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Abstract
The analysis of the symmetry of protein three-dimensional structures can be extremely useful in order to understand and

classify the protein structural universe. The structures of proteins with back-traced amino acid sequence were modeled

and compared to the structures of their native counterparts. Only in a very limited set of cases, the two objects showed

a significant level of similarity. These extremely symmetric examples can be of any structural class and of any dimen-

sion. The lack of biunique “N to C” and “C to N” symmetry at the structural level mirrors that at the sequence level and

we propose to design as a dlof symmetry the cases in which a protein structure is similar to its back-traced variant.

Keywords: Bioinformatics, computational structural biology, protein sequence, protein sequence alignment, protein

structure, protein structure comparison and protein symmetry

1. Introduction

While various types and levels of symmetry are ob-

served for amino acid sequences,1,2 the symmetry of pro-

tein three-dimensional structures is known to be low,3

with the exception of homo-oligomeric complexes.4–6 A

simple type of symmetry is the sequence inversion.

Although proteins with sequence back-traced from the C-

terminus to the N-terminus do not exist in Nature, they

have received some attention. It was shown, for example,

that their sequences can be used to improve the predic-

tions of secondary structure;7 the possibility to over-ex-

press them was also investigated;8 and it was postulated

that the fold remains unchanged in the case of a three-he-

lix bundle after back-tracing of the sequence.9 In the pres-

ent communication, the attention is extended to the gener-

al problem of the similarity between the three-dimension-

al structures of the native protein and its variant obtained

by reversing its sequence.

2. Results

The distribution of the 3451 mscore values, which

measure the degree of similarity between two structures

and were computed as it is described in the Methods, is

depicted in Figure 1. It clearly appears that in the largest

majority of the cases the mscores are very modest and that

only very few of the proteins are similar to their inverted

counterparts. The relationship between these mscores and

the dimension of the protein, measured by the number of

residues (nres), is shown in Figure 2. It can be seen that

high mscores are observed more frequently for small pro-

teins and that smaller mscores are usually observed for

larger proteins. This can be more clearly seen in Figure 3

where the distributions over six dimension ranges are giv-

en. It appears that larger mscores are observed in the set of

smaller proteins (for example if nres < 50 residues) and

that smaller mscores are observed, on average, for larger

proteins (for example when nres > 400 residues).

Figure 4 shows the relationships between the mscores

and the percentage of sequence identity (pid), computed by

comparing the structures and the sequences of a protein and

of its inverted counterpart. While the mscores measure the

degree of similarity between the real and the inverted struc-

ture the pid measure the degree of sequence similarity. It

appears that while the mscores can be very large, though

not frequently, and sometime approach their maximal value

of 100, the pid values are nearly always very small and

close to the values that, on average, indicate that two se-
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quences are completely unrelated to each other.10 More-

over, though it is possible to determine a positive correla-

tion (Pearson´s correlation coefficient = 0.100) between

mscore and pid, implying that the structure similarity in-

creases if the sequence similarity increases, such a correla-

tion is extremely weak and cannot be used for prediction

purposes. Less obvious is the observation that inverse se-

quence similarity is unrelated to fold similarity.2

Given that the mscores are, on average, larger for

smaller proteins (see Figure 2), the attention was focused

on the cases with mscores larger than 90 for proteins

smaller than 100 residues, mscores larger than 70 for pro-

teins containing 100–200 residues, mscores larger than 60

for proteins containing 200–400 residues, and mscores

larger than 50 for proteins with more than 400 residues.

Although these thresholds are absolutely arbitrary, they

can allow the identification of an ensemble of proteins

that are much more similar to their inverted counterparts

than what it is observed on average.

Given that the mscores are, on average, larger for

smaller proteins (see Figure 2), the attention was focused

on the cases with mscores larger than 90 for proteins

smaller than 100 residues, mscores larger than 70 for pro-

teins containing 100–200 residues, mscores larger than 60

for proteins containing 200–400 residues, and mscores

larger than 50 for proteins with more than 400 residues.

Although these thresholds are absolutely arbitrary, they

can allow the identification of an ensemble of proteins

that are much more similar to their inverted counterparts

than what it is observed on average.

3. Discussion

By using these selection criteria, only 31 protein

structures (less than the 1% of the structures examined in

the present work) are detected to be quite similar to their

inverted counterparts (Figure 5 and Table 1). They can be

divided into three groups.

The first includes the protein domains that contain

only alpha helices. They have a variable degree of com-

plexity. The simplest are those containing only one helix

Figure 1. Distribution of the mscores that measure the degree of

similarity between a protein and its inverted version.

Figure 2. Relationship between the mscores between the real and

the inverted protein structure and the number of residues (nres).

Figure 3. Distribution of the mscores that measure for protein that

have different dimensions.

Figure 4. Relationship between the mscores the mscores and the

percentage of sequence identity (pid).
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and cannot be considered to be genuine folds. They are in

general moieties of larger proteins, like for example

1dp5b_, which is considered to be a non-globular subunit

of globular proteins in the SCOP classification, or 1l2pa_,

1be3k_, 1vf5e_, 1vf5f_ and 1vf5h_, which are single

trans-membrane helices. A higher level of complexity is

reached by the alpha hairpins, where two anti-parallel he-

lices of comparable length are separated by a short turn.

This is observed for example in the SCOP domains

1a36a1, 1b6qa_, 1yzma1, and 2caza1. Slightly more dis-

torted, though not completely different, is the domain

2g38b1, that adopts the ferritin-like fold. Higher levels of

complexity are observed when other helices are added to

the C-terminus, in such a way that a series of anti-parallel

helices separated by short turns is a constant theme. For

example, three anti-parallel helices, in some cases quite

distorted, are observable in the SCOP domains 1br0a_,

1e2aa_, 1fewa_, 1hx1b_, 1urua_, and 1wdza1. Five he-

lices are present in the domain 1aepa_ and six in 1sumb_.

The highest level of complexity is reached in the alpha-al-

pha super-helices, like the SCOP domains 1hz4a_,

2aw6a2, and 1xm9a1, in which a series of alpha-alpha

hairpins follows each other in a large structure that as-

sumes the shape of a large helical ribbon made by two lay-

ers of helices.

The second group of domains that are quite similar

to their inverted counterparts includes the protein domains

that contain only beta strands. All of them are single-

stranded beta-helices, in two cases they are left-handed

(SCOP domains 1fwya1 and 2f9ca1) and in two cases

they are right-handed (SCOP domains 1ezga_ and

2bm4a1). In these domains, the helical ribbon is made by

a long series of parallel beta strands separated, in general,

by short turns.

The third and last group of domains that are quite

similar to their back-traced counterparts includes the pro-

tein domains that have both helices and strands. For exam-

ple, the SCOP domain 1uynx_ contains a N-terminal helix

that is followed by a beta-barrel. On the contrary, the do-

mains 1dfji_, 1g9ua_, 1k5dc_, and 1o6sa adopt the

domain fold nres nali rmsd mscore protein
d1a36a1 a.2.8.1 72 65 1.60 90 Topoisomerase I

d2caza1 a.2.17.1 58 53 1.54 91 Vacuolar protein sortin-associated protein)

d1yzma1 a.2.19.1 46 44 2.14 96 Rabenosyn RAB4 binding domain 

d1b6qa_ a.30.1.1 56 52 1.63 93 ROP protein

d1dp5b_ a.137.7.1 31 29 1.53 94 Phospholipase A2

d1ezga_ b.80.2.1 82 79 1.94 96 Antifreeze proteins

d1fwya1 b.81.1.4 77 71 1.98 92 UPD-N-acetylglucosamine pyro.

d1l2pa_ f.23.21.1 61 61 1.06 100 ATP synthase B chain

d1be3k_ f.23.15.1 22 20 0.72 91 Ubiquinol cytochrome C oxid. complex

d1vf5e_ f.23.24.1 32 29 1.43 91 Protein PET L, cytochrome B6F complex

d1vf5f_ f.23.25.1 33 30 1.13 91 Protein PET M, cytochrome B6F complex

d1vf5h_ f.23.27.1 27 25 1.61 93 Protein PET G, cytochrome B6F complex

d1e2aa_ a.7.2.1 102 82 3.26 80 Enzyme IIA

d1fewa_ a.7.4.1 173 130 4.06 75 Activator of caspase

d1hx1b_ a.7.7.1 112 82 1.65 73 BAG-family molecular chaperone regulator

d2g38b1 a.25.4.2 173 134 2.88 77 PPE family protein

d1br0a_ a.47.2.1 120 92 2.85 77 N-terminal domain of syntaxin 1A

d1aepa_ a.63.1.1 153 121 3.14 79 Apolipophorin III

d2bm4a1 b.80.8.1 180 133 2.45 74 Pentapeptide repeat family protein

d1sumb_ a.7.12.1 225 149 1.92 66 PHOU homolog 2

d1urua_ a.238.1.1 215 141 3.05 66 Amphiphysin

d1wdza1 a.238.1.3 227 150 4.54 66 Insulin receptor substrate P53

d1hz4a_ a.118.8.2 366 234 2.87 64 Transcription factor MALT domain III

d2aw6a2 a.118.8.4 218 131 3.44 60 PRGX

d2f9ca1 b.81.1.7 320 202 2.04 63 Hypothetical protein YDCK

d1k5dc_ c.10.1.2 344 246 2.53 72 RAN GTPase activating protein 1

d1o6sa2 c.10.2.1 381 232 2.46 61 Internalin A

d1g9ua_ c.10.2.6 353 242 2.41 69 Outer protein YOPM

d1uynx_ f.4.5.1 279 178 1.92 64 Translocator domain of NALP

d1xm9a1 a.118.1.24 420 235 2.79 56 Plakophilin 1

d1dfji_ c.10.1.1 456 267 2.56 59 Ribonuclease inhibitor

Table 1. Protein domains of the SCOP database which are structurally similar to their inverted versions. The following data are given: the domain

identification code within the SCOP database (domain), the fold type according to the SCOP database (fold), the number of residues contained in

the domain (nres), the number of residues of thee domain that can be structurally aligned with equivalent residues of the inverted domain by using

the program SHEBA (nali), the root-mean-square-distance between the Calpha atoms of the equivalent residues after optimal superposition (rmsd),

the similarity score between the real and the inverted structure computed with the program SHEBA (mscore), and the name of the protein (protein).
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Figure 5. Ribbon view of 31 protein shuchural domains taken from the database SCOP that have a shucture remarkably similar to that of their in-

verted counterpart.

leucine-rich repeat fold, also known as a right-handed be-

ta-alpha super-helix. In this case a series of beta-alpha-be-

ta motifs (two adjacent and parallel beta strands separated

by an anti-parallel helix) form a sort of long helical rib-

bon, consisting of two layers. One of them, internal and

close to the helical axis, is made by a parallel beta sheet.

The other, more external, is made by a series of parallel

helices.

It can also be observed that many of the domains

similar to their variants obtained by inverting their se-

quences belong to the so-called solenoid protein family,

where a short structure motif is repeated several times.11

Interestingly, in Table 1 and Figure 5 there are no β-pro-

pellors or α/β barrels, typical examples of solenoid struc-

tures. However, this might also depend on the procedure

used to build the non-redundant set of protein structures

(one random picking/fold; see methods). Moreover, it is

also interesting to observe that the inverted sequences had

no homologous sequences in UniProt, the most exhaustive

protein sequence database.12 On the one hand this is not

surprising, given that Nature used an infinitesimal number

of the possible proteins that can be generated with the al-

phabet of 20 amino acids. On the other side, one must al-

so consider that it is in general difficult to use tools like

BLAST or PSI-BLAST with solenoid proteins, where low

complexity segments are abundant and residue conserva-

tion appears to depend on basic features (like, for exam-

ple, hydrophobicity) rather than on any specific amino

acid type.11

It can thus be concluded that the structural similarity

between a protein domain and its counterpart obtained by

inverting its sequence is extremely modest. This mirrors

the lack of similarity between the sequences of the native

proteins and of the back-traced variant and might suggest

that proteins explored a relatively small fraction of their

possible sequences and structures during evolution.

However, in very few cases, the structural similarity can

be very high, like for example in helix bundles, alpha-al-

pha super-helices, single-stranded beta helices or in the

leucine-rich repeat fold. It is worth nothing that the ele-

gance of this very uncommon symmetry might deserve a

name: dlof (reverse of fold).
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4. Methods

To reduce cpu usage, the attention was limited to on-

ly one representative entry, randomly chosen from each

SCOP family (3451 domains).13 The inverted protein was

built as it follows. The residues were renumbered back

from the latest to the first and only the Calpha atoms were

kept. Each residue was mutated to a glycine and the other

backbone atoms were positioned with the program CTRIP

of the JACKAL package.14

Structural similarities were estimated with the pro-

gram SHEBA.15 The structural similarity was measured

with the mscore, defined as 100 times the ratio between

the number of aligned residues and the total number of

residues (which is the same in the real protein and the in-

verted protein). Sequence alignments were done with the

NEEDLE program of the EMBOSS package.16
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Povzetek
Analiza simetrije trodimenzionalnih struktur proteinov je lahko zelo pomembna pri razumevanju in klasificiranju struk-

turnega prostora. Strukture proteinov z obrnjenim aminokislinskim zaporedjem smo modelirali in jih primerjali z nji-

hovimi nativnimi analogi. Le v redkih primerih sta analoga imela signifikantni nivo podobnosti. Ti zelo simetri~ni

primeri so lahko iz kateregakoli strukturnega razreda in katerekoli dimenzije. Pomankanje edinstvene N do C in C do N

simetrije na strukturnem nivoju se ka`e tudi na nivoju zaporedja, zato predlagamo na~tova »dlof« simetrije v primerih

ko sta struktura in struktura z obrnjenim zaporedjem podobni.


