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Understanding the relationship between protein structure and function is one of the foremost challenges in postgenomic biology. Higher conservation of structure could, in principle, allow researchers to extend current limitations of
annotation. However, despite significant research in the area, a precise and quantitative relationship between
biochemical function and protein structure has been elusive. Attempts to draw an unambiguous link have often been
complicated by pleiotropy, variable transcriptional control, and adaptations to genomic context, all of which adversely
affect simple definitions of function. In this paper, I report that integrating genomic information can be used to clarify
the link between protein structure and function. First, I present a novel measure of functional proximity between
protein structures (F-score). Then, using F-score and other entirely automatic methods measuring structure and
phylogenetic similarity, I present a three-dimensional landscape describing their inter-relationship. The result is a
‘‘well-shaped’’ landscape that demonstrates the added value of considering genomic context in inferring function from
structural homology. A generalization of methodology presented in this paper can be used to improve the precision of
annotation of genes in current and newly sequenced genomes.
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leverage the relative conservation of function inside the
structural scaffold [5] to statistically determine the relationship between structure and function. Then, using information about the distribution of the domain universe across the
evolutionary tree [12,13], I hope to improve the current level
of precision [4] of the structure–function relationship. Thus,
for each pair of domains, I start by deﬁning and calculating
their structural, functional, and phylogenetic similarity (see
Materials and Methods and [5,14–16]).
First, I deﬁne a simple but quantitative measure of
functional comparison: F-score. F-score is deﬁned as normalized Euclidian distance between GO [17] trees built from
annotations of sequences coding for each structural scaffold (see Materials and Methods and [17]). Formally,
P
FA;B ¼ 1=Lð i2ff unctionsg ðpA;i  pB;i Þ2 Þ1=2 FA,B is the functional
distance between domain A and domain B, P[AjB],i is the
percentage of sequences that fold into structure A or B that
are annotated as function i, and L is a normalization constant
that accounts for different depths of annotation on the GO.
F-score measures similarity of paths on the GO tree between
two sets of homologous sequences. For example, if two
domains encode two sets of sequences that follow exactly the
same path, F-score will be zero. On the other hand, if the

Introduction
Since the advent of biological data storage in digital
format, researchers have struggled to deﬁne quantitative
measures of comparison for sequence [1], structure [2], and
function [3–5]. While proximity measures for sequence and
structure are now well established, the problem of deﬁning
functional distance has been particularly daunting. Existing
computational methods of describing function using ontologies are not a priori well suited for calculating functional
distance [3]. However, using mostly anecdotal evidence,
researchers have shown that sequences sharing key structural
characteristics often display common function [6].
Nevertheless, quantitatively relating structural homology to
function has been complicated by a dearth of functional
distance measures and numerous examples of folds performing many unrelated functions. This many-to-many relationship between structure and function has been linked to
fundamental biological processes and characteristics such as
adaptation, specialization, pleiotropy, or differential regulation [7–9]. Despite these difﬁculties, understanding the
relationship between structure and function is one of the
foremost challenges of post-genomic biology [10]. Since
protein function often depends on genomic context, deﬁning
predominant trends in the coalescent evolution of organisms
and proteins may be instrumental in improving our understanding of the structure–function relationship [5].
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Results/Discussion
I consider the protein domain universe as the set of all
structurally characterized domains [11]. I treat each domain
as a structural scaffold encoded by a set of homologous
sequences [4]. The power of this approach is its ability to
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Synopsis

pairwise comparisons in Figure 1A and B, I found that the
combination of Z-score and P-score forms a well-shaped
functional landscape with a sharp transition in F-score. This
suggests that similar structures occurring in different
genomes often perform dissimilar functions (see Materials
and Methods). Alternatively, genes with similar structures are
more likely to perform similar functions if the distribution of
their orthologs on the evolutionary tree is also similar. This
ﬁnding is intuitive, since genes often adapt to the environment through mutation in sequence that alters function but
not structure.
The ﬁndings presented here suggest that both our understanding of the structure–function relationship and the
precision of functional annotation can be greatly improved
by considering structural homology in phylogenetic context. I
am currently involved in work trying to improve on my naı̈ve
measure of functional similarity and assess the robustness of
these results to arbitrary cutoff parameters. Furthermore,
using these results it may be possible to outline a novel,
optimal strategy with respect to functional annotation for the
currently ongoing structural genomics projects.

The author provides a novel perspective on a key problem of
structural biology: the structure–function relationship in proteins.
While relatedness in protein structure correlates with general
description of function, attempts to use this relationship predictively
are often complicated by its ambiguous nature. A structure encoded
by a family of sequences may be implicated in a set of diverse
functions across a variety of organisms. The author outlines an
innovative approach that underlines the importance of considering
genomic context when using structure-comparison methods for
functional prediction.
First, the author defines two distance measures: in genomic space
and in function space. Then, the author describes a landscape of
functional distance based on both structural and phylogenetic
relatedness.
It turns out that this landscape forms a ‘‘functional well’’ where
proximity occurs when the structures are similar and occur in the
same set of genomes. This result may have implications in future
research into functional prediction. With the increasing pace of
sequence deposition into databanks, this result suggests a simple
way to improve functional prediction via structure homology by
complementing existing methods with emerging techniques from
comparative genomics.

Materials and Methods

sequences encoding the two domains have no common
functional annotations, the F-score will be maximum.
Next, I set out to correlate F-score and structural similarity
(Z-score calculated using DALI [2]). I expect a general
correlation to hold, since previous research has shown that
domains sharing key structural characteristics often perform
similar functions [6,8]. Indeed, I observed a robust correlation, on average between Z-score and F-score (Figure 1A).
However, the dynamic range of this correlation is small. The
difference in F-score between the closest and farthest
structures is only 30%. This small dynamic range most likely
stems from the ambiguous relationship between structure
and function.
From an evolutionary perspective, the environment is
often important in deﬁning the precise function of the
sequence. Consequently, sequences appearing in the same set
of genomes have been shown to perform similar functions
[18]. Thus, domains with similar phylogenetic proﬁles should
also display similar F-scores [18]. For a measure of phylogenetic similarity, I used the most commonly used mutual
information (see Materials and Methods) between phylogenetic proﬁles of domains (P-score). Since mutual information
is reﬂective, it is maximum when the two domains appear in
the same or exactly opposing subset of genomes, and
minimum when the overlap in appearance across the
genomes is random. I found that P-score is a slightly better
predictor of functional similarity than structural homology,
with dynamic range of 50% as measured by F-score (Figure
1B). This implies that genomic context, more than constraints
imposed by structure alone, may inﬂuence the precise
function of the gene.
Finally, quantitative deﬁnitions of structure, function, and
phylogenetic similarity allowed me to calculate the landscape
of F-scores for all pairs of domains with respect to their Z and
P scores (Figure 1C). Contrary to naı̈ve expectation of smooth
transitions across a small range of F-scores observed for

Evolution is, at its core, a science of comparison. In order to study
evolution, I needed to create a computational framework to
represent our current body of knowledge. I chose to approach this
problem from a graph-theoretic prospective in which nodes are the
basic units of evolution and edges are different comparison
measures. Aside from providing a uniﬁed framework, evolutionary
graphs like these provide a way to organize the diverse glut of
experimental data that has become the cornerstone of bioinformatics
research. In the case of molecular evolution, given that domains can
be functionally independent, can be expressed outside larger protein
complexes in genomes, and are often rearranged through alternative
splicing, I can deﬁne a domain as a good evolutionary basic unit
subject to structure–function pressures. Consequently, I chose to
work with annotations and comparisons of domains instead of whole
proteins.
Structural comparison and building of PDUG. I employed a Z-score
measure of structural proximity as weight for the edges to create a
protein domains universe graph (PDUG [19]). Formally, I created a
graph where the nodes are the representative set of recurring
structural domains identiﬁed previously by DALI [20,21], and the
edges are the structural comparisons between those domains weighed
by their respective Z-score. I used the above graph representation to
understand the role that pressure on structure plays in the evolution
of protein domains. Using this graph-theoretic paradigm, I could
investigate not only the topology of the graph but also the correlation
between the structural comparison graph and other dimensions of
the same graph based on comparison metrics, such as function and
phylogenetic proximity explained in detail below. The names of the
domains used in this study are available at http://romi.bu.edu/
phylo_context/domain_names.txt. The domain names refer to the
DALI nomenclature as described in [22].
After I deﬁned a PDUG, I had to populate it using sequences, so as
to correlate the structures and the set of sequences that fold into
those structures. I used a non-redundant database of sequences,
NRDB [23]. This database straightforwardly uses sequence alignment
on all known sequence databases to remove neighbors with more
than 90% identity to a representative sequence, analogous to the
method described above for structures. In order to map the set of
recurrent domains onto sequence space, I used the now canonical
BLAST [24] sequence alignment algorithm to ﬁnd homologous PDUG
nodes to all non-redundant sequence representatives obtained from
NRDB. For every sequence in NRDB, I found the best matching
sequences below 1e10 threshold. Since structures from DALI
are themselves devoid of sequence homologs, at most one structure is
found for every non-redundant sequence from NRDB. Since each
sequence is annotated with the function that it performs, this yields a
mapping not only of non-redundant sequences but also of their
respective functions to nodes on PDUG. The distribution of
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Figure 1. The Correlations between Z, F, and P Scores
(A) The correlation between structural comparison Z-score and functional distance F-score. (Pearson’s r ¼ 0.96 and slope ¼ 0.007.) Each bin contains at
least 200 observations. It is worth noting that the average functional distance (F-score) falls from 0.48 to 0.30, only by a third during two decades of
structural similarity [14].
(B) The correspondence between phylogenetic profile distances calculated using mutual information and F-score. Slope of the linear fit is 0.36, with
Pearson’s r ¼ 0.96. The correlation is averaged, i.e., each data point represents a bin containing 150–200 domains, and the functional distances are
averaged inside the bin [14].
(C) The landscape of functional distance with respect to Z and P scores. An average F-score is calculated for each of the 36 bins; each bin contains 100–
200 observations. Since F-score is a distance metric, hotter colors represent domains that are farther away and cooler colors represent those that are
closer.
DOI: 10.1371/journal.pcbi.0010009.g001
sequences from NRDB that are homologous to DALI structures is
given in Figure S1.
Functional domain universe graph. Since I was interested in the
most general description of functionality of protein domains, I
deﬁned the function of each domain as the weighted set of functions
performed by all the sequences that align to it. Thus, the
functionality of the domain is represented by a probabilistic GO
[25] tree. This tree is populated by taking all non-redundant
sequences matching each PDUG node (as described above) and
placing their functional annotations into the canonical GO. I rebuilt
the whole GO tree by following all paths that led to root node from
the functional annotations mined out of NRDB sequences. I
increased the count of a node each time I visited it. Afterwards, all
counts were turned into probabilities by normalizing the number of
times that I visited each node on every level of the GO tree by the
total number of times I visited that level. I ended up with a
probabilistic representation of function for each structure at various
levels of speciﬁcity.
Each node on PDUG now had the representative structure, the set
of sequences that fold into that structure, and the set of functions
performed by those sequences in the form of a probabilistic,
hierarchical GO [25] tree. The beneﬁt of representing functionality
in terms of a probabilistic GO tree is that I could now compare
functionality of domains by simply comparing their GO trees. If I
wanted to understand the ‘‘difference’’ in function between two
domains, I needed to take into account all functions that this
structure was implicated in. For example, some sequences for a given
structure may be involved in creatine phosphorylation, and others
can be involved in arginine phosphorylation, as in the case of 1qh4
(Figure S2) [26].
PLoS Computational Biology | www.ploscompbiol.org

Thus, in order to compare the GO trees, I calculated the Euclidian
distance between the nodes on each level of the GO hierarchy by
using Equation 1.
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
X
1
ð1Þ
ðpA;i  pB;i Þ2
FA;B ¼
L i  ff unctionsg
Here FA,B is the functional distance between domain A and domain
B, pA,i is the percentage of sequences that fold into structure A that
are annotated with function i, and the sum is taken over all annotated
functions. F-score measures similarity of paths on the GO tree
between two sets of homologous sequences. For example, if two
domains encode two sets of sequences that follow exactly the same
path, the F-score will be zero. On the other hand, if the sequences
encoding the two domains have no common functional annotations,
the F-score will be maximum. Using the above functional distance
measure, I created another dimension of PDUG. In this dimension,
the edges are functional comparisons between the domains and are
weighed by the F-score.
Phylogenetic distance P-score. Phylogenetic context (the subset of
genomes where the domain is found) can have a profound effect on
the function and overall evolution of that domain. Knowing this, I
created another dimension of PDUG where each node was annotated
with the genomes where it was present. This is done by simply
BLASTing [24] the set of non-redundant sequences found in each
node in PDUG against all fully sequenced and mapped genomes. This
yields a mapping of structural space into genomic space. Thus, each
node is annotated with a vector where columns represent the
different genomes and the values are zero or one, depending on
whether the domain exists in that genome.
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The calculation of distance in genome space is non-trivial and is
subject to all kinds of qualiﬁcations, such as relative distance between
genomes on the tree [27,28]. However, I simpliﬁed the calculation by
employing mutual information as a ﬁrst-order approximation to
distance between every two phylogenetic vectors. The distance
between any two nodes in phylogenetic space is then just the mutual
information between their vectors, as deﬁned by
X
X
pij X
pij Log½ ;
pij ¼ pj
pij ¼ pi
ð2Þ
P¼
pi pj
i
j
i;j f0;1g

the standard deviation of each data point on the graph. I sampled
60% of the data 150 times. I then gridded those points, as in Figure
1C, and then I conglomerated the results. The means and standard
deviations of F-scores for each pair of Z and P scores can be accessed directly from http://romi.bu.edu/phylo_context/z_p_f_
landscape_stat_sig.dat. The difference in the functional similarity
score is several standard deviations away from random and is highly
signiﬁcant. Moreover, the overall nature of the results does not
depend on the binning, or the way that the jackknife procedure is
performed (data not shown).

where pij is the frequency of occurrence of all four possible
combinations of presence or absence in the same genome for nodes
i and j, and pi and pj are the marginal probabilities of seeing those
domains in all genomes. Mutual information is a reﬂexive measure,
insensitive to correlation or anti-correlation. Thus, mutual information will be maximal if the two phylogenetic vectors are either
perfectly correlated or perfectly anti-correlated while the norm of
that vector is half the length. This is a useful property for evaluating
P-score, since genes that appear in a completely disparate set of
genomes have been shown to perform similar functions in a process
dubbed ‘‘non-orthologous gene displacement’’ [29]. Using this
distance measure, I created the third and ﬁnal dimension of PDUG
where the nodes are the domains with redundant sequences and
functional trees, and the edges are weighed by the mutual information measure between the phylogenetic proﬁles of the nodes.
Looking through the dimensions. Finally, I correlated all three
dimensions of PDUG, by observing the F-score between two nodes
with respect to both the structural proximity and the phylogenetic
distance (Table S1). The striking observation was that resolution of
functional distance increases by almost 100% when considering
structural proximity and phylogenetic distance over using any one of
these measures alone. The combination of phylogenetic distance and
structural similarity differentiates structures with close functional
similarity from similar structures without functional similarity, and
analogous behavior is observed for sets of domains sharing
phylogenetic proﬁles (data not shown). The protein domains that
run contrary to this trend are good candidates for investigating
convergent evolution.
Robustness analysis. To evaluate the robustness of the results
reported in Figure 1C, I performed a jackknife analysis to evaluate

Supporting Information
Figure S1. The Distribution of Sequences from NRDB That Are
Homologous to a Structure
The data are available online from http://romi.bu.edu/phylo_context/
count_seqs.out. The structures may be downloaded from the PDB
directly and from the ASTRAL compendium using the domain names
provided in http://romi.bu.edu/phylo_context/domain_names.txt.
Found at DOI: 10.1371/journal.pcbi.0010009.sg001 (4.2 MB TIF).
Figure S2. Example of Uneven Scaffold Annotation on the
Functional GO Tree
Found at DOI: 10.1371/journal.pcbi.0010009.sg002 (1.3 MB TIF).
Table S1. Use of Phylogenetic Distance for a Particular Structural
Similarity Score Differentiates Functionally Related Proteins from
Those That Are Not
Found at DOI: 10.1371/journal.pcbi.0010009.st001 (449 KB TIF).

Acknowledgments
The author would like to acknowledge Eugene Shakhnovich, John
Max Harvey, and support from NIH.
Competing interests. The author has declared that no competing
interests exist.
Author contributions: BES conceived and designed the experiments, performed the experiments, analyzed the data, contributed
reagents/materials/analysis tools, and wrote the paper.

References
1. Altschul SF, Madden TL, Schaffer AA, Zhang J, Zhang Z, et al. (1997)
Gapped BLAST and PSI-BLAST: A new generation of protein database
search programs. Nucleic Acids Res 25: 3389–3402.
2. Dietmann S, Holm L (2001) Identiﬁcation of homology in protein structure
classiﬁcation. Nat Struct Biol 8: 953–957.
3. Lord PW, Stevens RD, Brass A, Goble CA (2003) Investigating semantic
similarity measures across the Gene Ontology: The relationship between
sequence and annotation. Bioinformatics 19: 1275–1283.
4. Shakhnovich BE, Max Harvey J (2004) Quantifying structure-function
uncertainty: A graph theoretical exploration into the origins and
limitations of protein annotation. J Mol Biol 337: 933–949.
5. Shakhnovich BE, Dokholyan NV, DeLisi C, Shakhnovich EI (2003) Functional ﬁngerprints of folds: Evidence for correlated structure-function
evolution. J Mol Biol 326: 1–9.
6. Orengo CA, Bray JE, Buchan DW, Harrison A, Lee D, et al. (2002) The
CATH protein family database: A resource for structural and functional
annotation of genomes. Proteomics 2: 11–21.
7. Fraser AG, Marcotte EM (2004) A probabilistic view of gene function. Nat
Genet 36: 559–564.
8. Murzin AG, Brenner SE, Hubbard T, Chothia C (1995) SCOP: A structural
classiﬁcation of proteins database for the investigation of sequences and
structures. J Mol Biol 247: 536–540.
9. Eisenstein E, Gilliland GL, Herzberg O, Moult J, Orban J, et al. (2000)
Biological function made crystal clear—Annotation of hypothetical
proteins via structural genomics. Curr Opin Biotechnol 11: 25–30.
10. Montelione GT, Anderson S (1999) Structural genomics: Keystone for a
Human Proteome Project. Nat Struct Biol 6: 11–12.
11. Dokholyan NV, Shakhnovich B, Shakhnovich EI (2002) Expanding protein
universe and its origin from the biological Big Bang. Proc Natl Acad Sci U S
A 99: 14132–14136.
12. Deeds EJ, Hennessey H, Shakhnovich EI (2005) Prokaryotic phylogenies
inferred from protein structural domains. Genome Res 15: 393–402.
13. Yang S, Doolittle RF, Bourne PE (2005) Phylogeny determined by protein
domain content. Proc Natl Acad Sci U S A 102: 373–378.
14. Shakhnovich BE, Harvey JM, Delisi C (2004) ELISA: A uniﬁed, multidimensional view of the protein domain universe. Genome Inform Ser Workshop
Genome Inform 15: 213–220.
15. Day R, Beck DA, Armen RS, Daggett V (2003) A consensus view of fold

PLoS Computational Biology | www.ploscompbiol.org

16.

17.

18.

19.

20.
21.
22.

23.
24.

25.

26.

27.
28.

29.

0050

space: Combining SCOP, CATH, and the Dali Domain Dictionary. Protein
Sci 12: 2150–2160.
Dietmann S, Park J, Notredame C, Heger A, Lappe M, et al. (2001) A fully
automatic evolutionary classiﬁcation of protein folds: Dali Domain
Dictionary version 3. Nucleic Acids Res 29: 55–57.
Ashburner M, Ball CA, Blake JA, Botstein D, Butler H, et al. (2000) Gene
ontology: Tool for the uniﬁcation of biology. The Gene Ontology
Consortium. Nat Genet 25: 25–29.
Pellegrini M, Marcotte EM, Thompson MJ, Eisenberg D, Yeates TO (1999)
Assigning protein functions by comparative genome analysis: Protein
phylogenetic proﬁles. Proc Natl Acad Sci U S A 96: 4285–4288.
Dokholyan NV, Shakhnovich B, Shakhnovich EI (2002) Expanding protein
universe and its origin from the biological Big Bang. Proc Natl Acad Sci U S
A 99: 14132–14136.
Holm L, Sander C (1995) Dali: A network tool for protein structure
comparison. Trends Biochem Sci 20: 478–480.
Holm L, Sander C (1997) Dali/FSSP classiﬁcation of three-dimensional
protein folds. Nucleic Acids Res 25: 231–234.
Dietmann S, Park J, Notredame C, Heger A, Lappe M, et al. (2001) A fully
automatic evolutionary classiﬁcation of protein folds: Dali Domain
Dictionary version 3. Nucleic Acids Res 29: 55–57.
Holm L, Sander C (1998) Removing near-neighbour redundancy from large
protein sequence collections. Bioinformatics 14: 423–429.
Altschul SF, Madden TL, Schaffer AA, Zhang J, Zhang Z, et al. (1997)
Gapped BLAST and PSI-BLAST: A new generation of protein database
search programs. Nucleic Acids Res 25: 3389–3402.
Ashburner M, Ball CA, Blake JA, Botstein D, Butler H, et al. (2000) Gene
ontology: Tool for the uniﬁcation of biology. The Gene Ontology
Consortium. Nat Genet 25: 25–29.
Eder M, Schlattner U, Becker A, Wallimann T, Kabsch W, et al. (1999)
Crystal structure of brain-type creatine kinase at 1.41 A resolution. Protein
Sci 8: 2258–2269.
Wu J, Kasif S, DeLisi C (2003) Identiﬁcation of functional links between
genes using phylogenetic proﬁles. Bioinformatics 19: 1524–1530.
Pellegrini M, Marcotte EM, Thompson MJ, Eisenberg D, Yeates TO (1999)
Assigning protein functions by comparative genome analysis: Protein
phylogenetic proﬁles. Proc Natl Acad Sci U S A 96: 4285–4288.
Koonin EV, Mushegian AR, Bork P (1996) Non-orthologous gene displacement. Trends Genet 12: 334–336.

June 2005 | Volume 1 | Issue 1 | e9

