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Abstract

Many Saccharomyces cerevisiae duplicate genes that were derived from an
ancient whole-genome duplication (WGD) unexpectedly show a small synonymous
divergence (Ks), a higher sequence similarity to each other than to orthologues in S.
bayanus, or slow evolution compared to the orthologue in Kluyveromyces walltii, a
non-WGD species. This decelerated evolution'was attributed to gene conversion
between duplicates. Using ~300, WGD:- gene pairs infour species and their
orthologues in non-WGD species, the first part of my thesis shows that codon usage
bias and protein sequence conseryation are two important causes for decelerated
evolution of duplicate genes, whereas gene-conversion is effective only in the
presence of strong codon usage bias or protein sequence conservation. Further, |
found that change in mutation pattern or in tDNA copy number changed codon usage
bias and increased the K distance between K. waltii and S. cerevisiae. Intriguingly,
some proteins showed fast evolution before the radiation of WGD species but little or
no sequence divergence between orthologues and paralogues thereafter, indicating
that functional conservation after the radiation may also be responsible for decelerated

evolution in duplicates.

In the second part, I studied the effects of protein complexity (here defined as
the number of subunit types in a protein) on gene dispensability and gene
duplicability using functional genomic and protein structural data. I found that the

major distinction for gene duplicability in protein complexity is between
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hetero-complexes, each of which includes at least two different types of subunits
(polypeptides), and homo-complexes, which include monomers and complexes that
consist of only subunits of one polypeptide type. However, gene dispensability
decreases only gradually as the number of subunit types in a protein complex
increases. These observations suggest that the dosage balance hypothesis can explain
gene duplicability of complex proteins well, but cannot completely explain the
difference in dispensabilities between hetero-complex subunits. It is likely that
knocking out a gene coding for a hetero-complex subunit would disrupt the function
of the whole complex, so that the deletion effect on fitness would increase with
protein complexity. I also found that multi-domain polypeptide genes are less
dispensable but more duplicable than single domain polypeptide genes. Duplicate
genes derived from the whole genome duplication event in yeast are more dispensable
(except for ribosomal protein genes)ithan other duplicate genes. Further, I found that
subunits of the same protein complex tend to have similar expression levels and
similar effects of gene deletion on fitness. Finally, I estimated that in yeast the
contribution of duplicate genes to.genetic robustness against null mutation is ~ 9%,
smaller than previously estimated. In yeast, protein complexity may serve as a better

indicator of gene dispensability than do duplicate genes.

The last part is a study related to protein evolutionary rate. Recently,
translational selection, including mRNA expression, protein abundance, and codon
adaptation index, has been suggested as the single dominant determinant of protein
evolutionary rate in yeast. This study shows that protein structure is an important
determinant as well. Buried residues, which are responsible for maintaining protein
structure or located on a stable interaction surface, are under stronger constraints than
solvent-exposed residues. Partial correlation analysis shows that the variance of
evolutionary rate explained by the proportion of exposed residues (Pexposed) can reach
more than half of that explained by translational selection. This result suggests that

proteins with many residues involved in specific functions (e.g. maintaining structure
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or protein interaction) may evolve more slowly, which is consistent with the

“functional density” hypothesis.
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Chapter 1

General Introduction

For decades, Saccharomyces cerevisiae, also called budding yeast or baker’s
yeast, has been one of the best model organisms for genetics, cellular mechanisms and
physiological studies. This unicellular organism, unlike more complex eukaryotes,
can be grown on various laboratory conditions, which is important for functional
genomics analyses. Moreover, many of the substantial cellular functions are highly
conserved from yeast to mammals. In 1996, S. cerevisiae became the first completely
sequenced eukaryote (Goffeau et al., 1996). Comparative studies with the following
sequenced eukaryotic genomes therefore ushered in the “post-genomic era”. Here in
this dissertation I used yeast genomic data to.study a number of interesting

evolutionary problems.

One important biological evolutionary mechanism is duplication, which
provides extra genetic material that substantially ¢an be remodelled into “novel” gene
products. Lynch and Conery (2000) estimated gene duplication rate as one duplication
per gene per 100 million years using three completely sequenced eukaryote genomes.
Gao and Innan (2004) suggested that this rate should be two orders of magnitude
lower because there are many extensive concerted evolution via gene conversion
between duplicated genes. Using comparative genomics data from yeast species,
Wong, Butler and Wolfe (2002) showed that almost the entire S. cerevisiae genome
lies in duplicated sister regions, which suggests that the entire genome became
duplicated at some point, followed by rearrangement and gene loss. When the
genomes of Kluyveromyces waltii and Ashbya gossypii were completely sequenced
(Dietrich et al., 2004; Kellis, Birren and Lander, 2004), the whole-genome duplication
(WGD) event was finally confirmed and the ancient gene order was clearly identified.

About 10% of the WGD genes have been preserved after massive gene loss. One



member of each duplicate pairs often has evolved rapidly into a novel gene with a

derived function (Wagner, 2002; Kellis, Birren and Lander, 2004).

While a majority of yeasts cannot grow in the absence of oxygen (aerobic
yeasts), a majority species of the Saccharomyces complex can survive without any
oxygen (Pronk, Steensma and van Dijken, 1996; Moller, Olsson and Piskur, 2001).
The Saccharomyces sensu stricto yeasts, including S. bayanus, S. cariocanus, S.
cerevisiae, S. kudriavzevii, S. mikatae and S. paradoxus, represent an isolated and
well-supported monophyletic group with overall phenotypic similarity (Kurtzman and
Robnett, 2003). Kwast et al. (2002) showed that some of the segmental duplicated
genes have remodelled their expression to become dependent on the presence/absence
of oxygen and glucose. The number of shared regulatory motifs in the duplicates
decreases with evolutionary times, wheteéas the:total number of regulatory motifs
remains unchanged (Papp, Pal and Hurst, 2003a). The ribosomal proteins module can
switch from employing one cis-element into another through the formation of
redundant intermediate promoters hatbouring both cis-elements in a tightly coupled
configuration (Tanay, Regev and Shamir;2005). The loss of a specific cis-regulatory
element from dozens of genes following the apparent WGD event is connected to the
change in gene expression for mitochondrial and cytoplasmic ribosomal proteins, and
the emergence of the capacity for rapid anaerobic growth for these Saccharomyces
complex yeasts (Ihmels et al., 2005). These studies suggested that WGD apparently
provided new genes or regulatory elements, which were the basis for major
remodelling of metabolism, including the development of an efficient glucose

repression pathway and oxygen independence, in Saccharomyces complex.

Duplicate genes have also been used to explain the genetic robustness against
mutations through functional compensation (e.g., Nowak et al., 1997; Gu et al., 2003;
Conant and Wagner, 2004; Kafri, Bar-Even and Pilpel, 2005). Most S. cerevisiae

genes are nonessential under laboratory conditions (Winzeler et al., 1999; Glaever et



al., 2002; Steinmetz et al., 2002). Based on the dosage balance hypothesis (Veitia,
2002; Veitia, 2003), i.e., similar dosage among subunits in a protein complex is
preferred, Papp, Pal and Hurst (2003b) and Yang, Lusk and Li (2003) have shown
that protein complexity is an important determinant of gene duplicability. While based
on the dosage theory (Kondrashov and Koonin, 2004), duplication is preferred for
highly expressed genes. Deutschbauer et al. (2005) showed that the primary
mechanism of haploinsufficiency, which is defined as a dominant phenotype in
diploid organisms that are heterozygous for a loss-of-function allele, is due to
insufficient protein production. He and Zhang (2005) suggested that duplicate genes
have longer protein sequences, more functional domains, and more cis-regulatory
motifs than singleton genes. They also proposed that non-important (dispensable)
genes have higher probability to duplicate (He and Zhang, 2006), although other
studies showed that duplicate genesare usually Conserved, i.e., with remote

orthologues (Davis and Petrov, 2004; Jordan, Wolf'and Koonin, 2004).

Dispensable genes (Hirsh and Fraser, 2001; Yang, Gu and Li, 2003; Wall et al.,
2005; Zhang and He, 2005) or proteins with-more interactions (Fraser et al., 2002)
have also been proposed to evolve slowly. However, highly expressed proteins also
evolve slowly (Pal, Papp and Hurst, 2001; Rocha and Danchin, 2004; Wall et al.,
2005), and usually tend to be indispensable; meanwhile, their interactions may have
higher chance to be identified (Bloom and Adami, 2003; Pal, Papp and Hurst, 2003).
Recently, Drummond, Raval and Wilke (2006) proposed that translational selection,
including mRNA expression, protein abundance, and codon adaptation index, is the

single dominant determinant of protein evolutionary rate.

In the following chapters, I first studied how gene conversion and codon usage
bias affect the decelerated evolution of WGD genes. Then I collected protein complex

data to analyze its relationships with gene dispensability and gene duplicability, and



also reveal how protein complexity and protein structure may determine protein

evolutionary rate.




Chapter 2

Codon usage bias versus gene conversion in the evolution of yeast

duplicate genes




Introduction

Gene conversion has been extensively studied in yeast (Petes and Hill, 1988; Petes,
2001). Recently, Kellis, Birren and Lander (2004) identified 60 gene pairs in
Saccharomyces cerevisiae that were derived from an ancient whole-genome
duplication (WGD) but showed a small sequence divergence. They suggested that
these genes have undergone gene conversion for three reasons. First, in 90% of the
cases, both paralogues show decelerated evolution (at least 50% slower than the
orthologue in Kluyveromyces waltii). Second, nucleotides at fourfold degenerate
codon positions for these genes are highly conserved. Third, in about half of the cases,
the two paralogues in S. cerevisiae are closer in sequence to each other than either is
to its syntenic orthologue in S. bayanus. Similarly, Gao and Innan (2004) attributed
the small synonymous divergence (Kg) betwéen ancient duplicated genes in yeast to
gene conversion. However, most:-WGD-gene pairs with decelerated evolution (Kellis,
Birren and Lander, 2004) have an extremely strong codon-usage bias (Fig. 1).
Codon-usage bias is known to increase with gene expression level (Coghlan and
Wolfe, 2000; Akashi, 2001) and can slow-down synonymous divergence between
duplicate genes (Pal, Papp and Hurst, 2001). Therefore, I am interested to investigate
whether codon usage bias rather than gene conversion is more important for the

decelerated evolution.

Materials and Methods

Sequence data. I used the whole genome duplication (WGD) gene pairs in S.
cerevisiae and their orthologues in K. waltii (Kellis, Birren and Lander, 2004) and
Ashbya gossypii (Dietrich et al., 2004), and included their syntenic orthologues from
three other species, S. bayanus, S. mikatae and S. paradoxus (Kellis et al., 2003). All
sequences were aligned using the amino acid sequences with CLUSTAL W 1.83
(Thompson, Higgins and Gibson, 1994) and their corresponding DNA sequences were
therefore used. The synonymous nucleotide divergence (Ks) values were estimated

6



using PAML 3.14 (Yang, 1997). Codon adaptation index (CAI) values (Sharp and Li,
1987), each of which indicates the strength of codon usage bias, were obtained from

MIPS (Mewes et al., 2002) for S. cerevisiae genes.

Identification of gene conversion events. Numerous methods for gene conversion
identification have been developed, but these methods are either not suitable or not
powerful enough for the present analysis. For example, S. Sawyer’s method uses
measures of the distribution of identical synonymous sites between sequence pairs to
identify candidate regions of conversion (Sawyer, 1989). This method assumes a
neutral evolutionary process for synonymous sites and may therefore not be suitable
for yeast genes in which codon usage bias affects synonymous substitution. More
importantly, it does not use any outgroup for reference, so it is in general less
powerful than phylogeny-based methods. Other methods, such as those of Jakobsen
and coworkers (1996; 1997), rely:on the examination of site-by-site phylogenies and
the phylogeny for each site in amultiple alignment of-paralogues and orthologues is
tested for its support of conversion. Although-these methods are similar to what
proposed in this study, they suffer when there are multiple substitutions at individual
sites (Drouin et al., 1999). This may again be a problem in my analysis as [ am
examining the ancient duplicates retained from the whole genome duplication in yeast
in which multiple substitutions are common. Therefore, | have developed a related

algorithm for conversion identification.

[ used WGD orthologues in the 4 genomes, S. cerevisiae, S. bayanus, S. mikatae
and S. paradoxus. At nucleotide position i, let D; = the number of nucleotide
differences between the two nucleotides in paralogous gene 1 and gene 2 in species 1
(the species under study), and B;; = the number of nucleotide differences in gene j (j =
1, 2) between species 1 and its orthologue in species 2. Let B; = (B1; + Ba) / 2.
Sequences with gaps longer than 50% of the alignment were removed. For a gene
under study, species with only one (or no) paralogue available are also removed. Gaps
are all removed. For S. cerevisiae, S. paradoxus, or S. mikatae, B; is calculated

7



between the species under study and S. bayanus. For S. bayanus, B; is calculated as

the average of the differences between S. bayanus and the available three species.

Under the null hypothesis of no gene conversion, the distance (number of
differences) between the two paralogues in a species should be larger than or equal to
the distance between orthologues, i.e., D; - B; > 0, because the duplication event
occurred prior to speciation. Dynamic programming is used to select the segment

from site m to n that maximizes Z(Bt —D,). This segment has N sites, N=n-m + 1.

i=m

LetD= ZD[ and B = ZBi . If N > 20, the binomial probability to observe D <B

for a segment of N sites is calculated using the orthologous distance B as the expected
distance, i.e., D = B. This is a stringent criterion because the WGD event occurred

earlier than speciation events. The estimated probability is

P(B,D,N):kz_;k'(]\]]\” k)'(BJ (1—%) [1]

However, this segment always hasits-first'and last sites supporting B; > D;,
which may cause an overestimate of the significance. Therefore, I remove the first or

the last site of the segment, and recalculate B and D as ZBi and ZD[ , Or

i=m+1 i=m+1
n—1
ZB and ZDI , and obtain binomial probabilities p; and p,, respectively. The

i=m i=m

higher value of p; and p, is used.

The segments thus identified with the paralogous distance significantly smaller
than the orthologous distance might potentially be derived from gene conversion.
However, many possible segments of N sites can be selected from the entire gene
sequence, so it is necessary to take this factor into consideration. Therefore, for each
segment with a binomial probability p <0.01 computed from [1], an empirical

distribution of B for a segment of length N is constructed using 10,000 bootstrap



samples from {Bj, B, ..., Br}, where L = alignment length for the gene under
consideration. Then, it is possible to determine the significance of D by counting the
proportion of samples for which D < B. Segments with a binomial probability p <
0.01 and with an empirical probability < 0.01 are considered candidate gene

conversions.

Codon usage frequencies and tDNA genes. Relative frequencies of codon usage in
orthologues of WGD genes were calculated for the genomes of K. walltii, A. gossypii,
S. cerevisiae, S. bayanus, S. mikatae and S. paradoxus. Two sets of gene pairs were
obtained. S. cerevisiae genes with CAI > 0.5 were classified into the highly expressed
set and so were their orthologues in other species, whereas genes with CAI < 0.2 were
classified into the lowly expressed set. The Chi-square test was used to examine if a
codon is favored in highly expressed genes compared with lowly expressed genes. I
obtained tDNA genes of S. cerevisiae fromMIPS, and used the sequences and

genomic BLAST in NCBI to idéntify orthologues in the other 5 genomes.

Results and Discussion

I first use the hypothetical trees in Fig. 2 to explain that a gene conversion event can
distort the branch lengths and the topology of the phylogeny of duplicate genes and
their orthologues among species. For example, the distance between paralogues o and
a is expected to be longer than that between orthologues o and 3 (Fig. 2A) but the
opposite is true in Fig. 2B because of a gene conversion event. To see how often such
a situation has occurred in yeast duplicate genes, I studied ~300 WGD gene pairs in S.
cerevisiae and their syntenic orthologues from three related species, S. bayanus, S.
mikatae and S. paradoxus (Kellis et al., 2003). Because the WGD occurred prior to
the radiation of these species, in the absence of gene conversion the synonymous
distance (Ks) is expected to be larger between S. cerevisiae paralogues than between
orthologues in different species. I find that this expectation indeed holds in most cases,

with 93.4% of duplicate pairs in S. cerevisiae having a paralogous Ks greater than or



equal to the K between orthologues (Fig. 3). This result indicates that only in a small
proportion of these WGD duplicate genes has the tree topology been distorted by gene
conversion because only when a point is below the line in Fig. 3 would a distortion in
topology have occurred. Interestingly, most S. cerevisiae paralogous pairs with a
small Ks also show a small Kg between orthologues and many have a high codon
adaptation index value (CAl, a large circle in Fig. 3), a measure of codon usage bias
(Sharp and Li, 1987). This analysis suggests that decelerated evolution of S.
cerevisiae paralogues is at least in part due to biased codon usage, which serves as an

evolutionary constraint (Pal, Papp and Hurst, 2001; Hirsh, Fraser and Wall, 2005).

Here are two examples illustrating different effects of gene conversion and
codon usage bias on the evolution of duplicate genes. The first one is the gene pair
YGRI138C / YPR156C indicated by the'red arrow in Fig. 3. The small circle indicates
that these two genes have a weak:codonjusage bias (CAI 0.310/ 0.261), which is also
reflected in the large K distance between orthologues. However, contrary to
expectation, the Ks distance between the twe-S. cerevisiae paralogues is smaller than
those between orthologues (Fig. 3), suggesting that gene conversion has occurred
between the two S. cerevisiae paralogues. Indeed, the phylogenetic tree in Fig. 4A
shows that the paralogues in each of the first three species are clustered, indicating
gene conversions in these species after speciation. The second example is the gene
pair YMLO63W / YLR441C indicated by the green arrow in Fig. 3. The large circle
indicates a strong codon usage bias (CAI 0.769 / 0.696), which is reflected by small
Ks values. The tree topology is as expected (Fig. 4B), so it provides no evidence of
gene conversion. Despite this, the tree branches in Fig. 4B are in general much shorter
than those in Fig. 4A. Clearly, codon usage bias can slow down sequence evolution in
the entire tree, whereas gene conversion can shorten only sequence divergences

between paralogues, but not those between syntenic orthologues.
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To pursue the analysis further, I reconsidered the 66 duplicate gene pairs
identified by Gao and Innan (2004) to have a small Kg between S. cerevisiae
paralogues. I found that 57 of them were duplicated before the divergence between S.
cerevisiae and S. bayanus and only one of these 57 pairs (YGL147C / YNLO67W) is
not from WGD (Dietrich et al., 2004; Kellis, Birren and Lander, 2004). In the 57
phylogenies for these 57 pairs, only 8 pairs showed a completely distorted tree
topology (suggesting conversion in all lineages) like Fig. 4A, 23 pairs showed a
partially distorted topology, while about half of them (26 pairs) showed no topology
distortion (Table 1). I note that with the exception of two (YDL131W / YDL182W
and YDR312W / YHRO066W) all of the 57 pairs have a strong codon usage bias (CAI
> (.5). Therefore, in many of these gene pairs the small K values between S.
cerevisiae paralogues (and between orthologues) might be largely due to strong codon

usage bias constraint.

The above phylogenetic analysis, however, is not powerful enough for detecting
all gene conversion events because conversion-events involving only a small DNA
region are unlikely to change the tree topology. For this purpose, a statistical method
has been developed to detect gene conversion events and has been applied to ~300
WGD duplicate gene pairs in S. cerevisiae, S. paradoxus, S. mikatae and S. bayanus.
The main purpose is to see whether gene conversion occurred primarily in high CAI
genes. Indeed, Table 2 shows that about half of the genes with CAI > 0.7 have
undergone gene conversion events, while only 2% of the genes with CAI < 0.5 have
conversions (p < 10 * for all species). Apparently, codon usage bias increases the rate
of gene conversion by reducing the rate of sequence divergence. In the absence of
strong codon usage bias, synonymous divergence between duplicate genes increases

with time, and the chance of gene conversion is concomitantly reduced.

Another intriguing observation was that for most duplicate gene pairs that show

a small protein distance, the divergence between the K. waltii - A. gossypii and

11



Saccharomyces sensu stricto species lineages is much longer (e.g. Fig. 5). This
observation has been taken as evidence of gene conversion in the Saccharomyces
species under study (Kellis, Birren and Lander, 2004). However, I notice that in these
genes the protein distances are short not only between paralogues in the same species
but also between orthologues in different WGD species, indicating that protein
sequence conservation rather than gene conversion was the major cause of decelerated
evolution. In the period immediately following the WGD event the duplicate proteins
had apparently evolved rather rapidly (Fig. 5), likely due to relaxed functional
constraints following WGD or the emergence of anaerobic growth, which has been
found to be connected with cis-regulatory element evolution (Ihmels et al., 2005) .
During this period gene conversion might have played a key role in maintaining the
sequence similarity between the two paralogues. However, the rate of evolution had
evidently become very slow prior toithe radiation of the four Saccharomyces species
(Fig. 5) and this largely explainsiwhy the sequence divergence is small between not

only paralogues but also orthologues.

As for synonymous substitutions, previous studies showed that overlooking
nucleotide composition differences (Tarrio, Rodriguez-Trelles and Ayala, 2001) or
codon-usage patterns (Christianson, 2005) among sequences can mislead
phylogenetic reconstruction. An examination of the codon usage patterns reveals that
genes in K. waltii and A. gossypii have a stronger preference for G and C at third
codon positions than genes in the four Saccharomyces species (Table 3). This may be
one reason for the large Ks values in highly expressed genes between the K. waltii - A.

gossypii lineage and the Saccharomyces lineage.

It was proposed that codon-usage bias is generally correlated with overall
genome GC content, which is largely determined by mutational processes (Chen et al.,
2004). Moreover, in most prokaryotic genomes, codons that are favored in highly

expressed genes are well conserved (Rocha, 2004). In this study, the codon
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preferences for these yeast species also agree with their genome GC content, i.e., 44%
and 52% for K. waltii and A. gossypii, and 38% ~ 40% for the four Saccharomyces
species. However, although most favored codons are the same among these species
(Table 3), I found a switch of the preferred codon of glutamine (Gln) between CAA
and CAG and a switch of the preferred codon of glutamic acid (Glu) between GAA
and GAG between S. cerevisiae and A. gossypii. As shown in Table 4, these switches
might be due to changes in tDNA gene copy number. For instance, the numbers of
tDNA-Glu genes for anticodons TTC and CTC are 14 and 2 in S. cerevisiae but 3 and
8 in A. gossypii, and this may explain why the GAA codon is preferred in S.
cerevisiae, whereas GAG is preferred in 4. gossypii. Such a difference in codon
preference can increase the synonymous distance between species. The tDNA gene
phylogeny suggests that the change of gene copy number can be derived from a point
mutation at anticodon or from duplication/deletion of tDNA genes in the genome (Fig.

6).

Codon-usage bias is a compromise between compositional constraint (genomic
GC content) and natural selection acting at-the level of translation (Powell and
Moriyama, 1997; Musto et al., 1999; Kliman, Irving and Santiago, 2003). If these two
forces act in the same direction, for example, a preferred codon ending in Gor Cin a
GC-rich genome, codon-usage bias could be extremely strong for highly expressed
genes. On the other hand, the two forces may counteract each other; for example, a
preferred codon ending in G or C in an AT-rich genome may only have its frequency
slightly higher than 50% for highly expressed genes. This might explain why the high
divergence between the K. waltii - A. gossypii and the Saccharomyces sensu stricto

species mostly occurred in highly expressed genes.

Gao and Innan (2004) estimated the expected length of concerted evolution in S.
cerevisiae as 25 million years based on the theory the same group previously

proposed (Teshima and Innan, 2004) (= 9/51; 51 gene pairs shows concerted
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evolution at the divergence time between S. cerevisiae and S. bayanus, while 9 gene
pairs are still under concerted evolution at the divergence time between S. cerevisiae
and S. paradoxus). 1 selected 18 gene pairs for which the paralogues and orthologues
in S. cerevisiae, S. paradoxus and S. bayanus are all available and with CAI > 0.7.
Gene conversion was detected in 11 S. cerevisiae gene pairs. When I used S.
paradoxus to calculate the orthologous distance instead, 6 gene pairs still have gene
conversion events detectable. The expected length of concerted evolution for S.
cerevisiae genes with CAI > 0.7 thus estimated is 70 million years (f= 6/11; from S.
cerevisiae - S. bayanus divergence to S. cerevisiae - S. paradoxus divergence). Note
that this value may be underestimated because these genes are highly constrained and
have evolved slowly. Informative sites indicating gene conversion may be too few to
make the statistics significant. However, a similar estimate was obtained assuming the
duration of concerted evolution started at the WGD event and the WGD occurred 100
million years ago (= 12/21; from WGD to S. ‘cerevisiae - S. bayanus divergence).
Using the same method, I can estimate the expected lengths of concerted evolution for
S. cerevisiae genes with CAI between 0.5 and 0.7, and CAI < 0.5 as 20 million years
and 10 million years, respectively (f='4/31 and 4/238; from WGD to S. cerevisiae - S.

bayanus divergence).

In summary, this study suggests that codon usage bias and protein functional
conservation might have been more important than gene conversion for the
decelerated evolution of WGD duplicate genes in yeasts. Note that gene conversion
occurs only occasionally, whereas codon usage constraint and functional constraint of
proteins are constant forces that slow down sequence evolution. Furthermore, the rate
of gene conversion decreases as sequence divergence increases. For this reason gene
conversion may not be an effective means for long-term maintenance of sequence
similarity between duplicate genes in the absence of codon usage constraint or
functional constraint. In contrast, both codon usage constraint and protein functional

constraint can slow down sequence evolution in the absence of gene conversion. Of
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course, the three factors can have synergistic effects in maintaining high sequence

similarity between paralogues.
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Chapter 3

Protein complexity, gene duplicability and gene dispensability in the

yeast genome
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Introduction

Previous studies have suggested that most genes (~80%) of the budding yeast
(Saccharomyces cerevisiae) are nonessential under laboratory conditions (Winzeler et
al., 1999; Glaever et al., 2002; Steinmetz et al., 2002). Two mechanisms have been
proposed for explaining this phenomenon. The first is the existence of duplicate genes
(e.g., Nowak et al., 1997; Gu et al., 2003; Conant and Wagner, 2004; Kafri, Bar-Even
and Pilpel, 2005); that is, the loss of function in one copy can be compensated by the
other copy or copies. The second mechanism stems from alternative metabolic
pathways, regulatory networks, and so on (Wagner, 2000). Papp, Pal and Hurst (2004)
used an in silico metabolic flux model of the yeast metabolic network to address the
dispensability issue. They estimated that up to 68% of "dispensable" genes might
actually be important, but under conditions yetto be examined in the laboratory,
15-28% of dispensable genes are‘compensated by a duplicate, while only 4-17% are

buffered by flux reorganization-of the metabolic network.

In this study, I pursue the gene dispensability issue from the viewpoint of
protein complexity. The number of domains in a polypeptide (He and Zhang, 2005)
and the number of subunits in a protein complex (Yang, Lusk and Li, 2003) have been
used to describe gene complexity and protein complexity, respectively. Here I define
“domain complexity” as the number of domains in a polypeptide and “protein
complexity” as the number of different subunit types in a protein complex. Although
the number of protein interactions has been shown to correlate with protein deletion
lethality (Jeong et al., 2001), there are four reasons to investigate protein complexity.
First, the protein-protein interaction study was based on high-throughput data, which
may have high false positive and false negative rates (von Mering et al., 2002).
Second, subunits in a large complex without direct physical interactions to each other
may not be detected by yeast two-hybrid analyses. Third, the number of protein

interactions may reflect the number of functions or reactions that a polypeptide is
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involved, while a large complex may have only one specific function. Fourth, I am
also interested in comparing monomers and homo-multimers, which is not feasible

from protein interaction data.

Utilizing data on the fitness of heterozygotes for knockouts of essential genes in
yeast, Papp, Pal and Hurst (2003b) found a greater decrease in heterozygote fitness if
the gene is involved in a protein complex than if it is not, supporting the dosage
balance hypothesis (Veitia, 2002; Veitia, 2003). However, homozygous gene deletion
of a complex subunit may disrupt the protein function, which may be difficult to
compensate by duplicated genes or alternative pathways if the function is
cooperatively performed by multiple subunits. Further, Phadnis and Fry (2005)
showed a negative correlation between homozygous effects and dominance of
mutations (the ratio of heterozygous to homozygous effects) for all major categories
of genes, which implies heterozygous and homozygous gene deletions may not have
the same trend of fitness effect. It is therefore interesting to investigate whether the
fitness effect of homozygous gene deletion increases with protein complexity and

domain complexity.

The second purpose of this study is to re-examine the issue of the effect of
protein complexity on gene duplicability. Although Papp, Pal and Hurst (2003b) and
Yang, Lusk and Li (2003) have shown that protein complexity is an important
determinant of gene duplicability, the relationship between protein complexity and
gene duplicability is still not very clear. This is particularly so with respect to the
question of whether homo-complexes tend to have a higher gene duplicability than
hetero-complexes; although Yang, Lusk and Li (2003) considered this question, their

data was not sufficiently large to draw a clear conclusion.

The third purpose is to investigate whether duplicate genes derived from the

whole genome duplication event in the yeast (Wolfe and Shields, 1997; Dietrich et al.,
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2004; Kellis, Birren and Lander, 2004) and non-WGD duplicate genes show similar
relationships among protein complexity, duplicability, and dispensability. He and
Zhang (2006) found that a less severe fitness consequence of deleting a duplicate gene
than deleting a singleton gene is at least in part due to the reason that duplicate genes
are intrinsically less important than singleton genes. I wish to obtain a better estimate
of the contribution of duplicate genes to gene dispensability in the yeast genome
because the estimate by Gu et al. (2003) did not subdivide duplicate genes into WGD
and non-WGD genes and did not consider the possibility of different gene
duplicabilities for homo- and hetero-complexes. In this study, for simplicity, I include
monomers, which consist of a single polypeptide, in the class of homo-complexes
because, as will be seen later, monomers and homo-complexes show small differences

in both gene dispensability and gene duplicability.

Materials and Methods

Identification of duplicate genes and singletons. An all-against-all FASTA
(Pearson and Lipman, 1988) search was conducted for the whole set of S. cerevisiae
protein sequences to obtain the list of singleton (single-copy) and duplicate genes as
described in Gu et al. (2003). A whole genome duplication dataset was obtained from
the genes listed in either Kellis, Birren and Lander (2004) or Dietrich et al. (2004).
Although some gene pairs in the WGD dataset are quite diverged and may not satisfy
the duplicate gene definition, they are still used in this analysis. The genes that did not
satisfy the criteria for being singletons or duplicate genes were classified as twilight
zone genes. The proportion of singleton families, P, was calculated as the number of
singletons divided by the sum of the number of singletons and the number of

duplicate gene families; 1 - P is used as a measure of gene duplicability.

Data on fitness effect of gene deletion. The growth rates of each yeast

single-gene-deletion strain under various conditions were obtained from Steinmetz et

al. (2002) (YDPM, http://www-deletion.stanford.edu/'YDPM/YDPM _index.html)
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with five growth media: YPD, YPDGE, YPG, YPE and YPL; and from Glaever et al.
(2002) with six extra conditions: YPGal, Minimal, Ph8, NaCl, Sorbitol and Nystatin.
Each strain contains the precise homozygous diploid deletion of one ORF in the yeast
genome. Genes annotated as essential in MIPS (Mewes et al., 2002)

(http://mips.gsf.de/) or in YDPM were removed from this growth rate dataset because

there is a possibility that an essential strain could be detected due to cross
hybridization of a tag from another non-essential strain. The remaining genes were
used and I calculated the fitness values (f) as the extent of survival and reproduction
of the deletion strain relative to the pool of all strains grown and measured
collectively (Gu et al., 2003). Essential genes annotated in both MIPS and YDPM
were sequentially included, and their fitness values were assumed to be 0. All genes
were subdivided into four groups according to their f'values: (1) the deletion has a
weak or no fitness effect in all conditions studiedif /i, > 0.95, where fiin is the
smallest f'value among all 11 growth conditions;(2) the deletion has a moderate effect
if 0.8 < fmin < 0.95; (3) the deletion has a strong effectiif 0 < fy,i, < 0.8; and (4) the
deletion is lethal and f'is set as 0."To avoid including pseudogenes and erroneously
predicted genes, only ORFs with gene names'in MIPS, YDPM or SGD

(http://www.yeastgenome.org/) were kept for further analyses. Dispensable genes are

defined as genes with a weak or no deletion fitness effect, i.e., fmin > 0.95.

Similar to Papp, Pal and Hurst (2003b), I only used the growth rates of
heterozygous strains obtained on YPD substrate from Steinmetz et al. (2002) to
estimate their haplosufficiency. Only genes with two measurements from repeat
experiments were retained, and average growth rates were calculated. Relative
heterozygous fitness was calculated as the relative growth rate to the pool of all

strains.

Collection of protein complexity data. Domain complexity data is obtained from
Deng et al. (2002). Protein complexity is defined here as the number of different
polypeptide types in a protein complex, not as the number of polypeptide subunits as
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defined in Yang, Lusk and Li (2003). The information of protein complexity was

assembled from the complex or subunit descriptions in Swiss-Prot/TrTEMBL

(http://us.expasy.org/sprot/), MIPS, and SGD. A protein was regarded as a complex
only when the descriptions of all components agreed with each other. A careful
manual survey of published papers was made to verify these annotations. For example,
in MIPS category 100, calcineurin B includes three entries; however, they do not form
a hetero-trimer, but, instead, a regulatory subunit and two catalytic subunits form two
kinds of hetero-dimers. I also used each gene name and several keywords to find

literature on PubMed (http://www.ncbi.nlm.nih.gov/) and Google Scholar

(http://scholar.google.com/) to increase the dataset. Homo-complexes (each composed

of only one polypeptide type) were divided into monomers, homo-dimers, and
homo-multimers, while hetero-complexes (each composed of more than one gene
type) were classified according to the number of subunit polypeptide types.
Polypeptides appearing in more than one complex were classified as multi-complex
subunits, and the largest complex that a protein is'invelved was designated for the
polypeptide. Cytoplasmic and mitochondrial ribosomal proteins were treated

separately from other proteins.

Fitness values and expression levels among complex subunits. Since a protein
complex could be a functional unit, its components should have similar deletion
fitness effects. To test this hypothesis, hetero-complex genes, not including ribosomal
and multi-complex proteins, were subdivided into dispensable (i.e., with a weak or no
gene deletion effect) and indispensable, or lethal and nonlethal to examine if subunits
of the same complex tend to have the same effect. I also wish to know, after excluding
those dispensable and lethal genes, whether the fitness values of the subunits of a
protein complex are still more similar than random gene pairs. For this purpose, I only
keep genes with a strong or moderate deletion effect. The mean fitness difference
between complex subunits is calculated and compared with the distribution of mean

difference between randomly selected gene pairs. This random selection was repeated
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107 times. For comparison, the fitness difference between duplicate genes (Gu et al.,

2003) is also examined using the present method.

Similar procedures were applied to compare protein expression levels among
complex subunits. TAP-tagged protein abundance data (Ghaemmaghami et al., 2003)

were obtained from Yeast GFP Fusion Localization Database

(http://yeastgfp.ucsf.edu/). Codon adaptation index (CAI) values, each of which

indicates the strength of codon usage bias, were from MIPS.

Results

Protein complexity and gene dispensability. Previous studies used either only
complex/non-complex dataset (Ge et al., 2001; Papp, Pal and Hurst, 2003b; Poyatos
and Hurst, 2004; Teichmann and Veitia; 2004; Phadnis and Fry, 2005) or used
proteins of no recorded interaction as menomers.(Yang, Lusk and Li, 2003). I
collected a more extended and reliable protein complex dataset, so that an analysis of
different protein complexities isfeasible. Table S shows the fitness effects of gene
deletions for subunits of homo-complexes-and subunits of hetero-complexes. The
proportions of genes with weak (or lethal) fitness effect of deletion for monomers,
homo-dimers, and homo-multimers are not significantly different from one another (p
> 0.1). Thus, the number of subunits in a homo-complex protein, including monomers,
does not seem to affect gene dispensability significantly. In contrast, subunits of a
hetero-complex tend to have a lower dispensability than subunits of a homo-complex,
especially when the number of subunit types becomes larger than 2. This trend is also

observed for the proportion of genes with lethal deletion effect (Table 5).

Protein complexity and gene duplicability. I compared the proportions of singleton,
duplicate, and twilight zone genes for homo- and hetero-complex subunits (Table 6).
The proportion of duplicate genes (including WGD and non-WGD duplicates) is

consistently higher than 40% for all homo-complex proteins; the differences between
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monomers and homo-dimers or homo-multimers are not significant (p > 0.1). In
contrast, subunits of hetero-complexes have a much lower proportion of duplicate
genes; the proportion decreases from 25% to 16% as the number of complex subunit
types increases from 2 to > 9, though this weak trend is not statistically significant (p
> (.1). In terms of the proportion of singleton families (P), the P value increases from
75% to 91% as the number of subunit types in a hetero-complex increases from 2 to >
9. Note that the differences in gene duplicability between subunits of
homo-complexes (monomers, homo-dimers, or homo-multimers) and subunits of
hetero-complexes (subdivided according to their subunit types) are all significant (p <
0.01). Yang, Lusk and Li (2003) showed that complex proteins are less duplicable
than monomers. This study further indicates that in terms of gene duplicability the
major distinction is between homo-complexes and hetero-complexes. It is likely that
only duplication of a gene for a subunit in a hetéro-complex may cause dosage

imbalance.

I then compared the proportion:of hapleinsufficient genes (heterozygous
deletion fitness value obtained on YPD; substrate < 0.99) among indispensable genes
(homozygous deletion fitness value obtained on YPD substrate < 0.95) for
homo-complex subunits. I found that homo-multimers are significantly more
haploinsufficient (7/24) than homo-dimers + monomers (6/73, p < 0.05), which
suggests that maintaining a sufficient protein dosage is more essential for
homo-multimers (Kondrashov and Koonin, 2004). This result implies that many
duplicates of genes for homo-multimer subunits were possibly retained due to protein
dosage requirement. Compared to monomers, most duplicates of genes for
homo-multimer subunits were from non-WGD events (p < 0.05, Table 6). This result
supports the above observation because unlike WGD, which occurs rarely, non-WGD
duplication can occur more frequently and duplicate genes can be retained if there is

an increased requirement of protein dosage. I also found that the low duplicability of
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subunits of large hetero-complexes (composed of 9 or more subunit types) is largely

due to their small number of WGD duplicates (p < 0.05, Table 6).

Ribosomal proteins. Ribosomes are the largest protein complexes in the yeast
proteome. The WGD duplicates have been retained for most of the cytoplasmic
ribosome proteins, but not for mitochondrial ones (Table 6). This phenomenon might
be explained (1) by the dosage theory (Kondrashov and Koonin, 2004), i.e., after the
WGD event a larger dosage would be required in the cytoplasm than in the
mitochondria, and (2) by the dosage balance hypothesis (Veitia, 2002; Veitia, 2003),
i.e., similar concentrations of subunits in the same protein complex are selectively
preferred; otherwise, the imbalanced dosage of subunits may significantly reduce the
final concentration of the protein complex. When a singleton cytoplasmic ribosomal
subunit is deleted, its function cannot be'compensated and the whole ribosome is not
functional (10 out of 13 singleton genesshave a lethal deletion effect), whereas
deletion of a subunit with duplicates may only cause dosage deficiency and imbalance,
but may not be lethal (91 out of 107 duplicate genes -have strong or moderate deletion
effects, but only 3 of them are lethal). Interestingly, most mitochondrial ribosome
subunits are not essential (only with strong deletion effects), despite the fact that they

are singleton genes.

Sequence similarity and gene dispensability. The dataset was subdivided into WGD
and non-WGD sets, and also homo-complexes, hetero-complexes, and proteins
without complex annotation (excluding ribosomal proteins). These genes were further
subdivided according to the K of each gene to its most similar paralogue in the
genome. Their cumulative distributions of fitness effect of gene deletion were
compared (Fig. 7). Surprisingly, the correlation between gene deletion fitness effect
and K, is weak, especially for WGD genes (Kolmogorov-Smirnov test, p > 0.1),
though this correlation was considered as strong evidence of functional compensation

among duplicates (Gu et al., 2003). On the other hand, non-WGD hetero-complex
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subunits with K < 0.4 are more dispensable than subunits with Kx > 0.4 (Fig. 7B, p <
0.001); however, subunits with K4 > 0.4 are less dispensable than twilight zone and
singleton genes (p < 0.001). For non-WGD homo-complex subunits, genes with K >
0.4 have similar fitness distributions (Fig. 7D), while genes with Kx < 0.4 are more
dispensable (p < 0.05). Similar results are found for non-WGD genes without protein
complex annotations (Fig. 7F). In this case, gene dispensability is increased when K

is < 0.6 (p < 0.05).

Because protein complexity is an important determinant of gene duplicability
(Papp, Pal and Hurst, 2003b; Yang, Lusk and Li, 2003), one may suspect that the
higher dispensability of subunits of a homo-complex protein is mainly due to a higher
proportion of duplicate genes for subunits of homo-complex proteins in the genome.
Figure 7 indicates that when the distance of'€ach gene to its most similar paralogue is
controlled, homo-complex subunits still;are much more dispensable than
hetero-complex subunits, especially for non-WGD genes. This result suggests that the
higher dispensability for homo-complex subunits is not due to their abundance of
duplicate genes. I further analyzed gene dispensability with protein complexity for
hetero-complex subunits. When I removed duplicate genes to regenerate the
relationships between fitness effect of gene deletion and protein complexity (Fig. 8),
the observation that gene dispensability decreases as the number of subunit types in a
protein complex increases (Table 5) still holds, except that the dispensability of
homo-complex subunits is slightly decreased. Therefore, I suggest that the higher
dispensability of genes coding for subunits of small hetero-complexes (or
homo-complexes) cannot be attributed to functional compensation of duplicated genes.
On the other hand, protein complexity may serve as a better indicator of gene

dispensability than does gene duplication, as will be discussed later.

Domain complexity and protein complexity. Since a protein domain may be the

functional unit, one may expect multi-domain polypeptides to have lower
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dispensability. Indeed, Figure 9 shows that multi-domain polypeptides (with >2
domains) are significantly less dispensable than single-domain polypeptides. This
difference is more significant when polypeptides for which no domain information is
available are included in single-domain polypeptides. I found that 43% of
hetero-complex subunits and 55% of homo-complex subunits are multi-domain
polypeptides (p < 0.001). This result suggests that the proportion of multi-domain
polypeptides cannot explain the low dispensability of hetero-complex subunits. On
the other hand, one may suspect that the larger number of domains in the
homo-complex avoids the need for a hetero-complex, implying that it might be the
total number of domains of all the subunits of a protein complex that is a determinant
of gene duplicability. To test this hypothesis, I only consider subunits of
homo-complex or hetero-complex for which the summation of domain numbers in a
complex is 2~4. Duplicate genes areiexcluded. The result indicates that
hetero-complex subunits are still' less dispensable than homo-complex ones (51 genes
out of 192 genes with weak deletion fitness effects for hetero-complex subunits; 30
genes out of 70 genes for homo-complex subunits; p'< 0.05). Among these genes,
hetero-complex subunits should have fewer domains than homo-complex subunits.
Therefore, I suggest protein complexity should be a more important determinant of

gene dispensability than domain complexity.

Previous studies showed that domain complexity (He and Zhang, 2005) and
protein complexity (Papp, Pal and Hurst, 2003b; Yang, Lusk and Li, 2003) both are
important determinants of gene duplicability. Therefore, it is interesting to investigate
whether these two factors correlate with each other since homo-complex subunits
have a higher proportion of multi-domain polypeptides. Table 7 reveals that when the
domain number in a polypeptide increases from one to > 2, its gene duplicability (1 -
P) also increases from 35% to 64% for homo-complex subunits (p < 107%), and from
10% to 45% for hetero-complex ones (p < 10™). Moreover, homo-complex subunits

are more duplicable than hetero-complex subunits when the number of domains is
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controlled (p < 107 for single-domain polypeptides; p < 10~ for polypeptides with 2
domains; the difference is not significant for polypeptides with > 2 domains due to the
small sample size). This result suggests domain complexity and protein complexity

are largely independent with respect to gene duplicability.

Similar dispensabilities and expression levels for the subunits of a complex.
Complex subunits were subdivided into dispensable (i.e. with a weak or no gene
deletion effect) and indispensable, or into lethal and nonlethal genes (Table 8). The
proportions of each combination of subunit pairs found in the same complex and
those of randomly selected gene pairs were compared. The observed number of
subunit pairs with the same fitness effect category was found to be much higher than
expected. Therefore, complex subunits tend to display similar fitness effects of gene
deletion. It has been reported that proteins in'the same interaction module also have
similar dispensability (Poyatos and Hurst, 2004). Because most genes are distributed
at the two extreme ends of fitness effect of gene deletion, it is interesting to ask
whether the above conclusion still-holds if only genes with strong or moderate
deletion effects are considered. The ‘answer-is yes, no matter which growth condition
is considered (Table 9). Although duplicated genes may have a chance to compensate
each other’s function (Gu et al., 2003), I found that under most conditions duplicate
gene pairs are not as similar to each other in gene deletion effect on fitness as the
subunits of a complex. The reason might be that many duplicated genes have already
functionally diverged, whereas the subunits of a complex usually play the same

functional role.

Under the dosage balance hypothesis, complex subunits should have similar
protein expression levels. Using the same method described above, i.e., comparing
with randomly selected gene pairs, | find that similarity indeed exists for protein
expression levels of complex subunits. The mean logarithm difference of TAP-tagged

protein abundance values between hetero-complex subunits is significantly less than
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the mean difference between random gene pairs (p << 10”). For proteins that do not
have abundance data (~one third of the genes), the codon adaptation index (CAI) was
used to infer the expression level. I found that the mean difference in CAI values
between subunits of a protein complex is only half of the mean difference between
random gene pairs (p << 107). This result is comparable to Ge et al.’s (2001) finding

that genes encode interacting proteins tend to have similar expression profiles.

Discussion

Different trends of dispensability and duplicability for hetero-complexes. It was
noted above that although subunits of hetero-complexes composed of 2 subunit types
are less dispensable compared with subunits of homo-complexes (Fig. 8), the
difference is not significant (p > 0.1). In contrast, the dispensability of
hetero-complexes composed of 3~4 subunit-types is significantly lower (p <0.01). In
other words, when the number of subunit types increases, gene dispensability
decreases gradually, instead of a sharp difference between homo- and
hetero-complexes. On the other hand; although gene duplicability (1 - P) correlates
with protein complexity, the difference in gene duplicabilities between subunits of
hetero-complexes composed of 2 and > 9 subunit types is not significant. Although
the insignificance could be due to a small sample size, both duplicabilities are
significantly less than the duplicability of homo-complex subunits. The duplicability
dramatically decreases from 46% ~ 51% for homo-complex subunits to 9% ~ 25% for
hetero-complexes subunits (Table 6). The reason might be only duplication of a gene
for a hetero-complex subunit may cause serious dosage imbalance. This observation
suggests that the dosage balance hypothesis can explain gene duplicability of complex
proteins well (Papp, Pal and Hurst, 2003b; Yang, Lusk and Li, 2003), but cannot
completely explain the difference in dispensabilities between hetero-complex

subunits.
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It is likely that knocking out a gene coding for a hetero-complex subunit would
disrupt the function of the whole complex. This viewpoint is supported by the above
result that subunits in the same complex tend to have similar deletion fitness effects.
If the function of a protein complex is determined by most or all of its subunits, to
compensate its lost function may need another complex either from duplicated genes
or from alternative pathways. This effect may be more harmful than a complex
concentration reduction derived from subunit duplication or heterozygous deletion
(dosage imbalance). On the other hand, the formation of a large protein complex may
take a long time in evolution. Therefore, losing the function of a large complex may
be more severe than losing the function of a small one. This might explain why the

dispensability of hetero-complexes decreases with protein complexity.

Functional compensation by duplicate genes: Non-WGD genes were subdivided
into hetero-complexes, homo-complexes, and genes‘without complex annotations (Fig.
7). The contribution of duplicate genes to genetic robustness was estimated using Gu
et al.’s method (2003). The result indicates that the dispensability of 1, 10, and 106
genes out of 104, 93, and 1086 dispensable-genes might be attributed to gene
duplication for these three categories, respectively. The proportion of the contribution
of duplicate genes to genetic robustness is thus estimated to be 9% (117/1283) for
non-WGD genes. He and Zhang (2006) found that less important genes tend to have a
higher gene duplicability than important genes and suggested that this difference can
partly account for a less severe fitness effect of deleting a duplicate gene than deleting
a singleton gene. In the case studied here, the high dispensability of non-WGD genes
with Ka < 0.4 may partly be due to recent duplications of less important genes, rather
than all from functional compensation by duplicates. Therefore, the contribution of
duplicate genes to dispensability may not be as high as previously estimated (23%, Gu
et al., 2003).
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It is worth noting that, except for ribosomal proteins, most of the ~400 WGD
gene pairs that have been retained (Dietrich et al., 2004; Kellis, Birren and Lander,
2004) are dispensable (Fig. 7). For genes with the same protein complexity and with
the same range of K, to their most similar paralogues in the genome, WGD genes are
consistently more dispensable than non-WGD duplicate genes. The difference is
statistically significant for hetero-complexes, for homo-complexes with K5 > 0.4, and
for genes without complex annotation and with Kx > 0.6 (KS test, p <0.05). This
result implies that in the majority of cases the dispensability of WGD genes may not
be due to functional compensation from their duplicates, because functional
compensation should have similar effects for WGD and non-WGD duplicates. An
alternative explanation is that dispensable genes might have a higher chance to be
retained than indispensable genes following the WGD event. This result echoes the
previous observation that dispensablée (less important) genes have a higher
duplicability (He and Zhang, 2006). The reason Gu et al. (2003) overestimated the
contribution of duplicate genes to dispensability is likely because their singleton
dataset includes many hetero-complex-subunits, while duplicate gene dataset includes

many homo-complex subunits and WGD ‘genes, which are dispensable intrinsically.

Another set of WGD genes are cytoplasmic ribosomal proteins, which, as
mentioned earlier, tend to be indispensable. While deletion of a singleton cytoplasmic
ribosomal subunit usually has lethal effect, deletion of a ribosomal subunit with
duplicates may only cause dosage deficiency and imbalance (strong or moderate
effect), but may not be lethal (Table 5). This fact suggests functional compensation
exist for these WGD ribosomal proteins. However, although deletion of a ribosomal
subunit with duplicates may not be lethal, such deletion is still evolutionarily
deleterious. It is likely that their duplicates are retained mainly due to dosage

requirement, but not due to functional compensation.
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Chapter 4

Protein structure and evolutionary rate
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Introduction

The issue of what factors determine protein evolutionary rate has drawn much
attention in recent years. Two major theories have been proposed to explain the
variance of protein evolutionary rates. One is that functionally less important proteins
evolve faster than more important ones (Ohta, 1973; Kimura and Ohta, 1974; Wilson,
Carlson and White, 1977), which was supported by the weak but significant
correlation between gene dispensability and protein evolutionary rate (Hirsh and
Fraser, 2001; Yang, Gu and Li, 2003; Wall et al., 2005; Zhang and He, 2005). The
other is that the rate is primarily determined by the proportion of residues involved in
specific functions (functional density, Zuckerkandl, 1976). Fraser et al. (2002)
suggested that proteins with more interactions evolve more slowly because they have
higher functional density. Other studies'tepofted that a protein evolves slowly if (1)
the protein is highly expressed (Pal, Papp and Hurst;2001; Rocha and Danchin, 2004;
Wall et al., 2005), (2) the protein is involved in stable.complexes (Teichmann, 2002),
(3) the protein is involved in interaction hubs situated in single modules (Fraser,
2005), or (4) the protein occupies a central-position in networks (Hahn and Kern,
2005). However, some of the above results were questioned because the levels of
gene expression were not controlled (Bloom and Adami, 2003; Pal, Papp and Hurst,
2003). Recently, Drummond, Raval, and Wilke (2006) proposed that translational
selection is the single dominant determinant, and provided an explanation why gene
or protein expression level governs the evolutionary rate (Drummond et al., 2005).
Most of these studies only considered characters of a whole protein, but did not look
into differences in evolutionary constraints among residues. It is therefore interesting

to investigate whether there are other dominant determinants.

Materials and Methods

Yeast genomic data. | obtained nonsynonymous rates (K,) from Wall et al. (2005),
protein interaction modules from Han et al. (2004), mRNA expression level from
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Holstege et al. (1998), protein abundance from Ghaemmaghami et al. (2003), and
codon adaptation index (CAI) values from Drummond, Raval and Wilke (2006); CAI
indicates the strength of codon usage bias (Sharp and Li, 1987). Protein complexity
and gene dispensability data are obtained as described in chapter 2. Genes without
gene names were excluded. Principal component regression was performed using R
with the package ‘pls’ (Ihaka and Gentleman, 1996). Protein abundance and mRNA

expression level was log transformed.

Solvent accessibility predicted using homology model. PDB homologues for each
open reading frame (ORF) were obtained from the Saccharomyces Genome Database

(SGD, http://www.yeastgenome.org/). The solvent accessible surface areas (ACC) for

each residue of the PDB homologue with the highest p value were obtained from

DSSP (http://swift.cmbi.ru.nl/gv/dssp/) (Kabsch and Sander, 1983). Relative solvent

accessibility (RelACC) was the ACC foreach.residue subdivided by the maximum
value of ACC for the certain anmiing acid (représented-using percentage), which is
estimated from a Gly-X-Gly extended tripeptide.conformation. Here I define residues
with RelACC higher than 25% as exposed residues, and the others as buried. The
proportion of exposed residues (Pexposed) for each PDB homologue was thus

calculated.

Solvent accessibility predicted using supporting vector machine (SVM). SVM
prediction was performed as described in Hsu (2005) using 480 proteins from Kim
and Park (2004) as training dataset, and position-specific scoring matrices (PSSM),
secondary structure profiles, and hydropathy indexes as feature factors. A 7-fold cross

validation test yields 78% accuracy.

Results and Discussion

I first studied the relationship between the number of hetero-complex subunit types

(excluding ribosomal proteins) and nonsynonymous substitution rates (K,) for
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Saccharomyces cerevisiae genes, because the total number of subunits present in a
macromolecular complex or the fraction of a protein’s residues directly involved in
intermolecular contacts should be more relevant than a protein’s total number of
interaction partners (Bloom and Adami, 2004). The negative correlation between
these two factors (n =479, p = 1.3x 10'8, R*= 6.6%) is consistent with Teichmann’s
(2002) finding that stable complex proteins evolve more slowly. However, the
number of hetero-complex subunit types also correlates with mRNA expression level
(n=760, p=1.3 x 10"°, R* = 8.1%). Partial correlation analysis shows that the
correlation between protein complexity and K, is reduced when translational
selections, especially mRNA expression, are controlled (Table 10). This result
suggests that subunits of a large complex tend to be highly expressed, or, alternatively,
protein complex data are possibly biased, i.e., highly expressed protein complexes

have a higher chance to be identified ‘and studied:

A recent study indicated-that residues in the buried core and residues on the
solvent-exposed surfaces are under different selection pressures and with different
substitution patterns (Tseng and Liang, 2006). While the core residues of a protein are
important in maintaining protein structure, only part of the surface residues are
involved in ligand binding, enzymatic reactions or protein-protein interactions. If
residues on the stable protein interaction surface are also treated as buried ones when
the protein complex is considered as a whole, I speculate that exposed residues may
evolve at a faster rate than buried residues. I obtained PDB homologue for yeast open
reading frames (ORFs) from Saccharomyces Genome Database (SGD), and calculated
the proportion of exposed residues (Pexposed) Of the sequences. Partial correlation
analysis shows that Pexposea indeed correlates with K, (Table 10). However, the
proportion of response’s variance explained by the component, R, is not high. One
possible reason is that some PDB structures only include one or partial subunits, but
not necessarily the entire protein complex. In this case, residues on the stable

interaction surface, which should be buried in vivo, are mistakenly treated as exposed

34



ones in the PDB structure. Therefore, Peyposed may be overestimated for large complex

subunits.

To overcome this problem, I used supporting vector machine (SVM) to predict
Pexposed directly for each yeast ORF without the use of three-dimensional structures.
The result indicates that although the accuracy of SVM prediction is only 78%, the
predicted Peyposea does represent substantial information, and significantly correlate
with evolutionary rate (Table 10). The variance of evolutionary rates explained by
Pexposed 1S more than half of that explained by mRNA expression or protein abundance,
and even slightly more than that explained by codon usage bias measured by the
codon adaptation index (CAI Sharp and Li 1987). It should be noticed that, although
partial correlation analysis may be unreliable when data are noisy and the correlation
is weak (Drummond, Raval and Wilke;'2006); the correlation found here is very
strong. On the other hand, principal component regression analysis may also cause
some misleading. The reason is-that principal component transformation only
guarantees that the transformed eomponents are independent to each other and the
prior components contain most information; but does not guarantee that the
transformed vectors are biologically meaningful. When three translational selection
related predictors are used to perform the analysis (Table 11), they compose the
majority part of the first component and contribute 26.5% of the variance of Ka, while
Pexposed contributes only about 5%. However, an opposite result is derived when two
protein structure-related predictors and CAI are used (Table 12). To represent
translational selection more relevantly, I used the first component in the principal
component analysis for the three predictors (mMRNA expression, protein abundance
and CAI) to perform partial correlation with Peyposed and Ka (Table 10). The result
described above is still hold. This suggests that Pexposed cOntributes at least 5%~10%
to variation in protein evolutionary rate and should be the most important known

determinant except for gene expression.
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Fraser (2005) showed that party hubs (Han et al., 2004; proteins interact with
most of their partners simultaneously) evolve slower than date hubs (proteins interact
with different partners at different times). Since most party hubs are protein
complexes, while date hubs are not (Han et al., 2004), I compared Peyposea between
them. Not surprisingly, party hubs have a smaller Pexposed (49.7%) compared with date
hubs (56.9%, t-test p = 5.0 x 10'5). It is reasonable to speculate Pexposea should also
explain part of the difference of evolutionary rates between party and date hubs.
Similarly, subunits of a large hetero-complex should have more protein interactions,
and be less dispensable (as described in chapter 2). Peyposed may therefore underlie the
correlations (Hirsh and Fraser, 2001; Fraser et al., 2002; Yang, Gu and Li, 2003; Wall

et al., 2005; Zhang and He, 2005) between these two factors and evolutionary rate.

It is worth noting that, proteins.with high-P..,.s.d may evolve slowly or fast,
whereas proteins with a low Peypésed always have low. evolutionary rates (Fig. 10).
This result suggests that protein-three-dimensional structure only provides a general
index, i.e., buried resides can not freely evolve. Some exposed residues may be
functionally important and thus conServed;e.g., residues at active sites or ligand
binding sites. While translational selection governs the rate of evolution for the whole
protein (Drummond, Raval and Wilke, 2006), this study shows that “functional
density” (Zuckerkandl, 1976) negatively correlates with protein evolutionary rate, i.e.,
a protein with more residues involved in specific functions may evolve more slowly. I
expect that a better correlation will be found when the proportion of functionally
important residues can be appropriately defined rather than a rough estimation using

the proportion of exposed residues.
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Table 1. Gene pairs duplicated before the divergence between S. cerevisiae and S.

bayanus that have a small K between S. cerevisiae paralogues as identified by Gao

and Innan (2004).

Gene pairs

CAI values

Gene pairs

CAI values

With completely distorted tree topology

With no topology distortion

YHLO033C /YLL045C
YGLI135W /YPL220W
YBRO31W /YDRO12W
YBR009C / YNLO30OW
YHR203C /YJR145C
YMR186W / YPL240C
YDL131W /YDL182W
YDR312W / YHRO66W

0.842/0.849
0.832/0.821
0.803/0.812
0.734/0.627
0.709 / 0.695
0.581/0.518
0.329/0.321
0.160/0.189

With partially distorted tree topology

YBR181C/YPL090C
YEL034W / YJR047C
YBRI8OW / YPLOS1W
YCRO31C/YJLI91IW
YHR141C /YNL162W
YLR029C /YMR121C
YFRO31C-A/YILO18W
YGL147C / YNLO67W
YDLO083C/YMR143W
YDL136W /YDLI91W
YGLO031C/YGR148C
YBL072C / YER102W
YDLO75W / YLR406C
YBRO048W / YDR025W
YGRO85C / YPR102C
YGRO027C / YLR333C
YBLO027W / YBR084C-A
YNL301C/YOLI120C
YHLOO1IW / YKLOO6W
YDLO082W / YMR142C
YLR287C-A/YORI182C
YBLO87C / YER117W
YBL002W / YDR224C

0.846 /0.837
0.814/0.704
0.810/ 0,507
0.805 /0:590
0.795 /0.769
0.783 / 0.436
0.773 /0.764
0.771/0.778
0.764 /0.677
0.759/0.798
0.759/0.756
0.747/0.718
0.737/0.630
0.733/0.705
0.727/0.781
0.716/0.612
0.708 / 0.686
0.680/0.812
0.680/0.684
0.652/0.742
0.642/0.748
0.624 / 0.648
0.563/0.658

YERO074W / YIL0O69C
YJL190C / YLR367W
YMR230W / YOR293W
YDR450W / YMLO026C
YDR418W / YEL054C
YERO056C-A / YIL052C
YDL061C/ YLR388W
YDR447C / YML024W
YNL302C/YOLI121C
YOR234C /YPL143W
YGRILISW / YPR132W
YER131W./ YGL189C
YDR500C /-YLR185W
YLR441C /YMLO63W
YIL136C L.YKROS7TW
YBRIOTW / YPLO79W
YJL177W / YKL180W
YGRO034W / YLR344W
YGR214W / YLRO48W
YMR242C / YOR312C
YLR448W / YMLO073C
YMR194W / YPL249C-A
YIL133C/YNL069C
YNL096C / YOR096W
YJR094W-A / YPR043W
YLR264W /YOR167C

0.816/0.756
0.812/0.523
0.802/0.840
0.775/0.733
0.766 / 0.605
0.763 /0.781
0.760 / 0.653
0.757/0.810
0.757/0.794
0.730/0.747
0.726 /0.789
0.711/0.781
0.711/0.700
0.696 /0.769
0.693/0.596
0.691/0.733
0.680/0.809
0.677/0.631
0.668 /0.733
0.665/0.697
0.627/0.672
0.620/0.800
0.611/0.723
0.597/0.747
0.571/0.872
0.561/0.528
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Table 2. Number of gene pairs (with detected gene conversion events / total)

CAI>0.7 0.7>CAI>0.5 CAI<0.5 p value
S. cerevisiae 12/21 4/31 4/238 <10®
S. paradoxus 9/18 3/28 3/215 <10®
S. mikatae 8720 4/29 3/161 <10®
S. bayanus 15/21 11/31 6 /246 <10®

Only detected conversion events longer than 20 bp were reported.
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Table 3. Relative frequencies of codon usage for different anticodons in yeast species

S. cerevisiae S. paradoxus S. mikatae S. bayanus K. waltii  A. gossypii

a.a. Codon Relative frequencies of codon usage (highly / lowly expressed genes)

Ala  GCU  0.69/0.32 0.67/0.32 0.68/0.33 0.62/0.29 0.45/0.31 0.35/0.18

Ala  GCC  0.24/0.20 0.25/0.21 0.24/0.20 0.31/0.25 0.44/0.22 0.39/0.24

Ala  GCA  0.03/0.32 0.03/0.31 0.03/0.31 0.02/0.29 0.03/0.28 0.05/0.22

Ala  GCG  0.00/0.13 0.00/0.13 0.01/0.12 0.00/0.14 0.03/0.16 0.16/0.34

Arg CGU 0.13/0.13 0.15/0.12 0.14/0.13 0.15/0.12 0.18/0.15 0.14/0.12

Arg CGC 0.00/0.06 0.00/0.06 0.00/0.06 0.01/0.07 0.03/0.15 0.15/0.28

Arg CGA  0.00/0.08 0.00/0.08 0.00/0.08 0.00/0.07 0.00/0.11 0.00/0.07

Arg CGG  0.00/0.04 0.00/0.04~ 0.00/0.04_ 0.00/0.05 0.01/0.10 0.05/0.24

Arg AGA 0.85/046 0.82/0.45  0.84/:047.70.84/0.46 0.77/0.30 0.63/0.14

Arg AGG 0.01/0.24 0.02/0.24+ +0:02--0:23 ./ 0.01 /0.23 0.02/0.17 0.03/0.15

Asn  AAU  0.13/0.62 0.15/0:61 7:0:1870.62 0.11/0.55 0.07/0.51 0.06/0.41

Asn  AAC  0.87/0.38 0.85/0.39 0.82/0.38 0.89/0.45 0.93/0.49 0.94/0.59

Asp GAU  043/0.67 0.45/0.66 0.46/0.68 039/0.61 0.16/0.55 0.14/0.44

Asp GAC 0.57/0.33 0.55/0.34 0.54/032 0.61/039 0.84/0.45 0.86/0.56

Cys UGU 0.89/0.61 0.91/0.60 092/0.63 092/0.58 0.61/0.48 0.43/0.35

Cys UGC 0.11/0.39 0.09/0.40 0.08/0.37 0.08/042 0.39/0.52 0.57/0.65

Gln CAA  0.98/0.67 0.97/0.66 0.97/0.66 0.99/0.65 0.56/0.54 0.21/0.30

Gln CAG 0.02/0.33 0.03/0.34 0.03/0.34 0.01/0.35 0.44/0.46 0.79/0.70

Glu GAA  0.95/0.69 0.95/0.68 0.93/0.68 0.96/0.67 0.31/0.54 0.13/0.38

Glu GAG 0.05/0.31 0.05/0.32 0.07/032 0.04/033 0.69/0.46 0.87/0.62

Gly GGU 0.93/0.39 0.92/0.39 093/041 0.91/0.38 0.80/0.31 0.52/0.20
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Gly GGC 0.05/0.21 0.05/0.22 0.04/020 0.07/024 0.15/0.28 0.40/0.40
Gly GGA 0.01/0.26 0.02/0.25 0.02/025 0.01/021 0.04/0.25 0.02/0.16
Gly GGG 0.00/0.14 0.01/0.15 0.01/0.14 0.01/0.17 0.01/0.16 0.06/0.25
His CAU  0.28/0.66 0.30/0.65 033/0.67 027/0.62 0.09/0.54 0.08/0.44
His CAC 0.72/0.34 0.70/0.35 0.67/0.33 0.73/0.38 0.91/0.46 0.92/0.56
Ile AUU  0.48/0.45 047/044 049/044 038/040 0.28/0.41 0.26/0.34
Ile AUC 0.51/0.24 0.51/0.25 049/0.24 0.60/0.30 0.71/0.34 0.71/0.41
Ile AUA 0.01/0.31 0.02/0.31 0.02/0.31 0.02/0.30 0.01/0.25 0.02/0.25
Leu UUA 0.16/0.28 0.17/027 021/028 0.16/024 0.01/0.13 0.01/0.09
Leu UUG 0.75/0.26 0.71/0.27 0.68/0.27 0.73/0.28 0.67/0.21 0.57/0.18
Lew CUU 0.01/0.13 0.03/0.133%°.0.02 /0,13 0.02/0.12 0.06/0.19 0.05/0.13
Leu CUC  0.00/0.06 0.00:/0.06 — 0/01 /0.06- 0.01/0.07 0.05/0.15 0.07/0.16
Leu CUA  0.06/0.15 0.06/0.14; .0.07/0.14 0/07/0.15 0.12/0.14 0.15/0.13
Lew CUG 0.01/0.12 0.02/70.12 0.02/0.12.* 0.01/0.15 0.08/0.18 0.15/0.32
Lys AAA  0.17/0.60 0.19/0.59 0.21/0.60 0.15/0.56 0.09/0.50 0.04/0.33
Lys AAG  0.83/0.40 0.81/041 0.79/040 0.85/0.44 0.91/0.50 0.96/0.67
Met AUG 1.00/1.00 1.00/1.00 1.00/1.00 1.00/1.00 1.00/1.00 1.00/1.00
Phe UUU 0.21/0.61 0.23/0.60 0.25/0.61 0.16/0.54 0.15/0.51 0.15/0.44
Phe UUC  0.79/0.39 0.77/0.40 0.75/0.39 0.84/046 0.85/0.49 0.85/0.56
Pro CCU 0.12/0.32 0.14/031 0.15/0.32 0.13/0.28 0.27/0.33 0.18/0.20
Pro CCC 0.00/0.17 0.01/0.18 0.01/0.17 0.02/0.21 0.04/0.20 0.10/0.22
Pro CCA  0.88/0.38 0.85/0.37 0.84/038 0.85/036 0.67/0.32 0.61/0.24
Pro CCG 0.00/0.14 0.01/0.15 0.00/0.13 0.00/0.15 0.01/0.15 0.10/0.33
Ser UCU 0.53/0.24 0.53/0.24 0.57/024 0.49/0.22 042/022 0.29/0.16
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Ser UCC 0.36/0.14 0.35/0.15 032/0.14 041/0.17 0.41/0.15 0.44/0.17
Ser UCA  0.04/0.22 0.04/0.22 0.04/022 0.04/0.20 0.03/0.18 0.03/0.12
Ser UCG 0.01/0.10 0.01/0.11 0.01/0.10 0.00/0.12 0.06/0.14 0.17/0.21
Ser AGU  0.03/0.17 0.03/0.17 0.03/0.18 0.03/0.16 0.02/0.15 0.01/0.11
Ser AGC 0.03/0.12 0.03/0.12 0.03/0.11 0.03/0.12 0.06/0.17 0.05/0.22
Thr ACU  0.52/0.32 0.51/0.32 0.53/033 042/0.29 0.34/0.30 0.22/0.20
Thr ACC  0.44/0.19 0.44/0.20 042/0.19 0.55/023 0.59/0.23 0.59/0.25
Thr ACA  0.03/0.33 0.04/0.32 0.04/0.33 0.03/0.30 0.04/0.28 0.04/0.24
Thr ACG  0.00/0.16 0.01/0.16 0.01/0.15 0.00/0.17 0.03/0.19 0.15/0.31
Trp UGG 1.00/1.00 1.00/1.00 1.00/1.00 1.00/1.00 1.00/1.00 1.00/1.00
Tyr UAU  0.15/0.59 0.16/0.59¢%°.0.18 /0,60 0.09/0.54 0.07/0.45 0.07/0.37
Tyr UAC  0.85/0.41 0.84/0.41  0.82/040091/046 0.93/0.55 0.93/0.63
Val GUU  0.56/0.37 0.55/0.36| 0:56/0.36 10.45/0.32 0.33/031 0.23/0.21
Val GUC  041/0.18 0.41/0.19 040/0.18.* 0.51/0.22 0.50/0.22 0.46/0.23
Val GUA 0.01/0.24 0.01/024 0.02/025 0.01/021 0.01/0.20 0.01/0.14
Val  GUG  0.03/0.21 0.03/022 0.02/022 0.02/0.25 0.15/0.27 0.29/0.41

a. a.: amino acid. Favored codons in highly expressed genes relative to lowly

expressed genes are shown in bold (p < 0.05).
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Table 4. Numbers of tDNA genes for different anticodons in yeast species

a. a. - Anticodon S. cerevisiae S. paradoxus S. mikatae S. bayanus K. waltii  A. gossypii
Asp - ATC 0 0 0 0 0 0
Asp - GTC 16 19 16 16 10 10
Cys-ACA 0 0 0 0 0 0
Cys - GCA 4 3 4 4 4 3
Gln - TTG 9 9 9 9 6 4
Gln - CTG 1 1 1 1 4 4
Glu - TTC 14 15 14 14 7 3
Glu - CTC 2 2 2 2 9 8
His - ATG 0 0 0 0 0 0
His - GTG 7 7 7 7 4 5
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Table 5. Relationships between protein complexity and fitness effect of gene deletion

Proportions (numbers) of genes with lethal, strong, moderate

Total # of
Protein structure * and weak deletion effect on fitness
genes

Lethal Strong Moderate Weak
Monomer 109 19% (21) 22% (24) 18% (20) 41% (44)
Homo-dimer 127 20% (26) 17% (22) 20% (26) 42% (53)
Homo-multimer 83 16% (13) 24% (20) 17% (14) 43% (36)
Hetero-complex (2) 166 25% (41) 22% (37) 19% (32) 34% (56)
Hetero-complex (3~4) 219 37% (81) 24% (52) 18% (40) 21% (46)
Hetero-complex (5~8) 190 59% (112) 15% (29) 12% (23) 14% (26)
Hetero-complex (9~) 213 58% (124) 28% (60) 8% (18) 5% (11)
Cytoplasmic ribosome 126 139% (17) 29% (37) 45% (57) 12% (15)
Mitochondrial ribosome 62 3% (2) 84% (52) 5% (3) 8% (5)

* The number in the parentheses for hetero-complexes indicates the number of subunit

types.
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Table 6. Relationships between protein complexity and gene duplicability

Proportions (numbers) of duplicate, twilight zone, and  Proportion

Total singleton genes of
Protein structure * # of singleton
WGD Non-WGD .
genes Twilight Singleton families,
Duplicate Duplicate p
Monomer 109  26% (28) 14% (15) 30% (33)  30% (33) 54%
Homo-dimer 127 20% (26) 22% (28) 23% (29)  35% (44) 54%
Homo-multimer 83 18% (15) 30% (25) 19% (16)  33% (27) 49%
Hetero-complex (2) 166 12% (19) 13% (22) 39% (65)  36% (60) 75%
Hetero-complex (3~4) 219 10% (23) 7% (16) 31%(67)  52% (113) 85%
Hetero-complex (5~8) 190  10% (19) 11% (20) 36% (69)  43% (82) 80%
Hetero-complex (9~) 213 3%(7) 13%(28) 30% (63)  54% (115) 91%
Cytoplasmic ribosome 126 80% (101)  5%(6) 5% (6) 10% (13) 21%
Mitochondrial ribosome 62 0% (0) 0% (0) 16% (10)  84% (52) 100%

* The number in the parentheses for hetero-complexes indicates the number of subunit

types.
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Table 7. Relationships between protein complexity, domain complexity and gene
duplicability

Proportions (numbers) of duplicate, twilight zone, and Proportion of

singleton genes

Protein structure singleton

Duplicate Twilight Singleton families, P
Homo-complex subunits

31% (44) 25% (36) 44% (63) 65%
with one domain
Homo-complex subunits

49% (48) 23% (23) 28% (27) 47%
with 2 domains
Homo-complex subunits

47% (36) 34% (26) 19% (15) 36%
with > 2 domains
Hetero-complex subunits

12% (54) 27% (120) 61% (273) 90%
with one domain
Hetero-complex subunits

19% (33) 44% (77 37% (64) 79%
with 2 domains
Hetero-complex subunits

28% (47) 51%1€86) 21% (35) 55%

with > 2 domains

One-domain polypeptides include polypeptides for which no domain information is

available.
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Table 8. Expected and observed proportions (numbers) of pairwise fitness

combinations for hetero-complex subunits

Expected proportion

(all possible pairwise

Observed proportion

(combinations found

p value (Fisher’s

exact test)

combinations) in the same complex)
Dispensable vs. Dispensable 3.2% (9045) 4.4% (71) 8.7x 107
Dispensable vs. Indispensable 29.5% (83295) 12.2% (197) 5.1x10%
Indispensable vs. Indispensable  67.3% (190036) 83.4% (1350) 7.6 x10%
Lethal vs. Lethal 19.8% (55945) 45.4% (735) 22x 10"
Lethal vs. Nonlethal 49.5% (139695) 18.6% (301) 1.1 x 10
Nonlethal vs. Nonlethal 30.7% (86736) 36.0% (582) 6.2x10°

The numbers of dispensable, indispensable, lethal,.and nonlethal genes are 135, 617,

335, and 417, respectively.
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Table 9. The mean value of fitness difference between randomly selected gene pairs

and between complex subunits or duplicate gene pairs

Complex subunits / random pairs Duplicate genes / random pairs
Mean of fitness Mean of fitness

Conditions difference p value difference pvalue
YPD 0.116/0.142 3.6x10° 0.120/0.147 3.7x10*
YPDGE 0.105/0.141 <1x107 0.109/0.141 33x10°
YPG 0.136/0.232 <1x107 0.156 /0.230 <1x107
YPE 0.140/ 0.245 <1x107 0.169 / 0.247 <1x107
YPL 0.131/0.209 <1x107 0.130/0.206 <1x107
YPgal 0.105/0.133 3.0x10° 0.099 /0.129 3.0x 10
Minimal 0.138/0.158 73 %107 0.123/0.173 6.6 x 10°
Ph8 0.132/0.176 <1x107 0.142/0.161 2.6 x 107
NaCl 0.111/0.135 54x10* 0.112/0.140 1.1x 107
Sorbitol 0.100/0.122 7.5 x 107 0.124/0.127 3.7x 10"
Nystatin 0.115/0.145 42 %107 0.117/0.139 8.9x 107

Only genes with strong or moderate deletion effect on fitness are included.
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Table 10. Partial correlation analyses between six factors and K

The factor correlated with K n P R’ The factor controlled
Number of hetero-complex subunit types 465 3.1x107 1.0% mRNA expression
Number of hetero-complex subunit types 372 8.5x 107 4.0% Protein abundance
Number of hetero-complex subunit types 479 3.1x107° 6.9% CAI

Pexposed (PDB homologues) 984 1.3 %107 1.9% mRNA expression
Pexposed (PDB homologues) 739 3.4 %107 2.3% Protein abundance
Pesposed (PDB homologues) 1026 52x107  2.4% CAI

Pexposed (predicted using SVM) 2153 <10 10.9% mRNA expression
Pexposed (predicted using SVM) 1602 <10 12.5% Protein abundance
Peyposed (predicted using SVM) 22670107 13.2% CAI

mRNA expression 2153 <107" 17.4% Pexposed (SVM)
Protein abundance 1602 <10 13.9% Pexposed (SVM)
CAI 2267 <10 11.8% Pexposed (SVM)
Pexposed (predicted using SVM) 1568 <10 11.3% Translational selection®
Translational selection® 1568 <10 18.3% Pexposed (SVM)

* The first component in the principal component analysis for mRNA expression,

protein abundance, and CAI values.
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Table 11. Results of principal component regression analysis on four predictors and

K, for 1568 genes

Principal components

1 2 3 4

Percent variance in predictors 58.3 23.0 10.0 8.7
Percent variance explained (R®) in K 26.5%** 4 9Fx* 0.1 0.1
Percent contributions

mRNA expression 32.6 0.4 6.3 60.7

Protein abundance 30.8 1.4 65.4 24

CAI 304 6.1 28.0 35.5

Pexposed (predicted using SVM) 6.2 92.1 0.3 1.4

* p<0.05; ¥ p <10 *** p <107, Bold indicates that the indicated predictor

contributes at least 20% to the indicated component.

56



Table 12. Results of principal component regression analysis on five predictors and

K, for 1026 genes

Principal components

1 2 3 4 5

Percent variance in predictors 30.1 23.0 21.2 16.1 9.6
Percent variance explained (R®) in K 19.3%** 12.1%%* 0.6* 0.0 1.7*
Percent contributions

Prexposed (predicted using SVM) 47.1 0.6 4.4 2.2 45.7

Peyposea (PDB homologues) 40.4 11.8 3.7 1.5 42.6

Dispensability 0.3 28.3 379 33.0 0.4

Protein length 0.9 27.1 51.2 9.9 10.9

CAI =2 32.3 2.8 53.4 0.4

* p<0.05; ¥ p < 10 *** p < 10", Bold indicates that the indicated predictor

contributes at least 20% to the indicated ‘component.
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Ratio, r

0 1 2 3 4 5 6

K s between paralogues in S. cerevisiae

Figure 1. Let div (4, ») represent protem dlvergence between sequences a and b; SCI,
SC2, and K represent S. cerevzszae ‘copyl,; 40‘py2 and thelr orthologue in K. waltii
following Kellis, Birren and Lander (2004) The ratlo qr is defined as div (sci, sc2) / (div

&, scn t div &, sc2)). Gene pairs shewmg decelerated evolutlon (small ratio r)
correspond to gene pairs with small Ks *values Copy 1 and 2 are represented as dark
gray and light gray circles. The circle diameter indicates its CAI value, which
represents its codon usage bias (Sharp and Li, 1987). For gene pairs with Ks less than

0.75, 87% genes (92/106) show CAI values higher than 0.5.

58



gene
duplication

speciation

gene >
conversion

gene
duplication

speciation

gene
conversion |7
b

]
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Figure 2. (A) Genes a and a (b and 3) are paralogues derived from a gene duplication,
and a and b (o and ) are orthologues derived from a speciation event. Dark gray and
light gray lines indicate the distances between paralogues (a and o) and orthologues,
respectively. (B) o was converted by a. (C) o was converted by a, and 3 was
converted by b. (D) o was converted by a, and b was converted by 3. Note that gene
conversion can reduce the distance between paralogues but tends to increase the

distance between syntenic orthologues.
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o,

h%]

K s between paralogues in S. cerevisiae
O

K s between orthologues

Figure 3. Ks between paralogu¢s.‘jin S. ce.ilﬂ.eu_v?siu.e td}s.fgnce between a and a in Fig. 2)
vs. Kg between orthologues (diS:t:éhCCS Lbefe‘vw»leeﬂ-a arl_ld;:*tl), or o and f3 in Fig. 2). Dark
blue: S. cerevisiae vs. S. paradoxi;'s';_'p.i;k; S. cer?v’i;;'ae vs. S. mikatae; yellow: S.
cerevisiae vs. S. bayanus; open arrows -indicall;.e the average distances for these species
pairs under weak codon usage bias (Ks = 0.4, 0.8, and 1.3). Circle sizes indicate the
CAI values of the genes in S. cerevisiae. The slope line indicates that the distance
between paralogues is equal to that between orthologues. The red and green solid
arrows indicate gene pairs YGR138C / YPR156C between S. cerevisiae and S.
mikatae, and YMLO63W / YLR441C between S. cerevisiae and S. paradoxus,

respectively. Genes with incomplete sequences, paralogous pairs with Ks > 3 and

orthologous pairs with Kg > 2 are not included in this figure.
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YGR138C gene1/ YPR156C gene2 YMLO63W gene1/ YLR441C gene2
100 Sc genet 8291 Sc gene1
Sc gene2 95 Sp gene1
Sp gene1 Sm gene1
93 Sp gene2 Sb gene1
100 Sm genet1 98 Sc gene2
100 Sm gene2 54 _I——SP gene2
Sh gene2 Sb gene2
. 97 S >
K. walltii p n;rr_g_;ene
Agossypil L K
s 100 A. gossypii
0.1 0.1

Figure 4. (A) Neighbor-joining tree (Ks distances) of the WGD gene pair YGR138C /
YPR156C in S. cerevisiae (Sc), their orthologues in S. paradoxus (Sp), S. mikatae
(Sm), and S. bayanus (Sb), and the outgroups in K. waltii (Kellis, Birren and Lander,
2004) and A4. gossypii (Dietrich et ak, 2004) (the red arrow in Fig. 3; CAI=0.310/
0.261). The orthologue of YGRI38C in S:-bayanus was not completely sequenced and
not included in this figure. (B) YMLO63W/ YLR441€ (the green arrow in Fig. 3;

CAI=0.769 / 0.696). The numbers at branch nodes-are bootstrap values.
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. SC gene1

79 b Sp genef

L Sm gene1

98

76 e

Sc gene2
Sp gene2

83 F Sm gene2
Sh gene2
K. walltii
A. gossypii

Sb gene1

C. albicans

Figure 5. Neighbor-joining tree of the whole genome duplicated ORFs of S.

cerevisiae (Sc), and their orthologues in S. paradoxus(Sp), S. mikatae (Sm), and S.

bayanus (Sb), and outgroups K. waltii, A. gossypii and C. albicans for YER131W

(gene 1) / YGL189C (gene 2) (cytoplasmie-small ribosomal subunits; CAI = 0.711 /

0.781). The tree was constructed using protein Poisson distances. The numbers at

branch nodes are bootstrap values.
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79; Sc (TTC, 13)
L Sc(TTC, 1)
90 Sc (CTC, 2)

Kw (CTC, 5)
— Ag (CTC, 8)
= Kw (CTC, 4)
Ag (TTC, 3)
51
W[Kw (TTC, 7)
—
0.02

Figure 6. The neighbor-joining tree of tDNA-Glu genes among three yeast species (S.
cerevisiae, Sc; K. waltii, Kw; A. gossypii, Ag). The triplet and number in the
parenthesis indicate, respectively, the tDNA anticodon and the gene copy number in
the corresponding genome. The numbers at branch nodes are bootstrap values. This
phylogeny suggests the switch between anticodons.occurred at least twice in the

evolution of the tDNA-Glu gen¢ in these yeast species.
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Figure 7. Cumulative fitness distribution of gene deletions of WGD (A, C, E) and

non-WGD (B, D, F) duplicate genes for hetero-complexes (A, B), homo-complexes

(C, D), and proteins without complex annotation (E, F). Duplicate genes are further

subdivided according to the Ka of each gene to its most similar paralogue in the

genome. N indicates gene number.
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Figure 8. Fitness distribution of gene deletions after exclusion of duplicate genes.
Homo-complexes include monomers, homo-dimers, and homo-multimers. The
number in the parentheses for hetero-complexes indicates the number of subunit types.

N indicates gene number.
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Figure 9. Fitness distribution of gene deletions for polypeptides subdivided according
to their domain annotation after exclusion of duplicate genes. Single-domain
polypeptides are, on average, more dispensable than multi-domain polypeptides
(proportion of weak effect genes, p,<10.05; proportion of lethal genes, p < 10°), while
polypeptides with 2 or > 2 domains have similar dispensability (p > 0.1). N indicates

gene number.
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Figure 10. The relationship between nonsynonymous substitution rate (Ka) and
Pexposed predicted by SVM. Red circles indicaté highlyj expressed genes, while blue
circles indicate lowly expressed ones. The strength of ‘translational selection is based
on the first component in the principal component énalysis for mRNA expression,

protein abundance, and CAI values.

67



