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Abstract

The coordinated expression of ribosomal protein genes (RPGs) has been well documented in many
species. Previous analyses of RPG promoters focus only on Fungi and mammals. Recognizing this
gap and using a comparative genomics approach, we utilize a motif-finding algorithm that
incorporates cross-species conservation to identify several significant motifs in Drosophila RPG
promoters. As a result, significant differences of the enriched motifs in RPG promoter are found
among Drosophila, Fungi, and mammals, demonstrating the evolutionary dynamics of the
ribosomal gene regulatory network. We also report a motif present in similar numbers of RPGs
among Drosophila species which does not appear to be conserved at the individual RPG gene
level. A module-wise stabilizing selection theory is proposed to explain this observation. Overall,
our results provide significant insight into the fast-evolving nature of transcriptional regulation in
the RPG module.
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1. Introduction

Ribosomal proteins are the essential components of the translation machine and one of the
most evolutionarily conserved gene groups (Zhang et al., 2002). For example, yeast and rat
share all but one ribosomal protein, with an average of 60% protein sequence identity
(Zhang et al., 2002), despite the divergence time between them exceeding 1 billion years
(Nei et al., 2001). Between human and rat, the average protein sequence identity of
ribosomal proteins is 99%, with 32 out of 72 known ribosomal proteins being identical
(Wool, 1996). In addition, the coordinated expression of RPGs is a characteristic which
leads to a roughly equimolecular accumulation of ribosomal proteins needed for ribosomal
synthesis (Perry, 2005). Evidence suggests that similar promoter strength provides the basis
for the equimolecular levels of ribosomal proteins through the coordinated transcription of
RPGs (Meyuhas and Perry, 1980; Hariharan et al., 1989). In fact, the RPGs are significantly
co-expressed at the mRNA level across many species (Stuart et al., 2003). Therefore, it is
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compelling to understand the mechanism governing the transcriptional regulation of RPGs
and to investigate their evolution.

The change of transcriptional regulatory circuit has long been viewed as a major driving
force of species evolution (Tautz, 2000; Ludwig, 2002; Wray et al., 2003), and has recently
received much attention (Gasch et al., 2004; Ihmels et al., 2005). For example, the
Brachyury gene is similarly expressed in the notochord precursor cells of two distantly
related species, Halocynthia roretzi and Ciona intestinalis, but the regulatory modules and
binding sites do not appear to be related (Takahashi et al., 1999). Consistent with these
findings, the motifs found in Fungi RPG promaoter regions (Tanay et al., 2005a) have no
overlap with the motifs found in mammalian RPG promoter regions (Perry, 2005). In
addition, a systematic study of the core promoter region in D. melanogaster showed that
most DNA motifs identified are distinctive between Drosophila and human (FitzGerald et
al., 2006). All these findings suggest that the cis-elements of gene expression regulatory
networks evolve at a relatively high rate, which likely accounts for the phenotypic
differences between species sharing a large fraction of genes (Li and Saunders, 2005). In
order to further elucidate the evolution of transcriptional regulation network, it would be
interesting to study the evolutionarily most conserved RPGs in well characterized species
such as Drosophila.

In this paper, we study the evolution of RPG transcriptional regulation in Drosophila
species, which lie between Fungi and mammal in evolution. We showed that there is only
weak overlap of the RPG motifs among Fungi, Drosophila and mammal, suggesting rapid
evolution of the cis-regulatory elements in the RPG gene group. Moreover, we found that
RPG motifs evolve particularly fast even within the Drosophila species. We used a highly
conserved palindrome motif DRE (FitzGerald et al., 2006) to further demonstrate this
observation. The DRE motif appears to be frequently changing among individual
Drosophila RPG promoters, while the total number of Drosophila RPGs containing
instances of this motif is kept stable in all Drosophila species. This is an intriguing
contradiction, as the conserved number of this motif implies a strong negative selection
force, while frequent changes among individual RPG genes imply the absence of such a
strong selection force. We resolved this inconsistency via postulating and validating a
module-wise selection theory, which extends the traditional stabilizing selection theory to
functional module.

2. Materials and methods

We downloaded RPG annotations of D. melanogaster from Ribosomal Protein Gene
Database (RPGDB) (Nakao et al., 2004). However, RPGDB does not include the upstream
data for other Drosophila species. Therefore, genomic data from the UCSC genome browser
database (Kent et al., 2002) were also downloaded in addition to RPGDB. We manually
extended the upstream sequence to a pre-specified distance (1 kb) from the annotated
translation start site for the D. melanogaster RPGs. The aligned RPG genes of 5 other
Drosophila species (D. yakuba, D. ananassae, D. pseudoobscura, D. mojavensis and D.
virilis) were also downloaded from the UCSC genome browser. We manually inspected the
alignment of these Drosophila species with D. melanogaster and corrected the apparent
misannotation of translation start codon ATG, which results from the existence of short first
exons (the upstream 1 kb sequences for each RPG of all 6 Drosophila species are provided
as a supplementary file). The DNA sequence of the transcription factor DREF is also
downloaded from the UCSC genome browser database.

Our objective is to find sequence motifs that are significantly conserved in RPG promoter
regions across the Drosophila species. Conservation of a motif across species increases the
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likelihood of it being a functional site. We use a previously developed method, the cross-
species conservation (CSC) method (Li et al., 2005), which jointly utilizes the motif over-
representation and conservation property to find the motifs. This method differs from the
other motif discovery methods in that it first identifies motifs by over-representation and
then models the motifs in the context of the evolutionary divergence of neutral and
functional sequences to evaluate their significance. We briefly describe the method below,
and the details can be found in (Li et al., 2005).

2.1. Motif discovery by over-representation

For the upstream 1 kb sequences of RPGs obtained above in every species, RepeatMasker
(Smit et al., 1996-2004) is used to mask the repeats in these sequences. We then use MEME
(Baileyand Elkan,1994) to search for over-represented motifs. MEME uses the expectation
maximization (EM) algorithm to detect motifs that have enriched instances in the input
sequence sets compared with the genomic background. The current implementation of
MEME enumerates all potential motif seeds, thus minimizing the drawback of missing
motifs due to computational limitations. Parameters are set accordingly so that MEME will
report motifs of 6 to 14 bp in length and an E-value statistic of <1E8. To overcome the effect
of parameters, we tried several parameters (E-value 1E12, motif length 5 to 15, 8 to 16) and
obtained similar motif results.

2.2. Assess the significance of motif conservation across species

3. Results

Functional sequences tend to be more conserved than nonfunctional sequences. The key
component of the CSC method (Li et al., 2005) is the calculation of the P value of the
conservation of a motif. (1) It first models the evolutionarily neutral sequences by
alignment. The background nucleotide distribution of the ancestral species and the
speciation time can be estimated from the alignment. A 4x4 substitution matrix representing
the neutral evolution is obtained subsequently. (2) The CSC method then identifies motifs
that are significantly conserved in at least two species. An ancestral motif position specific
weight matrix, as well as a threshold of this weight matrix, is constructed for each motif
between two or more species. (3) The significance of conservation (a P value) of each
conserved motif is then calculated as a function of the phylogenetic tree, the 4x4 substitution
matrix, the ancestral motif position specific weight matrix and the corresponding threshold.
A P value <1E19, the empirical cutoff, is considered to be significant, and the corresponding
motif will be reported.

3.1. Comparing RPG promoter motifs in Fungi, Drosophila and mammals

Using the RPG core promoter regions (1 kb upstream to translation start site) of Drosophila
species, we identified 5 significant motifs that are conserved in at least four Drosophila
species with the principle of over-representation and cross-species conservation (Li et al.,
2005) (see Table 1; the position specific weight matrices are in a supplementary file). With
the exception of the TOP (Terminal OligoPyrimidine) motif, the other 4 motifs we identified
are also present in (Ohler et al., 2002), where a subset of the D. melanogaster genes is used.
Moreover, the DRE motif has been identified via a systematic study of the D. melanogaster
promoter sequence (FitzGerald et al., 2006). The TOP motif is known to be very close to the
transcription start point of all mammalian RPGs (Perry, 2005), suggesting a shared
transcription initiation mechanism of RPGs between Drosophila and mammals. We also
find that the TOP sequence is rather close to the translation start codon ATG, suggesting a
short five prime untranslated region (5’ UTR) (Fig. 1). It has been observed that an intron
often separates the 5" UTR region from the protein coding region of mammalian RPGs
(Perry, 2005), also known as “intron appending.” In support of Perry’s theory that intron
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appending happened in early eukaryotes (Perry, 2005), this phenomenon is also found in
Drosophila species (see Supplementary materials S1).

Once we have identified these five significant Drosophila motifs, we next hoped to find
commonalities of the cis-regulatory motifs of RPG promoters among mammals, Fungi, and
Drosophila, an intermediate species between the other two. As it turned out, the Drosophila
RPG promoter motifs are not well conserved in Fungi and human (see Table 1). For
example, the Homol-D motif is observed in the RPG promoters of both Fungi (Tanay et al.,
2005a) and Drosophila species, while it is not observed in the RPG promoters of mammals
(Perry, 2005). On the other hand, some motifs reported in mammals, including GABP, SP1,
and YY1, are not observed in Drosophila species. This absence of conserved DNA motifs
among Fungi, Drosophila and mammals demonstrates that the regulatory network of RPG
modules evolves very fast and such a fast rewiring of the regulatory circuit may be the
driving force of species evolution (FitzGerald et al., 2006).

DNA motifs often function together as a cis-element module to control the expression of the
corresponding genes. We therefore wanted to test if there are any cis-element modules in
Drosophila RPG promoters. Fisher’s exact test was used to detect dependency of
occurrences between motif pairs among RPG promoters in each Drosophila species.
However, we did not detect any significantly associated motif pairs between the highly
conserved cis-elements across all Drosophila species (data not shown). It is also interesting
to note that no dependency between motifs is found in mammals (Fisher’s exact test), as
indicated by Fig. 6 in Perry, 2005. Thus, on the one hand, we are inclined to suggest that the
independent appearance of regulatory motifs in RPGs may actually enable the expression of
some RPGs such that they can be regulated differentially under specific genetic/
environmental conditions. Such a differentially regulated expression could enable some
RPGs to have functions other than protein biosynthesis, a subject which is reviewed by
Wool, 1996. On the other hand, the coordinated expression of RPGs predicts a common
transcriptional regulator of the DRE, NF-I and Homol-D genes. Since no obvious motif
modules are detected in either Drosophila or mammals, we restrict our investigation to
individual motifs at the gene level in the following.

3.2. The DRE motif

We next investigate the conservation of motifs at the individual gene level across
Drosophila RPGs. There is, however, an obstacle associated with carrying out this type of
investigation. Specifically, the study of motifs at the level of individual genes is hindered by
the lack of experimentally verified binding data across Drosophila species for the same
genes. Fortunately, we were able to identify the motif termed DNA-replication related
element (DRE) (FitzGerald et al., 2006), which is so conserved that the consensus sequence
TATCGATA is sufficient to accurately identify its position weight matrix. This enables us
to conduct a detailed analysis of its evolution at the individual gene level. To accomplish
this, we first demonstrate the likelihood that DRE is a regulatory motif of Drosophila RPG
promoters by studying its positional conservation in RPG promoters and the conservation of
its cognate transcription factor DREF. We then study the distribution of DRE motif across
Drosophila RPG promoters and demonstrate a new selection scenario of the Drosophila
RPGs.

3.3. Positional conservation of DRE motif in Drosophila RPG promoters

Strong positional conservation of a motif provides another level of evidence that it is
functional. We therefore asked where the DRE motif localizes in the promoters of
Drosophila RPGs. We scanned the promoter sequences using the derived position weight
matrix. In Fig. 2, the numbers of RPG promoters harboring DRE in a given length of
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promoter region are depicted for all Drosophila species. In fact, Drosophila RPG promoters
harbor more DRE motif than the D. melanogaster genomic background. To demonstrate
this, we bootstrapped 1000 datasets, each consisting of 86 (the same number as Drosophila
RPGs) D. melanogaster gene promoters, which are defined as the 1 kb upstream sequences
(15,646 genes in total; obtained from UCSC genome browser database). We obtained the
mean and the standard deviation of the numbers of promoters in these synthesized datasets
harboring motif DRE as null distribution, which is illustrated by the error bar. It can be
observed that there is a significant accumulation of RPG promoters harboring DRE in the
upstream 600 base pair region. However, once the region extends upstream of 600 base
pairs, this accumulation slows down dramatically. Although there is also an increase in the
null distribution, it can be seen that the DRE is significantly more enriched in the upstream 1
kb regions of RPG promoters than in the null distribution. Together with the conclusion in
(FitzGerald et al., 2006), this enrichment implies that the DRE motif we identified is likely a
functional motif of Drosophila RPGs.

3.4. DREF is conserved across Drosophila species

The conservation of the DNA-binding domain of a transcription factor is a strong indicator
that the corresponding binding motif is well conserved across species. Therefore, based on
this finding, we next study how the DNA-binding domain of DREF, which binds DRE, is
conserved across Drosophila species. DREF has been shown to bind to the palindrome
TATCGATA for transcriptional regulation (Hirose et al., 1993). We retrieved the DREF
protein sequences of all Drosophila species from the UCSC genome browser and aligned
them (provided as a supplementary file). Pair-wise amino acid similarity ranges from 73% to
96%, with the lowest score of 73% between D. melanogaster and D. virilis, two of the most
distantly related Drosophila species. It is also known that the DNA binding domain of
DREF lies within its N-terminal (16-115 amino acids) (Kuge et al., 1997). We found that
the DNA binding domain is almost exactly the same among all Drosophila species, as
shown in Fig. 3. This suggests that the transcription factor DREF is subject to strong
negative selection across Drosophila species and that the DRE motif we identified is, most
likely, a potential regulatory motif of RPG promoters across Drosophila species.

3.5. Contradiction of DRE motif appearance at individual gene level and module level

The positional conservation of DRE in Drosophila RPG promoters and the conservation of
the DNA-binding domain of DREF across Drosophila species suggest that strong selection
pressure is operating on the DRE binding site. This leads to the next logical step: studying
the conservation of the DRE motif instances in every individual Drosophila RPG promoter.
The Drosophila RPG promoters harboring DRE are depicted in Fig. 4, where, for illustrative
purposes, large subunit proteins are shown in the left panel and small subunit proteins are
shown in the right panel. Although the presence of the DRE motif is well conserved at the
individual gene level among evolutionarily close species, frequent changes (gain and loss) of
the DRE motifs at individual gene level are, conversely, observed among distant Drosophila
species, e.g., D. melanogaster and D. pseudoobscura.

A quantitative measure of this frequent change at the individual gene level is to check the
dependency of DRE appearance in RPG promoters between Drosophila species, as follows.
Specifically, we denote the number of RPGs with DRE in both species A and species B as a,
the number of RPGs without DRE in species A and with DRE in species B as b, the number
of RPGs with DRE in species A and without DRE in species B as ¢ and the number of RPGs
without DRE in both species A and species B as d. The dependency of DRE appearance in
RPG promoters between Drosophila species is calculated using Fisher’s exact test on how
numbers a, b, ¢, and d deviate from their expected values if species A and B are not related.
A lack of significant dependency would imply frequent changes of the DRE motifs at
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individual gene level. As shown in Table 2, the dependency of appearance of DRE is not
found for distant drosophila species, such as D. melanogaster and D. virilis. This result
suggests that there are considerable turnover and gain events of DRE motif occurrence at the
individual RPG gene level during the evolution of Drosophila species. Such a high rate of
turnover and gain events of DRE motif implies a neutral role of DRE motif at individual
RPG level during the evolution of Drosophila species.

Despite the seemingly neutral role of DRE motif at individual RPG gene level, it appears
that the total numbers of promoters in the RPG module (i.e., the ribosomal protein genes as a
whole) harboring DRE are roughly similar among Drosophila species as well as human
(YYamashita et al., 2007), as can be seen from Table 3. We thus test the null hypothesis that
the total numbers of RPG promoters with DRE motif are more similar to each other among
observed Drosophila species than the expected numbers under the neutral evolutionary
process. To test this hypothesis, we used the coefficient of variation (cv) as our statistic.
Specifically, we denote the total number of RPG promoters with at least one DRE motif as
Xi, with i =1, 2, ...,6 for each Drosophila species. The coefficient of variation statistic is
defined as cv (X)=std(X)/mean(X), where mean(X) and std(X) are the mean and standard
deviation of vector X = {X;i=1, 2, ..., 6}. The null distribution of cv is obtained by
simulating the neutral evolution process as follows. We first reconstructed (Yang, 1997) the
common ancestral sequence of each RPG promoter sequence of these six Drosophila
species, using Mosquito RPG promoter sequences as an out-group control. The evolutionary
process was simulated 1000 times according to the established phylogenetic tree and
evolutionary distance of these six Drosophila species (obtained from the RPG promoters) to
estimate the null distribution of cv. As it turned out, the observed cv (=0.24) is significantly
(P value=0.011) smaller than that under neutral process for DRE (defined simply as an 8-
mer TATCGATA,; see supplementary file for the null distribution of cv under neutral
process). We note that the result is still significant (P value=0.033) when using the position
weight matrix of DRE in (Ohler et al., 2002) with threshold 1200. Therefore, we conclude
that the total numbers of promoters in RPG module harboring DRE in each species are kept
similar among Drosophila species under strong selection pressure.

Thus, our result suggests that the DRE motif is subject to strong selection pressure at the
RPG module level, while it is not subject to selection pressure at the individual gene level.
Such a surprising contradiction by looking the DRE motif at different level (i.e., individual
gene and gene module) suggests the need to extend the traditional stabilizing selection
theory at individual gene level (Ludwig, 2002) to gene module level, as detailed below.

3.6. DRE motif is under module-wise stabilizing selection

Frequent change of DRE motif appearance at the individual Drosophila RPG promoter
regions along the evolutionary process would seem to contradict the strong selection
pressure exerted on both DRE and DREF. However, we reached the conclusion that the total
numbers of RPG promoters harboring DRE in each species are kept similar among
Drosophila species. While this finding implies that the DRE element is under strong
selection pressure, the selection force is actually operating on a functional module level
where the RPGs are considered as a whole group. Since RPGs are functionally
homogeneous, it would be reasonable to theorize that strong selection pressure is exerted on
the functional module instead of individual RPGs. We will call this module-wise stabilizing
selection, which would naturally result in roughly similar numbers of RPG promoters
harboring DRE across Drosophila species (Table 3). On the other hand, stabilization of the
total number of RPGs with a DRE-containing promoter may also be explained by rapid
shuffling of promoter sequences during, or right after, speciation followed by extensive
concerted evolution (Arnheim, 1983). However, no evidence suggests that extensive
concerted evolution is present in RPGs. In fact, high variability of the length of the
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ribosomal protein genes in D. melanogaster eliminated the possibility of concerted evolution
actively operating in their promoter sequences (data not shown). Therefore, module-wise
stabilizing selection is most likely the driving force in shaping the DRE motif instance
pattern among Drosophila RPGs.

4. Discussion

It has long been proposed that the evolution of regulatory interactions is a major driving
force of species evolution. Results in this paper and others (Perry, 2005; Tanay et al., 2005a)
consistently indicate that the regulatory circuit of RPGs evolves faster than the
corresponding genes, which are highly conserved not only in amino acid sequences, but also
in the coordinated expressions. The dramatic changes of the RPG regulatory circuit hint the
rewiring of other more complex regulatory modules. Within Drosophila species, the
appearance of DRE motif, which is subject to strong selection pressure at the RPG module,
is also fast evolving. Overall, therefore, our results provide significant insight into the fast-
evolving nature of transcriptional regulation in the RPG module.

One of our key results indicated that module-wise stabilizing selection is most likely the
driving force in shaping the DRE motif instance pattern among Drosophila RPGs.
Following this logic, the module-wise stabilizing selection would have significant impact on
the traditional motif-finding strategy of comparative genomics, where promoters of
homologous genes are analyzed to search for potential motifs. One such strategy,
phylogenetic footprinting, assumes that the functional motifs are kept intact in the
orthologous sequences during evolution. However, as we have shown in the Drosophila
RPG module, the motif may only be conserved across species at the gene-module level,
rather than at the orthologous individual gene level. Thus, a comparative genomics search
over individual homologous genes may miss functional motifs. Based on our observation,
we propose that a successful search should take both evolutionary conservation information
and gene family information into consideration.
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Abbreviations

ATG adenosine thymidine guanosine

CSsC Cross-species conservation

coefficient of variation

Dana D. ananassae

Dmel D. melanogaster

Dmoj D. mojavensis

Dobs D. pseudoobscura

Dvir D.virilis

Dyak D. yakuba

DRE DNA-replication related element

Gene. Author manuscript; available in PMC 2011 December 6.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Maetal. Page 8
DREF transcription factor related to DRE motif
MEME multiple EM for motif elicitation
RPG ribosomal protein genes
RPGDB ribosomal protein gene database
TOP Terminal OligoPyrimidine
UTR untranslated region
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Fig. 1.

The TOP sequences. TOP sequences are close to the translation start codon of ribosomal
protein genes across all Drosophila species (Panel A). Here y-axis represents the number of
RPG genes having TOP motif at a given distance from the translation start codon as shown
in x-axis. For each ribosomal protein gene, its TOP motif is defined as the best matching
sequence in the upstream 1 kb region using the estimated position weight matrix in
corresponding species, which is shown in panel B.
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Cross—species spatial distribution of the DRE motif
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Fig. 2.

Cross-species spatial distribution of the DRE motif. DRE motifs are close to the translation
start codon of ribosomal protein genes across all Drosophila species. Shown in y-axis is the
number of RPGs harboring DRE in the promoter region with corresponding distance from
translation start codon ATG shown in x-axis. The error bar indicated by “Random”
corresponds to the null distribution of DRE in the promoter regions of all D. melanogaster
genes (1000 bootstrap samples, each with 86 genes).
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DNA binding domain of the transcription factor DREF. The DREF DNA binding domain is
conserved across Drosophila species. DNA binding domain is aligned in CLUSTALW

(Higgins et al., 1994).
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Occurrences of DRE in the Drosophila RPG core promoters (the upstream 1 kb region of
translation start codon ATG). Proteins of the large subunit are in the left panel and those of
small subunit are in the right panel. Color schemes are illustrated in bottom right.
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