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Gene duplication followed by adaptive evolution is thought to be a central mechanism for the emergence of
novel genes. To illuminate the contribution of duplicated protein-coding sequences to the complexity of the
human genome, we study the connectivity of pairwise sequence-related human proteins and construct a net-
work (A) of linked protein sequences with shared similarities. We find thathe connectivity distribution
P(k) for k sequence-related proteins decays as a powerPdyw~ k™ with y=1.2, (ii) the top rank of\/
consists of a single large cluster of prote{rs70%), while bottom ranks consist of multiple isolated clusters,
and(iii ) structural characteristics df show both a high degree of clustering and an intermediate connectivity
(“small-world” features. We gain further insight into structural properties/&fby studying the relationship
between the connectivity distribution and the phylogenetic conservation of proteins in bacteria, plants, inver-
tebrates, and vertebrates. We find tfiaj the proportion of sequence-related proteins increases with increasing
extent of evolutionary conservation. Our results support that small-world network properties constitute a
footprint of an evolutionary mechanism and extend the traditional interpretation of protein families.
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[. INTRODUCTION nomic DNA involve the translocation of 1—200 kb blocks to
] o . . one or more locations within the genorfid, and a number
The analysis of statistical patterns in protein sequences igf such large-scale segmental duplications have been identi-

of interest, since correlations in and relationship betweetiied within the genome offomo sapien$8,9], as well as in
protein sequences may reflect biologically significant feathe genomes of other specig®]. In H. sapiensit has been
tures of primary structures. For instance, the primary strucestimated that 5—7 % of all human DNA sequences may have
ture of proteins, which is constrained by encoding secondarguplicated in the last 30 Myr of evolutigiil]. The fact that
and higher-order structural information, carries a high infor-most duplications occur in blocks of size10 kb distin-
mation contentlow redundancy in the order of 1pp1], and  guishes the human genome from other sequenced genomes,
amino acid correlations of protein sequences affect predomincluding the genomes of the flprosophila melanogaster
nantly base-base DNA sequence periodicities at distances b#e nematod€aenorhabditis elegansr the plantArabidop-
low about 35 bases, while longer-ranging correlations up t&is thaliana[10. _ .
100 bases found in yeast DNA sequences reflect primarily Segmental duplications often harbor protein-coding

DNA folding properties2]. The secondary structure of pro- 9eénes, as well as repeats with high copy numty2gs13.
teins has been linked to a 10-11 bp correlation in DNA se-The presene an.d distribution of such _segments may foster
quenceg3,4], with several other lines of evidence suggest-domain and coding sequengxon shuffling[14], and thus
ing that this correlation is associated with DNA bendability contribute to the protein diversity. Across species, the human
and nucleosome formatidi2,5,6 genome exhibits comparatively greater numbers of gene/

it o : rotein families and multidomain proteins, as well as paralo-
The availability of the complete and qualitatively im- P e ' . X
proved draft seqalence of the hFL)Jman genc?me in conjyunctio ous genes, indicating that the greater complexity of its pro-

: . . : eome is a consequence not simply of its larger size, but also
W'th Sequences _derlyed from other species also permits thgf large-scale protein innovatidir]. Specifically, in the hu-
illumination of historical patterns of genome evolution. An : '

interesting feature of the euchromatic portion of all human o 9enome, between one- and two-tenths of known protein
chromosomes consists in its repeat conterb0%) and re- sequences are possibly related to each other via paralogous

i lexity [71. Notably | | ) relationships[7,16]. For instance, the genome-wide evolu-
pettive compiexi y[7]. Notably large para 0gOUS Tegions yinn of the complete repertoire of human olfactory receptor
(intra- or interchromosomal segmental duplication$ ge-

proteins has shown that intrachromosomal duplications and
gene cluster expansion may have led to the creation of one of
the largest gene superfamilies in vertebrates that comprises
*Electronic address: ralf. mrowka@charite.de about 1% of the total human genonig5]. Provided that
"Electronic address: holste@mit.edu gene duplication, followed by adaptive evolution, constituted
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a major source for the emergence of new gdid@sl7, one  nodeE,. The overall clustering coefficie@ is then obtained
would expect a considerable degree of similarity and relaby averaging over all nod€s,,
tionships between human proteins.

Here, we study the sequence similarity and diversity of
human proteins at the amino acid sequence level. The paper
is organized as follows. In Sec. I, we describe the primary
data, and introduce the notation and quantities used in thignd measures the average fraction of pairs of neighbors of a
study; in Sec. Ill and IV, we examine structural network node that are themselves neighbors of each other.
properties of clusters of sequence-related human proteins; Next, consider two nodg&,, E, n# m) and choose‘.fgm)
and in Sec. V, we investigate the extent to which characteras the shortest path lengths betwdgnand E,,. Then the
istic cluster features are related to their ancestral states. node-average shortest path length associated Ryitis

N
> e (3)

. . . . (N - 1) m=1
The primary structure of proteins is polymeric and can be
considered as a symbolic sequence.s20 symbolgamino ~ and the mean over all nod&s, (n=1,2, ... N) defines the
acid9. Protein sequences foN,=21787 known(i.e., average shortest path lengths(L(n)),.
ENSEMBL-annotate§l human protein-coding genes were ob-  Finally, define the connectivity distributida(k), the over-
tained from theeENSEMBL genome databasgee Ref[51]).  all normalized frequency of all nodes, having exactlyk
Protein sequence information for the invertebi@teelegans  edges, as
the plantA. thaliang and the bacteriunM. genitaliumwere N N
obtained from the National Center for Biotechnology Infor- P(K) = 12 k- ¢
mation (NCBI) database(see Ref.[52]). Amino acid se- (9] =
quences for the yeassaccharomyces cerevisiagere ob-
tained from the Munich Information Center for Protein where 50)=1 and 0 otherwise, anf is a normalization
SequencesMIPS) databasésee Ref[53]). The taxonomic factor such thak,P(k)=1.
classification follows that of the NCBkee Ref[54]). In numerical simulations of random networks with an av-
Protein sequence similarities were detected in an all-byerage number of links per nodk), the quantities. andC, as
all comparison using the computer progravAsTP [18], well as P(k), can be approximately derived b¥ 4ng
versions of which have been used in a variety of related~|og N/log(k) and C,,,q=(k)/N, and for largeN the con-
studies, and a number of advanced algorithms have beefectivity can be approximated by a Poisson distribution
implemented for downstream analysie.g., hierarchically p(k) . =e®((k)/kl) [24]. For a fixed value ofk), small
protein clustey [19-23. BLASTP matches between a pair of \,r1ds show an average shortest path lerigtal ,,qand a
protein sequences were evaluated by the expectation Va“&’ustering coefficien€> C,ang [30].
(e) and assumed to be statistically significant et e, In this study, we introduce a quantity termelégree of
=0.001(using the BLOSUM62 amino acid substitution ma- eyo|utionary conservatiothat is obtained in the following
trix). In order to avoid matches of “low-complexity” se- way. (i) In addition to a reference set of human protein se-
quencegsequences of unusual amino acid composition, e.gguences, choose sets of known genes and corresponding pro-
repetitive sequencgqueries were filtered prior to the analy- tein sequences from completed genomes of species with dif-
sis [18]. Proteins with significant sequence similarities areferent evolutionary distances. Here, we chose the four
linked and joined into clusters. _ speciesM. genitalium(MG), S. cerevisiadSC), A. thaliana
Three standard statistical quantities of cluster PropertiegaT), andC. elegangCE) from the taxonomic classes bac-
are provided by the average cluster coefficiénthe average teria, yeast, plants, and invertebrates, respectiiglyCom-
shortest path length, and the connectivity distributioR(k). pare each human protein sequence to the set of all protein
Definitions ofC, L, andP(k) can be found, e.g., if23,24.  sequences of other species and detect in which species the
First, consider a networR/(N,E) comprised ofN nodes  human protein shares a significant sequence simildripce
andE edges between nodes. Existing links or edges betweelfeing evolutionary “conserveyl’by usingBLASTP matches
a pair of nodess, andEy, are indicated ag,,=1 and zero e<e,,. (iii) Define the degree of the conservation by the
otherwise. Then the subset of nearest neighbors of Beé®  number of species in which the protein is conserved.
given by{E.} ={£,»=1| Om}. One can calculate the number  Note that both the detection of sequence similarities and
of direct connections between theneighbors{E,} of node  the computation of the degree of conservation deliberately

1 N
C=(C(n)), = NE C(n), (2)
n=1

II. DATA AND DEFINITIONS L(n) =

(4)

E, as do not incorporate prior information about ancestialg.,
N orthologous or paralogopselationships between protein se-
z=3 ¢ D ¢ 1) quences. Instead, this study expands the search space tg the
one e e el {E.} ml set of all known human proteins and focuses on partial

sequence-related proteins. In order to reduce the complexity
and the clustering coefficient foE, is defined byC(n)  of this search, only the following combinations of sequence
=2E,/k(k-1), where the quantiti(k—1)/2 is the maximum  sets have been tested and sorted by their overall evolutionary
number of possible different edges between the neighbors aélatedness tél. sapiengHS): HS-CE; HS-CE-SC; HS-CE-
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SC-AT; HS-CE-SC-AT-MG. The statistical analysis of the 10° T T
connectivity of conserved and nonconserved protein se-

quences was based on the nonparametric Wilcoxon rank sum "
test[25].

IIl. SEQUENCE-RELATED HUMAN PROTEINS CLUSTER
HETEROGENEOUSLY

In this section, we compare the sequences of all known
human proteins and study the extent to which protein se-
quences cluster into groups of shared sequence similarities.

We examine pairwise relationships between the protein
sequences of known human genes, using algorihasTP

Connectivity distribution, P(k)

[18] (see Sec. )l When BLASTP detected a significant se- 10,00 0 107 10° 10°

quence similarity between two human proteins, these pro- Number of connections, k

teins were linked and joined into a clusi@6]. We cluster

protelns based upon Slngle ||nkaW]' SO two protelns be_ FIG. 1. COnneCthlty d|Str|bUt|0n Of human protein Sequences.

long to one cluster if there is at least one direct or indirectShown is a double logarithmic representation of the probability
link via one protein to the other. In the constructed networkP(K) that a given human protein is sequence-related Witither
N of links between human protein sequences with Sharearotelns.P(k) is shown withk=1 linear(small circles as well as
similarities, we find thatN,,=17 532 out ofN,=21 787 with logarithmic bin sizegfull circles) to reduce noise. The decay

’ sim™ total™ i ~ k™Y i
human proteins give rise to clusters of various sizes, rangin f P(k) can be approximated by a power la(k) ~k™, with a
from one large group of-70% of proteing(12 281/17 532 ecay exponent=1.2 (best-fit regression on double-logarithmic

. : scale$. The inset show®(k) for a numerical simulation of a ran-
The next cluster comprises0.9% of proteing164/17 532 dom network\, g With the same overall number of proteins and

that, in turn, is followed by 1284 cluster of smaller sizes.  onnections as observed in the original empirical network. The con-

the amino acid level by usingLASTP are affected by chance — eg®((k)k/k!), with the average connectivigk) =~ 70.

alignments(false positivey we randomize a set ONiyy
=21787 human protein sequences, while maintaining the
genome-wide amino acid composition as well as the setraversing over four to five edges on average. When we com-
quence length. In numerical simulations of random networkgute over all clusters the clustering coeffici€htwe find that
Neang fewer than five protein sequence pairs were falseC~0.75. A comparison betweed and C,,,q~0.008, which
positively detected as “significant” at a threshold expectatioris the value obtained for random networksee Sec. )
value ofe,. shows thatC is about two orders of magnitude larger and
hence indicates a markedly higher degree of clustering as
compared with randomly linked networks.
While L andC are average quantities that characterize the
shortest path and cluster distribution, respectively, the full
In this section, we treat the sequence relationships beconnectivity distributiorP(k) quantifies the probability that a
tween human proteins obtained in the previous section as protein hask neighboring or linked proteins. We find that
network of sequence-linked proteins and we study the strud®(k) follows a power-law over approximately three orders of
tural network properties, including the shortest path lengttmagnitude P(k) ~k™”, and decays with an exponept= 1.2
and degree of clustering. (see Fig. 1

The above relationships between human proteins can be According to these measures, intermediate connectivity
considered as a network/(N,E), with constituents ofN (relatively small value of., common for random networks
nodes or proteins an=k edges or links between sequence-a persistence for a high degree of clusterirgatively large
related proteins. The structure of such netwokk®N,E) has  value of C, common for regular networksand a power-law
been studied for several decad@8,29. It is common to  connectivity distributiorP(k), means the network/(N, E) of
qguantify local and global network properties by means ofhuman sequence-related proteins can be characterized as a
their characteristic path length and clustering coefficientso-called small world[30]. Structural properties of small
[30,3]. The path length e [1,N-1] measures the average worlds are widely shared by a number of other network
number of edges in the shortest path linking two proteinstypes, including metabolic constituerj32], protein-protein
The clustering coefficiert < [0, 1] quantifies the fraction of interactiong33], or computer networkg23,34. In the above
pairs of neighbors of a protein that are, in turn, neighborshetwork (N, E), the clustering property reflects evolution-
and is measured over all actual pairs of neighlfeee Sec. ary patterns of gene duplications. The decay property of the
). connectivity distributionP(k) ~k™” has been related to the

Within the largest cluste(~70% of Nii5), We find the  mechanisms of network expansi@in the number of nodes,
average shortest path length=4.45. Consequently, about N) and link-attachment preferencim the number of edges,
two-thirds of all pairs of proteins are sequence-related byE) [35,39.

IV. SEQUENCE-RELATED PROTEINS FORM A SMALL-
WORLD NETWORK
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8 160 .
c L -
§ 140F 4 FIG. 2. Highly sequence-related human pro-
s L teins are increasingly conserved throughout evo-
.g 120 = lution. Left-hand side: schematically a phyloge-
3 [ 1 netic tree with the taxonomic classes of the
g 100_' ] specie<C. elegans, S. cerevisiae, A. thaliaad
2 gob | M. genitaliumas compared tél. sapiens Right-
g L Degree of conservation 1 hand side: the average of the connectivity distri-
< 60l . bution of human proteins and the corresponding
L L L L L degree of evolutionary conservation, defined as
H. sapiens the number of species in which the protein is
C. elegans sequence-related. Statistical analysis shows that
s . each subset is significantly differerp<2.2
_E - oorevisias X 10716 from the corresponding nonconserved
A. thaliana set(data not shown
M. genitalium
dots indicate presence of proteins
in corresponding organism
V. HIGHLY SEQUENCE-RELATED PROTEINS SHOW A total number of sequence relationships, depends on the
HIGHER DEGREE OF CONSERVATION choice of the threshold expectation valgge The finding of

. . . . . a single, dominating group is in accord with previous studies
In this section, we study the mterrelaponshm between 17]. The outcome that about one-third of human proteins
sequence-related human proteins and their degree of conSggmains in rather isolated clusters is fewer than what had
vation throughout evolutionary history. o been found in other estimat§t7] and could possibly origi-
To this end, we test whether a human protein is phylogenate from differences in the detection of sequence similari-
netically sequence-conservextross other species, by show- ties (see Sec. )l to construct the according protein groups
ing a sufficiently high sequence similarity in a given specieg17,37.
(Cf. Secs. |l and ”] We deﬁne the degree Of Conservation as We examine Characteristic properties/\qsd:N, E), and f|nd
the number of species in which this protein is detectable. Inpat the average shortest path length 4.45(largest cluster
a first comparison, we chose protein sequences of Knowgnd cluster coefficienE~0.75 are such that/(N, E) quali-
genes from representative completely sequenced genomes s a5 a small-world network. The connectivity distribution
four species across four taxonomic classes, including baCt%’ecays asP(k) ~ k™12 across about three orders of magni-

ria, yeasts, plants, and invertebrates. tude. Previous empirical studies conducted on a variety of

Thelfe?tr:al result of this StUde '3 shhowr:l in Fig. 2. For thegiher network types, including the worldwide web, social,
network of human proteins, we find that the average connegyq jisiic, citation, ecological, or cellular networks, have

tivity is about(k)~70. Considering the set of human pro- gnown that & y<3 [24]. In particular, scale-freg¢power-
teins that is conserved i€. eleganswe find that(k) in- |5 network properties have been observed and/or predicted
creases to about 90 in HS-CE. Using further distantly relateqior gene-fam”y Size$40_4a’ as well as for the protein in-
species, we find that the average connectivi) of  teraction network ofS. cerevisiag38]. In this study, the
sequence-related human proteins increases consistently wiglecay exponenty=1.2 ranksN(N,E) as a network with
increasing evolutionary conservation in HS-CE-SC, HS-CEr+elatively gradual reduction in the node connectivity.
SC-AT, and HS-CE-SC-AT-MG. In order to corroborate these findings, we used two modi-
Figure 2 is in accord with a scenario in which gene du-fied threshold expectation valug@sy increasing and then de-
plication is coupled to partial conservation of sequence strucereasinge,, by a factor of 10. Using these different thresh-
ture and allows for a generalization of the traditional concepblds did not qualitatively change the power-law distribution
of protein families. of P(k) nor the dependence of the connectivity on the degree
of conservation(data not showy so our results remain
V1. DISCUSSION largely unaffected in this range of expectation values. The
presence of a single large cluster may explain to some degree
We study the network properties of sequence-related hithe bioinformatic difficult recognition of evolutionary
man proteinsV(N, E) using the average shortest path length“young” as well as “distant” genes/proteins, as compared
L, the clustering coefficien€, and the connectivity distribu- with the recognition of well-conserved ones, Bp initio
tion P(k). gene-finding algorithms that are based on statistical features
We find that sequence-related human proteins cluster hetf DNA sequences and protein-homology seg4B-45.
erogeneously, with one single cluster comprising about 70% We study the dependence between the connectivity distri-
of the total number oN,,=21 787 known human proteins bution and the conservation of human proteins, and we find
used in this study. Clearly, the size of clusters, as well as théhat the average connectivity increases within sets of proteins
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with increasing degree of conservation. The feature thainitial statistical modeling approach relates empirically ob-
highly sequence-related proteins show a higher conservatiaserved network properties to network growth and preferential
relates the small-world network structure to the evolution ofattachment of new connectiorj84,35. While this model
genomes, and substantiates the close relationship of genesgsumes that all nodes possess indistinguishable properties
a common principle of molecular evolutiqii4,42,4§. Us-  except for their connectivity, further comparisons of model

ing protein-protein interaction data derived from studieSof predictions with biological networkgenes, proteinswill be
cerevisiag pairwise interactions of yeast proteins have beeryt interest in ongoing work§49,50.

found to be evolutionary conserved across several species

[47,48. In addition, it is interesting to note that conserved
yeast proteins exhibiting a relatively high connectivity tend
to evolve more slowly(reduced number of substitutions/
amino acid sitg[39].
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