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Abstract
Background: Gene duplication has been suggested to be an important process in the generation
of evolutionary novelty. Neofunctionalization, as an adaptive process where one copy mutates into
a function that was not present in the pre-duplication gene, is one mechanism that can lead to the
retention of both copies. More recently, subfunctionalization, as a neutral process where the two
copies partition the ancestral function, has been proposed as an alternative mechanism driving
duplicate gene retention in organisms with small effective population sizes. The relative importance
of these two processes is unclear.
Results: A set of lattice model genes that fold and bind to two peptide ligands with overlapping
binding pockets, but not a third ligand present in the cell was designed. Each gene was duplicated
in a model haploid species with a small constant population size and no recombination. One set of
models allowed subfunctionalization of binding events following duplication, while another set did
not allow subfunctionalization. Modeling under such conditions suggests that subfunctionalization
plays an important role, but as a transition state to neofunctionalization rather than as a terminal
fate of duplicated genes. There is no apparent selective pressure to maintain redundancy.
Conclusion: Subfunctionalization results in an increase in the preservation of duplicated gene
copies, including those that are neofunctionalized, but never represents a substantial fraction of
duplicate gene copies at any evolutionary time point and ultimately leads to neofunctionalization of
those preserved copies. This conclusion also may reflect changes in gene function after duplication
with time in real genomes.

Background
A number of mechanisms can generate duplicate copies of
genes, ranging from single gene duplications to regional
and whole genome duplications [1-3]. Large increases in
gene number have been coupled to increases in organismal complexity and radiative divergence at several points
in the history of metazoans including during the chordate/vertebrate transition and during the teleost fish
divergence [1,4,5].

Metazoans differ from prokaryotes in their much smaller
effective population sizes, where theory predicts that neutral stochastic processes will be relatively more important
than adaptive processes in the expected case that adaptive
mutations are rarer than nearly neutral mutations [6].
Large scale analyses, based upon the ratio of nonsynonymous to synonymous nucleotide substitution rates [7] or
MacDonald-Kreitman statistics [8] have indicated small to
intermediate degrees of positive selection (adaptive
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Eight different fates are possible in the two simulations, nonfunctionalization (pseduogenization) without cellular death, subfunctionalization, pleiotropic neofunctionalization plus either nonfunctionalization of the other copy or subfunctionalization,
non-pleiotropic neofunctionalization, non-pleiotropic neofunctionalization also involving subfunctionalization, redundancy, and
cellular death. Some of the fates have additional combinations of activity that are not represented in this figure. It should also
be noted that some of the characterizations overlap. For example, pleiotropic neofunctionalization occurs in combination with
nonfunctionalization, subfunctionalization, or is redundant.

substitutions) in mammals, but these clearly do not represent the majority of substitutions. In such studies, it
appears to be specific positions in protein-encoding
genes, rather than the genes as a whole that are under positive selection [7]. Even examining substitution as a neutral walk through sequence in a folded protein (ignoring
positive selection) has shown such a process to have fairly
complex dynamics [9]. From this, it is relevant to examine
population genomic phenomena, like the fates of duplicated genes, in the context of physical models of proteins.
Further, it is not possible to systematically identify fates of

real genes (subfunctionalization to the exclusion of neofunctionalization or vice-versa), so modeling under
increasingly realistic conditions is likely to be the best way
to understand evolutionary mechanisms.
Pseudogenization or nonfunctionalization is a purely
neutral process that ultimately eliminates one of the
duplicated copies as a functional gene and is the most
common fate. Subfunctionalization, is an alternative neutral process that leads to an increase in organismal gene
number for genes or functions that show modularity (one
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Table 1: The initial amino acid sequences including binding sites and folding energies (RT units) are shown for the 10 proteins.
Additionally, the three ligands for each protein are shown with their initial binding energies (also RT units) at the two sites (A in italics
and B in bold). It should be noted that the two binding sites are adjacent in three dimensions and overlap by one amino acid.
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Sequences

Conf.
Eng.

Binding
Site A

Ligand A

Ligand
Eng. at A

Binding
Site B

Ligand
B

Ligand
Eng. at B

Ligand
C

Ligand
Eng. at A

Ligand
Eng. at B

MSKTAQKRLLKELQQLIKDSPPGI
VAGPKSEN
NIFIWDCLIQGPPDTPYADGVF
NAKLEFPKDY
MSTPARRRLMRDFKRMKEDAPP
GVSASPLPDN
VMVWNAMIIGPADTPYEDGTFR
LLLEFDEEYP
MTTSKERHSVSKRLQQELRTLLM
SGDPGITAF
PDGDNLFKWVATLDGPKDTVYE
SLKYKLTLEF
MNMSGIALSRLAQERKAWRKD
HPFGFVAVPTK
NPDGTMNLMNWECAIPGKKGT
PWEGGLFKLRM
MSTPARKRLMRDFKRLQQDPPA
GISGAPQDNN
IMLWNAVIFGPDDTPWDGGTFK
LSLQFSEDYP
MIVPYNLPLPGGVVPRMLITILGT
VKPNANRI
ALDFQRGNDVAFHFNPRFNENN
RRVIVCNTKL
MTEENSKSEALLDIPMLEQYLELV
GPKLITDG
LAVFEKMMPGYVSVLESNLTAQ
DKKGIVEEGH
MEAVIKVISSACKTYCGKTSPSK
KEIGAMLSL
LQKEGLLMSPSDLYSPGSWDPIT
AALSQRAMI
MDEPPADGALKRAEELKTQAN
DYFKAKDYENA
IKFYSQAIELNPSNAIYYGNRSLA
YLRTECYG
MKSRRWFHPNITGVEAENLLLTR
GVDGSFLAR
PSKSNPGDLTLSVRRNGAVTHIK
IQNTGDYYD

-0.78

RPAV

YRGM

-0.84

RKIK

YSMD

-1.42

YLEG

+0.59

+0.40

-0.73

EALI

EIIL

-1.07

ERTP

EERQ

-1.54

EKEP

+0.79

+0.58

-0.68

TLLS

SILL

-0.51

TNDP

SDEW

-0.81

STYL

+0.61

+0.23

-0.88

DLTW

GFHW

-0.83

DGMN

GTFE

-1.22

GEEC

+0.29

+0.60

-0.66

DNSG

GTDD

-0.86

DNAV

GTWF

-0.64

GIFH

+0.80

+0.53

-1.00

RVKP

YLEE

-1.61

RQVV

YKII

-1.13

YQR
D

+0.78

+0.92

-0.96

IGSE

ATEY

-0.84

ILGT

AIPG

-1.00

AEFF

+0.59

+0.90

-0.64

QMSK

YWQY

-1.22

QSQS

YEPG

-1.04

YRFF

+0.84

+0.75

-0.37

YAKL

EITF

-0.71

YDED

EKKT

-1.92

EMVR

+0.94

+1.32

-1.45

TERP

ASER

-1.47

TYRS

AMDD

-1.25

ALIL

+1.18

+0.82

representative type of modularity is modeled here, but
other types are also possible). Neofunctionalization is an
alternative process leading to an increase in organismal
gene number, but dependent upon rarer adaptive mutations. Neofunctionalization can include the evolution of
a completely new binding capability (as modeled here) or
modification/improvement of existing binding capabilities under positive selection after removal of pleiotropic
constraint. These alternative fates are presented in the context of a lattice model in Figure 1.
Lattices are models of folded proteins in square or cubic
shapes (a cubic lattice was employed here). The folding of

a lattice is dictated by the contacts from amino acids that
are not adjacent in the primary sequence (these contacts
are present in the folded and unfolded states). Because lattices are small and the folding rules are simple, they can
be used for evolving populations of proteins to study their
structural properties.
Lattice models have previously been used to make important predictions about the behavior of proteins in evolutionary contexts, including their metastability [10] and
the evolvability of new folds [11]. Lattices that bind to
peptides [12] and small hydrophobic molecules [13] have
been described and the latter used to show that subfuncPage 3 of 7
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Table 2: For simulation A the final average (over 10 different peptides each repeated 10 times) frequency of each fate across
generations is reported. Error bars are reported as the standard error of the mean.

A
Generations

Nonfunc.

Sub

Neo-P

Neo-NP

Neo-P+Sub

Neo-NP+Sub

Redundant

1
20
40
60
80
100
120
140
160
180
200

40.27 ± 1.10
360.89 ± 5.67
421.28 ± 6.83
410.64 ± 7.58
381.06 ± 7.72
352.85 ± 8.02
329.56 ± 7.83
312.37 ± 6.97
291.73 ± 7.02
284.48 ± 6.47
274.61 ± 6.18

0.01 ± 0.01
1.80 ± 0.24
4.41 ± 0.50
5.95 ± 0.53
7.47 ± 0.59
8.02 ± 0.61
9.32 ± 0.79
10.15 ± 0.93
10.33 ± 0.83
11.58 ± 0.84
12.51 ± 1.00

8.71 ± 0.90
127.72 ± 0.59
217.26 ± 13.95
294.73 ± 14.91
356.11 ± 14.76
402.22 ± 14.33
432.93 ± 14.01
450.22 ± 13.10
473.25 ± 12.97
478.46 ± 12.60
481.93 ± 12.78

0.23 ± 0.08
10.22 ± 0.88
18.54 ± 1.49
25.71 ± 1.99
29.03 ± 2.09
30.66 ± 2.33
32.30 ± 2.73
30.22 ± 2.69
29.06 ± 2.69
27.93 ± 2.51
27.62 ± 2.68

0.00 ± 0.00
0.37 ± 0.10
3.63 ± 0.75
7.57 ± 1.10
14.37 ± 1.67
24.05 ± 2.37
31.85 ± 2.95
43.83 ± 3.24
49.20 ± 3.77
57.99 ± 4.42
68.17 ± 4.70

0.00 ± 0.00
0.11 ± 0.04
1.55 ± 0.31
2.86 ± 0.48
5.21 ± 0.75
7.46 ± 0.95
8.14 ± 1.08
12.14 ± 1.49
13.92 ± 1.72
14.78 ± 2.03
16.09 ± 2.27

949.11 ± 1.37
469.49 ± 9.90
294.25 ± 10.85
209.70 ± 9.83
161.78 ± 9.00
128.69 ± 7.76
109.06 ± 6.94
93.30 ± 5.98
83.90 ± 5.23
76.08 ± 4.81
71.22 ± 4.35

Table 3: For simulation B the final average (over 10 different peptides each repeated 10 times) frequency of each fate across
generations is reported. Error bars are reported as the standard error of the mean.

Generations

Nonfunc.

Neo-P

Neo-NP

Redundant

1
20
40
60
80
100
120
140
160
180
200

60.78 ± 2.06
495.42 ± 9.68
550.78 ± 11.61
525.49 ± 12.97
486.51 ± 12.83
451.13 ± 12.54
420.75 ± 12.05
397.89 ± 11.73
382.95 ± 11.24
377.63 ± 10.28
370.23 ± 9.59

8.85 ± 0.88
128.62 ± 10.05
222.18 ± 14.30
303.64 ± 15.17
369.06 ± 14.85
418.99 ± 14.29
457.10 ± 13.89
488.39 ± 13.43
509.07 ± 12.82
518.26 ± 11.70
529.04 ± 10.87

0.17 ± 0.06
10.41 ± 0.91
18.90 ± 1.49
25.79 ± 1.86
29.59 ± 2.21
30.86 ± 2.37
31.39 ± 2.45
28.02 ± 2.25
26.47 ± 2.24
24.83 ± 2.24
22.63 ± 2.10

928.63 ± 2.03
336.46 ± 8.71
168.86 ± 7.35
102.54 ± 5.14
69.92 ± 3.64
52.86 ± 2.55
44.07 ± 1.90
38.97 ± 1.69
34.40 ± 1.54
31.15 ± 1.50
29.79 ± 1.21

tionalization can lead to an increase in duplicate gene
retention rates. Here, model genes that fold into lattices
and bind peptides were duplicated, with neofunctionalization and subfunctionalization (simulation A) or just
neofunctionalization (simulation B) as possible events
that would preserve duplicated copies in a genome, with
nonfunctionalization (pseudogenization) as an alternative fate (see Figure 1 and Table 1). The relative levels of
duplicate gene preservation and the importance of both
neofunctionalization and subfunctionalization were
assessed.

Results and discussion
A set of 10 stably folded lattices was designed to each bind
to 2 different ligands at overlapping sites. A third ligand
was present in the cell, but did not bind at either site at the
start of the simulation. The lattice was duplicated in a con-

stant population of 1000 cells, where those cells that
bound the third ligand were 5% more likely to appear in
the next generation (a selection coefficient of 5% is arbitrary, but only serves as a scaler of the results). In each generation, 10% of molecules became nonfunctional at
random through transcriptional knock-out. The fitness
function required molecules to fold and genomes to have
binding capabilities for the first two ligands. Cells were
selected under the constraint that the first and second ligands needed to be bound, but could be bound by either
molecule (subfunctionalization possible) in simulation
A. The second simulation (simulation B) tightened this
constraint and required both ligands to be bound to the
same molecule (subfunctionalization not possible). In
simulation B, only neofunctionalization is possible as a
mechanism to preserve both copies non-redundantly.
Neofunctionalization can occur through two mecha-
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Figure
The
(capable
green
total
and
2offrequency
simulation
utilizing ligand
ofBcells
in red
C)with
is shown
neofunctionalized
for simulation
molecules
A in
The total frequency of cells with neofunctionalized molecules
(capable of utilizing ligand C) is shown for simulation A in
green and simulation B in red. With time, the total level of
neofunctionalization in simulation A surpasses that of simulation B.

Figure
The
ization
is
allowed
frequency
is3shownoffor
subfunctionalization
simulation A, where
without
subfunctionalization
neofunctionalThe frequency of subfunctionalization without neofunctionalization is shown for simulation A, where subfunctionalization
is allowed. Subfunctionalization alone never represents a
large fraction of cellular genomic fates.

nisms, a pleiotropic mechanism where the third ligand
binds at a site that is also capable of binding one of the
other two ligands and a non-pleiotropic mechanism,
where the third ligand binds to an inactive site. The average values of each fate (from 10 different lattices) in each
of the two simulations are shown in Tables 2, 3.
While initially, both models generate similar levels of
neofunctionalization, with time model A begins to show
significantly more neofunctionalization. In model A, the
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Figure
The
A
in total
green
4 rate
andofsimulation
nonfunctionalization
B in red is shown for simulation
The total rate of nonfunctionalization is shown for simulation
A in green and simulation B in red. Simulation B shows a
much higher rate of nonfunctionalization at all evolutionary
times.

Figure
The
dancy
zation
B
in red
total
through
is5shown
rate of
either
for
duplicate
simulation
neofunctionalization
copyAretention
in green and
without
or subfunctionalifor simulation
redunThe total rate of duplicate copy retention without redundancy through either neofunctionalization or subfunctionalization is shown for simulation A in green and for simulation
B in red. Allowing subfunctionalization to occur results in a
different retention profile, with a much higher rate of duplicate copy retention.

total number of subfunctionalized genes, including those
that have also neofunctionalized increased initially, but
then reached a plateau. These results are shown in Figures
2 (neofunctionalization), 3 (subfunctionalization), and 4
(nonfunctionalization, including those that have also
neofunctionalized on the other copy). It is clear that
allowing subfunctionalization results in a greater retention rate of duplicate genes with less nonfunctionalization,
although
subfunctionalization
without
neofunctionalization never accounts for a large fraction of
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subsequently neofunctionalized over the past hundreds of
millions of years.

Conclusion

Figure
The
both
frequency
simulation
6
ofAredundant
(green) and
copies
simulation
decreases
B (red)
with time in
The frequency of redundant copies decreases with time in
both simulation A (green) and simulation B (red). This occurs
faster in simulation B, due to the faster rate of
nonfunctionalization.

Subfunctionalization has previously been shown to
increase the retention rate of duplicate genes using a similar approach [13]. However, when neofunctionalization
is included as a possible fate for duplicate genes,
subfunctionalization is still important in short time
frames after duplication. However, with increasing time,
subfunctionalization decreases in importance and its role
seems to be to preserve duplicate copies for eventual neofunctionalization, a role as a transition state. Subfunctionalization can still play an important role with larger finite
population sizes, but the importance of neofunctionalization as a terminal fate becomes even more dramatic with
increasing population size.

Methods

the duplicate genes at any point in evolutionary time
(total terminal preservation of both duplicates is shown
in Figure 5). Figure 5 indicates that the retention profile is
completely different when subfunctionalization occurs
compared to when it does not. It is also clear in these simulations that there is not a strong selective pressure to
retain robustness through redundancy, as seen in Figure 6.
The role of subfunctionalization as a transition is based
upon increasing the mutational space accessible to duplicates to neofunctionalize with removal of selective constraint at a binding site. This walk will differ for different
lattices (and for different real proteins), modulating the
importance of the effect of subfunctionalization. The rate
of neofunctionalization in the absence of gene duplication (the emergence of new function in orthologs) is also
related to the accessibility of this pleiotropic walk, but is
expected to be even slower than that of neofunctionalization in the absence of subfunctionalization.
While it is not possible to systematically analyze duplicated fates and classify duplicated proteins as neofunctionalized, subfunctionalized, or redundant, this study
has implications for our understanding of the role of
duplication in the evolution of genomes. Protein segments that have lost function but are stably maintained in
an expressed form will drift through sequence space until
they achieve a function that makes them the targets of
selection. Looking back to the origin of chordates, there is
little doubt that gene duplication and the evolution of
new function (as evidenced by annotation) went hand in
hand. However, it may be that subfunctionalization
initially played an important role in preserving copies that

Lattice model for protein sequences
We considered a simplified model of evolving proteins.
Our model consisted of a chain of 64 random (codon
derived) amino acid monomers on a three dimensional 4
× 4 × 4 cubic lattice, simulating a folded protein. Gene
sequences were selected randomly and lattices folded as
below. Two adjacent binding sites were randomly selected
on each lattice. Three peptides were then designed: two
that bound specifically at each site and a third that was
bound by neither site, as shown by the binding energies in
Table 1.
Lattice folding and selection
Each amino acid was embedded at a single lattice point
with distinct amino acids correspond to a distinct lattice
point. All amino acids were considered to be of uniform
size connected with covalent bonds of uniform lengths. A
protein fold corresponded to a self avoiding walk over the
embedding. The walking algorithm tracks the sites visited
to avoid visiting them again. A contact was assumed to
exist between two residues if they were not adjacently covalently connected but were on adjacent lattice points. The
energy of the protein in a particular conformation was calculated according to the formula,

(

)

E = ∑ γ A i , A j Uij
i< j

where γ(Ai, Aj) is the contact potential between residue
type Ai at position i and residue type Aj at position j, and
Uij is equal to one if residues i and j are not adjacent in
sequence but are on adjacent lattice sites, and zero otherwise. The value of γ(Ai, Aj) is obtained from the symmetric
interaction matrix given by Miyazawa & Jernigan [14].
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Evolution of lattice proteins
We have simulated two evolution models. Model A, corresponding to the evolution of a set of ten protein
sequences (shown in Table 1) evolving to the alternative
fates shown in Figure 1 and Model B corresponding to the
evolution of the same set of proteins evolving without
allowing subfunctionalization. Cells that did not bind ligands A and B (Model A) and ligands A and B in the same
molecule (Model B) died. All molecules also needed to
fold to be active.

http://www.biomedcentral.com/1471-2148/5/28

9.
10.
11.
12.
13.
14.
15.

In each model, we considered 1000 haploid cells that did
not recombine between copies (independently for all ten
gene duplicate pairs), with a protein molecule evolving
according to a Poisson distribution with an average of 1
DNA mutation per gene per generation after the duplication event with a transition to transversion ratio of 2. After
every generation, 10% of genes were knocked out at random to simulate mutations to transcriptional regulatory
sequences and the cells were subsequently divided into
the different fates shown in Figure 1. The next generation
of cells was picked randomly from the living cells of the
previous generation to keep a constant population size,
with a 5% selective advantage to the neofunctionalized
cells according to the Wright-Fisher selection model [15].
At the start of each generational round, each cell was viable with two gene copies to bind each set of ligands, as
shown in Table 1.

Bastolla U, Porto M, Roman HE, Vendruscolo M: Statistical properties of neutral evolution. J Mol Evol 2003, 57:S103-S119.
Taverna DM, Goldstein RA: Why are proteins marginally stable?
Proteins 2002, 46:105-109.
Tiana G, Shakhnovich BE, Dokholyan NV, Shakhnovich EI: Imprint of
evolution on protein structures. Proc Natl Acad Sci, USA 2004,
101:2846-2851.
Williams PD, Pollock DD, Goldstein RA: Evolution of functionality in lattice proteins. J Mol Graph Model 2001, 19:150-156.
Braun FN, Liberles DA: Retention of enzyme gene duplicates by
subfunctionalization. Int J Biol Macromol 2003, 33:19-22.
Miyazawa S, Jernigan RL: Estimation of effective interresidue
contact energies from protein crystal structures- Quasichemical approximation. Macromol 1985, 18:534-552.
Nei M: Molecular Evolutionary Genetics. New York: Columbia
University Press; 1987.

Authors' contributions
SR wrote all programs and carried out the simulations and
analysis. DAL conceived of the study, supervised its execution, and wrote the manuscript.

Acknowledgements
We are grateful to Matthew Betts, Inge Jonassen, Rein Aasland, and Jessica
Liberles for careful reading of this manuscript. We thank FUGE, the Norwegian Functional Genomics Platform for financially supporting this
research.

References
1.
2.
3.
4.
5.
6.
7.
8.

Ohno S: Evolution by Gene Duplication. New York: SpringerVerlag; 1970.
Lynch M, O'Hely M, Walsh B, Force A: The probability of preservation of a newly arisen gene duplicate. Genetics 2001,
159:1789-1804.
Eichler EE, Sankoff D: Structural dynamics of eukaryotic chromosome evolution. Science 2003, 301:793-797.
McLysaght A, Hokamp K, Wolfe KH: Extensive genomic duplication during early chordate evolution. Nat Genet 2002,
31:200-204.
Gu X, Wang Y, Gu J: Age distribution of human gene families
shows significant roles of both large- and small-scale duplications in vertebrate evolution. Nat Genet 2002, 31:205-209.
Lynch M, Conery JS: On the origin of genome complexity. Science 2003, 302:1401-1404.
Liberles DA, Schreiber DR, Govindarajan S, Chamberlin SG, Benner
SA: The Adaptive Evolution Database (TAED). Genome Biology
2001, 2(8):research0028.1-0028.6.
Fay JC, Wyckoff GJ, Wu CI: Positive and negative selection on
the human genome. Genetics 2001, 158:1227-1234.

Publish with Bio Med Central and every
scientist can read your work free of charge
"BioMed Central will be the most significant development for
disseminating the results of biomedical researc h in our lifetime."
Sir Paul Nurse, Cancer Research UK

Your research papers will be:
available free of charge to the entire biomedical community
peer reviewed and published immediately upon acceptance
cited in PubMed and archived on PubMed Central
yours — you keep the copyright

BioMedcentral

Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp

Page 7 of 7
(page number not for citation purposes)

