
Chapter 4.

Evolution of novel protein property after gene duplication by weak

selection on many amino acid sites

4.1. Introduction

In the previous chapter, I found that relatively weak selection on a large number of

amino acid sites has played an important role in the evolution of novel structural properties of

a protein. This perspective was obtained from comparative evolutionary analysis of

phosphoglucose isomerase genes (Pgi; EC.5.3.1.9) by focusing on the electric charges of the

proteins.

To examine whether or not the mode of adaptive molecular evolution drawn from this

analysis is relevant to other proteins as well, I analyzed another enzyme involved in

glycolysis and gluconeogenesis, fructose-1, 6-bisphosphate aldolase (ALD; EC 4.1.2.13)in

this chapter. The gene encoding this enzyme (Ald) is estimated to have undergone two

duplication events during the evolution of jawed vertebrates, but after the separation of

jawless fish (Merritt and Quattro, 2002; Steinke et al., 2006). Probably because of these

duplications, most of the jawed vertebrates possess three ALD isoforms, ALD-A, ALD-B, and

ALD-C. These isoforms are known to show differential expression in tissue-specific manner

and catalytic preference for substrates (Gamblin et al., 1991). ALD-A is efficient in glycolysis

and strongly expressed in skeletal muscle. Otherwise, ALD-B is efficient in gluconeogenesis

and expressed only in liver and kidney. ALD-C has intermediate catalytic properties and is

predominant in brain. All this information implies that the duplicated Ald genes in jawed

vertebrates underwent sub-neofunctionalization (Force et al., 1999; Lynch and Force, 2000A;

He and Zhang, 2005; Rastogi and Liberles, 2005) with respect to their expression and

catalytic function. Therefore, the Ald gene family in jawed vertebrates would be an

74



appropriate model to investigate the molecular evolution after subfunctionalization.

It is also known that each of the three ALD-A, ALD-B, and ALD-C isoforms have a

specific electric charge (Merritt and Quattro, 2002). Among them, particularly interesting is

the electric charge of the ALD-C, which is remarkably negative (estimated isoelectric point

[pI]: 6.2 to 6.7) as compared to the ALD-A and ALD-B (estimated pI: 8.2 to 8.4; Merritt and

Quattro, 2002). Therefore, analyzing the evolutionary trajectory of electric charge following

separation between ALD-C and the other isoforms will provide a new opportunity for testing

the generality of the finding in Chapter 3.

In this chapter, therefore, I analyze the ALD protein family in jawed vertebrates by

focusing on the evolutionary changes in the electric charge. Firstly, in order to confirm the

origins of the three ALD isoforms, a molecular phylogeny was estimated for Ald genes

obtained from divergent lineages of jawed vertebrates. Next, a comparative evolutionary

approach used in the Chapter 3 was also applied for the analysis of ALD, and the result

confirmed the role of weak selection on many amino acid sites during the evolution of

proteins. Moreover, to compare with ALD and PGI, I focused on other proteins, in which the

evolution of electric charge is supposed to be driven by strong selection on particular amino

acid sites, triose-phosphate isomerase (TPI; EC 5.3.1.1; Merritt and Quattro, 2001) and

pancreatic ribonuclease (RNASE1; EC 3.1.27.5; Zhang, et al., 2002; Zhang, 2006). From

examinations of tertiary structures, amino acid compositions, and evolutionary patterns of the

proteins, I suggested a possible relationship between a mode of molecular evolution and a

number of amino acid sites available for evolutionary modification.

4.2. Materials and Methods

4.2.1. Species and Ald genes analyzed in this study
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I chose 12 representative species from divergent lineages of jawed vertebrates for

which whole-genome sequence data is available, as follows-tetrapods:Homo sapiens

(human), Mus musculus (mouse), Canis familiaris (dog), Bos taurus (cow), Ornithorhynchus

anatinus (platypus), Gallus gallus (chicken), Xenopus tropicalis (clawed frog); teleost fish:

Tetraodon nigroviridis (pufferfish), Fugu rubripes (Fugu), Gasterosteus aculeatus

(stickleback), Oryzias latipes (medaka), Danio rerio (zebrafish). Protein and cDNA sequences

of Ald genes from these vertebrates were gathered via queries to the Ensembl genome

database (Birney et al., 2006) and the "orthologue prediction" section in the database. Putative

orthologues described in this section are the genes identified through a reciprocal BLAST

approach among genome sequence data from multiple species. I further confirmed that there

were no extra Ald genes in the genome sequences by my own BLAST searches (E-value cut-

off of <10-3). As outgroups for subsequent phylogenetic analysis, Ald genes from agnathan

Lethenteron japonicum (lamprey) were chosen. The list of species, Ald genes identified, and

their Ensembl Gene IDs or GenBank accession numbers were shown in Table 4-1.

4.2.2. Phylogenetic analysis

Amino acid sequences of ALD proteins from 13 vertebrates (Table 4-1) were aligned

using ClustalW (Thompson et al., 1994) and phylogenetically analyzed with the maximum

likelihood methods (ML) by using the program TREEFINDER software package (version of

June 2007; Jobb, 2007). The program ProtTest 1.4 (Abascal et al., 2005) was used to select

the best-fitting model of amino acid substitution. The resultant tree topology was evaluated by

approximate bootstrap tests (LR-ELW edge support: the Expected-Likelihood Weights applied

to Local Rearrangements of tree topology; Strimmer and Rambaut, 2002; Jobb, 2007) with

1000 replications.
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Table 4-1.

List of vertebrate species and Ald genes analyzed in this study, with Ensembl Gene IDs or

GenBank accession numbers.

77



78



4.2.3. Charge evolution analysis

The ML inference of the ancestral sequences of Ald genes was performed under

methods that have been described previously in Chapter 3 (3.2.6. Charge evolution analysis),

on the basis of the Ald phylogeny estimated in this study, and the known phylogeny of

mammals (Murphy et al., 2004) and teleost fish (Yamanoue et al., 2006). A nucleotide

sequence alignment of the coding region of Ald genes (1089 base pairs) from 12 jawed

vertebrates plus lamprey was used. Because the program BASEML (Yang, 1997) cannot

perform ancestral state inference for nucleotide sites with gaps, gapped regions in the

alignment (136-138 in Ald-C1 of pufferfish, 328-330 in Ald-A of platypus, 376-378 in Ald-A

of pufferfish, 1000-1011 in Ald-A of pufferfish, 1000-1089 in Ald-C2 of pufferfish and Fugu,

1039-1041 in Ald-C of mouse and Ald-1 of lamprey, 1048-1050 in Ald-CI of teleosts, 1054-

1056 in Ald-Al of pufferfish, Fugu, stickleback and medaka, and Ald-A2 of stickleback, and

1072-1074 of Ald-C2 of stickleback) were filled by a relevant sequence of the most closely

related gene, respectively. The filled regions were subsequently re-deleted from the estimated

ancestral sequences that parsimoniously considered to have undergone the deletion of the

relevant region.

For maximum likelihood inference of ancestral nucleotide sequences,  the GTR+P

(Yang, 1994) model was selected as the best fitting model by the hLRTs (Table 4-2). The

average overall accuracy of the reconstructed  sequences(#1-#32) was 0.9560±0.0052 SE.

The solvent-accessible surface area (SASA) of each amino acid residue in ALD protein

molecule was estimated with GETAREA 1.1 (Fraczkiewicz and Braun, 1998) using the X-ray

refined crystal structure of human ALD-A (Dalby et al., 1999) as a reference data. A solvent

radius of 1.4 A (approximately the size of a water molecule) was used. The structural portion

of the ALD composed of amino acid residues with more than 20 A2 SASA was considered

"molecular surface ." This boundary mostly agreed with other criteria based on the ratio of
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Table 4-2.

Hierarchical likelihood ratio tests (hLRTs) among nested models of nucleotide substitution .

* P<0.01

1 The likelihood ratio test statistic  (2△L)  is approximated using the χ2 distribution with degrees

of freedom (in parentheses) equal to the difference in the number of parameters (in brackets)

between the comparing pairs of nucleotide substitution models. The best-fitting model is

indicated in bold.
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side-chain surface area to random coil value per residue (Fraczkiewicz and Braun, 1998). A

three-dimensional graphical model of the ALD molecule was constructed using RasMol

(Sayle and Milner-White, 1995).

4.2.4. Calculation of the expected spatial distribution of amino acid substitutions

To determine which model of amino acid substitution provided the best fit to the data

(363-amino-acid sequence of ALDs from 13 vertebrates and the supposed Ald phylogeny

mentioned above), likelihood ratio tests were conducted among pairs of five models mounted

in PAML 3.13d (Yang, 1997). Parameters  F andГ were incorporated in this analysis. As a

result, the amino acid substitution matrix JTT (Jones et al., 1992) gave the highest likelihood

score (1nL=-6176.35); the second-best matrix was WAG (Whelan and Goldman, 2001) (1nL

=-6188 .42). Using the JTT matrix, theoretical ratio of the charge-changing substitutions to

charge-neutral substitutions was calculated under methods that have been described

previously in Chapter 3 (3.2.7. Calculation of the expected spatial distribution of amino acid

substitutions). The normalized frequencies of each amino acid residue were estimated

separately for the surface and interior portions of the inferred common ancestral protein of

ALD-A and ALD-C2 to consider differential amino acid composition in different parts of the

protein (Table 4-3). Using the theoretical ratio ΣPcharge-changing:ΣPcharge-neutral  of the surface

(r1:r2) and interior (r3:r4) portions of the ALD protein molecule under the assumption of

random mutation, and the ratio of the numbers of inferred amino acid substitution sites at the

surface (190 sites) to the interior (173 sites) in the ALD-A and ALD-C proteins since their

duplication, an expected spatial distribution of amino acid substitutions was estimated based

on the ratio of charge-changing substitutions in the molecular surface:charge-neutral

substitutions in the molecular surface:charge-changing substitutions in the molecular

interior:charge-neutral substitutions in the molecular interior=190r1:190r2:173r3:173r4.
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Table 4-3.

Inferred normalized amino acid frequencies of the surface and interior portions of the

common ancestral protein of ALD-A and ALD-C.
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4.3. Results

4.3.1. Gene duplications and evolutionary relationships of the Ald genes in vertebrates

The inferred molecular phylogeny showed that Ald genes in jawed vertebrates were

group into three major clades, Ald-A, Ald-B, and Ald-C (Fig. 4-1A), suggesting that these Ald

genes were generated by two gene-duplication events that occurred before the separation of

tetrapods and teleost fish, but after the split with agnathans. This supports the idea mentioned

in 4.1. Introduction that the Ald-A, Ald-B, and Ald-C genes of jawed vertebrates, which are

mainly expressed in skeletal muscle, liver, and brain, respectively (Gamblin et al., 1991),

underwent subfunctionalization with respect to the patterns of gene expression after gene

duplication. Thus, the Ald gene family in jawed vertebrates is an appropriate model for

studying molecular evolution after subfunctionalization.

The molecular phylogeny of Ald genes shown in Fig. 4-1A also indicates that the Ald-

A and Ald-C were duplicated specifically in the teleost lineage to give rise to Ald-Al and Ald-

A2, and Ald-C1 and Ald-C2, respectively. These duplications seem to have occurred in

common ancestor of the teleosts examined in this study, however, a precise relationship

between Ald-Al and Ald-A2 genes remained unclear in the phylogenetic tree presented in Fig.

4-1A. To clarify this point, I exclusively analyzed the molecular phylogeny of the Ald-A genes

using human Ald-B and Ald-C as outgroups. The resultant tree presented in Fig. 4-2B clearly

showed that the duplication of the Ald-A gene has occurred in the common ancestor of the

teleosts. Through these analyses, I gained an overview of the relationships and timings of

gene duplications of Ald genes in jawed vertebrates; before the split between tetrapods and

teleosts, the Ald-B gene had firstly diverged from the common ancestral gene of the Ald-A and

Ald-C, and subsequently, the latter two genes diverged. Furthermore, after the separation

between tetrapods and teleosts, Ald-A and Ald-C genes underwent specific duplications in the
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Fig. 4-1. Maximum likelihood tree of Ald genes derived from 13 vertebrates.

Numbers indicate approximate bootstrap values from 1,000 LR-ELW (the Expected-

Likelihood Weights applied to Local Rearrangements of tree topology) tests that

support for the nodes. Circles denote inferred gene duplication event. (A) Molecular

phylogeny of Ald-A, Ald-B, and Ald-C. (B) Molecular phylogeny of Ald-A by using

human Ald-B and Ald-C as outgroups to root the phylogeny.
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teleost lineage, respectively. These results confirmed the origins of each isoform of ALDs in

jawed vertebrates.

4.3.2. Evolution of the enzyme active sites and electric charges in ALD isoforms of jawed

vertebrates

To clarify differences in the conformation of active enzyme sites among the ALD-A,

ALD-B, and ALD-C, which are differentiated by catalytic preferences and expression organs,

I compared their amino acid sequences. Among them, most of the proposed amino acid

residues involved in the reaction center of ALD enzyme (Dalby et al., 2001; Maurady et al.,

2002; St-Jean et al., 2005) were conserved; that are, the Asp33, Glu34, Ser35, Arg42, Lys107,

Lys146, Arg148, Glu187, Glu189, Lys229, Leu270, Ser271, Ser300, and Arg303 (Table 4-4).

I identified, however, an active enzyme site of ALD that have a unique residue specific to an

isoform; all of the ALD-B isoform possess Thr38 whereas most of the ALD-A and ALD-C

possess Ser38, showing the existence of an isoform-specific active enzyme residue (Table 4-

4). Moreover, it was shown the presence of species-specific active site residues on positions

38 and 356 (usually Ser38 and Leu356, respectively); Frog ALD-A, His38; Frog ALD-C,

Asp38; Pufferfish ALD-C2, missing; Fugu ALD-C2, missing; Stickleback-ALD-C2, Tyr356;

Medaka ALD-C2, Tyr356; Zebrafish ALD-C2, His356 (Table 4-4).

Next, to characterize the difference in electric charge among the ALD isoforms,

biochemical properties were examined using the ProtParam tool (Gasteiger et al., 2005; Table

4-5). The estimated pI values of ALD-A were 8.03-8.61 (average, 8.37), and those of ALD-C

were 6.04-6.72 (average, 6.33; excluding teleost-specific ALD-C2), with no overlap (P <

0.0000, Mann-Whitney Utest, n1=13, n2=11). The values of the ALD-B (7.52-8.93;

average, 8.51) were close to those of ALD-A. In peptide length or predicted overall

hydrophobicity, no significant difference was observed among the ALD isoforms (Table 4-5).
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Table 4-5.

Biochemical parameters of vertebrate ALD proteins.
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a The predicted overall hydrophobicity (GRAVY; grand average of hydropathicity) and pI

values of the ALD proteins were estimated based on the amino acid sequences translated from

the cDNA sequences of Ald genes using the ProtParam tool (Gasteiger et al., 2005).

b Differences in number of positively and negatively charged residues in each ALD protein .

88



Between ALD-A and ALD-C, which were remarkably different in terms of electric

charge, 64 amino acid sites differed by the presence or absence of hydrophilic charged

residues [Lys (K), Arg (R), Asp (D), and Glu (E)], which mainly contribute to net protein

charge (Fig. 4-2B). I found only two amino acid sites, which were fixed for a unique charge

state in the examined ALD-A or ALD-C proteins; position 314 (Gly in ALD-A and Lys or Arg

in ALD-C) and 332 (Leu or Val in ALD-A and Glu in ALD-C). Furthermore, only a small

number of unique charged sites were shared among two or more genealogically related

isoforms: four in mammalian ALD-C (87, 98, 119, and 156), two in  ALD-Cl (positions 57

and 318), and three in ALD-C2 (positions 9, 10, and 143). These observations imply that very

few amino acid residues were acquired specifically to the ancestral proteins of ALD-A and/or

ALD-C, and involved in differences in electric charge between current ALD-A and ALD-C.

Then, I estimated the underlying process of the electric charge evolution of the ALD

proteins by using ancestral sequence reconstructions based on maximum-likelihood inference.

This method using the program BASEML (Yang, 1997) was applied on the basis of the

inferred phylogeny of Ald genes (Fig. 4-1) and known phylogeny of mammals (Murphy et al.,

2004) and teleosts (Yamanoue et al., 2006), and a nucleotide substitution model that best fit

the data  (GTR+г;  Yang, 1994; see Table 4-2). The result was shown in Fig. 4-2A; this

suggests that  pI value (electric charge) of a common ancestral protein of ALD-A and ALD-C

was relatively negative (6.65) similar to that of current ALD-C, and pI values of ALD-A

increased independently in both the tetrapod and teleost fish lineages.

To clarify the detailed process of the electric charge evolution in ALD isoforms, I

assigned charge-changing substitutions (between Lys/Arg or Asp/Glu and other residues) to

the tree branches based on pairwise sequence comparisons among the inferred ancestral

sequences or between the extant and ancestral sequences along the tree topology (Fig. 4-2C).

This result of assignment showed that the charge-changing substitutions were inferred to have

occurred in excess (10 to 22 substitutions assigned from duplication between Ald-A and Ald-
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Fig. 4-2. Current states and inferred evolutionary process of electric charge of ALD isoforms.

(A) Maximum likelihood tree of Ald genes in ray-finned fishes inferred by BASEML (Yang..

1997) with known phylogeny (Murphy et at, 2004; Yamanoue et al., 2006). Numbers indicate

estimated pl. Circles denote gene duplication. (B) Amino acid sites that differ by the presence or

absence of hydrophilic charged residues between current ALD-A and ALD-C. Positively charged

residues are colored blue; negatively charged residues, red; other residues, light grey; gapped

sites, white. The numbers above refer to the amino acid positions of human ALD-A (Dalby et al.,

1999). The stars below indicate sites located on the molecular surface. (C) Inferred charge-

changing substitution events mapped over the ALD phylogeny. Orange and brown bars denote

upward and downward direction of charge change, respectively.
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C  [#3] to tips of the branches; except for ALD-C2) of that expected for parsimonious

evolution in electric charge differences between ALD-A and ALD-C (average 5.1

substitutions correspond to minimum evolution of the charge differences; Fig. 4-2C; see also

Table 4-5).

4.3.3. Statistical analyses of the spatial clustering of inferred amino acid substitutions

To confirm whether the inferred charge-changing substitutions shown in Fig. 4-2C

were actually involved in the evolution of electric charge, further analyses were performed

based on 3-D structural information on the ALD protein molecule (Dalby et al., 1999). The

spatial locations of the charge-changing and charge-neutral substitution sites mapped on the

3D protein structure were shown in Fig. 4-3A. This shows that the inferred charge-changing

substitution sites since the duplication between Ald-A and Ald-C genes (colored in magenta)

were concentrated at the surface of the ALD molecule  (P<0.0001,  two-tailed Fisher's exact

test), in contrast to the inferred charge-neutral substitution sites (colored in black; P=0.0242,

two-tailed Fisher's exact test). The inferred number of charge-changing and charge-neutral

substitutions that can potentially occur at identical site classes also followed the same trend

(Fig. 4-3B); the proportion of charge-changing substitutions per all substitutions significantly

increases with SASA  (A2) (P<0.0001,Cochran-Armitage trend test,η=677).

However, as described in Chapter 3 (3.3.3. Statistical analyses of the spatial clustering

of inferred amino acid substitutions), because water-soluble proteins are generally surrounded

by a hydrophilic shell containing a high density of polar residues, it is natural to expect that

random mutations cause the charge-changing substitutions to occur more frequently on the

protein surface without any selection. Considering this expected mutation bias, further

analysis was performed (Table 4-6; for details, see section 4.2.4. of Materials and Methods).

This comparison of theoretically expected and ML-inferred numbers of amino acid
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Fig.4-3.  Spatial locations of inferred amino acid substitutions in ALD structure. (A) ML-inferred

charge-changing (CC) substitution sites after the duplication between Ald-A and Ald-C genes are

colored magenta; charge-neutral (CN) substitution sites, dark grey; enzyme active sites, yellow.

Full molecular models are shown on the left, and two cross-sections are shown center and right.

The inferred CC sites localize to the surface of the ALD molecule (61 CC sites/190 total surface

sites,3CC sites/173 total interior sites; P<0.0001,  two-tailed Fisher's exact test), in contrast to

the inferred CN sites (105 CN sites/190 total surface sites, 62 CN sites/173 total interior sites;

P=0.0242, two-tailed Fisher's exact test). (B) Histograms of the inferred numbers of the CC and

CN substitutions after the duplication between Ald-A and Ald-C genes. The solid green line

denotes the proportion of the CC substitutions per all substitutions within the site classes based

on solvent accessibility (horizontal axis): this proportion significantly increases with solvent-

accessible surface area  (P<0.0001, Cochran-Armitage trend test, n=677).
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substitutions imply that charge-neutral substitutions have occurred more frequently than

expected at the molecular surface [ML-inferred value, 66.2%=357/(182+357); expected

value, 46.2%=233.88/(272.87+233.88)], consistent with the general observation that

molecular evolutionary rates are faster at the surface than in the interior portions of globular

proteins (Bustamante et al., 2000; Choi et al., 2006). However, the more important point in

this table is that almost all of the charge-changing substitutions were occurred at the surface

of the ALD molecule [ML-inferred value, 97.8%=135/(3+135)] greater than expected by

chance [expected value, 70.8%=120.47/(49.78+120.47)].
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Table 4-6.

Analytically inferred and theoretically predicted numbers of charge-changing and charge-

neutral substitutions.

*  P values are from two-tailed exact tests.
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4.4. Discussion

4.4.1. Importance of weak selection on many amino acid sites in adaptive protein evolution

The analysis of molecular phylogeny (Fig. 4-1) and biochemical properties (Table 4-5)

of ALD proteins in jawed vertebrates suggest that since the origination of ALD-A and ALD-C

by gene duplication in the ancestor of jawed vertebrates, electric charges of the two isoforms

diverged. Considering that ALD-A and ALD-C are mainly expressed in skeletal muscle and

brain, respectively (Gamblin et al., 1991), the divergent evolution of the electric charges of

the ALD-A and ALD-C seems to be a consequence of specialization for distinct cellular

environment of tissues where each isoform is predominantly expressed, as suggested for PGI

proteins (Chapter 3) and several other proteins (Merritt and Quattro, 2001; Zhang, et al.,

2002; Zhang, 2006). Therefore, the charge evolution of ALD-A and ALD-C can also be

understood under the sub-neofunctionalization model of duplicate gene evolution (Force et al.,

1999; Lynch and Force, 2000A; He and Zhang, 2005; Rastogi and Liberles, 2005), which

proposes that the partitioning of function between the duplicated genes differentiates selection

pressure on each gene locus, resulting in structural and/or functional specialization of the

encoded proteins by natural selection.

The inferred evolutionary process of electric charge of ALD-A and ALD-C suggests

that relatively weak selection on a large number of amino acid sites has driven the evolution

of novel charge-state of ALD isoforms, similar to the PGI analyzed in the Chapter 3. Because

only a few charged amino acid sites were specific to ALD-A or ALD-C (Fig. 4-2B), and the

electric charge of ALD-A was estimated to have increased independently among lineages, that

is, tetrapods and teleosts (Fig. 4-2A). And since the duplication of Ald-A and Ald-C genes,

charge-changing substitutions have occurred in both directions of charge change and more

frequently than expected for parsimonious evolution in electric charge differences (Fig. 4-2C),
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whereas such charge-changing substitutions concentrated at the surface of ALD molecule (Fig.

4-3). In addition, no significant acceleration of the rate of nonsynonymous substitution was

detected during the evolution of these ALD isoforms (Merritt and Quattro, 2002). These data,

altogether, suggest that the electric charge of ALD isoforms in jawed vertebrates has been

changed, not by strong selection on particular amino acid sites, but by weak selection on

many amino acid sites, and thus, the generality of this mode of protein evolution was

confirmed.

4.4.2. A possible relationship between the number of modifiable amino acid sites and strength

of selection pressure on individual amino acid sites

Besides the mode of protein evolution by weak selection on many amino acid sites as

presented above, there also exists a well-defined mode of protein evolution by strong

selection on particular amino acid sites, as presented in many previous studies. The latter

mode of selection is also estimated to have driven the adaptive evolution of protein charges by

some previous studies. One famous example is the evolution of RNASE1 in primates (Zhang

et al., 2002; Zhang, 2006). The genes encoding this protein were independently duplicated in

Asian and African leaf-eating monkeys (the douc langur Pygathrix nemaeus and the guereza

Colobus guereza, respectively), generating the RNASE1B ,RNASElβ,andRNASElγ(Fig.4-

4A). These extra RNASE1 proteins are involved in the digestion of foregut-fermenters in a

ruminant-like alimentary system characteristic to leaf-eating monkeys, and exhibit remarkably

low values of pI (see Fig. 4-4A). Such negative charges appear to be attributed to amino acid

sites specific to the RNASE 1 B, RNASE1β,andRNASE1γ  (position 4, 6, and 39; indicated in

bold face in Fig. 4-4A). Another example is TPI-A (triose-phosphate isomerase A), which is a

brain type isoform specific to teleost fish. TPI-A also has distinctively lower pI value than

TPI-B in teleosts (see Fig. 4-4B), and this negative charge appears to be attributed to amino
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Fig.4-4.  Amino acid sites that differ by the presence or absence of hydrophilic

charged residues between differentially charged protein isoforms. Positively

charged residues are colored blue; negatively charged residues, red; other

residues, light grey. The numbers above refer to the amino acid positions;

numerals in bold refer to the amino acid sites that have a charge state specific

to negatively-charged isoforms (lettered in magenta). (A) Primate RNASEI

(pancreatic ribonuclease) and digestive RNASEIBIRNASEIβ/RNASE1γ.

which are specific to leaf-eating monkeys.  The topology of the gene phylogeny

shown in the left side of the figure was estimated by Zhang (2006). (B) TPI

(triose-phosphate isomerase)-A and TPI-B of teleost fish. The gene phylogeny

shown in the left side of the figure is according to TPI phylogeny (Merritt and

Quattro, 2001) and known phylogeny of ray-finned and lobefin fish (Inoue et

al., 2003: Kikugawa et al., 2004). GenBank accession numbers of the

sequences are listed in Table 4-7.
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Table 4-7.

List of Ensembl Gene IDs or GenBank accession numbers of RNASE 1 and TPI genes.
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acid residues specific to TPI-A (position 20, 33, 36, 90, 121, 142, 180, 203, and 225; indicated

in bold face in Fig. 4-4B). In both of the TPI-A and RNASE1B, an acceleration of the rate of

non-synonymous substitution correlated with the electric charge evolution was detected

(Zhang et al., 2002; Merritt and Quattro, 2001). Therefore, charge states of TPI-A and

RNASE1B/RNASE1 J3/RNASE 1 y proteins seem to have evolved under strong selection on

particular amino acid sites.

The strong selection on particular amino acid sites may be correlated to immoderate

environments that protein is exposed, such as a highly acidic environment of the small

intestine of leaf-eating monkeys where the RNASE1B, RNASE 1(3, and RNASE 1 y proteins

function. Then, I focused on the difference in pI values between protein isoforms as an

indicator of selection pressure on protein charges. The difference in pI, however, was not

remarkably large in RNASE1 and TPI protein families, in which particular charged residues

were strongly selected during evolution; the difference in estimated pI (in average) was 1.64

between RNASE1BRNASE1β/RNASE1γ and RNASE1, 2.31 between TPI-A and TPI-B,

1.87 between ALD-A and ALD-C, and 0.83 between PGI-1 and PGI-2. These observations

imply that there is little association between strength of selection on net protein charge and

that on individual amino acid sites.

Further analysis suggested that absolute number of amino acid sites available for

evolutionary modification determines the strength of selection pressure on individual amino

acid sites. When few amino acid sites can be changed, then selection pressure per site

becomes strong, and when many amino acid sites can be changed, then selection pressure pei

site becomes weak. As shown in Fig. 4-5, the PGI and ALD, which evolved through weak

selection on many amino acid sites, seem to harbor larger number of amino acid sites in their

surface portion of a protein than RNASE1 and TPI, which evolved through strong selection

on particular amino acid sites. Furthermore, the surface portion of the PGI and ALD appears

to possess more amino acid residues that have higher probability to be involved in charge-
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Fig. 4-5. Spatial locations and numbers of amino acid sites that comprise the

surface portion of the protein molecules (colored in blue). Amino acid residues

with more than 20 angstrom-square of solvent-accessible surface area (SASA)

were considered to comprise the molecular surface. SASA values of each amino

acid residue were estimated by using GETAREA 1.1 (Fraczkiewicz and Braun.

1998) with a solvent radius of 1.4 angstrom (approximately the size of a water

molecule). Reference protein structures used are as follows:PGI (phosphoglucose

isomerace):Protein Data Bank (PDB) ID code 1XTB (Lee and Jeffery, 2005);

ALD (fructose-1, 6-biphosphate aldolase):PDB ID code 4ALD (Dalby et al.,

1999); RNASEI (pancreatic ribonuclease):PDB ID code 1 DZA (Pous et al.,

2000); TPI (Triosephosphate isomerase):PDB ID code I WYI (Kinoshita et al.,

2005).
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Table 4-8.

Probabilities of involvement in charge-changing substitutions of each amino acid residue, and

amino acid compositions of surface portion of the respective protein molecules.

a

Relative probabilities of involvement in charge-changing substitutions estimated on the basis

of transition rates between pairs of amino acids and relative mutabilities of each amino acid

residue described in the amino acid substitution matrix JTT (Jones et al., 1992).
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changing substitutions (Table 4-8). This suggests that, during the evolution of novel protein

properties, the total number of amino acid sites available for evolutionary change governs the

mode of adaptive molecular evolution; that is, whether weak selection on many amino acid

sites or strong selection on particular amino acid sites predominates. This concept presented

here will provide a broader understanding of the principles of the evolution of new genes and

protein properties.
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Chapter 5.

General discussion

5.1. Contributions of this study to understanding evolution of fish genomes and novel

proteins

To elucidate how novel genes and proteins can arise during evolution, the genes

duplicated through fish-specific genome doubling, or 3R-WGD, have been analyzed from

various viewpoints in this study, and the results provided several new findings. Firstly, in

Chapter 2, more than 100 gene families were systematically analyzed based on the whole-

genome sequences from multiple fish species and advanced maximum-likelihood methods for

phylogenetic inference. This revealed that many of duplicated genes were rapidly lost after

generation by the 3R-WGD, while the genes remained comprise about 40% of gene loci

ingenomes of extant teleost fishes. This temporal process of gene loss was interpreted that the

3R-WGD-derived duplicated genes which persisted for a long evolutionary periods of time

were maintained in the genome primarily through sunfunctionalization, and this interpretation

was supported by comparative analyses of several characteristics of the genes, such as a

number of interaction partners in the above organic systems. To my knowledge, this is the

first assessment of the fate of a large number of gene families following the 3R-WGD event

based on the multiple genome sequences of teleosts. Because most previous studies on

genome evolution of fishes, especially that focusing on the 3R-WGD, have investigated only

a particular gene family or a single genome of a fish species (e.g., Hoegg and Meyer, 2007;

Woolfe and Elgin, 2007; Yu et al., 2007). Through the analysis of this study, therefore, it was

firstly determined the process of loss of duplicated genes after the 3R-WGD. The inferred

process appeared to be compatible with the sub-neofunctionalization model of duplicate gene

evolution, and thus be a new evidence for the concept.
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In the next step in Chapter 3, comparative evolutionary analysis of fish-specific

duplicate Pgi genes derived by the 3R-WGD has highlighted the role of weak selection on

many amino acid sites in adaptive evolution of genes and proteins. On the other hand, the

main concern in the study of adaptive molecular evolution was to seek positive selection on

individual amino acid substitutions or particular amino acid sites (e.g., Gu and Vander Velden,

2002; Bielawski and Yang, 2005; Zhang et al., 2005). Therefore, the above finding presented

in this study should extend our understanding of molecular evolution. The generality of this

newly identified mode of adaptive molecular evolution was confirmed by the analysis of other

duplicate genes in vertebrates, Ald, in Chapter 4. Furthermore in this chapter, examinations of

tertiary structures, amino acid compositions, and evolutionary patterns of several proteins

have led to the concept that the total number of amino acid sites available for evolutionary

modification in a protein governs strength of selection pressure on amino acid sites; that is,

whether weak selection on many sites or strong selection on a few particular sites

predominates.  This concept can explain both previously known and newly found mode of

adaptive molecular evolution presented in this study.Altogether,these findings will contribute

to ourknowledge about the evolution of fish genomes, as well as the origin and mechanisms

of evolution of novel genes and proteins.

5.2. Evolutionary changes are not always caused by major mutations in a particular

gene

The mode of adaptive evolution of genes and proteins proposed in this study was

difficult to find by existing methods for molecular evolutionary studies, which seek to find a

mutation that is expected to play a major role in evolutionary change. These existing methods

are based on the neutral theory of evolution, in which mutations are generally divided into

three groups based on their supposed or observed effects: adaptive, neutral, and deleterious
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mutations. In the case shown here, however, individual amino acid substitutions were not

clearly divided into neutral and adaptive mutations, because various amino acid sequences

were potentially relevant to a certain selective pressure on a property of protein. In other

words, an evolutionary change in protein property was not always attributed to particular

amino acid substitutions. Probably for this reason, analytical methods that seek signals of

adaptive evolution by focusing on only nucleotide and amino acid sequences were sometimes

incapable of resolving the relationships between the evolution of amino acid sequences and

that of protein properties, as shown in this study. The findings of this study thus may give us a

new insight into molecular evolution. The analytical approach for investigating adaptation at a

molecular level, focusing on both "higher hierarchical "and" lower hierarchical" information

such as protein properties and amino acid sequences, will be important to study molecular

evolution, and also the evolution of molecular interaction networks and macrophenotypic

characters.

5.3. Relationship between diversity of fishes and the fish-specific genome doubling

It has been hypothesized that the fish-specific genome doubling or 3R-WGD, which

contributed largely to the formation of teleost genomes as shown by this study, has promoted

speciation among teleosts, leading to an increase in species diversity of teleosts (Vogel, 1998;

Meyer and Malaga-Trillo, 1999; Meyer and Schartl, 1999; Taylor et al., 2001; Taylor et al.,

2003). This hypothesis is mainly based on the theory that differential evolution of duplicated

genes among populations can cause reproductive incompatibility by the reduction in fitness of

hybrids, resulting in speciation (Ferris et al., 1979; Werth and Windham, 1991; Lynch and

Force,  2000B; Lynch, 2002). Extending this model, it can be assumed that a whole genome

doubling, which produces an enormous number of gene duplicates, provides numerous

opportunities for divergent evolution of duplicated genes and thus facilitates speciation events.
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It is also proposed that a genome doubling may reduce risk of extinction via functional

redundancy and mutational robustness of genes, and accordingly, increases species diversity

(Crow and Wagner, 2006). These notions imply a causal relationship between the 3R-WGD

and species diversity in teleosts.

However, the number of species of Teleostei (about 27,000) is almost the same as that

of Sarcopterygii (about 27,000 including tetrapods), which is a sister group to ray-finned fish

including teleosts and basal non-teleosts (see Fig. 1-1B; Nelson, 2006). Therefore, we cannot

conclude that the number of species of teleosts, which have experienced the 3R-WGD, is

much larger than that of sarcopterygians including tetrapods, which have not experienced the

3R-WGD. On the other hand, some authors focused on only ray-finned fishes, and pointed out

that basal non-teleosts (about 50 species including Polypteriformes, Acipenseriformes,

Semionotiformes, and Amiiformes), which may not have experienced the 3R-WGD, are poor

in number of species compared with teleosts, and thus the authors have proposed a causal

relationship between the 3R-WGD and species diversity in teleosts (Hoegg and Meyer, 2005;

Meyer and Van de Peer, 2005). Arguing against this notion, a study based on the fossil record

cautioned that teleosts are not necessarily more "diverse" or "species-rich" than non-teleosts,

when extinct lineages are taken into account (Donoghue and Purnell, 2005). Taken together,

the 3R-WGD may not be associated with species diversity in teleosts.

On the other hand, my study suggested that the 3R-WGD has contributed to genetic

differences among teleosts via lineage-specific loss or sub-neofunctionalization of a large

number of duplicated genes. This implies that the 3R-WGD contributed not merely to

morphological diversity, but rather to genetic and physiological diversity of teleosts. Such

effect of the 3R-WGD may underlie adaptive radiation of teleosts that inhabit a broad range of

ecological zones-from marine to fresh water, from deep sea to the shallow sea environments,

and from equatorial to polar regions. On the basis of this view, to characterize the difference

between teleosts and non-teleosts in relation to genetic effect of the 3R-WGD will be
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particularly valuable for understanding the evolution of teleosts, and consequently, the

evolution of vertebrates that have experienced WGD events (see Fig. 1-1A). This concern

needs to be addressed for future studies of fish genomes. Such genomic studies will also

provide useful information on sound conservation and management of fish stocks. For

example, this study suggested that the sticklebacks have a specific, possibly adaptive feature

in olfactory transduction system (see chapter2). Such knowledge will promote to develop a

proper conservation program for sticklebacks, avoiding disturbance of the natural chemical

environment of inhabitats of sticklebacks.
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