 
a structural motif that recurs in proteins of this class, is taken as 
a root structure of the tree. The 3ß-corner can be represented as 
a triple-stranded ß-sheet folded on to itself so that its two ß-ß-
hairpins are packed approximately orthogonally in different 
layers and the central strand bends by ~ 90° in a right-handed 
direction when passing from one layer to the other. The larger 
protein structures are obtained by stepwise addition of ß-strands 
to the root 3ß-corner taking into account a restricted set of rules 
inferred from known principles of protein structure. The protein 
structures that can be obtained in this way are grouped into one 
structural class and those found in branches of the structural tree 
into subclasses. 
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1. Introduction 

Modelling of folding pathways of globular proteins may be 
of particular value in understanding the principles that govern 
the polypeptide chain folding. One approach is based on step-
wise addition of a-helices and/or ß-strands to the correspond-
ing initiating complex [1,2] or structural motif with a unique 
overall fold [3-5] taking into account a restricted set of simple 
rules. A folding scheme that includes all the intermediate and 
final structures connected by lines showing possible folding 
pathways may be represented as a structural tree with the 
corresponding root structural motif [4]. The number of possi-
ble overall folds that can be obtained from one structural 
motif is limited since the rules drastically reduce the number 
of allowed pathways of growth of intermediate structures. 
Thus, the structural tree is a good tool for searching of all 
possible protein folds as well as for structure comparison and 
protein classification. Levels of structural similarity between 
different proteins and domains can easily be observed by vis-
ual inspection of the trees. Proteins and domains found within 
a structural tree can be grouped into one structural class and 
those found within branches of the tree into subclasses. In 
addition, novel structural features in proteins may be ob-
served and some novel rules may be inferred from analysis 
of structural relatedness of proteins. 

Structural trees for five superfamilies, ß-proteins containing 
abed units, a-proteins containing oc-oc-corners, two-layer a/ß-
proteins containing abCd units, three-layer a/ß-proteins con-
taining five-segment and seven-segment a/ß-motifs, have been 
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constructed previously [4]. This paper describes a structural 
tree for proteins containing 3ß-corners and implications for 
protein classification. 

2. Construction and analysis of the structural tree 

The 3ß-corner is a structural motif that can be represented 
as a triple-stranded ß-sheet folded on to itself so that its two 
ß-ß-hairpins are packed approximately orthogonally in differ-
ent layers and the central strand bends by ~90° in a right-
handed direction when passing from one layer to the other [5]. 
All the 3ß-corners observed in proteins, when viewed from 
their concave surfaces, can be considered as formed by Z-
like ß-sheets. In other words, the first and second strands 
form a right-turned ß-ß-hairpin and the second and third 
strands a left-turned ß-ß-hairpin when the 3ß-corner is viewed 
from the concave surface. The 3ß-corners are widespread in 
both homologous and non-homologous proteins and domains 
and some small proteins are merely composed of 3ß-corners 
and short irregular 'tails' (see Fig. 1). All this suggests that the 
3ß-corner can adopt its unique structure per se and can be a 
core around which the remainder of the molecule or domain is 
folded. So the 3ß-corner is taken as the starting structure in 
protein modelling and the root structure in constructing the 
structural tree. 

The structural tree has been constructed taking into ac-
count a restricted set of general rules that have been derived 
from analysis of the structural features observed in globular 
proteins : 

(1) Overall folds of protein molecules and intermediate 
structures are taken into account and details of the structures 
are ignored. 

(2) The larger protein and intermediate structures are ob-
tained by stepwise addition of ß-strands and a-helices to a 
growing structure so that a structure obtained at the preced-
ing step is maintained (it can be slightly modified). At each 
step, the ß-strand or oe-helix nearest to the growing structure 
along the chain is the first to be attached to the growing 
structure [3-5]. 

(3) The obtained structures should be compact; a-helices 
and ß-strands should be packed in accordance with the rules 
that govern their close packing (see, e.g. [6,7]). 

(4) oe-Helices and ß-strands cannot be packed into one layer 
because of dehydration of the free NH and CO groups of the 
ß-strands [6]. Close packings of a-helices and ß-strands into 
one layer results in some main-chain NH and CO groups of ß-
strands being unable to have partners to form intramolecular 
hydrogen bonds and becoming inaccessible for water mole-
cules and, consequently, dehydrated. From a thermodynamic 
point of view, this is very unfavorable. Thus, a ß-strand 
should be packed into the ß-layer and an a-helix into the a-
helical layer or into a hydrophobic concavity (it can be 
formed, for example, by a strongly twisted and coiled ß-sheet 
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Fig. 1. A structural tree for proteins and domains containing 3ß-corners. ß-Strands are shown as arrows directed from N- to C-ends and a-
helices as cylinders. The ß-strands of the near ß-sheets are oriented horizontally and those of the far ß-sheets vertically. Long loops are simpli-
fied and drawn by dashed lines. Segments that can be present or not present in a structure are also shown by dashed lines. Thick lines show 
possible pathways of stepwise growth of the root 3ß-corner and intermediate structures.The structural infirmation is taken from the following 
papers: L14, ribosomal protein L14 [10]; Gro ES monomer [11]; e-subunit of ATP synthase [12]; H-subunit of the photosynthetic reaction cen-
ter [13]; Umu D' protein [14]; IN-DBD, the DNA binding domain of HIV-1 integrase [15]; Psa E, a photosystem I protein [16]; SH-3 domain 
[17]; papain [18]; neurophysin [19]; Sac 7d, the DNA binding protein Sac 7d [20]; Sso 7d, the DNA binding protein Sso 7d [21]; SH2 domain 
[22]; PH, the pleckstrin homology domain [23]; Dsp PH, the PH domain from ß-spectrin [24]; IRS-1 PTB, the PTB domain of insulin receptor 
substrate-1 [25]; Fl-G pair [26]; cystatin [27]; monellin, single-chain monellin [28]; Qß-subunit, a subunit of phage Qß capsid [29]; MS2, coat 
protein of bacteriophage MS2 [30]; Ihn (Ech), Erwinia chrysanthemi inhibitor [31]; ZF-1, synthetic zinc-finger peptide 1 [32]; LIM 2 domain 
[33]; TFIIB, transcription initiation factor TFIIB [34]; ISF, iron-sulfur fragment of cytochrome bel [35]; OBP, bovine odorant binding protein 
[36]; avidin [37]; streptavidin [38]; ß-lactoglobulin [39]; insecticyanin [40]; MUP, major urinary protein [41]; RBP, retinol binding protein [42]; 
BBP, bilin binding protein [43]; I-FABP, intestinal fatty acid binding protein [44]; P2, P2 myelin protein [45]; ILBP, ileal lipid binding protein 
[46]; PYP, photoactive yellow protein [47]; CRBP II, cellular retinol binding protein II [48]; ALBP, adipocyte lipid binding protein [49]; profi-
lin I [50]; serine protease, a trypsin-like serine protease (see, e.g. [51]); SCP, Sindbis virus core protein [52]; hCMV protease [53]; Gin RS, glu-
taminyl-tRNA synthetase [54]; EF-Tu, elongation factor EF-Tu [55]; Fl-ATPase [56]; PK, pyruvate kinase [57]; nitrate reductase [58]; NTF 2, 
nuclear transport factor 2 [59]; scytalone dehydratase [60]; hirudin [61]; CRD2, cysteine-rich domain 2 [62]; decorsin [63]; domain A (143-191) 
of the C-terminal fragment of the y-chain of fibrinogen [64] also has the decorsin-like fold but contains a short a-helix 152-160 between the 
first and second ß-strands. 

or between two ß-sheets that splay apart) of a growing struc-
ture. 

(5) Crossing of connections [8] and formation of knots [9] 
are prohibited. 

(6) All the 3ß-corners (not only root 3ß-corners) and other 
structural motifs should have corresponding handedness and 
overall folds [3-5]. ß-Strands that covalently link the two ß-
sheets at close corners and bend through 90° when passing 
from one ß-sheet to the other should form so-called right-
handed bends [7]. Left-handed bends have longer loops and 
could occur only at corners where the two layers of the ß-
sandwich splay apart [7]. 

Fig. 1 shows a structural tree constructed in accordance 
with these rules. All the structures are oriented in a similar 
way so that root 3ß-corners are localized in their bottom right 
corners and the ß-strands of the near ß-sheets are directed 
horizontally and those of the far ß-sheets vertically. There 
are two ß-layers packed approximately orthogonally in the 
root 3ß-corner. So each subsequent ß-strand can be packed 
into one or the other ß-layer of a growing structure. As can be 
seen, addition of a ß-strand to the root 3ß-corner at the first 
step can be done in different ways and results in formation of 
the structures shown in the bottom row of the tree. The next 
row represents the structures obtained by addition of two ß-
strands or one ß-strand and one a-helix to the root 3ß-corner, 
etc. All the pathways of stepwise growth of the root 3ß-corner 
that lead to known protein structures are shown with thick 
lines. 

As can be seen, the structural tree has several branches. 
Within one branch, structures having a higher position in 
the tree include the structures located lower. Proteins and 
domains of different branches have a common fold located 
in the branching point. The higher a branching point is lo-
cated in the tree, the higher the level of structural similarity 
between proteins and domains of the corresponding branches. 

Proteins and domains found within this structural tree can 
be grouped into one structural class or superfamily, proteins 
and domains containing 3ß-corners. Proteins and domains 
found within branches of the tree can be considered subclasses 
or subfamilies (see also [3,4] for other classes and subclasses). 
This classification is different from those suggested by other 
authors [65-67] in some aspects. First of all, amino acid se-
quences and functions of proteins are not taken into account 
in this classification. It is primarily based on similarity of 

overall folds and modelled pathways of stepwise growth of 
the motifs. As seen, this approach permits the structural clas-
sification of both homologous and non-homologous proteins 
and offers a stimulating perspective regarding their folding 
pathways. 

Analysis of all data presented above has led us to a hypoth-
esis that the 3ß-corner can fold independently of the remain-
ing parts of the molecules and can act as a nucleus in protein 
folding, and the pathways of its stepwise growth can be con-
sidered possible folding pathways of proteins and domains 
containing it. 
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