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Abstract A structural tree for a-helical proteins and domains 
including a-a-corners has been constructed. The a--a-corner is 
taken as a root structure of the tree. The larger protein structures 
are obtained by stepwise addition of a-helices to the root a - a -  
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 tree into subclasses. 
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1. Introduction 

The structural motifs having unique overall folds and a 
unique handedness are of particular value in protein model- 
ling and folding since they can be taken as starting structures 
in modelling and can be considered as nuclei in protein fold- 
ing. Analysis shows that the larger protein structures can be 
obtained by a stepwise addition of a-helices and/or ~-strands 
to the corresponding structural motifs taking into account 
simple rules. Several schemes of stepwise growth of the struc- 
tural motifs have been constructed and published [1-5]. Each 
scheme shows possible pathways of growth of the correspond- 
ing motif, protein structures that can be obtained and differ- 
ent levels of structural similarity between them. Protein struc- 
tures that can be obtained in accordance with a given scheme 
can be grouped into one structural class although their se- 
quences may have no homology and their functions may dif- 
fer. 

This paper describes another representation of such a 
scheme called the structural tree. Proteins and domains con- 
taining the a--a-corner [2] are taken as an example. This struc- 
tural tree includes more proteins and shows some novel path- 
ways of growth of the a--~-corner as compared to the schemes 
published previously [2,4]. 

2. A structural tree for a-helical proteins and domains including 
a-a-corners 

The a - a - c o m e r  is a structural motif formed by two a-he- 
lices adjacent along the polypeptide chain, packed approxi- 
mately crosswise and connected by an interhelical loop. Var- 
iants of this motif were initially found in two protein families, 
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'E-F-hands '  in the calcium-binding proteins [6] and 'helix- 
turn-helix' motifs in the DNA-binding proteins (for a review, 
see [7]). It was shown later that a-a-corners  are widespread in 
both homologous and non-homologous proteins and occur 
practically always in one form in which the polypeptide chain 
nearly forms a turn of a left-handed superhelix in three dimen- 
sions [2]. The a -a -corner  with a short connection has the 
amTaLI31~an-conformation of the polypeptide chain and the 
definite sequence pattern of the key hydrophobic, hydrophilic 
and glycine residues irrespective of whether it is found in 
homologous or non-homologous proteins [2]. Some small pro- 
teins and domains are merely composed of an a -a -corner  and 
short irregular 'tails' [4]. All this taken together suggests that 
the a--ct-corner represents a stable kind of fold which can 
adopt its unique structure per se. 

The larger protein structures can be obtained by stepwise 
addition of a-helices and/or ~-strands to the a -a-corner  tak- 
ing into account the following rules: (1) crossing of connec- 
tions is prohibited [8]; (2) each a--a-corner of a growing struc- 
ture should have its unique handedness; (3) an a-helix should 
be packed into the a-helical layer and a 13-strand into the [3- 
layer of a growing structure [5,9,10]; (4) the obtained struc- 
tures should be compact. 

In globular proteins, a-helices pack in one of three charac- 
teristic arrangements, aligned in parallel or antiparallel, ortho- 
gonal, or slanted (for details, see [10 13]). Taking into account 
these packing preferences of a-helices (rule 4) and restraints 
on the folding imposed by the structure of the loops (rules 1 
and 2), one may conclude that there is a restricted set of 
structures that can be formed by two a-helices adjacent along 
the chain and connected by a short or medium-sized loop. 
These are a-a-hairpins,  a-a-corners,  L-shaped and V-shaped 
structures. Thus, addition of an a-helix to the a -a -corner  can 
be done in different ways and results in formation of the 
structures shown in the bottom row of Fig. 1. Note that 
each structure in Fig. 1 can have both directions of the poly- 
peptide chain but is drawn once to economize on space. Also 
for this reason, only the allowed structures observed in pro- 
teins are shown. 

Thus, Fig. 1 represents a scheme of stepwise growth of an 
a--a-corner that can be called the structural tree for proteins 
including a-a-corners.  There is an a -a -corner  in the root of 
this structural tree. Arrows show different ways it grows. 
There are several levels (rows) in the structural tree. The bot- 
tom level (row) contains the structures obtained by an addi- 
tion of one a-helix to the a--a-corner. The structures of the 
next level have two a-helices added, etc. In other words, each 
level contains structures composed of the same number of ct- 
helices. As seen, the structural tree has several branches. The 
structures of the same branch have a higher level of structural 
similarity than those of different branches. All the structures 
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Fig. 1. A structural tree for proteins and domains including ct-c~-corners. Structural information is taken from the following papers: Endochiti- 
nase [14]; Hexokinase [15]; RNase Rh, ribonuclease Rh [17]; Cyt c peroxidase, cytochrome c peroxidase [18]; Reductase R1, ribonucleotide re- 
ductase protein R1 [20]; ct-CTD, carboxyl-terminal domain of the RNA polymerase c~-subunit [21]; SIV MA, simian immunodeficiency virus 
matrix antigen [22]; Tet repressor [23]; Oct-1 POUs, Oct-1 POU-specific domain [24]; Pol 13 (8 kDa), 8 kDa domain of rat DNA polymerase 13 
[25]; 434 Repressor [26]; Dsb A, Dsb A protein [27]; GH-5, globular domain of histone H5 [28]; HNF-3, HNF-3/fork head DNA-recognition 
motif [29]; CAP, catabolite gene activator protein [30]; cro-Repressor [31]; ~.-Repressor [32]; Taq polymerase [33]; Uteroglobin [34]; Thermoly- 
sin [35]; Citrate synthase [36]; HPS, hydrophobic protein from soybean [37]; ns-LTP, non-specific lipid-transfer protein [38]; bLTP, barley lip- 
id-transfer protein [39]; p17 of HIV-1, p17 matrix protein of HIV-1 [40]; Glu RS, glutamyl-tRNA synthetase [41]; Annexin, human annexin V 
[42]; 'kanamycin', kanamycin nucleotidyltransferase [43]; DT, diphtheria toxin [44]; Globins [45]; Colicin A, pore-forming domain of colicin A 
[46]; Hormone receptor, ligand-binding domain of human retinoic acid receptor (RAR)-y [47]; HSA, human serum albumin [48]; Papain [49]; 
G-peptidase, Zn2+-containing D-alanyl-D-alanine peptidase [50]; E3/Elp, E3/Elp-binding domain of dihydrolipoamide acetyltransferase [51]; Cy- 
clin A-3 [52]; TFI1B, transcription factor l ib [53]; Chitosanase [54]; Ca2+-binding domains [6]. 

of different branches have a common structure located in the 
corresponding branching point. The higher a branching point 
is located in the tree, the higher the level of structural simi- 
larity between proteins of the corresponding branches ob- 
served. 

It is possible to distinguish at least five subfamilies of these 
proteins. Each subfamily has its three-a-helical motif (located 
in the branching point) as the common fold. It is of interest 
that most proteins and domains containing the corner-corner 
unit have the function to bind DNA. Most proteins and do- 
mains within other subfamilies have different functions despite 
their structural similarity. 

3. Some additional remarks on the commonly occurring folding 
units 

As mentioned above, the a-helical structures shown in Fig. 
1 can have both directions of the polypeptide chain. As an 
example, Fig. 2 represents the corner-L (Fig. 2a) and L-corner 
(Fig. 2b) units that have opposite directions of the polypep- 

tide chains but the same overall fold. The corner-L unit occurs 
in endochitinase (120-160) [14], hexokinase (260-300) [15], 
transcription factor LEF-1 [16] and others. The L-corner 
unit is found, for example, in ribonuclease Rh (71-112) [17] 
and cytochrome c peroxidase (118-168) [18]. 

The structures shown in Fig. 2c,d have an overall fold that 
is reminiscent of the Greek letter q>. It is called the ~0-motif. In 
one form of the q>motif, pairs of helices AB, BC and CD 
form an L-shaped structure, an a--~-corner and an a -a-ha i r -  
pin, respectively (Fig. 2c). In the other form (Fig. 2d), an a--~- 
corner is formed by helices A and B, an L-structure by helices 
B and C and an a-a-ha i rp in  by helices C and D. There are 16 
examples of different ~p-motifs found in proteins of known 
structure [19]. 

Four-a-helical structures shown in Fig. 2f-i are variants of 
the same overall fold called the ABCD-unit. In this fold, 
helices B, C and D form a left-handed superhelix BCD and 
helix A is located in between helices B and D. For  compar- 
ison, Fig. 2e represents the abcd-unit (a commonly occurring 
folding unit in 13-proteins [1]) that has a right-handed super- 
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Fig. 2. A schematic representation of variants of some structural motifs. See the text for details. 

helix bed and strand a in between strands b and d. As seen, 
the overall folds of the abed- and ABCD-uni ts  are rather 
similar but  'mirror-symmetrical '  if segment conformations 
are ignored. A detailed analysis of these and other variants 
of the ABCD-uni t  including 22 examples from known pro- 
teins will be described elsewhere [19]. 

4. Discussion 

The information obtained by analysis of the structural trees 
constructed by comparison of protein structures and possible 
folding pathways (Fig. 1) is of  particular value in understand- 
ing the principles that govern the polypeptide chain folding 
(see also [1-5,55]). It  can also be used for structural classifica- 
tion of proteins. Proteins and domains whose structures can 
be obtained by a stepwise addition of m-helices and/or 13- 
strands to the same root mot i f  can be grouped into one struc- 
tural class. Proteins and domains found within branches of a 
structural tree can be considered as subclasses or subfamilies. 
Levels of structural similarity between different proteins can 
easily be observed by visual inspection. Within one branch, 
protein structures having a higher position in the tree include 
the structures located lower. Proteins and domains of different 
branches have the structure located in the branching point as 
the common fold, etc. It should be noted that two similar 
structures when superimposed can have a rather large value 
of the root-mean-square deviation since their c~-helices and/or 
13-strands may be of different lengths and their connection 
regions may differ in length and conformation. Nevertheless, 
these structures can have very similar overall folds. From this 
point of  view, this classification is rather different from those 
suggested by other authors [56-59]. 
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