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Abstract: Identification and characterization of recurrent supersecondary structural elements is

central to understanding the rules governing protein tertiary structure. Here, we describe the GD
box, a widespread noncontiguous supersecondary element, which we initially found in a group of

topologically distinct but homologous b-barrels—the cradle-loop barrels. The GD box is similar

both in sequence and structure and comprises two short unpaired b-strands connected by an
orthogonal type-II b-turn and a noncontiguous b-strand forming hydrogen bonds with the b-turn.
Using structure-based analysis, we have detected 518 instances of the GD box in a nonredundant

subset of the SCOP database comprising 3771 domains. Apart from the cradle-loop barrels, this
motif is also found in a diverse set of nonhomologous folds including other topologically related

b-barrels. Since nonlocal interactions are fundamental in the formation of protein structure,

systematic identification and characterization of other noncontiguous supersecondary structural
elements is likely to prove valuable to protein structure modeling, validation, and prediction.

Keywords: supersecondary structural element; cradle-loop barrels; nonlocal interactions;

locally similar protein motif

Introduction
Protein structures show a distinctive hierarchical

order, in which amino acid chains (primary structure)

form local, hydrogen-bonded elements (secondary

structure) that assemble into specific, compact topolo-

gies (tertiary structure), and frequently also associate

noncovalently into higher order assemblies (quater-

nary structure). Tertiary structures are often composed

of multiple autonomously folding entities, named

domains, which retain their overall fold and frequently

also their function when they reoccur in different pro-

teins, and thus represent units of evolution in today’s

proteins. However, domains are not the smallest unit

of protein structure between the secondary and terti-

ary level. Unrelated domains frequently show recur-

rent local substructures, termed supersecondary struc-

tures, that comprise two or more secondary structure

elements in specific geometric arrangements.1 Certain

supersecondary structures are widespread in proteins,

examples of which include b-hairpins, a-hairpins,
b-meanders, and bab motifs,2 and all described so far

are formed by adjacent segments in the polypeptide

chain. However, given the central role of nonlocal

interactions in the formation of protein structure (see

for example Minor et al.3), it seems reasonable to

assume that some widespread supersecondary struc-

tures should be formed by noncontiguous secondary

structure elements.

We have identified one such structure, consisting

of a recurrent bab-motif, in a group of topologically

distinct but homologous b-barrels, which we called

cradle-loop barrels for the shape of their putative sub-

strate-binding loops. These barrels illustrate the evolu-

tion of folded proteins from simple oligomers of one

fragment to the emergence of complex catalysis.4–7 To

capture the relationship between such distinct folds

originating from the same basic supersecondary struc-

ture, we proposed a new protein classification level,
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the metafold.8 The cradle-loop metafold comprises

four distinct folds, the double-psi barrel [Fig. 1(A)],

the swapped-hairpin barrel, the RIFT barrel, and the

C-terminal barrel of bacterial fluorinating enzyme,

each built from two copies of the conserved bab-
element, either as monomers with internal sequence

symmetry or as homodimers with one copy per subu-

nit. A characteristic feature of the bab-element is a

conserved 11 amino acid sequence motif, [h]-x-[h]-

x(2)-G-[p]-x-[h]-x-[h], where [h] is hydrophobic and

[p] polar. As the polar residue is frequently aspartate,

we named this motif the GD box. In all cradle-loop

barrels, this motif is structurally highly conserved and

comprises two short unpaired b-strands connected by

an orthogonal diverging type-II b-turn [Fig. 1(C)].

Diverging b-turns were first described in the I-sites

library, which contains motifs that correlate both in

sequence and structure.9 The glycine occupies the i þ
2 position of the b-turn and the side chain of the polar

residue in i þ 3 accepts a hydrogen bond from the res-

idue at position i. The backbone of the residues in i þ
2 and i þ 3 forms further hydrogen bonds to a non-

contiguous b-strand from the symmetry-related half of

the barrel [Fig. 1(D)]. Thus the GD box is an example

of a noncontiguous supersecondary element; to our

knowledge the first identified. We have analyzed the

occurrence of the GD box in proteins of known struc-

ture. Our results show that it is widely represented in

both homologous and nonhomologous contexts.

Results and Discussion

Searching for GD box elements in
known structures

We used structure comparisons to detect GD boxes in

SCOP25, a subset of the SCOP database filtered at

25% sequence identity. The GD box adopts a very sim-

ilar structure in all cradle-loop barrels and we chose

the first GD box from the N-terminal domain of the

archaeal AAA chaperone VAT (PDB 1CZ4, residue 34–

44) as the query structure. We were not aiming at

detecting all GD box elements in an exhaustive man-

ner, so we used a moderately generous root-mean-

square deviation (RMSD) cutoff of 1.5 Å. Because one

of the goals of this study was to establish whether the

GD box forms the same noncontiguous interactions in

all its embodiments, we did not consider the presence

of hydrogen bonds between the residues at positions

i þ 2 and i þ 3 of the b-turn and a noncontiguous

b-strand in our searches.

We detected a total of 518 GD boxes in 420 dis-

tinct domains, which are classified into 134 folds in

SCOP25 (Supporting Information Table S1); some

domains contained multiple copies of the element. At

3771 domains total, this means that slightly >10% of

all domains in SCOP25 contain at least one GD box.

In all but 32 of the detected cases (6%), at least one of

the residues at position i þ 2 and i þ 3 of the b-turn
formed a backbone hydrogen bond with a residue in a

noncontiguous b-strand. The noncontiguous interac-

tion can thus be considered a general feature of GD

boxes.

As a control, we wanted to assess the propor-

tion to which type-II b-turns form GD boxes. We

therefore detected all type-II b-turns in SCOP25 using

Promotif10 and found 6327 instances, indicating that

<10% of all type-II b-turns are part of GD box

elements.

Apart from the cradle-loop barrels, the GD box is

found in other topologically related, but nonhomolo-

gous barrels,8 as well as in a large number of folds

that are not related either evolutionarily or topologi-

cally to the cradle-loop barrels [Fig. 2(A)]. The latter

include the OB fold, the immunoglobulin-like fold

[Fig. 3(A)], the NAD(P)-binding Rossmann fold, and

the ubiquitin-like fold. Some folds contain multiple

copies of the GD box element; for example, each half

of the cradle-loop barrels contains its own copy of the

GD box element and single-stranded [Fig. 3(B)] and

double-stranded b-helices contain multiple overlapping

copies. In most GD boxes, the diverging b-turn coor-

dinates a b-strand that is distant in the linear poly-

peptide sequence and in some cases, this b-strand is

contributed by a different subunit altogether. For

example, in all homodimeric cases, such as in the tran-

sition state regulator AbrB from Bacillus subtilis

(1YFB), the noncontiguous strand originates from the

symmetry-related monomer. We propose that the GD

Figure 1. The GD box element. A: The double-psi barrel

fold of VatN-N (PDB 1CZ4, residues 1–91) is shown in

cartoon representation. a-helices are colored in yellow and

b-strands in green. B: The double-psi barrel fold of VatN-N

is shown in backbone representation. The unpaired hairpins

(residues 34–44 and 77–87) from the two GD box elements

are shown in red. C: The first GD box element from VatN-N

(residues 34–44, 53–55) is shown. The positions

corresponding to the type-II b-turn are marked. D: Detailed

view of the hydrogen-bonding network of the first GD box

element. [Color figure can be viewed in the online issue,

which is available at www.interscience.wiley.com.]
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box acts as a structural tether: on one hand, it pro-

vides structural specificity by allowing the polypeptide

chain to snap into the final folded conformation once

the hydrophobic collapse has produced a molten glob-

ule and brought the noncontiguous parts into approxi-

mate vicinity; on the other hand, it stabilizes the struc-

ture once folding is complete, by connecting elements

which in many cases bracket the parts of the chain

that form the hydrophobic core. Its geometric simplic-

ity makes it compatible with a broad range of b topol-

ogies. These considerations may explain the wide-

spread and frequently analogous representation of GD

boxes in b folds.

Sequence features of the GD box motif

Although the searches for the GD box elements were

made by structural comparison, their sequences (con-

sidering only the unpaired hairpin) follow the same

characteristic pattern as in the cradle-loop barrels:

[h]-x-[h]-x(2)-G-[p]-x-[h]-x-[h] (Table I, Fig. 4).

Hydrophobic residues are strongly favored at positions

3, 9, and 11, and to lesser extent at position 1. Posi-

tions 4, 5, 6, and 7 correspond to the four positions (i,

i þ 1, i þ 2, and i þ 3) of the type-II b-turn; at these
positions hydrophilic residues are favored. Position 6

is dominated by glycine and to lesser extent by aspara-

gine. Type-II b-turns favor cysteine, serine, and lysine

Figure 2. A gallery of GD box elements. A: GD box elements from eight different folds are shown. The unpaired hairpin is

shown in red and the noncontiguous segment in gray. A structural superposition of the GD box elements is shown in the

center. The structures shown are (I) 1RE9: residues 300–310, 290–292, (II) 1MQK: chain L, 11–21, 77–79, (III) 1A62: 89–99,

54–56, (IV) 1SEF: 223–233, 208–210, (V) 1YB5: 143–153, 173–175, (VI) 2DPM: 183–193, 232–235, (VII) 1V5O: 71–81, 9–11, and

(VIII) 2GF6: 68–78, 11–13. B: Wall-eye and cross-eye stereo view of the superposition shown in panel A. [Color figure can be

viewed in the online issue, which is available at www.interscience.wiley.com.]
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at position i þ 311; however, in GD box elements the i

þ 3 position is predominantly occupied by aspartic

acid and to lesser extent by glutamine and glutamic

acid.

Evolutionary consequences

Because structure space is finite, unrelated proteins

tend to converge on similar local structures. This is

reflected in the fact that over half of the residues in

the most highly populated folds are found in one of

the three most common supersecondary structures,

that is aa-hairpins, bb-hairpins, and bab-elements.2 In

contrast, sequence space is essentially infinite and

many sequences are compatible with a particular local

structure. Sequence convergence should thus be highly

unlikely. For this reason, statistically significant

sequence similarity is considered the best marker for

homology. However, short, structurally constrained

parts of the polypeptide chain do converge on specific

sequence motifs, as described here for the GD box. In

such cases, and particularly where these structurally

constrained elements form a substantial part of the

entire polypeptide chain, it seems possible that the

convergent sequence motifs would lead to a level of

overall sequence similarity that could be interpreted

(erroneously) as indicative of homology.

We therefore wanted to evaluate to what extent

sensitive sequence comparison methods, such as those

based on the comparison of profile hidden Markov

models (HMMs), would return scores for GD box-con-

taining proteins that are normally seen between ho-

mologous proteins. To this end, we made pairwise

comparisons of profile HMMs for all GD box-contain-

ing domains and clustered them by a force-directed

procedure, using the statistical significance of the pair-

wise comparisons to assign attractive and repulsive

forces to each profile pair in a three-dimensional map

(see Methods section). At settings at which we recover

the cradle-loop barrels as a cluster, whose homologous

origin we have documented in a series of studies, most

other GD box-containing folds did not exhibit connec-

tions to the cradle-loop barrels or to each other. The

convergent similarity of GD boxes is thus not sufficient

Table I. Positional Propensities for Each of the 11 Positions of the GD Box

Residue 1 2 3 4 5 6 7 8 9 10 11

ILE 1.3 0.8 3.2 0.2 0.6 0 0.2 1.4 3 1.2 2.7
PHE 1.3 1.2 1.7 0.2 0.2 0.2 0.1 0.7 1.4 0.8 2.1
VAL 1.2 1 2.9 0.4 1.1 0 0.8 1.7 4.8 1.2 3
LEU 1.2 0.6 3.1 0.3 0.3 0 0.1 0.8 2.2 1.2 1.7
TRP 0.8 0.3 0.9 0.3 0 0 0 0.9 0.9 0.8 1.2
MET 1.1 0.4 2.1 0.4 0.4 0.4 2 0.7 0.5 1 0.7
ALA 1.3 0.5 0.7 0.8 1.3 0.1 0.9 0.7 0.3 0.9 1
GLY 0.7 1.1 0.1 1 0.3 10.4 0.6 0.2 0.3 0.9 0.5
CYS 1.5 0.6 0.7 0 0.6 0 0.6 0.1 1.3 0.6 1.3
TYR 0.8 0.9 1.1 0.6 0.3 0.3 0.3 0.8 1.5 1.6 1
PRO 1.2 1.4 0.7 2.4 4.5 0 0 1 0 0.5 0.7
THR 1.3 1.6 0.2 1.1 0.6 0.1 1.3 2.2 0.2 1.8 0.4
SER 0.6 1.4 0.2 0.9 0.7 0.2 1.3 0.9 0.1 1 0.4
HIS 0.9 1.7 0.3 1.2 1.2 0.3 0.5 1.1 1.3 1 0.2
GLU 0.7 1.1 0.1 1.7 1.6 0.3 1.9 1.2 0 1 0.2
ASN 0.8 1 0 0.8 0.9 1.7 0.4 0.9 0 0.4 0.5
GLN 0.8 1 0.1 1.7 1 0.3 2.2 0.9 0.2 1 0.3
ASP 0.5 1 0 0.5 1.2 0.5 5.4 0.2 0.1 0.5 0.7
LYS 0.9 1.2 0.1 2.9 1.4 0.1 0.5 1.2 0.1 0.7 0.2
ARG 1.1 0.7 0.2 1.8 1 0.3 0.1 1.6 0.3 1.2 0.3

Amino acids are ranked in the order of decreasing hydrophobicity. Positions 4, 5, 6, and 7 correspond to the four positions of
the type-II b-turn.

Figure 3. A gallery of GD box-containing folds. The

contiguous segment of the GD box element is shown in red

in all the structures. The bbb-motif containing the GD box

element is shown in black in (C) and (D). The structures

shown are (A) 1MQK: chain L, (B) 1FXJ: chain A, 252–329,

(C) 1GHK, and (D) 2F7F: chain A, 4–140.
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to suggest homology between evolutionarily unrelated

domains, even when these are being compared by

methods calibrated for the detection of very distant

relationships.

Two other clusters formed in the three-dimen-

sional map. One contained the Rossmann folds, whose

connections relied however on a different supersecon-

dary structure, a dinucleotide-binding bab-element

whose homologous origin has been discussed previ-

ously.12 The other contained the barrel-sandwich

hybrid and the a/b-hammerhead folds. The similarity

between these two folds relies on a GD box-containing

bbb-element, which resembles a hammerhead [Fig.

3(C,D)]. The barrel-sandwich hybrid fold is pseudo-

symmetric and contains two homologous copies of the

bbb-element. The a/b-hammerhead fold contains one

copy of the bbb-element. We conclude that these two

folds most likely have arisen from an ancestral bbb-
element—the barrel-sandwich hybrid fold by duplica-

tion and the a/b-hammerhead fold by accretion.

Application to tertiary structure prediction
Protein folding is still an unsolved problem.13,14 One

encouraging approach has been through methods,

such as ROSETTA,15 which use fragment libraries to

predict tertiary structure by assembling local structural

features. However, these methods are mainly success-

ful for domains with less than about 100 residues. One

reason for their poor scalability may lie in the fact that

they do not consider nonlocal interactions, which

become progressively more important with the size of

the fold. Enriching these fragment libraries with wide-

spread noncontiguous supersecondary structures that

have clear sequence-structure patterns, such as the GD

box, should make it possible to include knowledge of

nonlocal interactions into this approach.

A problem with using nonlocal interactions as

restraints is that, while the contiguous part of the ele-

ment will be recognizable based on its sequence pat-

tern, the nonlocal interaction partner will be difficult

to identify. In NMR structure calculation from ambig-

uously assigned cross-peaks, as well as in protein–pro-

tein docking, one faces similar problems. Indeed, frag-

ment assembly could be viewed as a protein–protein

docking task. One can deal with the ambiguities by

using ambiguous distance restraints16,17: the restraint

is defined on the whole set of possible distances; the

one that is most compatible with the overall structure

is then picked automatically during the structure cal-

culation process. Such a restraint-based approach

would significantly reduce the computational complex-

ity, and thus, would allow modeling and prediction of

larger proteins as well.

Methods

For this study, we used the SCOP18 database (version

1.73) filtered for a maximum of 25% sequence identity.

After filtering out all NMR structures and all X-ray

structures with a resolution of worse than 2 Å, we

obtained a subset comprising 3771 domains.

For structure comparisons, we used an implemen-

tation of the rigid-body superposition algorithm

described by Challis et al.19 Only Ca atoms were consid-

ered for superposition. The GD box motif from the N-

terminal domain of the archaeal AAA chaperone VAT

(PDB code 1CZ4, residues 34–44) was compared with

all 11 residue fragments from the SCOP25 dataset. Frag-

ments with an RMSD <1.5 Å with respect to the probe

fragment were pooled together. All fragments without a

type-II b-turn were removed from this set. We classified

as canonical GD boxes all fragments in which at least

one of the residues at position i þ 2 and i þ 3 of the

type-II b-turn was involved in hydrogen-bonding inter-

actions with a non-neighboring residue; the remaining

fragments were classified as noncanonical. The pro-

grams Promotif10 and HBPlus20 were used to detect b-
turns and to calculate hydrogen bonds, respectively.

The noncanonical fragments were further analyzed in

the context of the full protein: if the residues in the b-
turn formed hydrogen bonds to a non-neighboring resi-

due, the fragment was also classified as canonical.

The positional propensities for each position of

the GD box was calculated as Pi(a) ¼ Fi(a)/F(a), where

Pi(a) is the positional propensity of amino acid ‘‘a’’ at

the position ‘‘i’’, Fi(a) is the frequency of ‘‘a’’ at position

Figure 4. The relative preference of occurrence for the 20

amino acids at the 11 positions of the GD box. Dotted lines

indicate the position of residues that are three times more

frequent and three times less frequent than expected,

respectively. Hydrophobic residues are colored in red,

charged residues in blue, and uncharged hydrophobic

residues in bold black. The 11 positions of the GD box are

indicated. [Color figure can be viewed in the online issue,

which is available at www.interscience.wiley.com.]
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‘‘i’’, and F(a) is the background frequency of ‘‘a’’ in the

dataset.

For sequence comparisons, we used HHsearch,21

which is a highly sensitive homology search method

based on the pairwise comparison of HMMs. We built

multiple sequence alignments for all GD box-contain-

ing domains using the buildali.pl script from the

HHsearch package. This script is a modified PSI-

BLAST procedure, which suppresses the corruption of

alignments by preventing the inclusion of nonhomolo-

gous sequence segments at the ends of PSI-BLAST

high-scoring pairs. Profile HMMs were calculated from

the alignments using hhmake (from the HHsearch

package) with default settings. We then performed all

possible pairwise comparisons between them using

HHsearch with default settings and clustered them by

their pairwise P-values using CLANS,22 an implemen-

tation of the Fruchterman-Reingold algorithm that

scales log-P-values into attractive forces in a force

field. Clustering was done to equilibrium in 2D at a

P-value cutoff of 1.0e-03 using default settings.
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