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Abstract

In recent years, the importance of functional RNAs in biological processes has
been repeatedly demonstrated. Furthermore, a number of studies have indicated that the
number and biological significance of functional RNAs has been underestimated. Here
we focus on the impact of functional RNAs on the evolutionary rate of protein-coding
genes. We used computational methods to predict a set of novel functional RNA
secondary structures in the yeast genome. We found that the presence of predicted
functional RNAs within coding regions causes a decrease in both synonymous and
nonsynonymous evolutionary rates of the corresponding protein. We studied yeast
genomes because abundant functional data is available for Saccharomyces cerevisiae, a
common model genetic organism. Furthermore, the set of yeast duplicate genes produced
by an ancient whole genome duplication provides a useful model for studying the
evolution of gene function in yeast, and results from duplicate gene analysis also
demonstrate that the duplicate gene with a greater number of coding functional RNAs
also tends to have a relatively slower rate of protein evolution. Moreover, we discovered
that genes with a significant portion of functional RNAs within their coding regions tend

to be associated with either protein biosynthesis or transport.
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Introduction

The central dogma posits that genetic information is encoded by DNA, which is
transcribed into RNA, which in turn is translated into protein. Since the conception of
the central dogma, there have been numerous exceptions to the flow of genetic
information. For example, some genes code for “non-coding” RNA genes that are never
transcribed into proteins. In many studies, the term non-coding RNA is often referred to
as functional RNA (fRNA). In this study, the term functional RNA more broadly refers
to any RNA molecule whose structure can serve some function aside from coding for
proteins. Recently, several studies have discovered many ways in which such non-coding
RNAs play an important role in biological processes (Storz et al. 2005, Ouellet et al.
2006, Pedersen et al. 2006). Furthermore, a recent study has predicted a surprisingly
large proportion of fRNAs within protein-coding regions in vertebrates, which requires
the DNA primary sequence to simultaneously code for fRNA structures and amino acid
codons (Pedersen et al. 2006). However, there has been relatively little research on the
existence of fRNA secondary structures in yeast. Therefore, studying the distribution of
predicted fRNA structures in yeast may provide additional evidence to encourage
experimental biologists to investigate the potentially underestimated role for fRNA
secondary structures within protein coding regions.

In order to study the distribution of functional RNA secondary structures, we
produced a set of predicted folds (based on stringent criteria) that was combined with
known folds. This combined dataset was used to analyze 1) the impact of functional
RNAs on the evolutionary rates of protein-coding genes in the yeast genome and 2) the
influence of gene duplication on the distribution of functional RNAs located in and

around duplicate genes produced by the whole genome duplication in yeast. We found



that functional RNAs constrain the evolutionary rate of protein coding regions; this result
is observed for both the dataset of all genes in the yeast genome as well as the more
selective set of duplicate genes produced by the whole genome duplication in yeast. In
particular, there was a negative correlation between percent fRNA coverage and
synonymous site evolutionary rates, and this correlation was stronger than for
nonsynonymous sites. We performed functional analysis to investigate functional
asymmetry in gene duplicates as well as to determine which types of genes are enriched
with fRNA secondary structures. We also found that genes associated with protein
biosynthesis and transport have an abundance of functional RNA secondary structures
within their coding regions. In short, this study provides exciting evidence that
functional RNAs within protein-coding regions play a more important role than
previously thought.
Literature Review

The EvoFold and RNAz programs utilize comparative genomic techniques to
produce predictions of functional RNA secondary structures. Most previous fRNA
studies have focused on non-coding RNA. Therefore, it will be useful to briefly review
previous studies of functional RNAs within non-coding regions in order to contrast
coding and non-coding fRNA folds. Because non-coding RNAs often interact with
mRNAs, it will be useful to review the possible impact that non-coding RNAs can have
on mRNA sequences. Finally, this study focuses on the evolutionary impact of
functional RNA secondary structures within protein-coding regions. Therefore, it will

obviously be useful to review previous studies that discuss the existence and/or



prevalence of conserved functional RNA secondary structures on messenger RNA
strands.
Comparative Genomic Analysis

This project utilizes the EvoFold program to screen the Saccharomyces cerevisae
genome for functional RNA secondary structures. Evofold is a program that uses
comparative genomic analysis to identify RNA sequences that show conserved secondary
structure based upon pairs of nucleotides that demonstrate conserved base pairing even if
the primary sequence of nucleotides is not conserved among species. Briefly,
comparative genomics is a field of computational biology that focuses on the comparison
of DNA sequences of various organisms in order to answer the following fundamental
question: if certain regions in multiple species' genomes are nearly identical and have
thus remained conserved for millions of years, then what vital role must such sequences
play in the successful development of each respective organism?

Previous studies have proven that comparative genomic analysis can provide
powerful tools to predict the existence of novel genomic structures whose existence can
be validated by experimental scientists (Bejerano et al. 2006, Pollard et al. 2006). Thus,
if care is taken to produce a sufficiently accurate dataset (including independent
verification using a different program), then this project will result in the production of
potentially novel fRNA secondary structures whose existence can be verified
experimentally in future experiments. Furthermore, Saccharomyces cerevisae is an
important model organism for genetic studies, so the discovery of novel fRNA secondary
structures can provide invaluable information for topics ranging from evolutionary

investigations to medical research.



Role of non-coding functional RNAs

A number of RNA genes do not code for proteins and are known as non-coding
RNA (ncRNA); non-coding RNA includes ribosomal RNA (rRNA), transfer RNA
(tRNA), small nuclear RNA (snRNA), and many categories of other relatively newly
discovered ncRNA. There are also a large number of proteins devoted to processing of
non-coding RNA (Peng et al. 2003). Thus, the discovery of novel ncRNAs in yeast is a
very exciting possibility. In fact, this investigation will not be the first computational
screening of non-coding RNAs in yeast (and, more specifically, Saccharomyces
cerevisiae). For example, a study conducted a few years ago used the QRNA program to
produce a list of a little less than 100 ncRNA candidate genes, and the manual for the
RNAZz program described a screening for noncoding RNAs that has not yet been
published (McCutcheon and Eddy 2003, Washietl et al. 2005). However, there has not
been a whole genome screening of yeast with the EvoFold program (which, based upon
preliminary results, is likely to produce a much larger set of candidate genes) and there
has been no study to conduct a whole genome screening simultaneously in both coding
and noncoding regions of the yeast genome.
Role of functional RNA secondary structures in messenger RNAs

Unlike non-coding RNAs, messenger RNAs (mRNASs) are unique in that they are
transcribed in order to contain the genetic information for translation of the mRNA to the
corresponding protein sequence. However, fRNA secondary structures can play very
different roles in gene expression depending if they are found within protein coding
exons, non-coding introns, or untranslated regions (UTRs) at the beginning and end of

the messenger RNA). As mentioned in the introduction, a recent study has predicted a



surprisingly large proportion of fRNAs within protein-coding regions, which requires the
DNA primary sequence to simultaneously code for fRNA structures and amino acid
codons (Pedersen et al. 2006). Thus, it will be especially interesting to observe the
impact of fRNA folds predicted within protein coding regions on asymmetric evolution
of WGD paralogs.

Synonymous sites are regions of the nucleotide sequence for a protein-coding
gene that do not directly affect the protein encoded by the gene. Although synonymous
sites were initially thought to evolve neutrally, there has been an increasing amount of
evidence that there is selection on such sites though a variety of mechanisms, such as
mRNA stability and codon usage bias. In mammals, many studies have indicated the role
of mRNA stability and alternative splicing on synonymous sites (Chamary et al. 2006,
Chamary and Hurst 2005). There are a number of specific models (such as functional
loss, translation efficiency, and translational robustness) that describe an association
between gene expression and evolutionary rates, and some of these models may be useful
when interpreting selection at synonymous sites (Rocha and Danchin 2004, Akashi 2003,
Drummond et al. 2005). In conclusion, my investigation of conserved fRNA secondary
structures in coding regions will hopefully help provide evidence to explain the broader
phenomenon of selection on synonymous sites in yeast.

Results
Whole Genome Screening for Functional RNAs

Before functional analysis could be conducted, an accurate dataset of predicted

fRNA folds had to be produced by independent verification from the EvoFold and RNAz

RNA secondary structure prediction programs (see Methods and Supplementary



Material). This optimal set contained 921 predicted folds, and this dataset was combined
with known annotations to produce a combined dataset of 1252 folds (see Figures 1-4).
Although the majority of folds were predicted in intergenic regions, there was still a
considerable amount of folds (36.5 %) found within coding regions. As was observed in
a previous screening of vertebrate genomes with the EvoFold program, some categories
of known non-coding RNA gene annotations were recovered by this prediction process at
a higher rate than other genes. For example, the genome screening did a relatively good
job recovering snRNAs and miscellaneous RNAs and a relatively poor job recovering
tRNAs and snoRNAs (see Table 2). So, it is likely that there may be unknown fRNAs
not included in our dataset of predicted folds. We also erred on the side of accuracy
rather than risking false positives. Nevertheless, when conservative definitions of
protein-coding genes and prediction fRNAs are used (see Methods), 272 genes in the
yeast genome are found to contain at least one coding functional RNA secondary
structure. Because there are a little less than 6,000 genes in the yeast genome, the 272
genes that are predicted to contain at least one coding fRNA amount to approximately 5%
of the genes in the yeast genome. This study clearly indicates a substantial number of
fRNA secondary structures can be found within protein-coding regions of genes.
Functional RNAs within Coding Regions

There is relatively little information available on the impact of functional RNAs
within protein-coding regions, so it is necessary to first demonstrate that fRNAs have an
influence on these regions before evolutionary asymmetry of gene duplicates can be
studied. To accomplish this, we tested for a correlation between dy (nonsynonomous

divergence per site) and the percent of the coding region covered by functional RNAs



(either predicted or known). Out of the 272 protein-coding genes containing at least one
coding fRNA secondary structure, 126 genes had clearly defined values of dy, as
calculated by Wall et al. 2005. A significant negative correlation between dy and percent
fRNA coverage was observed (p=-0.211, p-value = 0.018). Because of the non-linear
association between dy and percent fRNA coverage, this trend can be seen even more
clearly when these values are log normalized (p= -0.349, p-value = 6.23 x 107; see
Figure 5). This observation shows that genes with a higher proportion of fRNA
secondary structures within their coding regions evolve more slowly, which implies that
the conserved secondary structure imposes constraints on the sequence evolution of
nonsynonymous sites. This conclusion is corroborated by calculations of asymmetric
evolution of WGD pairs (see next section). There was also a significant correlation
between ds (synonomous divergence per site) and percent fRNA coverage (p=-0.506, p-
value = 9.41 x 10™), which can be seen more clearly when the variables are log
normalized (p=-0.547, p-value = 3.14 x 10™'%; see Figure 6). It is important to note that
the correlation is stronger for synonymous than nonsynonymous sites because
synonymous sites have traditionally been considered to evolve neutrally. This
observation implies that coding fRNAs have a greater evolutionary impact on
synonymous sites than nonsynonymous sites, so synonymous sites may evolve under
even greater constraint than nonsynonymous sites in order to maintain functionality of
coding fRNAs.
Asymmetric Evolution of Gene Duplicates

We observe a negative correlation between SRR (Signed Relative RNA secondary

structure count) and SRN (Signed Relative Nonsynonomous Divergence), and this



correlation between SRR and SRN was significant at the 10% level (see Table 1 and
Figures S1-S5). This observation means that the duplicate gene with the greater
enrichment of functional RNAs evolves more slowly, and this observation may be due to
functional constraint from the relatively greater number of conserved secondary
structures within one of the duplicate genes. It should also be noted that there is a
negative correlation between SRR and SRN for every set of EvoFold or RNAz
predictions when considered separately; in fact, this correlation is observed for coding
folds in the RN Az datasets with 4, 5, and 6 species with p-values less than 0.001 (see
Figure S6). This is especially important because RNAz predicts secondary structures
based mostly on thermodynamic analysis whereas EvoFold’s evolutionary model may be
biased towards predicting folds within more conserved genes (because it requires a
moderately high level of primary sequence conservation). Thus, this observation
provides evidence that the correlation between SRR and SRN in the WGD dataset (as
well as the correlation between dy and percent fRNA coverage for the entire set of coding
folds) is not likely to be the result of any potential bias towards conserved genes.
Functional Enrichment of Genes Containing fRNAs

Of all the protein-coding regions in the yeast genome, only 25 genes are enriched
with 2 or more functional RNA secondary structures (see Table 3). The top 25 genes
with the highest coverage of fRNAs within coding regions are also presented as a
comparison of the method of counting the number of functional RNA secondary
structures versus looking at the percent coverage of RNA secondary structures (see Table
4). In both cases, the top 25 scores are enriched with genes that are associated with either

protein biosynthesis or transport, where functionality of genes was defined using the
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“Biological Process” annotations available from the Gene Ontology database (Gene
Ontology Consortium 2000). There are five genes shared by both of these tables, so the
two methods provide somewhat similar results. However, the functional enrichment of
genes associated with protein biosynthesis is much more clearly illustrated with the top
25 genes in terms of percent fRNA coverage (13-15 versus 6 genes; see tables 3 and 4).
Thus, there is an exciting possibility that there is a biologically significant connection
between genes associated with protein biosynthesis and mRNAs containing conserved
fRNA secondary structures. However, protein biosynthesis is a vital biological function,
so this observation also stresses the need to ensure that the dataset is not biased towards
conserved categories of genes (which could potentially be more likely to yield EvoFold
predictions).
Conclusions

Thus far, we have found a number of indications that conserved functional RNA
secondary structures play an important role in the evolution of coding regions in protein-
coding genes. Namely, we show that an increase in the coverage of functional RNAs
within protein coding regions is correlated with a decrease in the evolutionary rate of
protein evolution (see Figure 5 and Table 1). There is also a negative correlation between
percent fRNA coverage and synonymous site evolution (see Figure 6), and this
correlation is even stronger than at nonsynonymous sites. Analysis of synonymous site
evolution will be useful because synonymous sites have traditionally been considered to
evolve neutrally, and the presence of a significant number of conserved fRNA secondary
structures within coding regions would provide evidence that a considerable number of

synonymous sites undergo non-neutral evolution. We also discovered that genes
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enriched with functional RNAs tend to be associated with protein biosynthesis and
transport (see Tables 3 and 4). However, more sophisticated functional analysis will be
required to determine if these observations are truly caused by conserved coding fRNA
secondary structures or a bias towards conserved genes in the dataset. Such a bias may
be due to the fact that the predictions were made from the set of phastCons conserved
blocks in yeast. However, there is also evidence that the functional constraint on coding
fRNAs is the cause of the negative correlation between the frequency of coding fRNAs
and divergence at both synonymous and nonsynonymous sites. For example, the
EvoFold predictions were filtered through windows of RNAz predictions, and RNAz
depends mostly on thermodynamic analysis that will not be biased towards conserved
genes.

There are not any easily accessible annotations for known coding fRNAs in yeast.
However, it is known that programmed frameshifting occurs in eEFla in yeast
(Farabaugh and Vimaladithan 1998). Both duplicate pairs of this gene contained more
than one predicted coding fRNA (and one duplicate has the highest number of predicted
coding fRNAs in any yeast gene; see table 3) and one copy of this gene is also in the list
of top 25 genes with the greatest percent fRNA coverage (see table 4). Thus, this
evidence from previous studies shows that some of the predicted coding fRNAs are likely
to be genuine, and this evidence also demonstrates that the numerous genes associated
with protein biosynthesis are capable of coding for conserved RNA secondary structures
within their protein-coding regions.

This study is based largely on a new set of predicted functional RNA secondary

structures, which may be useful to experimental scientists in that it may illuminate novel
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roles for novel functional RNAs (within both coding and non-coding regions) in
Saccharomyces cerevisiae (a common model organism for genetic studies).

This study leads to several interesting future research topics, some of which can
be pursued during summer in the Yi laboratory. For example, the work so far does not
distinguish between conserved functional RNA secondary structures on the messenger
RNA itself versus conserved secondary structures of non-coding RNA genes that overlap
with coding regions of protein-coding genes but are on the opposite strand of DNA. To
help with this analysis, the “folding potential” for mRNAs in the yeast genome can be
calculated, as described by Katz and Burge 2003. This will also provide yet another
method to see if mRNAs with favorable folding potentials also show a decrease in the
rate of protein evolution. Furthermore, if selection for folding potential within yeast
genes containing coding fRNA secondary structures is observed, then this may help
control for the effects of a potential bias towards conserved genes in the dataset. A better
way to analyze asymmetric evolution of gene duplicates in yeast also needs to be
developed. Finally, an exhaustive literature search can be conducted in order to search
for more genes that are already known to contain coding fRNAs. After completing this
additional analysis, we should be able to provide in-depth analysis of the impact of
functional RN As within protein coding regions.

Methods
Functional RNA Predictions

Screening for functional RNAs was conducted using EvoFold and RNAz

programs to provide independent predictions of fRNA folds (Pedersen et al. 2006,

Washietl et al. 2005). These two programs should predict folds independently because
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EvoFold utilizes a functional RNA model based on stochastic context-free grammars
while RNAz primarily utilizes thermodynamic information to predict RNA secondary
structures (while also considering covariance between secondary structures in a multi-
species alignment). For more information about the multi-species alignments used for
these fRNA prediction programs, see the supplementary material. The optimal multi-
species alignments from the SGD database (Cherry et al. 1997) for each program was
determined by comparing the proportion of known annotations recovered to the
proportion of known fRNA in the overall dataset of predicted folds (see supplementary
material). For the combined dataset of known and predicted folds, any predicted folds
overlapping known folds were removed and replaced with the coordinates for the
corresponding known fold from the SGD annotations.
Duplicate Gene Analysis

SRR (Signed Relative RNA secondary structure) was used to quantify the
distribution of fRNA secondary structure predictions. Methods to quantify functional and
sequence divergence include SRK, SRA, SRF, and SRN. SRK refers to the signed
relative connectivity, as determined by yeast protein-protein interaction networks, for a
duplicate pair (Breitkreutz et al. 2003). SRA refers to signed relative abundance and is a
measure of protein abundance (Ghaemmaghami et al. 2003). SRF refers to signed relative
fitness, where genes whose removal from a network is more detrimental to survivability
are represented by a lower value (Gu et al. 2005). SRN refers to signed relative
nonsynonomous divergence. A slightly more detailed description is contained in the “SR

Calculations” section (below). Unless otherwise stated, all statistical analysis (e.g.
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correlation values) was performed using the R software package (R Development Core
Team 2006).
SR Calculations

SRR, SRK, SRA, and SRF are a modification of the Canberra distance (in one
dimension) and can be expressed in the general form, SRX = (X; — X,)/(X; + X,) where
X, equals the given quantity (e.g., number of fRNA folds, etc.) for the first duplicate gene
and X, equals the given quantity for the second duplicate gene (Johnson and Wichern
2002). SRN is also a modification of the Canberra distance and is calculated as follows:
SRN = (dni2-dni3)/dnos, where diz equals the divergence in nucleotide sequence between
the first duplicate gene and the ortholog in Kluyveromyces waltii, dxi3 equals the
divergence in nucleotide sequence between the second duplicate gene and ortholog in
Kluyveromyces waltii, and dn»3 equals the divergence in nucleotide sequence between the
two duplicate genes. Orthologs were based upon results from Kellis et al. 2004. In
general, SRK, SRA, SRF, and SRN were calculated and applied as used in Kim and Yi
2006.
Calculation of Nonsynonymous and Synonymous Divergence

Analysis of nonsynonymous and synonymous divergence was conducting using
previously calculated values available from the supplementary material for Drummond et
al. 2006. This table presented data that was originally published by Wall et al. 2005.
However, it may be valuable to recalculate these values in order to 1) increase the size of
the dataset and 2) consider synonymous divergence between more closely related yeast
species. In order to recalculate nonsynonymous and synonymous divergence for post-

WGD species of yeast genomes, the Multiz alignment has been downloaded for all the
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conservatively defined protein-coding genes containing at least one coding functional
RNA secondary structure (Blanchette et al. 2004). The Multiz alignment for these genes
was obtained using the Galaxy server on the UCSC Genome Browser (Giardine et al.
2005, Karolchik et al. 2003). All coding fRNAs were first defined using annotations for
protein-coding genes from the SGD database (Cherry et al. 1997). Questionable
annotations for protein-coding genes were filtered to produce a more conservative
definition of protein-coding genes. Any genes that were removed from the initial dataset
are listed in Table S11. PAML will be used to calculate dy and ds for the genes with a
valid Multiz alignment (Yang 1997). Possible reasons that the Multiz alignment for a
gene would not be valid include gaps in the Multiz alignment that produce a frameshift
resulting in the creation of premature stop codons in the genomic sequence. Some
preliminary results from these recalculations for synonymous sites can be observed in
figure S12.
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Table S10: Pearson Correlation Coefficients (p) for All Folds in Combined Dataset

SRR~SRA SRR~SRK SRR~SRF SRR~SRN
All 0.007 -0.002 -0.011 -0.051
Coding 0.090 -0.133 0.026 -0.203*
5" Flank 0.181 0.096 -0.273* 0.135
3" Flank -0.075 0.130 0.076 -0.084
Intron 0.392 0.183 -0.344 -0.531

Significance levels: * = p<0.10
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Table 2: Annotated folds recovered with Stringent Dataset (without known fRNAs)

fRNA Category # Recovered / # Annotations
tRNA 39/275
snoRNA 18 /66
snRNA 5/6
rRNA 6/11
Miscellaneous fRNA 10/ 14
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Table 3: Genes with Multiple Folds within Coding Regions

Gene Name

GO Biological Process
protein biosynthesis; translational elongation

beta-1,3 glucan biosynthesis; endocytosis; cell wall
organization and biogenesis

[Unknown]

protein biosynthesis

Biosynthesis (putative alanine transaminase)
protein biosynthesis; translational elongation

DNA repair; protein modification; response to DNA
damage stimulus

Endocytosis; cell wall organization and biogenesis; inositol
lipid-mediated signaling

rRNA modification; rRNA processing; 35S primary
transcript processing; snRNP protein import into nucleus;
ribosome biogenesis; processing of 20S pre-rRNA

protein biosynthesis; translational elongation

ribosomal small subunit assembly and maintenance;
protein biosynthesis
trehalose biosynthesis; response to stress

Proteolysis; peptide metabolism

protein polyubiquitination; transcription; regulation of
transcription, DNA-dependent; rRNA processing; mRNA
processing; mRNA export from nucleus; protein
modification; ubiquitin cycle; protein monoubiquitination;
transport; nucleocytoplasmic transport; nuclear
organization and biogenesis; cell cycle; mitosis; mRNA
transport

microtubule cytoskeleton organization and biogenesis; cell
wall organization and biogenesis; budding cell bud growth;
intracellular signaling cascade; small GTPase mediated
signal transduction; actin cytoskeleton organization and
biogenesis; establishment of cell polarity

protein biosynthesis; translational elongation

Transport; ion transport; cation transport; regulation of
pH; metabolism; proton transport
Transport; intracellular protein transport; ER to Golgi
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vesicle-mediated transport; retrograde vesicle-mediated
transport, Golgi to ER; protein transport
amino acid biosynthesis; methionine biosynthesis

Transport; ion transport; sodium ion transport; regulation
of pH; vacuolar acidification; monovalent inorganic cation
transport; endosome transport; monovalent inorganic cation
homeostasis

transport

cation transport; intracellular protein transport; endocytosis;
phospholipid translocation

regulation of progression through cell cycle; DNA
replication; transcription; regulation of transcription, DNA-
dependent

Transcription; transcription from RNA polymerase 11
promoter
Transport; organic acid transport; propionate metabolism
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Table 4: Top 25 Genes within Coding Regions with the greatest % coverage of
fRNAs

Gene Name GO Biological Process % fRNA
coverage

Proteolysis; peptide metabolism
formation of catalytic spliceosome for first
transesterification step; nuclear mRNA splicing, via
spliceosome

Transport; Golgi to plasma membrane transport; etc.

DNA repair; protein modification; response to DNA
damage stimulus

protein biosynthesis

Meiosis; sporulation

ribosomal large subunit assembly and maintenance; protein
biosynthesis

[Homology to rat L40]

protein biosynthesis; regulation of translational fidelity
protein biosynthesis

protein biosynthesis

protein biosynthesis

ribosomal small subunit assembly and maintenance; protein
biosynthesis

[Identified by SAGE]

Transport; ion transport; zinc ion transport; low-affinity
zinc ion transport; metal ion transport

[Homology to rat S23 and E. coli S12]

protein biosynthesis; filamentous growth

ribosomal large subunit assembly and maintenance; protein
biosynthesis

protein biosynthesis; translational elongation

protein biosynthesis

protein biosynthesis

[Homology to rat L35]

ribosomal large subunit assembly and maintenance; protein
biosynthesis

[Homology to rat L19]

Transport; protein transport; protein import into
mitochondrial matrix; protein import into mitochondrial
outer membrane
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Figure 1: Confirmed Predictions Based Upon Category
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Figure 3: Confirmed Predictions Found Around Duplicate Genes
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Figure 4: Combined Folds Found Around Duplicate Genes

Combined Folds around Duplicate

@ Coding
109 |y Intron
0 5" Flank

o 3 Flank

27



Figure 5: Constraint of Protein Evolution due to Presence of Coding fRNAs
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Figure 6: Constraint of Synonymous Site Evolution Due to the Presence of Coding
fRNAs
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