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1. Introduction 

The majority of proteins with mainly B-sheet 
secondary structure (all-0 proteins [l] or simply 

p-proteins) have the structure of a double a-sheet 
rolled into an open or closed cylinder [ 11. The 
topology of the P-sheet in these proteins usually 
includes the ‘Greek key’ [2] (see fig.l), and the topol- 
ogies of all such proteins are surprisingly similar 
[5,6]. This suggests that these proteins have a common 
folding mechanism which determines the principal 
folding pathways for P-proteins. Now we propose a 
folding mechanism for /.3-proteins which is based on 
very simple and physically reasonable assumptions. 
According to this mechanism the folding pathway 
and the final protein topology depend only on the 
total number of P-strands and on the localization of 
the initiating complex in the given protein chain. It 
reduces the number of possible topologies forfl-protein 
from lo* or 10’ (depending on the number of 
P-strands) to only a few. Nevertheless the topologies 
of all known ‘Greek key’ /3-proteins can be obtained 

on these pathways. 

2. Methods 

The kinetic [7] and thermodynamic [8,9] con- 
sideration of the p-structure formation in unfolded 
protein chains leads to the conclusion [5,10,1 I] that 
the most stable P-hairpins are often formed from long 
b-strands, each including two, three or even more 
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Fig.1. Schematic representation of p-protein structures with 

the ‘Greek key’ topology [l-4]. Left: top view of the open 

or closed cylinder. Right: plane representation of the double 
p-sheet (‘topologies’ [ 21). Dots show hydrogen bonds between 

p-strands (hydrogen bonds in plastocyanin have not been 

reported). p-Strands included in the ‘Greek key’ (four strands) 

or the ‘double Greek key’ (five strands) are underlined. 
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segments of native /3-structure. Computer simulation 
of pancreatic trypsin inhibitor folding [ 121 has also 
shown the existence of folding pathways passing 
through the stage of such long hairpins (see fig.13 in 

[I21 1. 
Let us treat the one-center (i.e., the most favour- 

able [ 131) folding pathway which starts with the 
formation of a long P-hairpin from long P-strands, 
each including two (fig.2), three (fig.3) or more 
native /?-segments. To screen its hydrophobic surfaces 
this hairpin must break into two, three or more parts 
at its ‘weak’ (hydrophilic) sites between the native 
P-strands [5,10,1 l] forming the ‘embryo’ of the 
double &sheet. However, we must have in mind that 
due to the difference in the riot-handed twist of the 
two P-sheets they can pack closely only if the ‘top’ 
sheet rotates in a clockwise direction [ 14,l S]. There- 
fore the breaking of the long hairpin becomes possibIe 
only after an additional P-strand adjoins to its end 
forming the hydrophobic surface of the ‘bottom’ 
sheet wide enough to absorb the ‘top’ part of the 
hairpin. This leads to the formation of the double- 
sheet nucleation center which can consist of five 
(f&.2), seven (fig.3) or more native Q-strands. 

There are two mirror-image forms of a double 
P-sheet with the same topology differing in the clock- 
wise or counter-clockwise swirl of the ‘Greek key’ 
[2]. The choice between these forms (i.e., the choice 
between two directions of hairpin breaking) is 
dictated by the requirement of the most compact 
nucleation center with the best screening of the 
hydrophobic core. For this the ‘top’ and the ‘bottom’ 
loops of the initiating hairpin must screen each other 
(fig.2,3). Together with the clockwise rotation of the 
‘top’ &sheet [ 14,151 this requirement leads to the 
unambiguous choice of the direction of hairpin break- 
ing shown in fig.2,3. An analogous requirement of the 
most compact nucleation center determines the direc- 
tion of the second breaking in a triple hairpin (fig.3). 

As a result the ‘Greek key’ swirl must be counter- 
clockwise as viewed from the outside of the double 

P-sheet (cf. [Z] ). 
Other P-strands must adjoin the boundaries of the 

growing double P-sheet in a way to ensure minimal 
screening of hydrophilic surfaces and maximal screen- 
ing of hydrophobic ones. The first means that the 
connections between P-strands should neither cross 
each other [ 161 nor cross the external surface of 
P-sheets [5]. Maximal screening of hydrophobic core 
means that the long internal intersheet connections 
of the A type (see upper part of fig.3) are always 
more favourable than the short external intersheet 
connections of the B type, while the jlltrasheet con- 
nections of the C type are possible only if the con- 
nections of other types would intercross after the 
adjoining of the next P-strand. 

There are no further limitations on the sequence 
or places of adjoining of P-strands; in particular, they 
can adjoin both antiparallel or parallel to their 
neighbours in a P-sheet. 

After the adjoining of the last P-strand, the 
hydrogen bonds between some neighbour P-strands 
can form or break without changing the topology of 
the molecuie. In particular, the formation of the 
additions hydrogen bonds which close a double 
o-sheet into a P-barrel is very probable (especially 
for wide P-sheets shown in fig.3). 

3. Results and discussion 

Figures 2 and 3 present all the folding pathways 
(for P-proteins containing up to eight P-strands) 
allowed by the principles described above. They show 
that the folding pathway and the topology of each 
P-protein is determined unambiguously by its initia- 

tion complex and the number of P-strands in the 
protein, Topologies of P-proteins from nine and tnore 

_ 

Fig.2. Folding pathways of P-proteins starting with five-stranded initiating complexes. Signs * and + mark two pairs of identical 
p-barrels. The examples of long internal intersheet connections (A), short external intersheet connections (B) and intrasheet con- 

nections (C) are shown in the upper part of the figure (see text). Structures from seven p-strands which are intermediates on the 

folding pathways for P-proteins with eight or more p-strands are shown in brackets (alternative p-strands adjoining in these strut- 

tures are marked by dotted lines). All allowed topologies (excluding those obtained on folding pathways ‘without t3’ and 

‘without -3’) include the double ‘Greek key’. Proteins or domains possessing one of the obtained topologies are named (figures in 

brackets mean pairs of p-strands not connected by hydrogen bonds). The N-domain of concanavalin A is a mirror image of the 

presented structure. 
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Fig.3. Folding pathways of p-proteins starting with the seven-stranded initiating complex. An example of folding of a longer 

initiating hairpin is shown in the bottom row. 

P-strands can be easily obtained by following these 
pathways or by treating the longer initiating hairpins 
in an analogous manner. 

Figure 2 shows that all &proteins with the ‘Greek 
key’ topology fit our scheme. Each of them has one 
of the structures predicted by the proposed folding 
pathway. It is an essential result because the number 
of P-barrel topologies n, allowed by the proposed 
folding pathway (see table 1) ranges from 0.5% (for 
five strands) to 0.002$6 (for eight strands) of the total 
number of its possible topolo~es~~ = (m-l)! .Zm-’ 

(rn being the number of P-strands). This is a very 
strong evidence of the existence of directed folding 
pathways for all-fi proteins leading to an unambiguous 
prediction of their structures. 

It is very probable that many other all-0 proteins 
or their domains with still unknown structures will 
have one of the topologies which are shown in fig.2.3 
or can be obtained by a prolongation of the corre- 
sponding pathway. Folding pathways initiated by 
short @hairpins (from native P-strands) are also possible, 
but seem to be less probable for all-@ proteins. Other 
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Table 1 

Number of 

p-strands 5 6 7 8 9 10 
m 

Number of 

allowed 2 3 7 12 18 24 

structures 

nm 
Total number 

of possible 384 3840 46 080 645 120 10 321 920 185 794 560 
structures 

Nril 
%?@rn 5 . 1o-3 8 . lo+ 2 1o-4 2. 1o-5 2. 10-e 1 . lo-’ 

exceptions can be connected with some terminal 
P-strands (especially hydrophilic ones) which are not 
the true structural segments in a folding pathway. 

The necessary condition for the existence of an 
initiating hairpin from long P-strands (each including 
two, three or more native P-segments) is that the 
lengths of two pairs, triads, etc. of adjacent native 
P-strands (together with their connections) must be 
approximately equal. This condition is approximately 
satisfied in proteins considered here for many adjacent 
pairs or triads including those which are necessary for 
the proposed folding mechanism. 

It follows that the problem of topology prediction 
for all-0 proteins is reduced now to the prediction of 
their secondary structure and to the localization of 
their initiating complexes. The number of allowed 
topologies of all-0 proteins is surprisingly small and 
the probability for two of these proteins to possess 
the same or similar topologies is therefore very high, 
irrespective of their evolutionary origin or their 
functions. A good example of this is azurin whose 
primary structure is homologous to that of plasto- 
cyanin [ 171 and whose three-dimensional structure is 

homologous to that of superoxide dismutase [3]. 
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