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Motivation: Obtaining accurate estimates of the numbers of protein-coding genes and
protein domains in a proteome, and the number of protein domains in nature is a
daunting challenge. Computational analysis of the protein domain sets in the pro-
teomes of many species allows us to estimate these numbers and to find their evolution
relationships.

Results: We have analyzed the distributions of the number of occurrences of protein
domains in sample proteomes of the 70 fully sequenced genome organisms of three major
kingdoms of life: Archaea, Bacteria and Eukaryota. We found that a large fraction of
the identified distinct protein domains (i.e., unique domains and homologous domain
families) in these 70 proteomes (1051 (23%) out of 4493) are found in at least one
organism in each of these kingdoms of life and that 43 (1%) of these domains are common
to all the 70 organisms. All the observed domain occurrence frequency distributions for
these 70 proteomes are well fitted by a family of Pareto-like functions, associated with
the steady state distributions of a linear Markov random process. We present explicit
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formulas that accurately predict the number of distinct protein domains and the number
of protein-coding genes for a given organism as functions of the number of non-redundant
domain-to-protein links in the proteomes. These functions allows us to predict that
there are 42,740, 27,900, and 21,200 protein-coding genes/open reading frames in the
human,A. thaliana, and mouse genomes, respectively. We also estimate that there are
5271, 2955, and 4915 distinct protein domains in the human, A. thaliana, and mouse
proteomes, respectively, and about 5500 distinct protein domains in the entire “proteome
world”.

Keywords: Proteome complexity; evolution; number of genes; number of protein do-
mains; Pareto-like distribution; stochastic process.

1991 Mathematics Subject Classification: 22E46, 53C35, 57520

1. Introduction

A protein domain is an amino acid sequence that is essential to the biological
function(s) of the protein in which it occurs [1, 4, 19]. A protein domain often
includes the “active” binding site(s) of a protein. Alternatively, a protein domain
may serve as a necessary shape-determinant “building block”. Protein domains
are considered to be sufficiently-long homologous amino acid sequences encoded by
evolutionarily-conserved DNA sequences. Many common protein domains are found
in phylogenetically different organisms. The evolutionary history of such domains
can accommodate modest differences; thus, strictly, a class of homologous DNA
sequences defines a domain.

In this work, we consider protein domains as the basic structural and functional
parts of proteins, which allows us to simplify analysis of complex proteome infor-
mation. From this point of view, a protein in a proteome may be considered as
compositions of domains, specifically linked within the protein chains in the course
of evolution. Of course, the protein domains themselves cannot completely deter-
mine all protein functions. However, knowledge of the specific distinct domains and
their ordering in each protein of a set of proteomes can be used for comparative
analysis of the proteome complexity. Analysis of such proteome characteristics for
many species may provide understanding of the mechanisms of proteome complexity
and changes due to evolution history.

Statistical analysis of DNA sequences that code protein domains within the
fully-sequenced genomes of Archaea, Bacteria and Eukaryotic organisms allow us
to estimate some fundamental numbers in biology: (a) the number of protein-coding
genes in genomes that are only partially known, (b) the number of distinct protein
domains in a proteome, and (c) the number of distinct protein domains in nature.

A proteome can be defined as a complete set of distinct proteins encoded by
protein-coding genes in the entire genome. In this work, the proteome size is defined
by the number of distinct protein-coding sequences in the organism. Previous esti-
mates of the size of the human proteome have used experimental approaches such
as measuring the complexity of cellular RNA, reassociation kinetics, CpG island
determination, or, more recently, genome sequence analysis. The International Hu-
man Genome Sequencing Consortium (IHGSC) has estimated that there are 29,700
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putative genes/ORFs in the human genome [17]; Celera Genomics has estimated
26,000-39,000 putative genes/ORFs [21]; Ewing and Green, using expressed se-
quence tag (EST) clustering incorporating quality scores estimated 35,000 tran-
scripts [7], and Kuznetsov, using a large human SAGE transcriptome data sets
estimated a lower limit of 31,200 transcripts [14]. However, even after publica-
tion of human genome sequence drafts by Celera Genomics and by the THGSC
in February 2001, a reliable estimate of the total number of human protein-
coding genes has not yet been obtained due to experimental errors and ambi-
guities in the data [5, 9, 14]. For humans, the number of protein-coding genes
is currently so uncertain that geneticists keep arguing about its exact value
(http://www.ensembl.org/Genesweep/).

The actual number of existing protein domains in proteomes and the total num-
ber of protein domains in nature (or in the “proteome world”) are both uncertain.
Estimates of the number of domains in organisms and in nature range between a
few thousand to twenty-three thousand or more [3, 14, 20, 22, 23].

In this paper, we have analyzed the functional relationships between the num-
ber of identified protein-coding genes, the number of identified protein domains in
Archaea, Bacteria and Eucaryotic proteomes having fully-sequenced genomes. For
each organism, we analyzed the statistical distribution of the number of proteins
containing a random domain within a proteome. We estimate there are 42,740,
27,900, and 21,200 protein-coding genes in the human, plant Arabidopsis taliana,
and mouse genome, respectively. We predict that there are about 5500 distinct pro-
teome domains in all of nature. This is about 1000 more than the 4500 distinct
domains in the InterPro database (March 12, 2002; www.ebi.ac.uk/interpro/).

2. Databases, Definitions and Methods

Practically, protein domains have been determined based on expert knowledge and
probabilistic models of amino acid sequence similarity. Sequences similar to a given
protein domain sequence can be often identified computationally and are taken
to be the same domain functionally. We used the InterPro database (Integrated
Resource of Protein Domains and Functional Sites; www.ebi.ac.uk/interpro/) which
integrates data from several domain/protein family/functional site databases (Pfam
[3], SMART [18] etc.) and determines domains based on a signature recognition
approach [12].

The InterPro set of domains is constructed by building groups of homologous
polypeptide patterns (domains/protein families/motifs), including patterns, if any
such exist at least in one of the integrated databases. Each such group has a
unique identification number and is recorded as a unique domain in the InterPro
database by the InterPro criteria [12]. All the sequences in a domain group must
be sufficiently long and must be homologous enough to warrant this grouping. The
InterPro database identifies the location of all InterPro domains boundaries found
within sequences in the comprehensive SWISS-PROT /TrEMBL databases which,
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in total, include amino acid sequence entries found in large numbers of completely
and incompletely sequenced genomes. Note that in each organism, a unique InterPro
domain can be represented by a single polypeptide sequence for the protein domain
or by two or more homologous polypeptide patterns. Thus, equivalence classes de-
fine the distinct domains. On March 12, 2002, 4493 distinct InterPro domains had
been collected within the proteins of 70 organisms (see Appendix 1).

We developed a local Protein Domain Database Analyzer (PDDA) program
which accesses the Interpro database and optionally stores data in a local MySQL
relational database. Our basic data consists of a table in which a row is for each
unique Interpro domain and a column is for each organism. Let N; denote the
number of identified distinct domains of organism j. The same domain may be
repeated in a given protein many times, as well as occurring in many different pro-
teins of the proteome. The (7, j)-th entry of the table, m;;, is the number of proteins
containing one or more instances of distinct domain ¢ in the sample proteome of
organism j. Thus, we count the number of non-redundant occurrences of the do-
main ¢ in all proteins of organism j. By non-redundant, we mean that a distinct
domain is counted only once even if it occurs several times in the same protein. We
also refer to the number m;; as the number of non-redundant domain-to-protein
links of a distinct domain in the proteome of the organism. Let M; denote the
sum of the numbers of domain-to-protein links in the sampled proteome of organ-
ism j. Thus M; = ¥;m;;. We call M; the connectivity number of a proteome. Let
G; denote the number of protein-coding genes/ORFs (open reading frames) for
organism j.

Our PDDA also possesses data mining features which allow us: (1) to select
rows or columns of the table which meet certain criteria (logical functions), (2) to
construct empirical histograms of occurrence counts of proteins containing given
domains for any given organism or for a group of organisms, (3) to count the num-
bers of elements in subsets of 2-set and 3-set Venn diagrams. The PDDA has been
developed using the MySQL database and the Apache Web Server, and was written
using the HTML, PHP and C languages. The PDDA also links to other electronic
resources on protein domains/domain families (Pfam) and active sites (SMART)
which allows us to obtain comprehensive information on all studied protein pat-
terns, proteins, and their functions.

The model fitting and statistical analysis were performed using the MLLAB math-
ematical modeling software (Civilized Software, Inc., www.civilized.com). The pro-
grams are available from V. A. Kuznetsov (vk28u.nih.gov).

In this work, we analyzed the protein domain data for the 12 Archaeal, 50
Bacterial and 6 Eukaryotic organisms of the InterPro database (see Appendix 1),
which provides information on 68 fully-sequenced genomes, as well as for the nearly
completely-sequenced and partially annotated mouse and human genomes (March
12, 2002; www.ebi.ac.uk/interpro/).
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3. Results
3.1. Increasing complexity trends in evolving proteomes

One of the most surprising discoveries of recent years has been the degree to which
genes are conserved across species. Different organisms share many distinct protein
coding genes, even over widely divergent evolutionary paths. Mechanisms for hori-
zontal exchange and lineage-specific gene loss are thought to be major evolutionary
forces [17, 21]. However, while gene loss is conveniently justified in the literature,
the impact of horizontal gene transfer in evolution is still under discussion. A quan-
titative comparison of protein domain sets in fully-sequenced genomes representing
major kingdoms of life could help us to identify protein domains shared by biological
functions and biological processes in phylogenetically distant species.

Table 1 shows the 7 distinct subsets of the 4493 InterPro Protein Domains in
three domains of life, represented by 12 Archaea, 50 Bacteria and 8 Eukaryotic
organisms. Table 1 shows that a very large fraction of domains (1051 of all 4493
domains; 23.4%) occurs at least once in all three major kingdoms of life. These 1051
domains found in each of the Archaea, Bacteria and Eukaryotic kingdoms make up
the largest fraction of domains found in Archaea (67%) and in Bacteria (40%). In
Eukaryotes, this fraction is 30% (1051 of 3509 domains). Based on this finding, we
can suggest that these 1051 domains are associated with functionally-important
genes that are significant for evolving organisms.

The number of Archaeal domains of the Archaea domain set A, which also
appear in the Bacterial domain set B, but not in the Eukaryotic domain set E, is
more than 2 times greater than the number of Archaea domains that appear in the
Eukaryotic domain set E, but not in the Bacterial domain set B. Only 75 (4.8%) of
the 1550 Archaea domains found in the InterPro database are unique to Archaea
proteomes. Thus, even with environmental specialization, isolation, differences in
complexity of biological organization and divergent evolutionarily paths, a vast
majority of Archaea protein domains are also used in Bacteria or in Eukaryotic
proteins. However, Archaea are more similar to Bacteria than to higher Eukaryota,
measured in terms of number of domains in common.

Tables 2a and 2b show the average number of non-redundant domain-to-protein
links of 43 common protein domains observed one or more times in the proteomes
of all 12 Archaea, 50 Bacteria and 8 Eukaryotic organisms. We call these domains
the evolutionarily super-conserved domains. The column “Sum” contains the to-
tal number of non-redundant domain-to-protein links in the proteomes of all 70
organisms. The other columns show the mean number per organism for the three
kingdoms of life. Table 2 shows that most of the evolutionarily super-conserved
domains are associated with the translation machinery of a cell. The average num-
ber of non-redundant domain-to-protein links per proteome are strongly correlated
in all column pairs: Archaea-Bacteria (r = 0.79), Archaea-Eukaryota (r = 0.8),
Bacteria-Eukaryota (r = 0.73) (using Spearman correlation coefficient). These high
correlations indicate that the distributions of the number of occurrences of the
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Table 1.
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Distribution of the distinct domains in three major kingdoms of life represented by sets

of InterPro protein domains for Archaea (A), Bacteria (B), and Eukaryota (E). N; = N, Ng, Ng.
n is the number of the distinct domains in a domain subset. N = 4493: the total number of distinct
InterPro domains.

Table 2a.

Subset of domains n n/N n/N;
E—(AUB) 1687 0.38 0.48
(ANE)-B 136 0.03 0.04
(BNE)-A 635  0.14 0.18
ANBNE 1051 0.23 0.30
N; = Ng 3509 1.0

B-(AUE) 621 0.14 0.24
(AN B)-E 288 0.06 0.11
(BN E)-A 635 0.25
ANBNE 1051 0.41
N; = Np 2595 1.0

A-(BUE) 75 0.02 0.05
(AN B)-E 288 0.19
(ANE)-B 136 0.09
ANBNE 1051 0.68
N; =Ny 1550 1.0 1.0

Twenty most common protein domains shared by all 70 organisms. Mean occurrence

values of the given domain for individual Archaea, Bacteria and Eukaryota organism are repre-
sented. The column “Sum” contains the sums of occurrence values for the 70 organisms.

Domain description Sum  Archaea Bacteria Eukaryotes
1 ABC transporter 3715 33.25 56.26 62.88
2 ATP-binding protein; ATPase-like 1327 4.92 23.08 14.25
3 DEAD/DEAH box helicase 1320 10.42 10.58 83.25
4  Helicase; C-terminal 1303 9.92 10.40 83.00
5 AAA ATPase; central region 929 7.75 9.44 45.50
6  Elongation factor Tu; domain 2 508 5.08 6.46 15.50
7  Elongation factor; GTP-binding 517 4.67 6.42 17.50
8 S1 RNA binding domain 490 4.42 7.20 9.63
9 KH domain 479 5.33 4.24 25.38
10  S4 domain 415 1.92 6.86 6.13
11  Helix-hairpin-helix DNA-binding motif class 1 409 6.08 5.98 4.63
12 tRNA synthetases; class-II (G; H; P and S) 343 5.00 4.54 7.00
13  Toprim domain 328 4.00 5.20 2.50
14 GTP1/OBG family 313 3.33 3.84 10.13
15 Ribosomalprotein L24/bacterial NUSG 217 3.33 2.16 8.63
16  Replication factor C conserved domain 208 2.50 2.34 7.63
17  Elongation factor G; C-terminal 141 1.00 1.88 4.38
18 Type 2 KH domain 118 1.00 1.88 1.50
19 DNA-directed RNA polymerase; beta subunit 100 1.42 1.00 4.13
20 RNA polymerase; alpha subunit 100 1.17 1.04 4.25
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Table 2b. Ribosomal protein domains shared by all 70 proteomes. Mean occurrence values of a
given domain for the Archaea, Bacteria and Eukaryota organisms are represented.

Domain description Sum  Archaea Bacteria Eukaryotes
21  Ribosomal protein L15 91 1.75 1.00 2.50
22  Ribosomal protein L1 89 1.00 1.00 3.38
23  Ribosomal protein S5 99 1.00 1.00 4.63
24  Ribosomal protein L11 95 1.00 1.04 3.88
25  Ribosomal protein S14 96 1.00 1.14 3.38
26  Ribosomal protein L13 87 1.00 1.00 3.13
27  Ribosomal protein L10 83 1.00 1.00 2.63
28  Ribosomal protein L4/Lle 86 1.00 1.00 3.00
29 Ribosomal protein S2 97 1.00 1.00 4.38
30 Ribosomal protein L2 83 1.00 1.00 2.63
31 Ribosomal protein S12 82 1.00 1.00 2.50
32  Ribosomal protein S7 85 1.00 1.02 2.75
33  Ribosomal protein S17 83 1.00 1.00 2.63
34 Ribosomal protein L3 87 1.00 1.00 3.13
35 Ribosomal L23 protein 96 1.00 1.00 4.25
36 Ribosomal protein S11 81 1.00 1.00 2.38
37 Ribosomal protein S15 81 1.00 1.00 2.38
38 Ribosomal protein S9 83 1.00 1.00 2.63
39 Ribosomal protein L22/ L17 89 1.00 1.00 3.38
40 Ribosomal protein L14b/L23e family 82 1.00 1.00 2.50
41 Ribosomal protein L6 82 1.00 1.00 2.50
42  Ribosomal protein L5 78 1.00 1.00 2.00
43  Ribosomal protein S3 75 1.00 1.00 1.63

evolutionarily conserved domains in proteins are functionally related in all three
major kingdoms of life. The average number of non-redundant domain-to-protein
links increases in the order: Archaea —Bacteria—Eukaryota (Table 2). Differences
between pairs of these groups are significant: p = 0.017 for Archaea-Bacteria, p =
0.002 for Archaea-Eukaryota, and p = 0.0035 Bacteria-Eukaryota (using Wilcoxon
matched pairs test on column pairs in Table 2b).

Interestingly, for the vast majority of ribosomal protein domains, the mean num-
ber of the non-redundant domain-to-protein links of super-conserved domains per
proteome is increased only in Eukaryotic organisms (1.6-4.6 times; Table 2b). We
observed such a trend for many other sets of conserved protein domains. Thus, the
number of occurrences of evolutionarily-conserved protein domains in the proteins
tends to increase with progressive evolution.

These results suggest that (1) many protein domains appearing in nature are
widely distributed in phylogenetically distant organisms; (2) the more frequent do-
mains found in the proteome of relatively simple and evolutionarily older organisms,
tend to be used in the proteomes of many other organisms; (3) more frequent do-
mains of evolutionarily-older and relatively simple organisms tend to be involved
in more domain-to-protein links (and, probably, in more biochemical interactions)
in more complex and evolutionarily-younger organisms.
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To better understand proteome complexity, we also studied all combinations
of a given protein domain with other domains co-occurring in different pro-
teomes. We have used the Simple Modular Architecture Research Tool (SMART;
http://Smart.embl-heidelberg.de/) to look up these combinations. For example,
Table 3 shows the frequencies of occurrences of proteins in Archaea, Bacteria and
Eukaryotic organisms which contain the S4-domain. The S4-domain is a relatively
small protein domain consisting of 60-65 amino acid residues that was detected in
ribosomal proteins and, perhaps, mediates binding to RNA. This domain matches
34, 97 and 68 proteins in 16 Archaea, 12 Bacteria and 8 Eukaryota organisms, re-
spectively, found in the SMART database. The average number of protein encoded
DNA sequences matched by the S4-domain in Archaea is significantly smaller than
in Bacteria or in Eukaryotic organisms (2.1, 8.1, 7.9, respectively). This data is
consistent with the data for the InterPro S4-domain presented in Table 2a.

Table 3 shows that the fraction of single-domain proteins containing the S4-
domain decreases in the order Archaeca—Bacteria—respectively). The number of
multi-domain proteins containing the S4-domain increases in the same order:
Archaea — Bacteria — Eukaryota. There are co-occurrences of the S4 domain
with other specific domains in multi-domain proteins. Some combinations of do-
mains may appear, preferentially, in one of the major kingdoms of life. For exam-
ple, the combinations of the S4-domain with the ribosomal S4, or combination of
the S4-domain with the PseudoU-synth-2-domain and the tRNA _synth._1b-domain

Table 3. Frequency of occurrences of the proteins containing S4 domain in 16 Archaea, 12 Bac-
teria and 9 Eukaryotic proteomes. 1: S4: S4 RNA binding domain (IPR002942); 2: KOW: KFD-
VGNVVMVTGGRNRGRVGVIKNREKH (SM0739); 3: Ribosomal S4: the Pfam domain with
the length 103 amino acids (aa); 4: the PseudoU-sinth-2: the Pfam domain with the length 147
aa; 5: tRNA_synt._1b: the Pfam domain with 302 aa; 6: the signal peptide with the length
(22-44 aa); 7: the transmembrane segment LVPLFALKALFYLFFFFWMYV; 8: S_TKcc: Ser-
ine/Threonine protein kinases, catalytic domain (SM0220); 9: EFh: the EF-hand, calcium binding
motif (SM0054); 10: dCMP_cyt_deam: the Pfam domain with the length 112 aa; 11: the coiled-coil
region with the length 70 aa. See more information in http://smart.embl-heidelberg.de/smart/
and http://www.sanger.ac.uk/cgi-bin/Pfam/

Domain combinations and order ~ Archaea,% Bacteria,% Eukaryota,%

Number of proteins 34 97 68

1 68 38 24.7
142 32 0 28.0
1+3 0 11 26.5
1+4 0 41 8.8
5+1 0 10 3.0
6+5+1 0 0 1.5
1+6 0 0 3.0
7+1 0 0 1.5
8+9+9+9+1+4 0 0 1.5
14+4+10 0 0 1.5
6+11+1 0 0 1.5

—_
(=]
[y
[\

Number of proteomes 9
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often appears in Eukaryotic and Bacterial proteins, but these combinations of do-
mains are not observed in Archaea proteins. The S4-domains and the KOW-domains
often co-occur in Archaea and Eukaryotic proteins, but that combination is not ob-
served in all studied Bacteria proteomes.

For many evolutionarily super-conserved protein domains, more complex organ-
isms exhibit more complex combinations of domains in protein sequences. For ex-
ample, in all studied Archaea proteomes, the S4-domain occurs only with the KOW-
domain. However, in Eukaryotic proteomes, we observed 10 different combinations
of the S4-domain with other domains and some of these combinations provide very
diverse protein functions (for example, the A. thaliana protein QILQR4 (which be-
longs to the serine/thirosine family of protein kinases) contains the S_TKc-domain,
the EF-hand motif (3 times), the S4-domain and the PseudoU-synth-2-domain (Ta-
ble 3). Similar domain combination complexity occurs in complex organisms, pri-
marily Eukaryotes, for many orthologous sets of proteins [1, 2.

Interestingly, the orders of the specific domains in the different multi-domain
protein sequences containing the S4-domain are the same in all proteins of the stud-
ied proteomes. Table 3 shows these orders. For example, “5+1” means domain 5 (the
tRNA _synt._1b-domain) is always before domain 1 (the S4-domain) in each protein
sequence where 5 and 1 both occur. We observed also that many other domain
pairs occur within proteins of different organisms in the same sequential order; for
example, the NGN-domain (transcription termination-antitermination factor do-
main) and the KOW-domain occurs in Eukaryotic, Bacteria and Archaea proteins
in the order: NGN-domain, then KOW-domain wherever they co-occur. Similarly,
conserved orders of other domain pairs in proteins have been reported [1]. These
results indicate that many domain pairs arose in evolution from single recombina-
tion events and such events form the super-family of domains. Apparently, larger
combinations of domains in proteins occurs more frequently as organism complexity
increases. This trend suggests an appearance of more complex and more specific
biochemical networks for the super-conserved domains in the course of progressive
evolution.

3.2. FEwvolutionary propagation of the G. theta protein domains

Apparently, increased domain usage in new proteomes coincides with the increase
of proteome size and organism’s complexity. In each studied proteome, we counted
the occurrence of protein domains of the cryptomonad Guliardia theta, which is the
smallest eukaryote with a compact genome. The Guliardia theta genome contains
451 genes and 213 distinct InterPro domains. This chimerical cryptomonad un-
derwent evolutionary compaction hundred of millions of years ago, and eliminated
nearly all genes for metabolic functions, but left hundreds of genetic-housekeeping
genes. Most known functions of G. theta genes have important roles in all Eukary-
otes [6]. We found 199 of the 213 G. theta domains in the other 7 studied Eukaryotic
proteomes.
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Fig. 1. The occurrence the protein domains of Guliardia theta in proteins of each of the other
69 organisms. (a) Correlation between the total numbers of proteins containing the G. theta’s
domains, M (Ng theta), counted in each of the other 69 sample proteomes, and estimates of the
total number of protein-coding genes/ORFs, G in that proteomes. B : G. theta, o: other 66
organisms; A: mouse; +: A. thaliana and e: human. The number of protein-coding genes for
mouse, A. thaliana and human proteomes equals to 21,140, 27,913, and 42,682, respectively (see
Sec. 3.4: Estimation of the number of protein-coding genes in a proteome). Solid line: regression
line M(Ng.theta) = —29.5 + 0.183 * G fitted to data excluding G. theta, mouse, A. thaliana
and human data points; (b) Scatter plot: Correlation between the numbers of proteins containing
the same domain in the human and G. theta proteomes. Solid line: regression line mpy ;. =
—4.9 4 21.7 * m@.thetq fitted to data excluding G. theta, mouse, A. thaliana and human data
points. (r = 0.47 (p < 0.01)).

Figure 1(a) shows that the number of non-redundant G. theta domain-to-protein
links, counted in proteomes of each of the other 69 organisms, tends to be larger
when the number of protein-coding genes is larger. These results demonstrate that
many domains of one organism (i.e., G. theta) are included in many other Archaea,
Bacteria and Eukaryotic proteomes and the number of domain-to-protein links tend
to increase in larger proteomes (Fig. 1(a)). It is interesting that the ratio of the
number of non-redundant G. theta domain-to-protein links in other organisms ver-
sus the total number of non-redundant domain-to-protein links for the proteome
does not depend on the total number of genes; this ratio is around 0.19 4 0.046.

A vast majority of domains observed in the G. theta proteome are also found in
the other 69 organisms. For example, only 20 of the 213 G. theta domains were lost
in the human proteome sample. Moreover, a domain which occurs in many proteins
of an organism has a higher than average chance to appear in many proteins in
many other organisms, even over widely divergent evolutionary paths. Figure 1(b)
shows that domains represented by a larger number of links in the G. theta proteome
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tend to also appear more often in the human proteome. We have observed a similar
trend in the yeast proteome [14].

Because about 90% of G. theta domains represented in the human proteome
are much older than many other domains contained in the human proteome, one
can expect that the G. theta domains have had more time to appear in the human
genome and to establish more links to human proteins, than have other,
domains. We found that, on average, one G. theta protein domain has 35 non-
redundant domain-to-protein links to proteins in the human proteome. On the
other hand, all other domains in the human proteome has, on average, only 13.6
non-redundant links to proteins of the human proteome. These results, together
with data presented in Fig. 1(b), indicate that, for a given evolutionarily “younger”
protein domain in the human proteome, the probability of acquisition of new non-
redundant links to proteins is roughly proportional to the number of occurrences
of this domain in other evolutionarily “older” non-human proteomes. Such correla-
tions between the evolutionary ages of organisms and the number of non-redundant
occurrences of “older” domains in the “younger” proteins might shed a light on the

‘younger”

direction and intensity of horizontal gene transfer.

3.3. Numbers of single-domain proteins and the most common
domains in the proteomes

All proteins have one or more domains, with the exception of some disordered pro-
teins. The single-domain proteins are encoded by de novo origin genes appearing
due to mutations, gene duplication and horizontal gene transfer. What is the re-
lationship between the fraction of single-domain proteins in a proteome and the
proteome size? In our previous analysis of the frequency distributions of protein
domain occurrences in proteomes for 20 fully-sequenced genome organisms [14], we
observed that for each organism, a fraction of the number of proteins containing a
single protein domain is larger than the fractions of proteins containing 2-, 3-, etc.
distinct protein domains. We can estimate the fraction p; of distinct domains which
non-redundantly link exactly one protein in the proteome as follows: p; ~ ny/N,
where nj is the number of distinct proteins in the sample proteome containing a
single domain and N is the number of distinct domains in the sample proteome.
Here we observe that a larger number of protein-coding genes in a proteome leads
to a decrease of the fraction p; (Fig. 2(a)).

On the other hand, the number of non-redundant domain-protein links of the
most common domain in the proteome of the organism (denoted by J) positively
correlates with the number of protein-coding genes/ORFs in the genome (Fig. 2(a)).
The regression line J = 0.031G (r = 0.96) was fitted to data points for 67 organisms
(excluding mouse, A. thaliana and human) (Fig. 2(b)).

Figure 2 shows that as the proteome size increases, the probability of the number
of occurrences of single-domain proteins decreases, but the number of the most
common domains in the proteome increases. Figure 2 illustrates a general trend of
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the evolution of proteome complexity: to solve adaptation problems, more complex
organisms decrease using “new” single-domain proteins, and, preferentially, increase
using already-existing “old” protein domains and motifs sequences in constructing
new and more diverse multi-domain proteins. Note that the Eukaryotic organisms
exhibit lower p;-values than the Bacteria or Archaea organisms. These observations
imply that there is a limited or slowly-growing repertoire of domains in nature,
and, therefore, in creating new biological functions in more complex organisms.
Apparently, in the course of proteome evolution, nature more frequently combines
already-existing domains rather than use new ones.

1.0
1000
0.8 500
A Archaea
©  Bacteria
O Eukaryota
0.6 — Model
) 100
0.4 50
0.2
. ‘ \ . 10
0 10000 20000 30000 40000 500 5000 50000
G 1000 10000

(a) (b)

Fig. 2. Trends of proteome complexity evolution. (a) A,o,o, M, +, e: fractions of distinct domains
which non-redundant link exactly one protein in the proteome versus the number of protein-coding
genes/ORFs in the organism; solid line: best fit curve by Eq. (8), where M = G/1.03 (see also
Figs. 3 and 6); (b) number of non-redundant domain-to-protein links of the most common domain
in the proteome, J, versus the number of protein-coding genes/ORFs in the organism. o: data
point of the Eukaryotic organisms, excluding B: mouse; +: A. thaliana and e: human. The number
of protein-coding genes for mouse, A. thaliana and human proteomes equals 21,140, 27,913, and
42,682, respectively (see Sec. 3.4: Estimation of the number of protein-coding genes in a proteome).

3.4. Estimation of the number of protein-coding genes in a
proteome

The total number M of the non-redundant domain-to-protein links in a sample pro-
teome characterizes the proteome complexity. Figure 3 shows a remarkable linear
relationship between the number of protein-coding genes, G, and the connectivity
number, M, presented in a sample proteome. This data is fitted by the regression
line, G = 1.03M (Fig. 3). This line fits the data for 67 of the 70 organisms (exclud-
ing data points for human, A. thaliana, and mouse). By extrapolation of the line
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Fig. 3. Relationships between the number of protein-coding genes/ORFs, G, and the observed
connectivity number in the proteomes, M, of 70 organisms ordered by ascending of the connectivity
number (see Appendix 1). Data points for mouse (A), A. thaliana, (+) and human (e) were
estimated using the regression line G = 1.03M; this regression model was fitted to other 67 data
points (r = 0.99).

G = 1.03M, we can predict 42,743 [41,489, 43,997], 27,975 [27,184, 28,766] and
21,202 [20,622, 21,781] protein-coding genes in human, A. thaliana and mouse pro-
teomes, respectively.

Note that a similar linear relationship (G = 1,015M) was obtained for smaller
domain sets of 18 Archaea, Bacteria, and Eukaryotic fully-sequenced genome or-
ganisms, retrieved from the InterPro database released on December 22, 2001 [14].

Our predictions are based on the InterPro database, released on March, 12,
2002, which had incomplete mouse genome sequences. The latest (May 4, 2002)
mouse draft sequence based on whole genome shotgun analysis covering 96% of
the mouse euchromatic DNA predicts 22,444 genes (Mouse Genome Assembly
v.3; http://www.ensembl.org/Mus_ musculus/). Our prediction of the number of
protein-coding genes for human and A. thaliana are higher than estimates based on
genome sequence analysis. In humans, ~30,000 genes was predicted by the ITHGSC
[17], and 26,000-39,000 genes was predicted by Celera Genomics [21]; in A. thaliana,
a current estimate is 25,773 genes (www.ebi.ac.uk/interpro/).

3.5. Estimation of the number of protein domains and the average
number of domain-to-protein links in the proteomes

For a given proteome, P, the total number of functionally distinct protein se-
quences is determined by the number of protein-coding genes, G. There are two
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fundamental numbers: Np, the total number of distinct domains occurring in P,
and Mp, the connectivity number in P; both Np and Mp are characteristics of
proteome complexity. However, currently only some of the distinct proteins, and
some of the protein domains existing in nature are known, and, correspondingly,
the list of non-redundant domain-to-protein links seen in any proteome is signif-
icantly incomplete. Therefore, for a given organism, we do not generally know
the true numbers Np and Mp. However, for a sample proteome, we can ob-
tain N, the number of distinct protein domains, and M, the observed connec-
tivity number in proteome, which are lower boundaries for Np and Mp, respec-
tively. We can also count g, the number of distinct proteins of the proteome P
that matched at least one InterPro domains. Let v = ¢/G denote the fraction
of identified protein-coding genes matched by InterPro domains in the genome
for P. There is no correlation between 7 and N in the 70 sample proteomes.
We also observed that « is relatively large (typically, 0.55-0.75) for each of 70
studied organisms. These observations imply that g/G is a specific characteristics
of incompleteness of domain set of a proteome sample. Let us assume that each
gene contains at least one protein domain coding sequence. As more domains are
discovered, g must approach G and N must approach Np. Taking the equation
9/G =~ N/Np and using the regression function G = AM, we can obtain the esti-
mator Np =~ ANM/g.

This formula allows us to estimate the number of protein domains in a proteome.
For example, it predicts 5271, 2955, and 4915 distinct domains in the human, A.
thaliana, and mouse proteomes, respectively. The estimate of the mean value of
Np in Archaea, Bacteria and Eukaryotic organisms is 1147 + 178,1617 £+ 519, and
3120 4 1181 (excluding G. theta), respectively.

The linearity of the graph in Fig. 3 is interesting. This may imply that the mean
value of the number of non-redundant domain-to-protein links per protein is an in-
variant relative to the proteome size for all studied organisms. We can estimate the
ratio @« = M /g for each studied organism. The mean values of a equal 1.34, 1.49,
and 1.51 for Archaea, Bacteria and Eukaryotic organisms, respectively. These mean
values show that, most frequently, the proteins in a given proteome contain only one-
or two-domains. This also indicates that the mean values of the connectivity num-
bers are similar in different kingdoms of life. However, we also observed a positive
correlation between the «,;, values and the number of protein-coding genes, G, for
the Eukaryotic organisms (r = 0.8;p < 0.05; Spearman correlation coefficient) and
significant differences in the distributions of ay-values for the three kingdoms of life
(p < 0.01; Kruskall-Wallis ANOVA by rank test). We need further analysis to ex-
plain these observations. In the next section, we will present our analysis of the sta-
tistical distribution of the number of non-redundant domain-to-protein links in the
70 proteomes.
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3.6. Statistics of the number of protein domains arising in
Bacteria, Archaea and FEukaryotic proteomes

We define the protein domain profile as the list of all distinct domains in a sam-
ple proteome, together with the number of non-redundant domain-to-protein links
for each domain for the sample proteome. Let X denote the number of non-
redundant domain-to-protein links of a random domain within proteins in a given
proteome. Then we can define the domain occurrence probability function (DOPF)
flm) = P(X = m) for occurrence values m = 1,2,...,J, where J denotes the
maximum non-redundant domain-to-protein link number for the given proteome.
The function f(m) denotes the probability that a random distinct domain occurs
non-redundantly exactly m times within the proteome.

We found that the observed DOPFs in all 70 proteomes are similar; there are few
frequent, and many rare distinct domains. Table 3 shows that all empirical DOPF’s
are fitted well by the Generalized Discrete Pareto (GDP) probability function
13, 14]:

A 1

f(m):W- (1)

The function f (m) involves two unknown parameters, k, and b, where k£ > 0, and
b > —1. The normalization factor (; is the generalized Riemann Zeta-function
value [11]: ¢ = Z}I:1 jﬁkﬂ. J is the largest non-redundant occurrence number
of protein domains in proteins of the proteome.

The parameter J positively correlates with the total number of distinct protein-
coding genes/ORF's in the genome, G (J = 0.031G; Fig. 2(b)) and with the observed
connectivity number M in the sample proteome (J = 0.03M ). The observed DOPF's
do not show the scale-invariant property associated with a simple power law dis-
tribution: rather the distribution explicitly depends on M (Fig. 4). As the size of
the proteome increases, the shape of the empirical DOPF changes systematically.
Recall p; = f (1) is the probability that a random domain occurs non-redundantly
exactly once within proteins in the proteome. As M becomes larger, p; decreases.
Also the parameter J increases in proportion to M. For Archaea organisms, the
parameters b and k do not show strong trends (Table 4a), as M increases. However,
b becomes larger for Eukaryotic organisms (Table 4c), b increases and then slowly
decreases for Bacterial organisms (Table 4b), as M increases. For Bacterial and
Eukaryotic proteomes, the parameter k shows a quite similar size-dependent trend:
k increases and then decreases, as M increases (Tables 4b and 4c).

3.7. Analysis of stochastic birth-death processes of protein
domains in a proteome

Although the GDP model appears to fit empirical DOPFs for our studied organisms
and it provides a justifiable way to compare the DOPFs for different organisms,
this model does not capture causal mechanisms and is only a descriptive model,
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Fig. 4. Empirical DOPFs for the Archaea, Bacteria and Eukaryotic proteomes, represented by
A. Perniz K1, E. Coli and human, respectively. Log—log plot: Fitting of the empirical frequency
distributions by the GDP model for human (e: at k = 1.02;b = 2.17), E. coli (o: at k = 1.41;b =
0.88), and A. perniz K1 (A: at k = 2.07;b = 0.77), respectively. (Points of the GDP probability
distributions are joined by the smooth curves for display purposes.)

not an explanatory model.

A simple model of the DOPF can be described in terms of a Markov stochastic
process. We will characterize a proteome of an organism by its N distinct do-
mains di,...,d;,...,dy. Let m; denote the number of proteins containing d;. Note
va m; = M. Given an organism, we may imagine the evolutionary path starting
from its unknown ancestor species at time zero that leads to the evolution of this
organism. Evolutionary progress along this path, in general, results in the appear-
ance of new domains, and the increase/decrease in the number of uses of domains,
and even the dropping of domains (i.e., due to lineage-specific gene loss). Many
distinct species may occur on this path as precursors of the given organism. Let
the random variable D;(d, P) be the number of proteins containing the distinct
domain d in the organism occurring at time ¢ in the evolutionary path P of some
end-point organism. D;(d, P) is a realization of a continuous-time stochastic pro-
cess {Dy,t > 0}. This process can be considered as a birth-death process where
protein domains are “born” and “die” during evolution for some evolutionary path.
A Dbirth indicates an increase in the number of proteins that contain the random
fixed domain d, whereas a death indicates a decrease in this number. We assume
that the proteome size associated with any evolutionary path is finitely-bounded
above and becomes nearly constant as evolution progresses along that path.

Let us assume that D, is a Markov birth-death random process. Let functions
Am(t) and p,(t) be the intensities of the birth and death processes for a given
domain occurring in m proteins in the proteome, where m = 0,1,2,.... The in-
tensities A, and g, are related to the transition probability P; ;(t,s) which is the
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Table 4a. Fitting of the domain occurrence probability distributions for the Archaea organisms.
M the connectivity number of the proteome; N: number of distinct domains in the proteome; k, b:
parameters of the GDP model; EAE: Average absolute error; MSC: Model Selection Criterion [13].

The values of the MSC are ranged between “excellent” [11,8],

“very good” [8,6], and “satisfactory”

[6,4].

Organism M N k b EAE MSC
Aeropyrum pernix K1 1372 765 2.213 0.87 1.4 x 1073 7.0
Thermoplasma acidophilum 1403 751 1.61 0.322 1.5x1073 7.8
Thermoplasma volcanium 1460 778 1.74 0.44 1.5 x 1073 7.2
Pyrobaculum aerophilum 1586 771 1.68 0.47 6.5 x 104 8.0
Methanobacterium thermoautotrophicum 1683 909 1.724 0.38 1.2 x 1073 7.5
Sulfolobus tokodaii 1693 770 1.393 0.293 1.5x 1073 7.5
Pyrococcus horikoshi 1706 843 1.56 0.356 1.9 x 1073 6.5
Methanococcus jannaschii 1780 933 1.66 0.94 1.5 x 1073 6.3
Pyrococcus abyssi 1859 900 1.47 0.26 1.1 x 1073 7.8
Halobacterium sp. NRC-1 2048 910 1.49 0.47 1.5 x 1073 6.9
Sulfolobus solfataricus 2231 867 1.302 0.308 1.1 x 1073 7.3
Archaeoglobus fulgidus 2286 1009 1.45 0.361 1.1 x 1073 7.4

Table 4b. Fitting of the domain occurrence probability distributions for the Bacteria organisms.

Organism M N k b EAE MSC
Mycoplasma genitalium 624 445 1.4 —031 1.6x 1073 8.6
Mycobacterium leprae 1725 961 1.62 0.218 1.2x 1073 7.8
Aquifex aeolicus 1818 1068 1.948 0.487 1.2 x 103 8.2
Listeria monocytogenes 2953 1193 1.36 0.28 6.8x107% 74
Escherichia coli O157_H7 substrain RIMD 0509952 4683 1618 1.48 0.76 4.5x 1074 7.9
Escherichia coli O157_H7 strain EDL933 4688 1619 1.48 0.74 51x107* 7.5
Rhizobium meliloti 5275 1357 1.07 0.234 3.9x 104 7.0
Rhizobium loti 6780 1461 1.06 0.402 3.2x 10~* 6.8

Table 4c.  Fitting of the domain occurrence probability distribution for the Eukaryotic organisms.

Organism M N k b EAE MSC
Guillardia theta algal nucleomorph 377 213  0.547 —0.584 5.88x 1073 6.3
Schizosaccharomyces pombe 4911 1484 1.62 1.38 4.46 x 104 7.56
Saccharomyces cerevisiae 5401 1484 1.514 1.366 7.2 x 10~4 6.38
Drosophila melanogaster 14241 1949 1.197 1.87 3.35 x 10~ 5.95
Caenorhabditis elegans 17967 1838  0.947 1.086 1.83 x 104 6.15
Mus musculus 20575 2485 1.13 1.74 1.397 x 104 6.64
Arabidopsis thaliana 27167 1948 1.08 2.85 1.56 x 10—4 5.11
Homo sapiens 41540 2757  0.982 2.23 1.397 x 10~* 4.81

probability that D,y = j given that D, = i. For a birth-death process P ;(t, s)
depends only on ¢, j, and t. Thus we may write P; ;(¢,s) = P; ;(t). Also, P; ;(t) =0
for |i — j| > 1. An additional fact is that the time T, that the process D; = m
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before making a transition to a different value is exponentially-distributed so that
P(T,, < a) = 1 — exp(—a/vs,), where v,, = E(T};,). Now we can specify the
meaning of A\p, and pm: A (t) = VmPrm+1(t) and pm, = v Prmm—1(t). We will
consider D; to be a Markov random process such that the intensities are the linear
functions of m:

Am = Al +A5m, )

P = i +pim, (m=0,1,2,...), ®
where the constants A7 > 0, A3,> 0,u7 > 0, u5 > 0; uo = 0. Hence, during an
interval (¢, 4+ h) where h is small, we assume there are four independent possible
events: the spontaneous “birth” or “death” of a protein containing the random
fixed domain d, with constant intensities A\], and pJ, respectively, and the “flows”
of the domains with the intensities proportional to the number of proteins already
containing that domain (Aym, uim).

Note that, probabilistically, the intensities A}, and p] are the intensities of Pois-
son processes. During the interval (¢,¢ + h) where h > 0 is small, the intensity A}
is proportional to a transitional (birth) probability of a spontaneous increase in
the number of proteins containing the fixed random domain d due to gene dupli-
cation events, mutations or horizontal gene transfer from another species. During
the same interval (¢,¢+h), the intensity u is proportional to a transitional (death)
probability of spontaneous mutation, deletion or modification of a domain or gene
loss for a protein containing d.

Suppose that in the most evolving near end-point organisms, the random
birth and death processes of domains are keeping near equilibrium. Let p,,(t) =
P(D; = m). p,, denote the probability function associated with the random pro-
cess {Dy,t > 0}. Using the forward Kolmogorov equations (see Appendix 2), we
can obtain the non-zero limiting probability function for the random process Do,
(Doo = limy—y00 Dy):

P = Hm p(t). (3)

t—o0
The distribution p}, depends on three parameters. Let
N M,
a= pYs ’ ) kT
2 Mo 25

Appendix 2 shows that

we (T ®

m=11i=1
* a[m] m
pm= bpome ) (6)

where 2™ = 2(2 +1)...(z + m — 1),m > 0. We call p?, the Kolmogorov—Waring
(KW) probability function.
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Fig. 5. Fitting of the zero-truncated Kolmogorov—Waring probability function to the empirical
DOPF for Eukaryotic organism (represented by mouse). o: number of distinct domains at m =
1,2,...,520. Step-function: the best-fit function n(m) = N * (b/a)p, at a = 0.993;b = 1.988,0 =
1.0, N is the number of distinct domains in the sample proteome.

Figure 5 shows that the KW function p;, fits the DOPF for the mouse pro-
tein domain data set. This model fits the data points well for the entire dynamical
range of the number of proteins containing a random fixed domain in the pro-
teome. Note that differences between the best-fit KW model and the best-fit GDP
model (data not presented) are very small. The best-fit parameters of the KW
probability function suggest that (1) the corresponding random process Dy, has
approximately similar birth and death rates (8 = A/u3 =~ 1) for domains which
already exist in the proteome and (2) the rate of random appearance of new do-
mains, A}, is smaller than the rate of random deletion/modification of domains,
7. Note that similar approximation by the KW model was obtained for different
Eukaryotic, Bacterial and Archaea organisms (data not presented). These results
imply that in observed organisms, the birth and death intensities with transition
probabilities proportional to the number of proteins containing a random fixed
domain in the proteome appears to approach an equilibrium. Thus, an organism
appears to hold the number of domains it used near steady state at \5/u3 ~ 1 and
Hi > AL

3.8. Probabilistic model of a domain’s evolution

Recently, we have developed a probabilistic model of the distribution of protein
domains in proteins of a proteome in the course of evolution [14]. Briefly, this
model assumes: (1) the number of distinct protein domains in nature is a finite
number; (2) each protein domain has a positive probability of occurring in time
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in any given proteome and (3) the number of occurrences of a given protein do-
main is determined by its intrinsic properties (thermodynamic stability of the
domain sequence, hydrophobic groups, etc.) and the evolutionary history of the
domain (i.e., evolution age), but is statistically independent of the number of oc-
currences of other domains in the proteome. Of course, co-occurrence of distinct
domains in the proteome certainly occurs (for instance in multidomain proteins).
However, the fraction of such multidomain proteins in the proteome is small (see
Fig. 4 and previous sections) and correlation between the numbers of occurrences
for a given domain and the number of occurrences for other hundreds or thousands
domains in the evolved proteome would likely be statistically insignificant. The
mathematical description of our model of evolution of the DOPF is based on the
multinomial distribution [13, 14]. Let X be the number of proteins containing the
domain d. Our probabilistic model relates N, the number of distinct domains in
the proteome, M, the connectivity number of these domains in the proteome and
the probability P(X = m).

In our model, M is considered as the independent variable, M = 1,2,.... We
will take N to be a function of M, N(M). When M is large enough, we can obtain
the probability function p,, := P(X = m), in terms of the value M and the value
N(M) as follows:

ma1 1 M! d™N

N m!(M —m) dM™’
(see [13,14]). The function N = N (M) is a differentiable function of M. The func-
tion py, is called the Binomial Differential (BD) probability function. The value p;
is the probability that the domain d occurs non-redundantly exactly once within
proteins in the proteome.

Taking the derivative of p;with respect to M, one can show that p; is a decreas-
ing function of M. Using this property, we found the empirical approximation
where the ¢ and d are positive constants [15, 16]. Then taking Eq. (8) at m =1, we
have the differential equation:

D & (—=1) where m =1,2,... (7)

dN N

I —p, = 9

dM 4! M’ ( )
with N (1) = 1. The function N increases when M becomes larger, but this function
has a limit when M approaches infinity (see below). Equation (9) has an exact

solution:
1+1/d°

+

. 1+1/d° E
Voo = ()
with N(1) = 1. The parameters ¢ and d are positive constants. Equation (10)
defines the “growth” function of the number of distinct protein domains N (M) in
the course of evolution (see Fig. 6).

(10)
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Fig. 6. Analysis and prediction of the evolution trends in the proteomes. (a) o: Relationships p1 vs
M for 70 sample proteomes. Solid line: Best-fit curve Eq.(8) at the parameters ¢ = 0.49+0.02;d =
4,500 £ 300 (data points for A. thaliana and C. elegans have been excluded from curve-fitting
analysis); (b) Prediction of the function N in terms of variable M based on Eq.(7); (c) Prediction
of the functions p2, p3 in terms of variable M based on Eq. (10). A: Archaea, o: Bacteria and e:
Eukaryota.
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We assume that M — oo as the proteome complexity increases. Let Ny be the
total number of protein domains in the entire “proteome world”. Then Eq. (10)
provides an asymptotic estimate:

14+1/d°

Ny = lim N(M) = (1+d°)~¢. (11)

M— o0

We can fit the function p; (M) given by Eq. (8) to data for all Archaea, Bacteria
and Eukaryotic organisms, excluding A. thaliana and C. elegans (because many
genes in the genomes of these organisms are massively duplicated (65% and 46%,
duplicated genes, respectively)), (Fig. 6(a)), and then we may predict the values of
the functions N, ps, ps,... . in terms of the variable M and the value p; (Figs. 6(b)
and 6(c)). The best-fit estimate of the parameters ¢ and d are ¢ = 0.49 + 0.02 and
d = 4,500 £ 300. To evaluate the robustness of our results, we also fitted Egs. (7),
(8) and (10) to data presented in Figs. 6(a), 6(b) and 6(c) for 68 studied organisms
(excluding A. thaliana and C. elegans data points) and we obtained quite similar
values of the parameters ¢ and d (data not presented).

Figure 6(b) shows that as the connectivity number M in the proteome increases,
the number of distinct protein domains, N, tends to a finite limit. By Eq. (11), this
limit is estimated to be 5360 £ 400 distinct domains.

4. Discussion

In this work, we defined the proteome complexity in terms of the numbers of pro-
teins, numbers of protein domains and the number of domain-to-protein links in
the proteomes of an organism.

Our results suggest that many protein domains appearing in nature are widely
distributed in phylogenetically distant species. We found that 23% of 4493 identi-
fied InterPro protein domains are common in three major domains of life, Archaea,
Bacteria, and Eukaryota, and that 43 (1%) protein domains are common to all the
70 organisms. The major fraction of the latter, “super-conserved” domains is ex-
hibited in the protein biosynthesis machinery of cells and the number of occurrence
of those domains tends to increase in the order: Archaea, Bacteria, and Eukary-
ota. Surprisingly, only 75 (4.8%) of all 1550 Archaea domains found in InterPro
database are unique to Archaea proteomes.

Our statistical analysis of the distributions of the number of domain occurrences
in different species implies certain rules of progressive evolution of the proteomes:

(1) more frequent domains found in the proteome of relatively simple and evo-
lutionarily older organisms tend to be used in the proteomes of many other
organisms;

(2) for a given protein domain found in an evolutionarily “younger” proteome,
the probability of acquisition of new non-redundant links to new proteins is
roughly proportional to the number of occurrences of this domain in the other
evolutionarily “older” proteomes;
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(3) for a given super-conserved protein domain, the proteins in more complex or-
ganisms that exhibit that domain show more diverse combinations of domains
within the proteins of their proteomes;

(4) more complex organisms decrease using “new” single-domain proteins, and,
preferentially, increase using already-existing “old” “building blocks” (protein
domain and motifs sequences) in constructing new and more diverse multi-
domain proteins. This implies that there may be a limited repertoire of domains
in nature, and, therefore, in creating new biological functions in more complex
organisms.

(5) for studied Archaea, Bacteria and Eukaryotic organisms, the protein domain
occurrence frequency distributions belong to a family of skewed Pareto-like
functions whose shape depends in a predictable manner on the total number of
non-redundant domain-to-protein links in the sample proteome.

Our new probabilistic BD model allows us to predict a general trend of the evo-
lution of the probability distribution function of the number of proteins containing
2, 3 and more distinct protein domains in a proteome (Fig. 4(b)). Moreover, we can
estimate the total number of protein domains in nature (Fig. 6(c)).

Thus, our results imply that in the course of progressive evolution, the number
of distinct domains in the proteome increases occasionally over time, but ever more
slowly (Fig. 6(c)). Nature more frequently combines the already-existing domains
rather than using new ones (Figs. 2, 4, 6(a) and 6(b)). Our model predicts that life
is currently based on about 5500 protein domains as defined by our analysis of the
InterPro data sets.

Interestingly, the A. thaliana and C. elegans data points on Fig. 6(a) signifi-
cantly deviate from the best-fit prediction function (Fig. 6(b)): in both cases the
number of observed distinct domains are much less than the model predicts. These
differences correlate with massive gene duplication in these organisms (65% and
45%, respectively). Due to positive correlation between proteome size (represented
as the number of protein-coding genes) and the number of duplicated genes in larger
Bacteria and Eukaryotic proteomes, our estimate N; = 5360 4 400 distinct protein
domains is, probably, a conservative estimate of the true number of distinct pro-
tein domains in nature. Note also that the true number of protein domains may be
higher than our estimate, due to errors determining domains including redundant
identification of domains (i.e., the same domain can be identified as several dis-
tinct domains). Current classifications of domains are partially “non-overlapping”
(i.e., not all sequence-based domains are known, and not all existing proteins are
used for identification of domains) and this affects the estimate of the number of
domains. A population of pseudogenes, i.e., disabled copies of genes that do not
produce a functional, full-length copy of protein, is an additional source of uncer-
tainty in identification of protein domains. However, our data analysis suggests the
total number of structurally and functionally distinct protein domains in nature is
very much limited.
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Analysis of the relationships between the numbers of distinct protein-coding
genes/ORF's, the numbers of observed domains and the numbers of domain-protein
links in 70 Archaea, Bacteria, and Eukaryotic proteome samples allow us to estimate
the total numbers of distinct domains in these proteomes, even for incomplete
sequenced genome organisms. Surprisingly enough, the numbers of distinct protein
domains in the mouse and human proteomes (4915 and 5271 InterPro domains)
approach our estimate of the total number of protein domains in nature.

Could the number of protein domains grow in the future, and, if so, could
that number grow without bound as evolution creates more and more complex
and varied species? Clearly nature can evolve new protein domains, both from
non-domain sequences and from modification and combination of existing domains.
Indeed, homologous sequences that are classified as the same domain may rather
be the beginnings of new domains.

The answer to this question also depends on the definition of a domain, i.e., on
the functional-structural “radius” of the cluster of polypeptide sequences that will
be taken to be the same domain, and on the “birth” and “death” rates of domains
used in “newer” species imposed by evolution.

We found that the total numbers of non-redundant domain-protein links in
sample proteomes strongly correlate with the number of protein-coding genes/ORF's
in different organisms. This finding allows us to estimate the number of protein-
coding genes/ORFs in the mouse, A. thaliana and human proteomes. However, the
number of genes, as well as the number of domains used in our analysis, have been
obtained in silico and significant fractions of “genes” and “protein domains” have
not yet been discovered. Further experimental verification of the protein-coding
sequences and computational analysis of that information will allow us to correct
the estimates of the total number of the protein-coding genes in complex eukaryotic
organisms and the number of protein domains in the entire “proteome world”.
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Appendix 1

List of the organisms ordered by the total number of the non-redundant domain-to-
protein links, M, in the sample proteome. Guillardia theta (algal nucleomorph), Ure-
aplasma parvum, Mycoplasma genitalium, Mycoplasma pneumoniae, Mycoplasma
pulmonis, Buchnera aphidicola (subsp. Acyrthosiphon pisum), Chlamydia trachoma-
tis, Chlamydia muridarum, Borrelia burgdorferi, Rickettsia conorii, Chlamydia
pneumoniae strain AR39, Chlamydia pneumoniae strain CWL029, Treponema
pallidum, Rickettsia prowazekii, Chlamydia pneumoniae strain J138, Aeropyrum
pernix K1, Thermoplasma acidophilum, Thermoplasma volcanium, Helicobacter
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pylori strain 26695, Helicobacter pylori strain J99, Pyrobaculum aerophilum,
Methanobacterium thermoautotrophicum, Sulfolobus tokodaii, Pyrococcus horikoshi,
Campylobacter jejuni, Mycobacterium leprae, Methanococcus jannaschii, Aquifex
aeolicus, Streptococcus pyogenes strain SF370, Pyrococcus abyssi, Neisseria menin-
gitidis strain Z2491 (serogroup A), Neisseria meningitidis strain MC58 (serogroup
B), Haemophilus influenzae, Halobacterium sp. NRC-1, Xylella fastidiosa, Ther-
motoga maritime, Sulfolobus solfataricus, Archaeoglobus fulgidus, Lactococcus lactis
(subsp. lactis) strain IL1403, Pasteurella multocida, Clostridium perfringens, Liste-
ria tnnocua, Staphylococcus aureus strain Mub0, Staphylococcus aureus strain N315,
Deinococcus radiodurans, Listeria monocytogenes, Brucella melitensis, Synechocys-
tis sp. PCC 6803, Caulobacter crescentus, Clostridium acetobutylicum, Yersinia
pestis, Bacillus halodurans, Vibrio cholerae, Bacillus subtilis, Salmonella typhi,
Salmonella typhimurium, FEscherichia coli K-12, FEscherichia coli O157:H7 sub-
strain RIMD 0509952, Escherichia coli O157:H7 strain EDL933, Schizosaccha-
romyces pombe, Anabaena sp. strain PCC 7120, Rhizobium loti, Saccharomyces
cerevisiae, Pseudomonas aeruginosa, Rhizobium meliloti, Drosophila melanogaster,
Caenorhabditis elegans, Mus musculus, Arabidopsis thaliana, Homo sapiens.

Appendix 2. A Stochastic Model of Macromolecular Evolution in a
Proteome

Let p,,(t) = P{D; = m} be the probability function associated with the random

process {D;, t > 0}; (m =0,1,2,...). We used the forward Kolmogorov equations
[8]:

dp;t(t) = —Xo(t)po(t) + pr(t)p1(t),
dp;zt(t) = — (A (&) + (1)) ()
+ Am—1(t)Pm-1(t)
+ Hm41(E)Pm+1(t) (2

where the functions Ay, (t) and p,(t) are the intensities of the birth and death
processes for a given value m, respectively. The initial probability distribution
pm(0) >0 (m =0,1,2,...) satisfies to the condition: },.,p;(0) = 1.

Here, we consider the limiting random process such that the intensities are linear
functions of m defined by Eq. (3).

Let a = X{/A5 5 0 = X5 /u3 and b = pi/ps. Let us denote the factorial power
2[m = 2(z+1)...(z + m — 1). A non-zero limiting (or steady state) solution of
Eq. (12) with the intensities defined by Eq. (2) exists and can be defined from the
stationary conditions dp,,(t)/dt = 0;m = 0,1,.... Define

pr, = lim pp,(t), (m=0,1,2,...), (13)

t—o00
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then we can obtain

—1
a+z
=11 0—= . 14
we (e ST "
and
P = bP0 3y d™ (15)

(Kuznetsov, submitted). We call Egs. (15) and (14) the Kolmogorov—Waring (KW)
probability function. The non-zero limiting solution of Eq. (12) exists at Eq. (2) if

2—2<1or1f( =1and pj > A]).

Note, the limiting KW probability distribution includes a family of skewed Pare-
tian distributions when

pm+1<1 m=1,2,...,
D
ie.,
b
M; m=1,2,...
(a+m)

Note it is always true that 6 <1 (or \5/us < 1).

Several well known distributions can be derived from Egs. (14) and (15). For
example, the Waring distribution [10, 11] arises when pg = (1 —a/b) and § = 1,b >
a>0. When § =1,a =1 and b > 1, the limiting KW distribution is the Yule
distribution. When 6 = 1, the left tails of the both Waring and Yule distributions
converge to the power law distribution py = ¢ * m* with power parameter k equals
to —2 (the Lotka—Zipf distribution) [11] (see also Figs. 4 and 5).
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