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Abstract—In the present study, pathways of growth of protein structures represented in the structural tree for 3-proteins con-
taining 3B-corners are analyzed. It is shown that the frequency of occurrence of the completed structures of known proteins
within branches of the tree is quite different. This means that allowed pathways of growth of protein structures are not equal
and their usage is quite different. In most cases, addition of one or two 3-strands nearest along the chain to the root 3f3-cor-
ner (67%) or addition of three B-strands to the 3B-corner results in the formation of structures closed into cycles or barrels.
Therefore, the pathways that result in closed structures are used most often in the first steps of growth of the root 33-corner.
Amino acid sequences coding for left-handed superhelices that close into cycles the 33-corners are also analyzed. It is
demonstrated that most crossover sites where the polypeptide chain passes from one -layer to the other have one or two
residues in sterically constrained o, - or e-conformations, which should be glycines or residues with flexible side chains in

order to reduce the steric constraints.
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The sequence of events in protein folding is one of
the main determinants of unique protein tertiary struc-
ture. However, there are still no experimental methods to
observe protein folding in real time. Theoretical modeling
of protein folding based on construction and analysis of
structural trees of proteins is a promising approach to
solving the problem [1, 2]. The approach is based on the
hypothesis that in the first step of protein folding a nucle-
us is formed, and then the remaining part of the molecule
or domain is folded around it. In modeling, the structur-
al motif having a unique overall fold and handedness is
taken as the starting structure or the root structure of the
tree. Other o-helices and/or -strands are added to the
root structural motif step-by-step in accordance with a
restricted set of stereochemical rules inferred from known
principles of protein structure. At each step there are sev-
eral pathways of structure growth, but the number of
allowed pathways is limited since the rules drastically
reduce it. A general scheme that represents the root struc-
tural motif, all the intermediate and completed structures
connected by lines showing allowed pathways of structure
growth is referred to as the structural tree.

* To whom correspondence should be addressed.

In this study, we analyzed the pathways of growth of
structures in the structural tree for B-proteins containing
3B-corners [3, 4] and found the following.

1. The allowed pathways of growth of protein struc-
tures are not equal and their usage is quite different.

2. The first steps of growth of the root 33-corner, i.e.
addition to it of one or two B-strands nearest along the
chain, lead to the formation of structures closed into
cycles in most cases (67%).

These results are of particular value in both protein
folding and modeling as the selected pathway of structure
growth determines to a great extent the polypeptide chain
fold of the completed structure.

METHODS OF INVESTIGATION

The 3B-corner is a structural motif that can be repre-
sented as a Z-like triple-stranded B-sheet folded upon
itself so that its two B-hairpins are packed approximately
orthogonally in different layers and the central B-strand is
bent by 90° when passing from one layer to the other to
form a half-turn of the right-handed superhelix [3]. The
3B-corners are common in proteins. To date we have
compiled a database of 720 proteins containing 33-cor-
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ners (among them 224 are nonhomologous, in which
there are 253 3B-corners). This is a substantially larger set
of protein structures than that presented in the corre-
sponding structural tree constructed in 1997 [4]. Proteins
were manually selected from Protein Data Bank
(http://www.rcsb.org/pdb/). Protein structures were visu-
ally examined using the RasMol molecular graphics pro-
gram [5]. Possible homologies were revealed by the
BLAST 2 SEQUENCES program (http://blast.ncbi.nlm.
nih.gov/bl2seq/wblast2.cgi) [6]. Taking into account the
new database, we have constructed an updated structural
tree for proteins containing 33-corners. The updated tree
includes 720 proteins (among them 224 are nonhomolo-
gous). Note that the tree of 1997 [4] contained 59 pro-
teins including homologous ones. The updated tree is
based on the tree of 1997 and incorporates it, but it has
several additional novel branches and contains more
known proteins. A computer version of the tree has been
constructed that will be accessible at the web-site
http://strees.protres.ru/ (Institute of Protein Research,
Russian Academy of Sciences) where six structural trees
for other protein classes are now accessible. This structur-
al tree was used for comparative analysis of the pathways
of growth of protein structures. The frequencies of occur-
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rence of the closed and open structures were calculated
taking into account the numbers of known nonhomolo-
gous proteins found within the corresponding branches of
the tree.

RESULTS AND DISCUSSION

Figure 1 shows a schematic representation of the 33-
corner as well as open and closed structures obtained by
addition to it of one or two B-strands nearest along the
chain. For comparison, “top” (Fig. 1e) and end-on (Fig.
1j) views of the abcd-unit [1] are shown. The abcd-unit is
closed into a cycle by the right-handed bcd-superhelix
formed by -strands b, ¢, and d. Analogous right-handed
superhelices can be observed in the structure shown in
Fig. Ic if an imaginary crossover strand would connect
the C-end of B-strand 1 and the N-end of -strand 3, as
well as in the structure shown in Fig. 1d if an imaginary
crossover strand would connect the C-end of 3-strand 2
and the N-end of B-strand 4. Similarity between these
structures and the abcd-unit can easily be observed if one
compares their simplified representations shown in Fig.
1, h-j. The structure shown in Fig. 1c will be referred to
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Fig. 1. Schematic representation of the 33-corner (a) as well as open (b, k) and closed (c, d, 1, m, n) structures obtained by addition to the 3f3-
corner of one (upper row) and two (bottom row) B-strands. On the right (e) the abcd-unit [1] is shown for comparison. 3-Strands are shown
with arrows directed from the N- to C-ends, and -strands added to the 3B-corner are shown with black arrows, and loops are shown with
single lines. In the middle row there are simplified representations of the structures of one upper row as they look from one side (f-j). Here -
strands are shown as rectangles, near connections by double lines, and far connections by single lines. N and C are designations of the ends.

See also the text.
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Fig. 2. A fragment of the structural tree for proteins containing 3f3-
corners and the frequencies of occurrence of known proteins in the
corresponding branches. The structures are represented in a way
similar to those in Fig. 1. The open structures and their frequencies
of occurrence are framed. The unframed numbers show the fre-
quencies of occurrence of the closed structures.

here as the 3B-corner closed at the N-end, and that in
Fig. 1d will be referred as the 3B-corner closed at the C-
end. In the structure shown in Fig. 11, the 3B-corner is
closed at both the N- and C-ends. The structures having
the SH3-like fold (Fig. 1m) [7] and the GroES-like fold
(Fig. 1n) [8] include right-handed superhelices of the
(B+S+p)-type [9], which make these folds closed. In the
former case (Fig. 1m), the right-handed superhelix is
formed by B-strand 2, the S-like B-sheet (strands 2', 3,
and 4), and B-strand 5. In the second case (Fig. 1n), the
superhelix is formed by B-strand 1, the S-like B-sheet
(strands 2, 3, and 4), and -strand 4'. In the literature the
SH3-like and GroES-like folds are usually called B-bar-
rels because their B-strands are closed into cylinders by a
system of hydrogen bonds. Note that in the closed struc-
tures the N- and C-end are adjacent and the N- and C-
terminal 3-strands are cross-stitched by hydrogen bonds.

In the open structures shown in Fig. 1 (b, g, k), the
B-strands are added to the 33-corner without passing of
the polypeptide chain from one -layer to the other. In
these open structures, the N- and C-terminal (-strands
are located in different 3-layers and do not form hydrogen
bonds between each other. In other open structures (see
Fig. 1 in [4]), the polypeptide chain passes from one -
sheet to the other while bending by 90° to form a right-
handed superhelix, but their N- and C-terminal (-
strands are located apart.

We have analyzed the pathways of growth of the root
3B-corner up to the completed structures of known pro-
teins and calculated the frequencies of occurrence of the
closed and open structures in our database of proteins
containing 33-corners. We have found that the number of
the completed structures of known proteins within
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branches of the tree is quite different. This means that the
pathways are not equal and their usage is different. The
fragment of the structural tree shown in Fig. 2 represents
the structures of the first level obtained as a result of addi-
tion of one PB-strand to the root 3B-corner and some
structures of the second level as well as their frequencies
of occurrence in the corresponding known proteins. As
seen, 35% of 3B-corners (88 3B-corners out of 253 non-
homologous ones) are closed at the first step of growth
when the B-strand nearest to the 3B-corner along the
chain is added to it at the C- or N-end (compare with Fig.
1, c and d). In the second step, 31 out of these 88 closed
3B-corners are closed twice, at the C- and N-ends (Fig.
11). Thirty-two percent of 33-corners are closed when the
second B-strand is added to the root 33-corner so as to
form SH3-like or GroES-like folds (Fig. 1, m and n).
Fifteen percent of 3B-corners are closed when the third
B-strand is added. In total, 82% of 3B-corners form
closed structures after three steps of their growth.

Thus, the pathways that result in the closed struc-
tures are predominantly used at the first steps of growth of
the root 3p3-corner. One of the most probable reasons of
this is that the closed structures are more cooperative and
higher barriers should be overcome to unfold them com-
pared with their open analogs.

As mentioned above, the central -strand of the 3f3-
corner forms half a turn of the right-handed superhelix
when passing from one -sheet to the other (see Figs. 1a
and 3a) [3]. Such superhelices occur most often in pro-
teins with the orthogonal -sheet packings [10], including
proteins containing 3f3-corners [3, 4], S-like 3-sheets [11]

Fig. 3. Handedness of crossovers of the polypeptide chain from
one B-sheet to the other in B-proteins with orthogonal B-sheet
packings. a) Schematic representation of the right-handed super-
helix that is formed by the central -strand of the 33-corner [3],
the B-bend [10], B-strands of the B-B-corner [12], etc. b) The
right-handed (B+S+p)-superhelix [9]. ¢, d) Left-handed super-
helices that close into cycles with 33-corners at the N- and C-
ends. Imaginary axes of the superhelices are shown as straight
lines (a, b) and bars (c, d). Other designations are as in Fig. 1.
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a
1. 1voz:
2. luhe:
3. 1lvle:
4., 1wlf:
5. 1le32:
6. 1mbm:
7. 1vfs:
8. 1lyl2:
9. 1larb:
10. 1zbo:
11. lefc:
b

1. 1kzl:
2. 1t62:
3. 1luhe:
4. 2arl:
5. 1v6z:
6. 1lvly:
7. 1lyln:
8. 2f9h:
9. 1065:
10. 1wmm:
11. 1zun:
12. lep3:
13. w03
14. 2ey4:
15. loru:
16. leOt:
17. 1lvle:
18. 1wlf:
19. 1cr5:
20. 1lgtr:
21. 1kOh:
22. 1s04:
23. 1lte7:
24 . 1mbm:
25. 1sqr:
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STRUCTURES CLOSED INTO CYCLES IN B-PROTEINS

1261

BBBRPRPPPPPxxXXXXXXXOXO, YO BB~~~ ===~ BBBBBBRRRR
——————— Gvlplretrhlve--viRar-----vGdrFtvf---- 13-38
——————— Itidedlak------1aKlr-----eGmkveIv---- 26-48
--yKywiMrvnsidae------ arGik----- nGd1IrAyn--- 767-794
——————— Lhlprriva------qlfl1-----qfigalev----- 29-50
—————— vvslsqpkmd------e1Ql1f-----rgdtvIiLk---- 38-60
----evvVvltashvvG------ raNma-------- tLkI----- 31-51
--tHlAlVpagy---------- adGip-rnasGrgpvliv----- 280-305
---LsFtKyidkstpnlmmac-ssGkh-------- yPqAKkLtIr 56-87
—————— yFltah----------hcGmgtastaasivvy------ 51-72
-GvLrLrvfe-iryldmvrrciadGse------- fgvwl----  17-47
kFeSevyIls-k---------- deGgrhtpffkgyrPgFyF--- 303-332
BBBBBBBRR-~——mm e BBB.x. B, BBBBAA
--gFaMkIeapqildd------- chtGd sIav-- 22-44
----aTcSsldiykmeeeql---pkaGq yDiIl- 1050-1075
————— ItIdedlaklaK------1reGm kveIvD 26-48
----tSpwdGvrnyaarnnmra-msvGd kv1FyH 33-61
——————— GviplretrhlveviRarvGd rrtvf- 13-38
---WlLaGsasrl---------- peaGe dLeLk- 249-268
~-gCrFiTpplgkt-~---==~- yqvGd 1valLelI 167-189
————— viQsfpekdqvt------1laeGd hLkI-- 40-60
————— LsTdGltesn--------vymGd iFrw-- 98-116
----vWgVvpkkhkntlsr----- vkpGd kLvIyV 21-45
sDaFdAmLvwmaeep-------- mlpGk kydIk- 332-356
--iFeMvLkGt1vdem------- d1pGq fLhL-- 20-42
----iArvhGlrn---------- vqaEe mveF-- 38-55
=== FLIVIEIWY =~ == mmmm sINd rvv--- 15-31
----- vavsGmpdlts-------1keGs rIi--- 95-113
—————— mvavtyegfttd-----TsvGn tvIiv-- 105-125
yKywiMrvnsidaearG------ iknGd 1IrAyN 767-794
————— LhiprrivaglHl------T1gNg aIeva- 29-50
----vAavspnd----------- fpnNi yIiI-- 44-60
----1vikqggfaepslkd----- avaGk aFqF-- 496-518
——————— Pslfvrtbevrq----1rrGd tLtI-- 63-83
---KiEgRlydekrrq------- ikpGd VISF-- 21-42
---TiT1Rdesesh--------- fktGd vLrvgr 22-43
——————— Clawtts---------gdsGs avvQ-- 111-126
----VvMiIkpldVnsreeas---k1iGr Tviw-- 21-45

Fig. 4. Structural alignment of amino acid sequences coding for left-handed superhelices closing 33-corners at the N-ends. Each column is
headed by a symbol, a, B, a,, y, showing the conformation of the residues in it; a dash shows that the residues in this column have various
conformations. PDB codes of proteins are listed on the left and residue numbers of the sequences are shown on the right. Residues having
o, -conformations as well as inside residues of B-strands are shown in capital letters. a) Examples containing o-helices in the crossover
regions. b) Examples having BB o, B,-arches.
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a BBBBBBBB------------- 568,0,8, BBBBBBBBA
1. 1lyln:A ---gCrFitpplgkt--~--- ygqvGd TvaLeI-- 167-189
2. lefc:A IkmvvtLihpia--------- mddG1l rFaIrg-- 356-378
3. 1v5v:A GiGiAfvkeey------—-—--- akpGi eIeveI-- 354-375
4. 2a69:D ---sIqLhplvceafna----dfdGd gmavhv-- 725-749
5. lcr5:A --GtIgFngnqrtwgG----- ws INg dvgAkA-- 77-101
6. le32:A ---kIrMnrvvrnnlR----- vr1Gd vIsIqP-- 81-104
7. 1lvfs:A ---gFvvdlGed]-------- aeaGd eAvIl--- 320-339
8. 1wlf:A ---vAeInrgvggklG----- TssGd qvfLrp-- 73-96
9. 2d9r:A ----HiLglrqdirraiG---kgpGd svyvtLIP 77-103
10. 1kOh:A ---sLfvrtbDevrq------- TrrGd tLtI----- 64-83
11. 1nb0:A KsMeThImhtfke-------- dfyGe iLnvaivGy 83-109
12.1ep3:B -tCtIlyrigdettgtyklsklesGa kvdvmGpL- 66-98
13. luhe:A ----IcVnGaaark------- vaiGd vVwiIlAyAs 68-91
14.1yel:A ---kvfLtvGwenfvkdnN--TedGk yLqFiY---  60-86
15.1w0j:A --vgvvvfGndkl-------- ikeGd 1VkRtGaI- 71-94

b BBBBPBRR e vB.o.B. BBRBBRPR

1. 2f11:A  v_LaAkLkglddreeart----ftGy eIcIp-- 64-89
2. 1nab:A  --eKrItRwGrGsplqgdpe--ntGa 1TTLafk 96-123
3. 1Tvm:A  ----fwkhwiqtkdG------ gcGs pLVS--- 139-157
4. 1sqr:A  ---VrArfekGlpgQ------ alGgd yveI--- 67-86
5. 1mbm:A ----vClawttsg-------- dsGs avvQ--- 110-126
6. 1lkz1:A --hFtvgiapeslIrlitnlgqckaGd pvnLer- 58-86
7. 2ey4:C KVaIkkasani ———————— yvGe vLyvd-- 52-73
8. leOt:A vickvlnngdl--------- geNk gvnLpg- 141-162

Fig. 5. Structural alignment of amino acid sequences coding for left-handed superhelices that close 33-corners at C-ends. a) Examples hav-
ing BPP,o By-arches. b) Examples having yf,o B,-structures. Designations are as in Fig. 4.

(Figs. 1m, 1n, and 3b), and B-B-corners [12]. Analysis
shows that at the bending site, i.e. at the site where the
polypeptide chain passes from one -sheet to the other, it
can adopt a characteristic conformation forming what is
called the B-bend [10], or another standard structure with
Bapp-, PBap-, BayB-, Baoyp-, or BeB-conformation
[12, 13] (y-conformation corresponds to a region with ¢ =
—90 £ 30°, y = 0 = 30°; and e-conformation to ¢ = 110 +
30°, w = —170 £ 20°). Each of these small standard struc-
tures provides a 90° bend and a crossover of the polypep-
tide chain from one [-layer to the other.

In contrast, addition of the -strand nearest along
the chain to the 33-corner so as to form a closed structure
(Fig. 1, c and d) results in the formation of a left-handed
superhelix at the crossover site (Fig. 3, c and d). We have
analyzed the left-handed superhelices in our database and
found that most crossovers of the polypeptide chain from
one (3-sheet to the other (84% of 3B-corners closed at N-

ends and 75% of 33-corners closed at C-ends for the non-
homologous proteins) have one, two, or more residues in
the sterically constrained o, - or g-conformations. More
than 80% of these o, - and e-positions are occupied by
glycines, and the remaining 20% are occupied by residues
with flexible side chains. It can be concluded that the for-
mation of left-handed superhelices in the closed 33-cor-
ners results in steric constraints at the crossover sites, and
to reduce them in proteins the o, - and e-positions are
occupied by glycines or residues with flexible side chains
and cannot be occupied by Pro, Thr, or bulky hydropho-
bic residues.

As a rule, the polypeptide chain regions forming the
bending site or the crossover of the chain from one [3-
sheet to the other in the left-handed superhelices are
longer than in the right-handed ones. In order to find the
features of amino acid sequences coding for the left-
handed superhelices, we performed structural alignment
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of nonhomologous superhelices subdivided into several
groups with similar structures. The structural alignment
was performed by hand. Amino acid residues occupying
equivalent positions in the superhelices and having the
same conformations are arranged column-wise (Fig. 4).
Each column is headed by the symbol showing the con-
formation of the residues. For example, all the C-termi-
nal a; -residues of a-helices fall into one column headed
by o, the N-terminal residues of a.-helices into another
column, the inside and outside B-residues into the corre-
sponding columns, etc. In many cases the crossover
region consists of an a-helix and one or two small stan-
dard structures (Fig. 4a). Note that C-terminal residues
of a-helices having the o, -conformations are glycines or
residues with flexible side chains. However, in most left-
handed superhelices the crossover region can be repre-
sented as a combination of several small standard struc-
tures. The B-B-arch occurs most often. This standard
structure has been observed earlier in B-proteins with the
aligned B-sheet packings in which the B-pB-arch provides
a crossover of the chain from one [-sheet to the other
[14]. Its shortest variant consists of five residues and has
BB,Byo B-conformation (B,-conformation corresponds
to the polyproline helix region on the Ramachandran
plot). In the left-handed superhelices that close 33-cor-
ners, such B-B-arches have BPP,a,f,-conformations
(Figs. 4b and 5a), which is slightly different from that
mentioned above. Note that the majority of the first 3-
positions of these B-f-arches are occupied by hydropho-
bic or nonpolar residues and most o;-positions by
glycines. Figure 5b shows some examples of the left-
handed superhelices containing small structures with
YB,0u B,-conformations in which o, -positions are also
occupied by glycines.

Figures 4 and 5 represent examples of elements of
the crossover regions that occur most often in the left-
handed superhelices, although the number of possible
combinations of the small standard structures in such
regions is rather large. This variety is one of the main dif-
ficulties in studying the relationship between the structure
and the amino acid sequence of the crossover regions.
Nevertheless, as can be seen in Figs. 4 and 5, the amino
acid sequences of the crossover regions should have
glycines or residues with flexible side chains in particular
positions. Moreover, there should be fulfilled necessary
conditions of the formation of B-strands flanking the
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crossover region, in part, their inside positions pointed to
the hydrophobic core should be occupied by hydrophobic
residues and those pointed outside by both hydrophobic
and hydrophilic residues.

It should be noted in conclusion that structures
closed into cycles are widespread in proteins. In many
cases, superhelices of different types close the structures
into cycles. For example, these are right-handed Bof3-
superhelices in o/p-proteins [15] and (a+p)-proteins
containing abCd-units (see the corresponding structural
motifs and trees in [2]), superhelices bcd in abcd-units
[1], (B+S+p)-superhelices in B-proteins with the ortho-
gonal 3-sheet packings [4, 9, 11], as well as the superhe-
lices considered in this paper. It seems likely that in pro-
tein folding the formation of closed structures is a mech-
anism for obtaining cooperative and stable structures and
the folding pathways that result in the closed structures
are predominantly used.

This work was supported in part by the Russian
Foundation for Basic Research (grant No. 10-04-00727)
and the Federal Agency for Science and Innovations
(project No. 02.740.11.0295).
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