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Abstract

There has been great controversy between neutralists and selectionists
concerning what proportion of mutants contributed to gene evolution as
advantageous mutants. Several studies have shown that there are some genes
on which positive selection operates through comparison and statistical
analysis of nucleotide sequences, but no one have been able to estimate the
proportion of genes on which positive selection operates among all the genes
available. One reason is that conducting such research involves a large
amount of DNA sequence data and coordinated analysis in order to conduct
large-scale searches for candidate genes making full use of sophisticated
computers. The purpose of this study was to investigate the role of positive
selection in the course of gene evolution. For the first attempt, I estimated the
proportion of genes on which positive selection may operate utilizing a
large-scale search.

In PART I, I discuss the strategy and results of a large-scale search for
genes on which positive selection may operate. In this study, a large-scale
search is defined as search for genes which can fulfill certain criteria by
utilizing a large amount of DNA sequence data using the computers of high

level processibility including a super computer. The search was performed

iii




Abstract

using the following strategies: 1) alignment construction for the 3,595 groups
of homologous sequences of non-partial coding sequences available in the
DDBJ DNA Database Release 11; 2) comparison of numbers of synonymous
and nonsynonymous substitutions. From the search, 17 homologous gene
groups were obtained as candidate genes on which positive selection may
operate. They constituted 0.47% of all the gene groups examined in the study.
Interestingly enough, nine out of the 17 gene groups were for surface proteins
of viruses and parasites. A window analysis of numbers of synonymous and
nonsynonymous substitutions was performed to locate possible within-gene
regions subject to positive selection. The analysis indicated that a region
where the number of nonsynonymous substitutions was larger than that of
synonymous substitutions corresponded to a known antigenic epitope region.
In PART 11, an additional search was conducted to find genes which
contained a region or a segment subject to positive selection. This search was
performed because the nucleotide sites responsible for positive selection
usually are not spread throughout the entire gene even when positive selection
is operating. This was the cause of my inability to locate MHC genes in the
search in PART I, because positive selection is shown to be operating only on
the antigenic sites in MHC genes. In the new search shown in part 11, 192

gene groups were obtained as candidate genes having within-gene regions
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where positive selection may operate. They constituted about five percent of

all the genes examined.
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PART I

Large-Scale Search for
- Genes on Which
Positive Selection May
' Operate

Introduction

The neutral theory of molecular evolution maintains that fixation of
neutral mutations by random genetic drift‘within a population is the basis of
evolution of most genes (Kimura 1983). Adaptive mutations can contribute
‘ té gene evolution more directly than neutral mutations, though they may
’occur at an extremely low frequency. Most deleterious mutations, on the
other hand, do not contribute to gene evolution because they have a great
chance of being lost within a small number of generations even though they
may oécur at a high frequency. :

The genes on which positive selection operates are considered to have

an evolutionary characteristic in which the number (dy) of nonsynonymous

13




PART I A large-scale search for genes on which positive selection may operate

’ substitution is larger than that (ds) of synonymous substitutions, because
positive selection favors the nonsynonymous substitution which causes
adaptive amino acid changes rather than the synonymous substitution which
:5 does not cause any amino acid changes. By adopting this characteristic as the
criterion, it was been shown that the highly polymorphic genes for major
’histocompatibility complex (MHC) classes I and II, may be subjected to
 positive selection due to the fact that ds is significantly larger than dy at
 antigen recognition sites in the genes (Hughes and Nei 1988, 1989). Similarly,
several other genes can be considered candidate genes on which positive
selection may operate, such as the stomach lysozyme genes of ruminants
(Irwin and Wilson 1990), visual pigment genes (Yokoyama and Yokoyama

’ 1990), homeobox genes (Kappen et al. 1989), gamma hemoglobin (Fitch et al.
1991), alcohol dehydrogenase genes (Long and Langley 1993), ion channel
genes (Strong et al. 1993), growth hormone genes (Ohta 1993), a;-antitrypsin
genes (Ohta 1994), and abalone sperm lysin genes (Youn-Ho Lee et al. 1995).
Since these studies were conducted on the individual cases, the proportion of
such genes on which positive selection operates has been previously
unknown. Thus, it is very important to understand what proportion of genes

are affected by positive selection and the identity of these genes, in order to

understand not only the evolutionary mechanisms of the genes but also the




PART I A large-scale search for genes on which positive selection may operate

relationship between the evolutionary process and the functions of those
genes.

With the aim of answering these intriguing questions, I developed a
‘new method to facilitate a systematic search for candidate genes from the

- DNA sequence database on which positive selection may operate. In this

" ’method, I created a multiple alignment database of 3,595 homologous cDNA
_sequences, and estimated the numbers of synonymous and nonsynonymous

substitutions among all possible pairs in all homologous DNA sequences.

15




PART I A large-scale search for genes on which positive selection may operate

Materials and Methods

Construction of coding sequence database

The coding sequence database was constructed from a total of 57,741
_entries of DNA sequences in DNA Database DDBJ Release 11 which
:f,included the databases DDBJ, EMBL and GenBank. In the feature table of

entries, coding region is represented as follows:

CDS 262..1434
/note="transforming growth factor-beta precursor™
/codon_start=1
CDS join(671..857,1607..1752)
/product="Preproinsulin”
/codon_start=1
CDS join (complement (7420..7474),complement (7161..7284),
complement (5203..5326))
/note="preapolipoprotein C-III"
/codon_start=1
CDS complement (join(10731..10787, complement (9299..9965),
7559..9162))
/note="immediate early transcriptional activator IE110"
CDS <3..1232
/note="alpha-l-antitrypsin precursor”
/codon_start=1
CDS 1..849
/product="calpastatin”
/gene="calpastatin”
/codon_start=1
/partial

where the terms mean:

CDS coding region

join joining more than two fragments of sequence
complement the reverse-complement sequence of the region
/partial partial sequence

/pseudo pseudogene -

_ Toisolate coding regions and join them into a single cDNA sequence from

16




PARTI A large-scale search for genes on which positive selection may operate

these complicated grammatical expressions, I developed a computer program
named ‘cds]’ using programming languages C and ‘yacc’. ‘yacc’ stands for
‘vet another compiler compiler,” which was designed for creating compilers
of programming languages (Aho and Ullman 1977). Description errors for
coding regions in the database were carefully avoided by checking the
following points: 1) the number of nucleotides should be a multiple of three;
2) initiation codons must be ATG, CTG, GTG or TTG; and 3) no termination
codons should be contained within the described frames. I also excluded
partial sequences and pseudogenes from the present study by referring to the
feature table in entries of the database. As a result, nucleotide sequences for
24,832 complete coding regions were obtained from all the entries in the

database.

The database for homologous amino acid sequences

All the coding sequences extracted by cds/ were translated into the
amino acid sequences. The amino acid sequences obtained were then
categorized into an appropriate number of gene groups of homologous
sequences by using the computer program BLAST, which was designed for
homology search (Altschul et al. 1990). I'set 0.5 as the maximurgl threshold of

expected probability score in the homology search. Homologies of the

17




PARTI A large-scale search for genes on which positive selection may operate

‘sequence groups were then examined using the algorithm of global homology
search originally developed by Needleman and Wunsch (Needleman and
‘Wunsch 1970). I used only the sequences which had a similarity score larger
than 25% of the score of the original sequence. These homologous sequences
‘were then multiply-aligned to create the database called "SODHO Ver.2"
 (Gojobori et al. 1993). Recently, SODHO Ver.3 was constructed by applying

 the similar procedures to DDBJ Release 20.

Back translation of alignments of amino acid sequence into
alignments of DNA sequences

The multiple alignments of homologous amino acid sequences were
converted into nucleotide sequence alignments by referring to the

corresponding cDNA sequences. The set of resulting alignments was named

“cDNA multiple alignments.”

Search for candidate genes by comparing dy with ds for
whole coding sequences «a
Candidate genes on which positive selection may operate were

18




- PARTI A large-scale search for genes on which positive selection may operate

substitutions with that (dy) of nonsynonymous substitutions. The values of dg
aﬁd dy were estimated by Nei and Gojobori's (1986) method for all sequence
pairs in the cDNA multiple alignments for each gene group. If dy's were
larger than the dy's for more than half of the sequence pairs compared in a
particular gene group, the gene group was regarded as a candidate. I excluded
gene groups in which either ds or dy was larger than 1 to avoid the saturation
effect of nucleotide substitutions in the estimation process. I also inspected
the resulting alignments manually to exclude such things as frame shift. The

entire procedures for finding candidate genes are summarized in Figure 1.

Window analysis for ds and dy of candidate genes

In order to identify particular regions where positive selection may be
Qpérating within candidate genes, I conducted a window analysis.

A window was defined as a sequence region of with a 20-codon length
on an alignment of homologous genes. In a window analysis, ds and dy are
estimated for each window along the nucleotide sites, codon by codon, to test
whether dy is larger than ds. If dy is larger than ds in the within-gene region,

the region was considered to be subject to positive selection.




PART I A large-scale search for genes on which positive selection may operate

DDBJ/EMBL/GenBank DNA database 57.741  sequences
{ o
ocus AFMAMP105A 4410 bp ds-DHA BCT 15-SEP-1990 exc}udmb
DEFINITION A.marginale surface antigen AmF105 gene, complete cds. :
ACCESSION M32871 M32872 synthetlc sequences
REYWORDS  outer membrane protein TmpA; surface antigen.
SOURCE A.marginale (isolate Florida) initial body DNA, clones pFL10 and
PAMT1.
FEATURES Locauon/quanners
cDs 1972..
prodiaie e antigen Amf105"
7codon_start=1
misc_feature 2002
/note="tandem repeat region"
EASE COUNT 970 a 986 ¢ 1314 g 1140 t
ORIGIN
1 caagcegetg taggggcgaa aattgtaget tatctcecta
61 gtaacggcta aggtgtacgg tg
121 aagasqggas assagaggtt geggtotatt ggtaatgtca acgttectea aagegegtte
catgaatge tgtgactgeg
b tgcacastet qggc[atcgc
301 tegtacttte tacatcag; gcattcagee
toagtt gatagtceag
Non-partial

coding sequences

Amino Acid Sequences
cDNA sequence database
ENTRY APMAMF105A-1 BCT s :
NOTE surface antigen Amf105 Translation
DEFINITION A.marginale surface antigen AmF105 gene, complete cds. s
Qggﬁ;}.%“ w0 fdef=A.marginale surface antigen AmF105 gene, complete cds.
5 10 15 20 25 30 #56CO - the standard genetic code
I1MSAEYVSTQSDDSSSASGQQQESSVSSQSE
AsT sssa Ssvssos Nsurface antigen Amf105"
é} s-rsgégé}s\ggss;\(;ggggggsvss Q3n3§? atg tca gca gag tat gtg tcc acc cag tca gat gat agce teg tca geg agt ggt cag cag
91 TSSQLGADSSSAGGQQQESSVSSQSDQAST caa gag agt agt gtg tca tct caa agt gag gec agt aca teg tct caa tta gga get gat
1215 SQLEGADSSSAGGQQQESSVSSQSDQASTS agc tcg tca geg ggt ggt cag cag caa gag agt agt gtg tca tct caa agt gat cag goc
agt aca teg tct caa tta gga get gat age teg tca gog ggt gt cag cag caa gag agt
agt gtg tca tct caa agt gat cag gec agt aca tcg tot caa tta gga get gat age tcg
tca geg ggt ggt cag cag caa gag agt agt gtg tca tct caa agt gat cag gec agt aca
teg tet caa tta gga get gat age tcg tca geg ggt ggt cag cag caa gag agt agt gtg
tca tet caa agt gat cag gcc agt aca tcg tct caa tta gga get gat age tog tea gog
ggt ggt cag cag caa gag agt agt gtg tca tct caa agt gat cag gec agt aca teg tct
HO”IOIOgy SEGYC']I caa tta gga gct gat agc tcg tca geg ggt ggt cag cag caa gag agt agt gtg tca tct

24,610 sequences

Homology database SODHO Ver. 2

APMAMF10SA-1 LVRSHFEDSG LSLGSIRLVL MQVGDKLGLQ GLEIGEGYAT YLAQAFADSV VVRADVQSSG
APMAMIOSA-1 LVRSHFEDSG LSLGSIRLVL MQVGDKLGLQ GLKIGEGYAT YLAQAFADSYV VVAADVQSSG
ADMAMWOGA-1 LVRSHFEDSG LSLGSIRLVL MQVGDKLGLQ GLKIGEGYAT YLAQAFADSY VVAADRQSSD
APMAMVIOA-1  LVRSHFEDSG LSLGSIRLVL MQVGDKLGLQ GLKIGEGYAT YLAQAFADSV VVARDVQSSG

APMAMF10SA-1 I ANVETSWSLE D E AFVDFMFGGV SYNDGNASAR
APMAMIOSA-1 ACPTGLDSAL ASVETSWSLH GGLVRKDFDR DTKVERGDLE AFVDFMFGGV SYDDGNASAR
APMUMWEA-1 ACPASLDSAI ANVEKSWSLH GGLVSKDFDR D AFVDFMF SYDDGNASAR
ARMAMVT0A-1 ACSASLDSAL ANVETSWSLE GGLVSKGFDR D AFVDEMF B
APMAMF10SA-1 RSVIETIAGH VDALGISYNQ LDKLDADTLY SVVSFSAGSA IDRGAVSDAA DRFRVMMFGG
APMAMI9SA-1 RSVLETIAGH VDALGISYNQ s DRERVMMEG
APMAMWSEA-1 RSVLETIAGH VDALGISYNQ LDKLDADTLY SVVSFSAGYA IDRGAVSDAA DKERVMMFGG
APMAMV70A-1 ~RSVLETIAGH VDALGISYNQ Li I DKFRVIMFGG

Alignment of cDNA sequences

cDNA sequence alignments

APMAMFIO0S5A-1 gcg tge tct goc age ctt gac age geg atc gea aac gtt gag acg
APMRMISSA-1  gcg tgec cCt acc ggc ctt gac agc geg atc gea age gtt gag acg
APMAMWBEA-1  geg tge cct goc age ctt gac age geg atc gea aac gtt gag aag
RRMAMVTOA-1  gcg tgc tct goc age ctt gac age geg ate gca aac gtt gag acg

APMAMF105A-1 tcg tgg tcc ctg cac gge ggc ctg gta agc aaa ggt ttt gac cgt
APMAMI95A-1  tcg tgg tcc ctg cac gge ggo ctg gta cge aaa gat ttt gac cgt
APMAMWBEA-1  tcg tgg toc ctg cac ggc ggc ctg gta age aaa gat ttt gac cgt 3,595 gene groups
APMAMV70A-1  tcg tgg tcc ctg cac ggc gac ctg gta age aaa ggt ttt gac cgt

Estimation of ds and dx
using Nei and Gojobori's method

Estimates of ds and dy

APMAMF105A-1
APMAMISS) 0.0039 0.0217 APMAMI9SA-1
APMAMWS6A-1 0.0021 0.0123 0.0021 0.0215 APMAMWSB6A-1
APMAMVTOA-1 ©0.0023 0.0000 0.0068 0.0198 0.0045 0.0136

Gene groups among which dy > ds for
more than one half of all pairs

Candidate genes on which
positive selection may operate

Figure 1. Search strategies for genes on which positive selection operates.
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PART I A large-scale search for genes on which positive selection may operate

Results and Discussion

' Ratio of candidate genes on which positive selection may
operate

A total of 24,832 complete coding sequences were extracted from the
DNA sequence database. All of those sequences were classified into 3,595
homologous gene groups except for 4,845 unclassifiable sequences.
Unclassifiable sequences were defined as sequences that were not included in
any of the gene groups of the cDNA multiple alignments. Surveying the
3,595 homologous gene groups, I searched for gene groups which met the
"criterion of dy being larger than ds for more than half of the pairs in each gene
group. Finally, I obtained 17 gene groups considered as candidate genes on
which positive selection may operate (Table 1). The candidate genes thus

onstituted 0.47% of all the gene groups examined.

Members of candidate genes

Interestingly enough, eight of the 17 candidate genes were antigenic
urface proteins of parasites and viruses (Table 1). They included the outer

mernbrane protein gene (omp) of Chlamydia, an envelope protein gene of the




1. Gene groups on which positive selection may operate.

hosts, such as the immune system of vertebrates. 1 will discuss the

characteristic features later for the remaining gene groups.

PART I A large-scale search for genes on which positive selection may operate

equine infectious anemia virus, the merozoite surface antigen 2 (MSA42) gene
of malaria parasite Plasmodium falciparum, the E gene of phages G4, FX174
and S13, the glycoprotein gene, gH, of pseudorabies virus, the sigma-1
protein gene of the reovirus, the major surface protein (mspl ) of rickettsia
Anaplasma marginale, and an invasion plasmid antigen of Shigella. These
results might indicate that amino acid changes are taking place on these genes

in order to allow the organisms to escape from the defensive system of the

group

Representative species

—|
Z

ds?

dy”

oite surface antigen (MSAZ2) gene
surface protein (mspl ) gene
embrane protein (omp) gene

otein gH gene
protein gene

plasmid antigen gene (ipaC)
) plasmid antigen gene (ipaD)

Plasmodium falciparum
Anaplasma marginale
Chlamydia

Equine infectious anemia virus
Pseudorabies virus

phages G4, ¢ X174 and S13
Reovirus

Shigella

Shigella

Aplysia californica

Aplysia californica
Escherichia coli
Escherichia coli

Yersinia

Rat

Snake

Saccharomyces cerevisiae

~
Co

(PR Pe R U LTS IR N UV PE R i I = T RN

1.1x107'+1.6x107
5.4x107+6.0x10°
3.6x107+2.0x10™
1.0x10%+.2.6x10°
2.3%107+6.5x107
1.4x107'+8.4x107
3.4x107+1.2x107
0.0
2.0x10%+1.2x10™
1.1x107'+5.1x107
8.3x107+3.1x107
7.2x107+2.6x107
1.8x107°+1.7x10°®
5.2x107+2.5%x10™
1.7x10"'+1.5x107
2.8x10'42.6x107
4.7x107+1.1x10°

1.3x10741.2x102
1.4x10+5.8x107
1.2x101+1.8x10
1.1x10%£1.8x107
3.0x107°+1.0x107
1.7x107'+1.3x107
7.7x107+1.5x107
1.6x10°+1.2x10°°
2.4x10742.6x10™
1.6x107'+1.1x107
8.7x107+1.8x107
9.7x107+3.3x107
2.8x107°+1.0x10°®
6.7x10241.3x10*
1.9x10"4+2.4x107
3.7x10"'4+2.2x107
8.9x10°+1.4x107

1S per site.

ber of sequences. 2 The number of synonymous substitutions per site. %) The number of nonsynonymous




PART I A large-scale search for genes on which positive selection may operate

Identification of the within-gene region where positive
selection operates

With the aim of locating regions where positive selection operates
within candidate genes, I conducted a window analysis for all 17 candidate

genes. I will use the results for two candidate genes as examples.

(i) The case of merozoite surface antigen 2 genes of malaria

The first example is the merozoite surface antigen 2 (MSA2) genes of
malaria P. falciparum. Malaria is a well-known parasite that causes malarial
fe\}er. MSA?2 is known to be one of the genes expressed during asexual stages
n malarial life cycle (Smythe et al. 1988). Merozoite is the stage of the

- malarial life cycle in which malaria is exposed to the human blood stream
outside of the time of infection. Thus, it is quite possible that the genes
expressed in the merozoite stage are targets of the immune attack from the
human body. In fact, a high degree of polymorphism of MSA42, just like that in
- MHC genes, has been reported in various studies (Smythe et al. 1988, 1990,
1991; Elliott et al. 1990; Fenton et al. 1991; Marshall et al. 1991).

Figure 2 shows the results of the window analysis for two alleles of

MSA2. The window size is twenty codon length. It is clear from the figure
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PART I A large-scale search for genes on which positive selection may operate

’ that there are two regions (around 65-350 and 400-600) where the number of
nonsynonymous substitutions is high and no synonymous substitution is
observed. Although the function of the second region is not well understood,
 the first region corresponds exactly to an antigenic epitope already known
(Figure 3; Fenton et al. 1991). This suggests that positive selection 1s
operating on the antigenic epitopes of MSA2 to facilitate escape from the host
immune system. It also implies that the second region found in this analysis is
another possible antigenic epitope.

It is very interesting that no synonymous substitutions were found over
the entire region of MSA2. In the case of MSAI, another malaria surface
protein gene, a small number of synonymous substitutions have been
observed (Hughes 1991, 1992). One possible explanation is the short
divergence time between the alleles. This explanation, however, is unlikely,
because so many nonsynonymous substitutions were observed between the
.alleles. Another possibility is the reduction of synonymous substitutions. It
is noteworthy that the genome of P. falciparum is extremely A+T rich, the
G+C content being only 18% at the codon third positions (Musto et al. 1995).
” This implies that nucleotide substitutions occur mostly between A and T
through some kind of mutation pressure. It is clear from the genetié codes that

nucleotide changes between A and T alter coded amino acids even at the third
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