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Background: In recent years, the determination of
Jarge numbers of protein structures has created a need
for automatic and objective methods for the compdrison
of structures or conformations. Many protein structures
show similarities of conformation that are undetectable
by comparing their sequences. Comparison of struc-
tures can reveal similarities between proteins thought
10 be unrelated, providing new insight into the interre-
lationships of sequence, structure and function.

Results: Using a new tool that we have developed
to perform rapid structural alignment, we present the
highlights of an exhaustive comparison of all pairs of

protein structures in the Brookhaven protein database.
Notably, we find that the DNA-binding domain of the
bacteriophage repressor family is almost completely em-
bedded in the larger eight-helix fold of the globin family
of proteins. The significant match of specific residues is
correlated with functional, structural and evolutionary in-
formation.

Conclusion: Our method can help to identify struc-
turally similar folds rapidly and with high-sensitivity, pro-
viding a powerful tool for analyzing the ever-increasing
number of protein structures being efucidated.
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Background

Although the number of protein structures deposited
in the Brookhaven protein database (PDB) has grown
rapidly in recent years [1], the subset of new pro-
tein folds has grown at a significantly slower rate [2].

This rate difference still persists after allowing for the-

many structural determinations of homologous, mutant
and drug-complexed versions in the same basic pro-
tein family. Therefore, assuming there is no systematic
bias in the selection criteria in deciding which particu-
lar protein structure is 10 be determined, it has been
suggested that we are ‘closing-in’ on the complete
repertoire of folds that are allowable from the mult-
tude that constitute all possible protein structures [3].
The limited number of these folds may be due to evolu-
tion: once there are enough folds to create all possible
protein functions there is then no pressure to evolve
new folds. On the other hand, the limit to the num-
ber of folds may be due to the existence of basic
struciural limitations that dictate, and thus relate, the
three-dimensional structures of proteins. Finding and
understanding such principles of protein construction
will help in the design of new and variant proteins.

Assuming that the reservoir of unobserved folds is de-
pleting rapidly, any structural constraints should be de-
tectable in the structural database presently available
to us. Suitable and exhaustive comparisons of these
structures against each other could reveal unexpected
similarities that could help catalogue and, perhaps, de-
fine structural principles. In this context, it is worth
noting that analogous studies of the one-dimensional
DNA and protein sequence databases, made possible
by the development of elegant computer algorithms,

have borne much fruit in identfying and catalogu-
ing many novel sequence motifs of functional interest
[4,5). With regard to the problem of comparing two
different three-dimensional protein structures consid-
ered here, despite early (and more recently plentiful)
work in the development of suitable computer algo-
rithms, systematic studies have been limited [6-11] .
Many of the available methods have been hampered
by limitations in accuracy, speed and sensitivity.

Here we present a new method for protein structure
comparison that is accurate, fast and sensitive. Using
this improved tool, we present the highlights of an ex-
haustive comparison of all pairs of protein structures
in the PDB. The discovery of a significant structural
similarity between two well-studied protein families, the
bacteriophage repressors and the globins, emphasizes
the power of our method. With its speed and sensitivity,
it can aid the crystallographer and NMR spectroscopist
in rapid identification of the relatedness of a newly de-
termined structure to all previously reported ones. Such
discoveries will in turn help to identfy the rules that
govern higher order structural motifs.

Results

Aligning structures

Our method aligns two protein structures by starting
with an arbitrary equivalence of residues that are super-
imposed in three-dimensions. A Structural alignment
matrix, which is calculated from distances between
pairs of residues that are not in the same protein, is
searched 10 achieve the optimal alignment. This gives
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interact with other monomers, while the other half of
globin constitutes a heme-binding pocket that has been
grafted on to the 1R69 five-helix core framework. How-
ever, any arguments for common ancestry between the
two proteins based on the sequence similarity are not
convincing, because the sequence similarity over equiv-
alenced residues is insignificant (between 3 and 20%,
see Table 2), particularly after allowing for the general
dominance of hydrophobic residues in protein cores.
This leaves open the question of whether the five-he-
lix 1R69 motf is the structural core of the eight-helix
globin fold.

Discussion

The possibility of a simple and general theory of fold-
ing for stable, all-helical and ball-like structural cores
has been addressed by Murzin and Finkelstein [22].
They proposed that well-packed globular bundles of
idealized helices of similar lengths can be described
by ideal regular Greek polyhedra (Fig. 4). Based on
notions of good packing, they argued that structural
cores were limited to berween three and six helices
and can be represented by a series of polyhedra: octa-
hedron, dodecahedron, sextadecahedron and icosahe-
dron. For instance, allowing for the different loop con-
nections between helices, suitable ribs selected from
the edges of a sextadeczhedron should be able to
represent the axes of the five helices in an ideal five-
helix core. Additional helices, as in the globins, would
be accommodated as additional layers about the cen-
tral helical core. In 1988, Murzin and Finkelstein [23]
considered the 43 then-known cases of helical cores
from the protein structure database and systematically
assayed their fit 10 an idealized helical core inscribed
in an appropriate polyhedron. Except for two proteins
(calcium-binding parvalbumin, 3CPV, and the 6 major
helices of the globin fold, 2MHB), the overall devia-
tion of the real helix axes from those in the model
polyhedra were all under the theoretically expected

error of 34

The cases that did not fit the theory both involved six
helices; Murzin and Finkelstein were able to delete the
single offending helix and obtain a much better fit be-
tween the remaining five-helix core and a sextadeca-
hedron. In particular, deletion of helix F in globin,
decreased the overall error from 434 to 26A. This
led them to suggest that the five helices A, B, E, G
and H of globin form the structural core of the globin
fold. Our independent alignment of protein structures
superimposes these same five helices onto IR69.

If the repressor-like half is indeed the strucwural core
of globin, the remaining half would be expected to
contribute to the heme-binding function. The ‘genes-
in-pieces’ arguments that propose that secondary struc-
wre is encoded at the exon—intron level appear to
lend some support to this division of the globin fold
[24-26]. As the repressor gene is from a prokaryote, it
has no exonic structure. However, globin chains come
in 3 exons with the middle one splicing at residues
B12-B13 and G6-G7 (Fig. 3) (24,25). Thus it appears
that, to within a couple of residues, the middle exon
corresponds almost exactly to a replacement of helix 3
of repressor with helix E and all the other heme-bind-
ing structural elements that are present in globin but
not in repressor. In other words, in going from repres-
sor to hemoglobin, the recognition helix of repressor
can be viewed as being replaced by a'single exon that
encodes the heme-binding functionality of globin. In-
cidentally, it has already been shown spectroscopically
that the proteolytic fragment corresponding largely to
this middle exon can independently bind heme when
expressed by itself [27]. Given this evidence for nec-
essary and sufficient functionality of the non-repressor-
like half of globin, the argument for the 1R69 fold being
the structural core of the globin fold is strengthened.
Further support is offered by recent NMR evidence that

-upon the removal of heme, myoglobin retains the A,

Fig. 4. The pair of cartoons, adapted
from Murzin and Finkelstein [21], show
how a five-helical protein (left) can be
assessed in terms of mapping onto the
ribs of a classical Greek sextadecahe-

dron fright).
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