
The structural tree for proteins is a scheme that

includes all the intermediate and final three�dimensional

structures that can be obtained by stepwise addition of

secondary structural elements to the root (starting) struc�

ture. Possible folding pathways are shown by lines that

connect all the structures between each other giving one

structural tree. Secondary structural elements are added

to the growing structures in accordance with a set of rules

inferred from known principles of protein structure. The

structural motif having a unique overall fold is taken as

the root structure of the tree.

Structural trees are good and promising tools for

solving several problems such as protein structure com�

parison, structural classification of proteins, mechanisms

of protein folding, searching for all possible protein folds

both known and unknown, etc.

Structural trees for seven large protein superfami�

lies—β�proteins containing abcd�units, 3β�corners, S�

like β�sheets; two�layer (α+β)�proteins containing abCd�

units; three�layer α/β�proteins containing five� and

seven�segment α/β�motifs; and α�proteins containing α�

α�corners—were constructed earlier [1�4]. In this study,

two novel structural trees for proteins containing ϕ�motifs

have been constructed and analyzed. Two variants of the

ϕ�motif are taken as root structures of the trees.

METHODS OF INVESTIGATION

The ϕ�motif has been revealed as a result of visual

inspection and protein structure comparison of the

Protein Data Bank entries (http://www.rcsb.org/pdb/)

and protein structures described in the original papers. In

total, fifty proteins containing ϕ�motifs have been found

(their PDB codes are 1BW4, 2CR5, 2CAE, 2J7N, 1N1O,

1NSO, 2RSP, 2MIP, 1AW8, 1FDO, 2NAP, 1G8J, 1EU1,

2IVF, 2ENG, 1OA9, 1NYC, 5P21, 1EGA, 1M7B,

1LAN, 1HMJ, 1NQT, 1B7G, 1GD1, 1S95, 1UTE,

2CZR, 2TMN, 1JAP, 1JAO, 1BUV, 1KAP, 1AGJ, 1A3A,

1QLD, 1ADM, 1BKN, 1EI1, 2GO3, 1KKH, 1FI4,

1HK7, 1QME, 2FD6, 1Q6U, 1FD9, 1FKJ, 1C9H, and

1E44).

The structural trees have been constructed taking

into account the following general rules [1, 4]:

– overall folds of protein molecules and intermedi�

ate structures are taken into account and details of the

structures are ignored. For space economy, only the

pathways leading to known protein structures are repre�

sented;

– a variant of the ϕ�motif is taken as the root struc�

ture of the tree;

– larger protein and intermediate structures are

obtained by stepwise addition of β�strands and/or α�

helices to the growing structure (in some cases, “ready

building blocks”, e.g. β�β�hairpins or α�β�units are

added). At each step, the β�strand or α�helix nearest to

the growing structure along the polypeptide chain is the

first to be attached;

– α�helices and β�strands cannot be packed into one

layer [5], so the next β�strand should be packed into a β�

layer and the next α�helix into an α�layer of the growing

structure;
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– crossing of connections [6] and formation of knots

[7] are prohibited, but formation of the ϕ� and ψ�motifs

is permitted;

– all the structural motifs (not only the root motifs)

of the obtained structures should have the corresponding

handedness and overall folds;

– in accordance with the principle of close packing,

the obtained structures should be compact.

RESULTS AND DISCUSSION

The simplest ϕ�motif is formed by three adjacent β�

strands connected by loops and packed in one β�sheet so

that its overall fold resembles the Greek letter ϕ (Fig. 1).

There are two types of ϕ�motifs—the hairpin�strand type

where a β�strand follows a β�hairpin (Fig. 1, a and c) and

the strand�hairpin in which a β�hairpin follows a β�strand

(Fig. 1, b and d). Figure 1e represents a split ϕ�motif,

which has one additional β�strand packed in between the

β�strand and the β�hairpin so that there are two β�hair�

pins in this structure.

A distinctive feature of the ϕ�motif is the loop, which

connects two edge β�strands and crosses over the central

β�strand or its extension so that together they form a

cross�like structure. The loop provides a reverse turn of

the polypeptide chain as well as its transition from one

edge of the ϕ�motif to the other. This loop will be referred

to here as the crossover loop.

There are right�handed and left�handed ϕ�motifs.

When viewed from the crossover loop, the polypeptide

chain runs from the N� to the C�end in the clockwise

direction in the right�handed ϕ�motifs (Fig. 1, a, b, and

e) and in the anticlockwise direction in the left�handed

ϕ�motifs (Fig. 1, c and d). In the right�handed ϕ�motifs,

the β�hairpins formed by strands 1 and 2 (Fig. 1, a and e)

and strands 2 and 3 (Fig. 1b) as well as the split β�hairpins

formed by strands 2 and 3 (Fig. 1, a and e) and strands 1

and 2 (Fig. 1b) are right�turned, but in the left�handed ϕ�

motifs, the corresponding β�hairpins are left�turned (Fig.

1, c and d). It should be noted that strands 1 and 3 are

packed parallel to each other in all the ϕ�motifs.

Figure 1f shows a schematic representation of the ψ�

motif described previously [8, 9], which has both similar�

ity to the ϕ�motif and essential differences. Both the

motifs have the crossover loop that crosses over the cen�

tral β�strand or its extension. When viewed from the

crossover loop, the split β�hairpin formed by the two edge

β�strands of the ψ�motif is right�turned as well as in the

ϕ�motifs shown in Fig. 1 (a, b, and e). In this form, the

ψ�motif occurs in the double�psi β�barrels [8, 9] and in

proteins containing ϕ�motifs. In some other proteins,

there are ψ�motifs having a left�turned split β�hairpin

(unpublished data). The essential difference between the

ϕ� and ψ�motifs is that the central β�strand of the ψ�

motif is not connected by loops with the other β�strands

and can be formed by a rather distant region of the

polypeptide chain, while the ϕ�motif is formed by three

adjacent β�strands connected by loops into one coopera�

tive structure.

Figure 2 shows some examples of complex ϕ�motifs

from known protein structures. As seen, they have the

same overall fold despite the fact that their crossover loops

can have different lengths and conformations, e.g. an α�

helical conformation or both α�helical and irregular con�

formations. The β�hairpin of the ϕ�motif can be folded

orthogonally upon itself so as to form the so�called β�β�

corner [10] as observed in the double�psi β�barrels [9]

(see also in Fig. 3 three branches in the left part of the

tree).

Fig. 1. Schematic representation of different variants of the ϕ�

motif (a�e) and the ψ�motif (f). β�Stands are shown with arrows

directed from the N� to the C�ends, crossover loops by double

lines and other loops by single lines. 1�4 are numbers of β�strands

in the chain starting from the N�end.
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Fig. 2. Examples of complex ϕ�motifs in known proteins. a) A ϕ�

motif found in aspartate decarboxylase (1AW8, region 26�65) in

which the β�hairpin forms the β�β�corner; b) a ϕ�motif in which

the long crossover loop consists of an α�helix and an irregular

region (1EGA, 4�64); c) a ϕ�motif in which the crossover loop

forms an α�helix (1NYC, 1�47). The figures are drawn with the

program RasMol [11].
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Fig. 3. a, b) Structural tree for proteins containing ϕ�motifs of the strand�hairpin type. Panels (a) and (b) are the left and right halves of the

tree. β�Strands are shown with arrows directed from the N� to the C�ends, α�helices by cylinders and irregular regions and loops by single

and double lines. c) Structural tree for proteins containing ϕ�motifs of the hairpin�strand type.
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Fig. 3. (Contd.)
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Analysis shows that different variants of the ϕ�motif

have different frequencies of occurrence in proteins.

Among 50 proteins containing ϕ�motifs (see the database

in the preceding section), only one protein (PDB code

1QME) has two left�handed ϕ�motifs (regions 657�690

and 715�750). This means that in proteins ϕ�motifs occur

predominantly in the right�handed form. Among the

right�handed ϕ�motifs, the strand�hairpin type occurs in

36 proteins, the hairpin�strand type in eight proteins, and

the split ϕ�motif in five proteins. The reasons for different

frequencies of occurrence of the ϕ�motifs are still poorly

understood and will be further investigated.

Figure 3 (a and b) represents a structural tree for pro�

teins containing ϕ�motifs of the strand�hairpin type con�

structed in accordance with the rules. The root ϕ�motif of

the tree is shown schematically beneath. More complex

ϕ�motifs having additional secondary structural elements

are shown in the bottom row of the tree. In the central

branches of the tree, the ϕ�motifs have additional α�

helices in loops. In the three branches on the left, the β�

hairpins of the ϕ�motifs are folded upon themselves into

β�β�corners. In aspartic proteinases, the crossover loops

are so long that additional β�hairpins are formed in these

regions (these β�hairpins can be very flexible as in 1NSO

and 2RSP). It is interesting to note that in these three

branches, addition of β�strands to the growing structures

results in formation of ψ�motifs. Figure 3c shows a struc�

tural tree for proteins containing ϕ�motifs of the hairpin�

strand type. This tree is very similar to that shown in Fig.

3 (a and b); however, it represents three novel pathways of

growth of the ϕ�motif.

As can be seen, there are several rows or levels in the

structural trees. The structures of a higher row are

obtained by addition of a β�strand or an α�helix to the

structures located in the preceding row below. As men�

tioned above, each structural tree has several branches.

Within one branch, structures having a higher position in

the tree include the structures located lower. Structures of

different branches have a common fold located in the

branching point. The higher a branching point is located

in the tree, the higher the level of structural similarity

between proteins and domains of the corresponding

branches. Note that structural similarity of proteins does

not mean that they have similar functions, so in one

branch there can be proteins and domains having both

similar and different functions.

Proteins and domains found within one structural

tree can be grouped into one structural class or superfam�

ily, proteins and domains containing ϕ�motifs. Proteins

and domains found within branches of the tree can be

considered as subclasses or subfamilies. This classifica�

tion is based on similarity of overall folds and modeled

folding pathways of proteins and domains. In this classifi�

cation, amino acid sequences, functions, and homology

of proteins are not taken into account, so it is different

from classifications suggested by other authors [12�14] in

which this information is used.

Thus, taking into account all the data presented

above, it is possible to suppose that the ϕ�motif can fold

into its unique structure itself independently of the

remaining part of the molecule. The structural trees pre�

sented in Fig. 3 demonstrate that the other structural ele�

ments of protein molecules can be attached to the grow�

ing structures step by step in accordance with the general

rules. All this together has led us to a hypothesis that the

ϕ�motif can act as a nucleus in protein folding, and the

pathways of its stepwise growth can be considered as pos�

sible folding pathways of the proteins. In any case, the

structural trees are a good tool for theoretical modeling of

protein folding and can be used in experimental studies of

the problem.

I thank Dr. E. V. Brazhnikov and A. M. Kargatov for
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