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Van der Waals Locks: Loop-n-lock Structure of
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In a globular protein the polypeptide chain returns to itself many times,
making numerous chain-to-chain contacts. The stability of these contacts
is maintained primarily by van der Waals interactions. In this work we
isolated and analysed van der Waals contacts that stabilise spatial struc-
tures of nine major folds. We suggest a specific way to identify the tight-
est contacts of prime importance for the stability of a given crystallized
protein and introduce the notion of the van der Waals lock. The loops
closed by the van der Waals interactions provide a basically novel view
of protein globule organization: the loop-n-lock structure. This opens a
new perspective in understanding protein folding as well: the consecutive
looping of the polypeptide chain and the locking of the loop ends by

tight van der Waals interactions.
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Introduction

The formation of hydrophobic nuclei by “van
der Waals forces drawing together the hydro-
phobic side-chains of the amino acids”” was theor-
etically hypothesized already in 1944, before the
sequencing of the proteins. In this work Bresler &
Talmud predicted the existence of globular pro-
teins with a primarily hydrophobic interior and
hydrophilic exterior provided by the balance
between the amounts of the respective residues.”
The balance is responsible for the size of the pro-
tein globule, as estimated by its surface energy.
This conclusion was later confirmed by analysing
the first 15 protein crystal structures.> Hydrophobic
nucleation has been shown to have a central role in
many of the subsequent protein structure and fold-
ing studies.*'’. In examining the folding process, it
remains uncertain which of the nuclei in the final
spatial structure actually participated in the fold-
ing. Moreover it is not clear which of the kinetic
nuclei of the folding intermediates survived in the
final fold. At the same time, the hydrophobic
nuclei of the crystallized structures undoubtedly
do contribute substantially if not crucially to the
stability of the final fold. There are no studies that
we know of that will pinpoint which of the mul-
tiple contacts in a given protein globule are the
main contributors to its stability. Here we concen-
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trated on exploring the purely structural aspects of
van der Waals contacts, namely, where in the folds
are the tightest van der Waals contacts located,
and is there any order in the organization of such
contacts.

Results

There is no straightforward way to ascribe
energy values to the close contacts. The standard
approach for the calculation of van der Waals
interactions indirectly includes all types of inter-
actions.!'? Clearly, van der Waals forces would be
a major component. However, polar and ion inter-
actions would also result in the formation of close
contacts. Moreover, such forces provide closer dis-
tances than van der Waals interactions. Notably,
the calculation of van der Waals energy for sites
with such contacts would give infinitely repulsive
terms, whereas the site as a whole may well be a
true tight van der Waals contact. This is why here
we have chosen a simpler approach: operating
with number of atom-to-atom contacts, rather than
with energy integrals of van der Waals and other
interactions. In this way we adequately describe
tight van der Waals contacts, which indirectly
includes the contributions from other interactions
as well. We started by calculating the total number
of contacts a given residue has with the other
atoms of the rest of the protein globule. Detailed
analyses of the distribution of the tight atom-to-
atom contacts in 3D and along the sequence
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indicate that the distribution of the contacts is  (Trefoil fold, 1ilb). Here, for every residue along
highly non-uniform. Figure 1(a) presents an  the polypeptide chain, the total number of atom-
example of such a distribution along the sequence  to-atom contacts this residue makes is calculated.

(a)

600
500
400
300
200 -
100

Number of contacts

1 11 21 31 4 5 61 71 81 91 101 111 121 131 141 151

Sequence position

(b)

A 139 36 977 78 1 0 152 123 92 0 1266
B 911 319 32 51 12 0 0 114 97 49
C 176 34 92 298 0 0 44 735 1
D 1203 56 1 355 32 0 0 84
E 297 51 913 106 26 0 2
F 1184 533 160 30 47 0
G 158 90 228 326 0
H 1015 92 18 3
I 418 109 499
J 892 522
K 122
L

Figure 1. (a) An example of the plot of the total number of atom-to-atom contacts every residue of the Trefoil fold
makes with other atoms of the rest of the protein globule. The contacts between the nearest five residues along the
chain are not included, whereas contacts between residues i and beyond i + 5 are counted. (b) The matrix of inter-
actions between the multicontact clusters (A to L) for the Trefoil fold (1ilb).
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(@)

400

350
300
250 -
200
150 -
100 A

50 A

Number of contacts

1 "7 21 31 41 A

61

Sequence position

71 81 91 101 111 121 131 141

(b)

A 114 0

B 469

G

H

D E F G H
592 0 257 620
475 164 0 1192 0
423 0 0 328 0
0 0 1 0
243 86 432
77 914
894

Figure 2. The contact density map (a) for the Globin fold (1thb) and the matrix of cluster-to-cluster interactions (b).

Thus, the non-uniformity of the distribution is
clearly seen. The site F (residues 65-77) makes
many contacts with others; however, at the same
time the region 32-37 hardly makes any distant
contacts. Typically, the contact density diagrams
consist of several distinct clusters of contacts as in
Figure 1. The clusters of high contact density in
Trefoil fold (1ilb) are A (3-14), B (16-21), C (23-31),
D (38-51), E (54-63), F (65-73), G (77-87), H (90-
105), I (109-117), J (119-126), K (128-138), and L

(141-151). Such diagrams, however, do not indicate
which residues interact with a given cluster and
contribute to the contact density. This information
can be obtained by a separate calculation of the
contact matrices. Figure 1(b) shows an example of
such a matrix for the above Trefoil fold. The
elements of the matrix indicate how many contacts
are shared by any two clusters. The element A*D
(977 atom-to-atom contacts), for example, corre-
sponds to the interaction of the sites 3-14 and 38-
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i

Figure 3 (legend shown on page 1424)
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Figure 3 (legend shown on page 1424)
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51. Several such strong pairs are seen in the matrix.
Thus, the matrix comprises major contacts stabiliz-
ing the protein molecule. Further analysis con-
ducted with more detailed matrix of contacts (data
not shown) specifically indicated those residues
that contribute most to every given cluster-to-clus-
ter contact. For every pair of clusters, key sections
of three to five amino acid residues can be deter-
mined. Such a pair of tightly contacting sections
makes what we call a van der Waals lock. The van
der Waals lock is thus defined as a pair of short
interacting sections of the polypeptide chain locally
making a high concentration of atom-to-atom con-
tacts. The locks frequently form associations, bring-
ing together more than two sections of the chain,
which we call composite locks. As the matrix in
Figure 1(b) suggests, the Trefoil fold contains on
the order of 10-15 locks with an appreciable num-
ber of atom-to-atom contacts. Another eight super-
folds' have a similar concentration of tight locks.
A second example, with less obvious clusters of
contacts, the Globin fold 1thb, is shown in Figure 2.
Here, the contact diagram (Figure 2(a)) is subdi-
vided into clusters A (6-17), B (21-36), C (38-50), D
(54-60), E (62-77), F (79-89), G (91-113), and H (120-
140). In the matrix (Figure 2(b)) the cluster-to-clus-
ter interactions are displayed. Note that the details
of subdivision in the clusters are not essential for
the final result; it only simplifies the calculation.
The locks can be identified directly in the full resi-
due-to-residue matrix of contacts, as for example,
5*5 boxes with the highest scores.

Rather than displaying all these locks, Figure 3
presents several diverse examples of simple and
composite locks. Note that in the space-filling
presentation, almost every fragment of a protein
molecule appears as a tight pack similar to the
locks shown in Figure 3. That would be, however,
an illusion, since only a few of the contacts in the
globule are indeed as tight as those shown in
Figure 3. Figure 3(a), of Sandwich (laps), demon-
strates van der Waals locks from sites 11-15 (red)
and 45-49 (green). The protruding residues Glul2-
Vall3 “embrace” the site 45-49, whereas residues
Tyrll and Gly15 cover the ends of the segment 45-
49. Both parts of the lock belong to B-strands.

The next two illustrations (Figure 3(b),(c)) reflect
examples of composite locks where five pieces of
B-strands, in the first case, and three pieces of

a-helices, in the second one, are involved. In the
Trefoil fold (1ilb) in Figure 3(b) a “central bar” is
seen, consisting of residues 55-58 (cyan), continued
by residues 59-63 (blue). This site provides contacts
between sequentially and spatially distant parts of
the structure by locking the residues 55-58 (cyan)
with 100-104 (orange), and 59-63 (blue) with 40-44
(green), respectively. Residues 40-44, in turn, make
contact with the beginning of the chain, residues 6-
10 (red). Three o-helical pieces in the Globin fold
(1thb, Figure 3(c)) form spatially a “waist” in the
middle of the globule, consisting of the parallel
a-helical pieces 24-28 (red) to 104-108 (green), and
102-106 (green) to 125-129 (blue), respectively (see
also Figure 2). The example of the Immunoglobulin
fold (2rhe) shows the van der Waals contacts lock-
ing the beginning of the chain (residues 9-13,
unstructured chain, red) and its end (106-110, a
piece of B-strand, green). Similar to Figure 3(c),
Figure 3(e) shows the waist, consisting of three
pieces of o-helices for the Up-down fold (256b),
where residues 10-14 (red) interact with residues
29-33 (green), and residues 30-34, in turn, make a
tight contact with site 72-76 (blue). In both waist
cases the side-chains of the contacting residues
interpenetrate, thus stabilizing the van der Waals
lock. For example, residue Thrl08 (green) pene-
trates the red region near residues Tyr24, Glu27,
and Ala28, and residue Leul29 (blue) penetrates
the green region, making contact with Ser102,
Leul05, and Leul06 in the Globin fold. Similarly,
Met33 in the Up-down fold enters the part 10-14
(red) near residue Leul0, as well as Ile72 from the
site 72-76 spatially makes contact with residues
Leu30, Met33, and Arg34 (green). In the Jelly roll
fold (2stv, Figure 3(f)) sites 25-29 and 27-31 (both
marked by red), belong to the B-strand and form a
“bar”’, similar to that in the Trefoil fold (see
Figure 1(b)). Here, the bar makes tight contact with
the adjacent unstructured part of the chain, 57-61
(green) and the end of the B-strand 188-192 (blue),
respectively. Interestingly, sites 57-61 and 25-31
have an almost perpendicular orientation, whereas
the sites 188-192 and 27-31, which belong to the
B-strands 27-38 and 182-193, respectively, are
(anti)parallel. Doubly Wound fold (4fxn), pre-
sented in Figure 3(g), shows van der Waals locks
connecting distant parts of the globule: residues
1-5 (red) and 30-34 (green) in the first lock, and

Figure 3. Diverse examples of simple and composite locks. Backbone presentation of the whole structure and
space-filled images of van der Waals locks. Note that the backbone presentation does not show the amino acid resi-
dues, whereas the space-filling presentation does. (a) of Sandwich (laps). Sites 11-15 (red) and 45-49 (green).
(b) Trefoil (1ilb). Composite lock, comprising five pieces of B-strands: a “central bar” is seen, consisting of residues
55-58 (cyan) continued by residues 59-63 (blue). Other sites involved: 100-104 (orange), 40-44 (green), and 6-10 (red).
(c) Globin (1thb). Composite lock of sites: 24-28 (red), 102-108 (green), and 125-129 (blue). (d) Immunoglobulin fold
(2rhe). Lock of sites 9-13 (red) and 106-110 (green). (e) Up-down fold (256b). Sites 10-14 (red), 29-34 (green), and
72-76 (blue). (f) Jelly roll fold (2stv). Sites 25-31 (red), 57-61 (green), and 188-192 (blue). (g) Doubly Wound fold
(4fxn). Sites 1-5 (red), 30-34 (green), 85-89 (blue), and 115-119 (orange). (h) TIM barrell fold (7tim). Large composite
lock of sites: 3-7 (red), 36-42 (green), 58-64 (blue), 88-94 (orange), 121-129 (cyan), 162-166 (magenta), 182-189 (blue),

202-209 (purple), and 226-230 (yellow).
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residues 85-89 (blue) and 115-119 (orange) in the
second one. Both pairs of sites are parts of the cor-
responding B-strands. The last example of the TIM
barrell fold (Figure 3(h)) is a large composite lock
spanning in a circle through the globule from the
beginning to the end of the chain. This lock
involves nine discontinuous sites: 3-7 (red), 36-42
(green), 58-64 (blue), 88-94 (orange), 121-129
(cyan), 162-166 (magenta), 182-189 (blue), 202-209
(purple), and 226-230 (yellow). These include five
elements of B-strands, two o-helices, and two seg-
ments of the chain with an undefined secondary
structure. All sites excluding the first and the last
ones contain extended segments interacting simul-
taneously with two others: 36-40 and 38-42 (both
green) interact with 3-7 (red) and 58-62 (blue);
88-92 and 90-94 (both orange) interact with 60-64
(blue) and 121-125 (cyan); 162-166 (magenta) with
125-129 (cyan) and 182-186 (blue); 202-206 and 205-
209 (both pruple) with 185-189 (blue) and 226-230
(yellow). The space-filling view of this composite
lock clearly shows the ring-like core, apparently
the major stabilizing structure of the fold.

Discussion

The traditional description of a protein structure
is dominated by its elements of secondary struc-
ture. These elements definitely contribute to the
protein’s stability, not least by their involvement in
the locks. In addition, many of the tight contacts
stabilizing the protein globule involve structurally
undefined sections as well, which should not be
ignored. Thus, the protein globule can be viewed
as a multitude of returning loops of the polypep-
tide chain closed by the chain-to-chain contacts,
van der Waals locks: a loop-n-lock structure. Note
that the “closed loops” mean the loops closed by
the end-to-end contacts, rather than the term
“loops”, in its traditional use in protein science, as
connectors between various elements of secondary
structure.'*!”

The locks can be formed by a large variety of
combinations of amino acid residues. A compari-
son of related folds with high and low sequence
identity (data not shown) indicates both conserva-
tion and high variability of the lock sequences,
whereas the loop end positions are very much
conserved.

The loop fold nature of a protein also suggests a
simple straightforward scenario for protein folding:
primary loops of standard size 25-30 amino acid
residues'® are formed consecutively during pro-
tein’s synthesis, cotranslational folding, and stabil-
ized by the end-to-end locking. The secondary
(more distant) contacts are formed as well, either
simultaneously or subsequently. The detection of
the locks in general and the detection of the pri-
mary locks in particular are perhaps the most
important aspects of studying protein structure
and folding.

Thus, more extensive studying of the locks and
their interactions is required. In particular, we
expect that extended composite lock structures
would be frequently serving as construction force
elements of the overall structure. Examples of such
force elements are presented in the Trefoil fold (see
Figure 2(b), blue-cyan bar), in the Jelly roll fold
(Figure 2(f), red bar), and in the TIM barrell fold
(Figure 2(h), ring of nine elements).

Site-directed mutagenesis'® of the sequences
involved in identified locks would be highly prom-
ising in studies on the protein’s stability, folding,
and protein design.

Materials and Methods

Nine protein folds (Globin (1thb), Trefoil (1ilb), Up-
down (256b), Immunoglobulin (2rhe), «ff Sandwich
(1aps), Jelly roll (2stv), Doubly Wound (4fxn), UB af roll
(1lubg), and TIM barrell (7tim)), selected'® as major repre-
sentatives, were analysed. The total number of contacts
for each amino acid residue (see, for example Trefoil fold
(1ilb), Figure 1(a)) included all contacts of the atoms of
this residue. Only the contact distances between 2.5 and
5.0 A were considered!'. The numbers of contacts were
calculated for atoms belonging to residues separated by
at least five amino acid residues along the polypeptide
chain. That is, residues which are nearest along the chain
were not considered.’? From the contact plots, the clus-
ters with the highest number of contacts were selected
and their connectivity established. Typical matrices of
the interactions between the multicontact clusters
(marked by letters) are presented for the Trefoil fold in
Figure 1(b) and for the Globin fold in Figure 2(b). The
next step was a detailed analysis of the clusters with the
aim of determining key consecutive residues in each site,
giving the maximal number of contacts (typically three
to five amino acid residues). Each pair of these interact-
ing sites was considered as a van der Waals lock (for the
full definition of the van der Walls locks, see Results).
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