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Core promoter T-blocks correlate with gene
expression levels in C. elegans

Vladislav Grishkevich, Tamar Hashimshony, and Itai Yanai'
Department of Biology, Technion-Israel Institute of Technology, Haifa 32000, Israel

Core promoters mediate transcription initiation by the integration of diverse regulatory signals encoded in the proximal
promoter and enhancers. It has been suggested that genes under simple regulation may have low-complexity permissive
promoters. For these genes, the core promoter may serve as the principal regulatory element; however, the mechanism by
which this occurs is unclear. We report here a periodic poly-thymine motif, which we term T-blocks, enriched in oc-
currences within core promoter forward strands in Caenorhabditis elegans. An increasing number of T-blocks on either
strand is associated with increasing nucleosome eviction. Strikingly, only forward strand T-blocks are correlated with
expression levels, whereby genes with =6 T-blocks have fivefold higher expression levels than genes with =3 T-blocks. We
further demonstrate that differences in T-block numbers between strains predictably affect expression levels of orthologs.
Highly expressed genes and genes in operons tend to have a large number of T-blocks, as well as the previously charac-
terized SLI motif involved in trans-splicing. The presence of T-blocks thus correlates with low nucleosome occupancy and
the precision of a trans-splicing motif, suggesting its role at both the DNA and RNA levels. Collectively, our results suggest
that core promoters may tune gene expression levels through the occurrences of T-blocks, independently of the spatio-
temporal regulation mediated by the proximal promoter.

[Supplemental material is available for this article. The sequence data from this study have been submitted to the SRA

database (http:// www.ncbi.nlm.nih.gov/sra) under accession no. SRA028423.]

The genome contains information encoded according to both a
genetic code for translation and a separate code for its regulation.
Recent research has provided strong evidence that in metazoans
much of the morphological differences among species can be
accounted for by changes in gene regulation rather than by
changes to the protein-coding regions (Davidson 2006; Carroll
2008). The genetic code is well-characterized, allowing for the
conceptual translation of a gene given only its DNA sequence.
However, the regulatory code is far less understood. For example,
transcription factors (TFs) bind highly redundant motifs of vari-
able lengths, distributed in a relaxed manner across a wide pro-
moter region, in multiple numbers and tolerance for different
polarities (Stark et al. 2007; Meireles-Filho and Stark 2009; Schmidt
et al. 2010). Juxtaposed between the proximal promoter and the
coding region is the core promoter, unique in its role as the gate-
way to a gene’s transcription (Juven-Gershon et al. 2008), con-
taining both spatially restricted motifs as well as flexibility in the
occurrences of its composing motifs.

Previous work has highlighted the important role of the core
promoter as an integrator of a complex array of signals toward the
assembly of the RNA polymerase (Butler and Kadonaga 2001). The
core promoter is usually defined as the —50 to +50 base pair (bp)
region with respect to the start of transcription. Yet, despite its
short length, the core promoter harbors a number of conserved
elements including the TATA box, Initiator, downstream promoter
element (DPE), TFIIB recognition element (BRE), motif ten ele-
ment (MTE), and downstream core element (DCE) (Smale and
Baltimore 1989; Burke and Kadonaga 1996; Lagrange et al. 1998;
Ohler et al. 2002). These elements are involved in the recruitment
of additional auxiliary factors (general transcription factors [GTFs]
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and TBP-associated factors) mediating RNA polymerase assembly
during transcription initiation and thus determining the actual
composition of the RNA polymerase complex (Hoey et al. 1990;
Burke and Kadonaga 1996; Lagrange et al. 1998; Chalkley and
Verrijzer 1999). The action of many TFs relies upon their direct or
mediated interactions with the RNA polymerase complex (Butler
and Kadonaga 2001). Thus, the set of TFs distributed along the
proximal promoter and enhancer—regulating gene expression
along spatial and temporal axes—might be dependent upon the
composition of the core promoter. Indeed, a design of a “super core
promoter” including four conserved core promoter motifs (TATA
box, MTE, DPE, and Initiator) exhibited significantly elevated ex-
pression levels, both in vitro and in vivo (Juven-Gershon et al.
2006). However, natural core promoters do not generally have a
characteristic structure but rather exhibit a surprisingly wide var-
iation in terms of their motif composition (Juven-Gershon and
Kadonaga 2009).

While the core promoter is typically thought of as a regulatory
integrator, recent work has suggested that, for certain classes of
genes, the core promoter may constitute the principal regulatory
element (Tirosh and Barkai 2008; Cairns 2009; Juven-Gershon and
Kadonaga 2009). In yeast, a significant fraction of genes can be
classified as having one of two contrasting promoter architectures
(Tirosh and Barkai 2008). The open promoters are free of nucleo-
somes and relatively independent of TF regulation. Such simple
promoters are enriched with poly(dA:dT) motifs, yet depleted with
the TATA box. Alternatively, covered promoters are tightly bound
by nucleosomes and exhibit the opposite properties to open pro-
moters (Tirosh and Barkai 2008; Cairns 2009). The distinction
between these two groups essentially relies upon the sequence
composition of the core promoters (Cairns 2009). Open genes
might therefore be more heavily dependent upon the core pro-
moter because of their loose association with TFs. However, the
mechanism by which the core promoter may be precisely tuned to
encode expression levels is unclear.
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To study this topic we selected the nematode Caenorhabditis
elegans, which provides an efficient system, given its compact
well-characterized genome and a wide range of available whole-
genome experimental data. C. elegans is possibly the best under-
stood metazoan, and consequently, the mechanism by which its
transcription is regulated stands as a formidable challenge. C. elegans
also contains post-transcriptional regulatory mechanisms that
impinge upon the sequence of the core promoter. Most C. elegans
mRNA transcripts undergo trans-splicing, where the 5" UTR is
replaced by a short splice leader, donated by a 100 nucleotide
noncoding nuclear RNA, called SL1 (Blumenthal 2005). Trans-
splicing is similar to cis-splicing and depends upon similar com-
ponents (Blumenthal 2005). Moreover, trans-splicing relies upon
a DNA sequence motif that is nearly identical to the 3’ splice
sites of introns (Graber et al. 2007). Two additional elements
found in tight association with frans-splice sites—the U-rich el-
ement and Kozak sequence—are implicated in this process
(Graber et al. 2007). Trans-splicing is also present in genes orga-
nized into operons, which in C. elegans amounts to 15% of all
coding genes. Most operon genes have housekeeping func-
tions and are associated with basal cellular processes such as
transcription, translation, and respiration (Blumenthal and
Gleason 2003; Blumenthal 2005). mRNA transcribed from
internal operon genes is trans-spliced by a second RNA, called SL2
(Blumenthal 2005).

In the present work, we report a motif found in the core
promoter sequence that is composed of periodic strand-specific
thymine repeats with a phase of ~10 bp. We propose that occur-
rences of this repeat are shaped by selective pressures to tune gene
expression levels through the modulation of nucleosome occu-
pancy, transcription stability, and translation efficiency. According
to this view, core promoter T-blocks tune gene expression levels by
evicting nucleosomes and mediating post-transcriptional regula-
tion in C. elegans.

Results

Motif composition of the Caenorhabditis core promoter

To study the role of the core promoter in gene regulation, we
first sought to identify sequence motifs. A global motif search in
C. elegans core promoters using MEME (Bailey and Elkan 1994)
yielded five dominant motifs (Fig. 1A). Two have been previously
associated with 5’ UTR sequences (Conrad et al. 1991; Graber
et al. 2007): the SL1 (TTnCAG) motif and the Kozak sequence
(AAAATG), comprising ~60% and ~37% (Supplemental Table S1)
of C. elegans genes, respectively. The canonical SL1 motif is very
similar in sequence to the 3’ splice signal of introns (Conrad et al.
1991). Consistently, SL1 possesses a 5’ 10-15-bp tail enriched with T/A
nucleotides. The Kozak sequence contains the start codon and is
nearly identical to its counterpart in Drosophila ((CA]JAA[CA]JATG)
(Cavener 1987). Further, the TATA box and SP1 motifs have been
previously described in promoters (Goldberg 1979; Xi et al. 2007).
The TATA box (GTATA[TA][TAJAG) of C. elegans is highly similar
to that of Drosophila (Ohler et al. 2002). The TATA box has a wide
phylogenetic distribution and is mainly found in the core pro-
moters of stress-response (Basehoar et al. 2004; Huisinga and Pugh
2004), noisily expressed (Blake et al. 2006), and evolvable genes
(Tirosh et al. 2009). Consistent with other works, we find that the
TATA box is present in ~6% of the genes (Supplemental Table S1).
The SP1 motif has been previously characterized in promoters of
vertebrates where it regulates expression in TATA-less promoters
(Huber et al. 1998). The fifth conserved element identified by MEME
is a periodic occurrence of three to five thymines (Fig. 1A). We
named a single group of these neighboring thymines a “T-block.”
T-blocks are widely distributed in the genome; ~42% of C. elegans
genes contain the motif (Supplemental Table S1).

The five motifs identified in C. elegans are well-conserved in
four additional nematode genomes (Fig. 1A). The frequency of genes
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Figure 1.

Motif composition of the Caenorhabditis core promoter. (A) Five conserved motifs in each of the five examined Caenorhabditis species are

shown as sequence logos. (*) In contrast to all other motifs which were found in the initial search, the Caenorhabditis japonica TATA box motif was detected
only in sequences whose orthologs contained the “TATA” motif. (B) Distribution of motif occurrences along the sequence. The gray box in each plot
corresponds to the core promoter. The C. japonica SL1 motif was normalized to the length of the other species.
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containing each motif is also generally conserved (Supplemental
Table S1). To characterize the conservation of the location of the
five motifs across species, we compared the distributions of loca-
tions of each motif in each genome (Fig. 1B). The distributions are
remarkably similar, demonstrating that the five motifs are con-
strained to the same relative positions along the core promoter.

The T-blocks motif has a periodicity of ~10 bp

The detected T-blocks motif shown in Figure 1A contains three
T-blocks; however, individual promoters may have more. To sum-
marize the number of T-blocks per gene, we developed the fol-
lowing simple procedure. Parsing the promoter sequence into 10
nonoverlapping 10-bp windows, the number of T-blocks is equal to
the number of windows with at least three consecutive thymines.
We found a wide distribution in the number of T-blocks per gene in
C. elegans, with a mode of four (Fig. 2A). Over 5000 genes have six
or more T-blocks. Random sequences of the same length and nu-
cleotide composition exhibit a significantly smaller number of
T-blocks (Fig. 2A; P < 107289 Since only the forward strand
was examined, the appearance of T-blocks and not (also) A-blocks
suggests a strand bias. Supplemental Table S4 indicates the in-
stances of genes with each number of T-blocks and A-blocks in the
core promoter. While we found that there are more A-blocks than
expected (Fig. 2B), they are depleted in the total number of blocks
with respect to T-blocks (P < 107289),

Since DNA (in its B-form) contains 10.6 bp per turn, the ~10-bp
period of the T-blocks motif (Fig. 1A) indicates a role relating to
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Figure 2. Occurrences and periodicity of the T-blocks motif in core pro-
moters. (A, B) Distributions of T/A-blocks per gene, respectively. A block of
a given nucleotide is defined as three or more occurrences of that nucleotide.
The overall number of blocks is computed as the number of nonoverlapping
10-bp windows containing the blocks (see Methods). (C,D). Distributions of
mean periodicity for all genes. For each gene, the mean distance between T-
blocks was calculated (see Methods). The random plot corresponds to the
mean periodicity in randomly permutated sequences. The observed plot for
T-blocks (left) indicates a periodicity with a mode of nine, while A-blocks
show a periodicity of 15 (vertical dashed lines). (E,F). Locations of T-blocks
and A-blocks along the core promoter. For each location, the fraction com-
prising T/A-blocks is shown. Random sequences are computed as in Cand D.
A periodicity of 10 bp is found in the —60 to —10 region (vertical dashed
lines). Indicated P-values relate to differences between the distributions.

DNA structure as opposed to specific TF-binding. Two additional
analyses support ~10-bp periodicity. First, for each gene, we
computed the average number of nucleotides separating the starts
of T-blocks. The distribution of such mean periodicities shows a
mode of nine nucleotides, while the mode for the random se-
quences is 15 (dashed lines in Figure 2C). On the contrary, A-blocks
show a similar mean periodicity to randomized sequences, sug-
gesting an absence of ~10-bp periodicity for A-blocks (Fig. 2D).
Second, we analyzed the locations of T-blocks along the core pro-
moter. We found that T-blocks overall are separated by ~10 bp,
while no periodicity was observed for random sequences (Fig. 2E).
Further, no periodicity was observed for A-blocks (Fig. 2F). This
analysis also suggests that T-blocks occupy fairly fixed positions
along the promoter. We conclude from these analyses that T-blocks
are enriched in their occurrence in promoter sequences and ex-
hibit a periodicity of ~10 bp. We note, however, that while pat-
terns are evident at the genome level, for each particular gene there
is a wide variation in occurrences and periodicities.

The number of T-blocks and A-blocks correlates
with nucleosome eviction

The periodicity of the T-blocks motif led us to hypothesize a role for
T-blocks in nucleosome occupancy. Recent studies demonstrated
that the DNA sequence plays an important role in nucleosome
positioning (Rhodes 1979; Prunell 1982; Struhl 1985; Koch and
Thiele 1999; Anderson and Widom 2001; Segal et al. 2006; Kaplan
et al. 2009). Long stretches of adenine nucleotides known as
A-tracks, for instance, have the lowest nucleosome occupancy
in vitro (Anderson and Widom 2001), while AA/TT/TA dinucleo-
tides occurring with a periodicity of ~10 bp are enriched in nu-
cleosome occupancy (Segal et al. 2006; Kaplan et al. 2009). Fur-
thermore, the start and end of C. elegans genes are enriched with
nucleosome occupancy (Gu and Fire 2010). To examine nucleo-
some positioning within C. elegans core promoters, we invoked a
published data set (Valouev et al. 2008) to determine genome-wide
nucleosome occupancies. For each set of genes with a particular
number of T-blocks, we calculated the mean nucleosome occu-
pancy (Fig. 3A). We found a negative correlation between the
number of T-blocks and nucleosome occupancy in the core pro-
moter (Fig. 3A). For example, genes with six T-blocks are signifi-
cantly depleted of nucleosomes relative to the set of all genes
(P < 1071). We also observed a gradual correlation of nucleosome
occupancy with an increasing number of T-blocks, whereby genes
with two or less T-blocks are enriched in nucleosome occupancy
relative to the genome average, while an increasing number of
T-blocks have, on average, less nucleosome occupancy. This same
correlation is also observed for A-blocks, suggesting strand-in-
dependence (Fig. 3B). Further, genes with both many T-blocks and
many A-blocks display the lowest nucleosome occupancy, while
those with both few T-blocks and few A-blocks are the most heavily
occupied (Supplemental Fig. S1). However, we did not find a sig-
nificant difference between the nucleosome coverage of genes
with many T-blocks and few A-blocks and vice versa (Supplemental
Fig. S1). Thus, we conclude that both T-blocks and A-blocks in the
core promoter have a similar effect on nucleosome eviction.

The number of core promoter T-blocks—but not the number
of A-blocks—correlates with gene expression levels

We reasoned that the level of nucleosome occupancy would corre-
late with gene expression levels, since the initiation of transcription
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Figure 3. The number of T-blocks and A-blocks correlates with nucleosome eviction. (A) For each set of genes with a given number of T-blocks, the
mean log, nucleosome occupancy is shown for each base pair in the —296 to +205 region with respect to the ATG. The mean nucleosome occupancy for
all genes in this region is indicated by the dashed line. Significance of differences between the distribution of particular T-block counts and the genome
average are indicated as stars in the legend (*, P < 1075, **, P< 10719 ** p < 10729, (B) The same as A for A-blocks. The normalized nucleosome

occupancy data was obtained from Valouev et al. (2008).

requires the eviction of the nucleosomes (Fuda et al. 2009). To test
this, we invoked gene expression data from the four-cell stage of C.
elegans embryos (Yanai and Hunter 2009). We defined 20 equally
populated gene groups according to mRNA transcript levels. The
first 10 groups were collapsed to one, representing nonexpressed to
lowly expressed genes. For each group of genes, we computed the
distribution of the number of T-blocks in their core promoters. We
found a significant correlation between the expression levels and
the number of T-blocks (Fig. 4A). While genes with low and me-
dium expression levels have a relatively low number of T-blocks
(generally, no more than four), the distribution gradually shifts to
higher numbers of T-blocks with higher expression levels. Genes
with =6 T-blocks have fivefold higher expression levels than genes
with =3 T-blocks. Surprisingly, this correlation is absent for
A-blocks (Fig. 4B), despite the similar effect of A-blocks on nu-
cleosome eviction (Fig. 3B). A similar correlation was also ob-
served in an independent expression data set using mRNA from
adult (Supplemental Fig. S2A,B) and L1 (first larvae) worms
(Supplemental Fig. S2C,D).

We asked if the correlation between the number of T-blocks
and expression levels is unique to the core promoter. We did
not find a similar correlation in the proximal promoter, exons,
introns, 3" UTR, and adjacent and distal gene ends (Fig. 5; Sup-
plemental Fig. S3). The absence of correlation is most evident in
the proximal promoter and in adjacent and distal 3’ flanking
sequences, suggesting that T-blocks exert
their effect only in the core promoter.

consistent with the recent result that 3’ UTR lengths decrease with
developmental time (Mangone et al. 2010).

Differences in T-block occurrences between orthologous core
promoters correlate with expression level changes

The correlation between T-blocks and expression levels may be
indirect due to an effect of other properties such as gene neigh-
borhood and gene function. For example, different sets of genes
may have both more T-blocks and higher expression due to their
particular function. We thus sought to investigate how changes in
T-block numbers influence the expression level of particular genes.
We examined gene expression data from embryos of two C. elegans
strains (N2 and CB4856), together with single nucleotide poly-
morphisms (SNPs) between these strains (see Methods). For ex-
ample, the core promoter of nhr-127 in CB4856 has two SNPs rel-
ative to the N2 promoter, both affecting T-blocks (Fig. 6A). The
higher T-block count in nhr-127 in CB4856 correlates with the
significantly higher gene expression level relative to its N2
counterpart (Fig. 6B).

To examine this globally, we compiled two groups of genes.
The first contained genes with a higher T-block count in N2, and
the second contained genes with a higher T-block count in
CB4856. The analysis was limited to genes with relatively large
differences in T-block numbers (see Methods) and at least four
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Figure 4. The number of T-blocks, but not the number of A-blocks, correlates with gene expression
levels. (A) For each set of genes with a given level of expression, the distribution of the number of
T-blocks is shown as a heat map. Twenty equally populated groups of genes were defined based upon
their gene expression levels. Most genes have a low level of expression, and thus the ten groups with the
lowest expression levels were merged into one, 1" group. The remaining ten are shown in the figures as
groups 11 through 20. The distribution of T-blocks of each category was compared with that of the
group and the P-value (Kolmogrov-Smirnov test) is indicated to the right. (B) Same as (A) for A-blocks.
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T-blocks in either strain. For each group, we calculated the ratio of
N2 to CB4856 expression levels between orthologs. We found that
for the 64 genes with a higher T-block count in the N2 strain, ex-
pression was higher in N2 (Fig. 6C). Similarly, in the 72 genes with
more T-blocks in CB4856, expression was generally higher in that
strain (Fig. 6C). The expression ratios between these two groups are
significantly different (P = 0.0024). As a control, we examined
genes that contain core promoter SNPs that do not change the
T-block count, and the distribution of their expression ratios lies
between those of the two groups (Fig. 6C). Further, combining the
groups together, we also found a significant difference between
those and the control category (P = 0.0014). Interestingly, this
trend was not apparent for SNPs affecting instances of A-blocks
(Fig. 6D; P = 0.6331). Thus, in spite of the 98.8% genetic identity
between the two C. elegans strains (Wicks et al. 2001), more core
promoter T-blocks across orthologs are associated with higher gene
expression levels.

A nhr-127

T-blocks form a supra-motif with the SLI motif

T-blocks may occur independently of other motifs or in combi-
nation as a supra-motif. We found that genes with a significant
match to the MEME T-blocks motif (Fig. 1A) tend to also possess
the SL1 motif (P < 10~'%; hypergeometric distribution; Supple-
mental Table S2). Also, the sets of genes containing T-blocks
and SL1 are strongly depleted for occurrences of the TATA box
(P < 10732 and P < 107°¢ for SL1 and T-blocks, respectively;
hypergeometric distribution; Supplemental Table S2). These re-
sults were also observed in each of the other Caenorhabditis species
(Supplemental Table S2). One shortcoming of this analysis is the
use of the MEME motifs which limits T-blocks to three blocks and is
based upon an arbitrary P-value threshold. To overcome these
constraints, we further examined the dependency of the T-blocks
and SL1 motifs by comparing the distribution of T-blocks across
equally populated groups of genes with different matches to the

N2 attcatgtatattccgecctaccttttaaaaat ctttcga#tam tgacttttggcgttett cgaatttccaaatt#c tctgtttcacaaaacatgaa

CB4856 attcatgtatattccgcctaccttttaaaaatctttcga
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Figure 6. Differences in T-block occurrences between orthologous core promoters correlate with expression differences. (A) The nhr-127 gene has
seven T-blocks in the strain CB4856, while its ortholog in the N2 strain has one less T-block. (B) The nhr-127 gene is more highly expressed in CB4856 than
in N2. (C) Ratio of expression differences for three groups of genes: (1) Genes with more T-blocks in N2; (2) genes with more T-blocks in CB4856; and (3)
genes with core promoter SNPs, yet the same number of T-blocks in both strains. More T-blocks correlate with higher expression. (D) Same format as Cfor
A-blocks. A correlation with expression change was not detected.
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SL1 motif, based upon the MEME P-value. We term the latter
measure the “fuzziness” of the occurrence of the SL1 motif, similar
to a previous formulation (Bilu and Barkai 2005). We found a pro-
nounced correlation between the number of T-blocks and the
fuzziness of the SL1 sequence (Fig. 7A). Genes with the best
matches to the SL1 MEME motif in their core promoters also have
the highest number of T-blocks, whereas genes most likely to lack
the SL1 motif (most fuzzy) exhibit the lowest number of T-blocks
(Fig. 7A). The same analysis for A-blocks did not reveal such a cor-
relation (Fig. 7E). We thus conclude that T-blocks and SL1 form
a supra-motif.

The SL1 MEME motif (Fig. 1A) contains a long tail composed
of thymines and adenines which may contribute to the number of
computed T-blocks for genes with well-matching SL1 motifs. To
test whether this tail can alone account for this correlation, we
repeated the analysis on a set of core promoter sequences truncated
in their 3' ends by 40 bp. As the correlation was still evident
(Supplemental Fig. S5), we conclude that the thymine/adenine-
rich 5’ tail of the SL1 motif cannot explain the increase in the
number of T-blocks in groups of genes with precise SL1 motifs
(Supplemental Fig. S5).

Highly expressed genes have a preponderance of T-blocks
and a precise SLI motif

To gain insight into the use of different core promoters throughout
the genome, we next asked which gene ontology (GO) terms are
enriched in genes with either the T-blocks-SL1 supra-motif or the
TATA box. We found a significant association of SL1-T-blocks
genes with growth, reproduction, and development, accounting
for seven of the 15 GO terms with the highest level of enrichment
(Supplemental Table S3). This enrichment likely reflects a strong
correlation between highly expressed genes and these essential
functions. The TATA box motif, in contrast, was constrained to
stress-related genes and genes involved in nucleosome assembly
(six GO terms from 15) (Supplemental Table S3). Consistently, an
association of the TATA box with stress-related genes in Saccharo-
myces cerevisiae has been reported (Basehoar et al. 2004).
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We next asked whether genes with the T-blocks-SL1 supra-
motif show a bias toward particular patterns of expression. We
defined three mutually exclusive expression groups: maternal,
embryonic, and genes with high expression throughout embry-
onic development (see Methods). For embryonic genes, we found
roughly the same distribution of genes along the T-blocks and SL1
fuzziness axes as for the total set of genes (Fig. 7D). However,
highly expressed genes are distinguished with high numbers of
T-blocks and a precise SL1 motif in their core promoters (Fig. 7B).
Maternal genes also possess high numbers of T-blocks and well-
conserved SL1 motifs similar to highly expressed genes, though
with a slight shift toward less precise SL1 motifs and fewer T-blocks
(Fig. 7C). Again, a similar analysis repeated for A-blocks did not
reveal a correlation with SL1 fuzziness among highly expressed,
maternal, and embryonic genes (Fig. 7EG,H).

Operon genes are enriched with T-blocks

Operons are estimated to account for ~15% of C. elegans genes,
which tend to be highly expressed (Blumenthal 2005). The SL1
motif, as well as the similar SL2 motif, is involved in the processing
of the polycistronic transcript (Blumenthal 2005). Given our
findings that highly expressed genes should have both multiple
T-blocks and a precise SL1 motif, we reasoned that, in addition to
the splicing motifs (SL1 and SL2), operon genes as a group should
be enriched with T-blocks. We found that operon genes have a
median of 5.08 T-blocks, significantly higher than the median
for nonoperon genes (3.95; P < 10~!'8). Operon genes may be
classified according to their order within the operon, and we find
that both the first operon genes and the internal operon genes
have a similar enrichment for T-blocks (medians of 5.08 and 4.97,
respectively). The overwhelming majority of operon genes are
highly expressed (90%) and contain a clearly shifted distribution
of T-blocks, though not A-blocks (Fig. 8A,E). To test whether the
correlation between T-blocks and expression levels is not driven by
misannotated operon genes, we repeated the analysis on a re-
stricted set of genes not annotated as operon genes and with
at least 1-kb intergenic region on either end. The correlation
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Figure 7. Highly expressed genes have both a preponderance of T-blocks and a precise SL1 motif. In each heat map, genes are mapped onto a plane of
the number of T-blocks (and A-blocks) and the fuzziness of the SL1 motif. SL1 fuzziness is determined by dividing the set into 10 equally populated groups
according to the P-value of the best match of the SL1 motif to the gene’s core promoter (see Methods). The heat maps correspond to the number of
T-blocks (top) and A-blocks (bottom) for all genes (A,E), highly expressed genes (B,f ), maternally expressed genes (C,G), and embryonically expressed
genes (D,H). The latter three groups are mutually exclusive by definition (see Methods).
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Figure 8. Operon genes have a high number of T-blocks, a precise SL1 motif and are highly expressed. (A-H) The heat maps are in the same format as

in Figure 7.

remained after this restriction (Supplemental Fig. S6). This analysis
also excludes the possibility that T-blocks appear only in core
promoters shared by close gene neighbors in reverse orientation.
We conclude that highly expressed nonoperon genes and operon
genes share a similar core promoter architecture involving the
presence of the SL1 motif and a large number of T-blocks.

Preponderance of thymines in metazoan core promoters

Many core promoter motifs are highly conserved throughout eu-
karyotes, leading to the question of the generality of core promoter
T-blocks beyond the Caenorhabditis genus (Fig. 1). We found that
thymines are enriched relative to adenines in metazoan genomes
in the core promoter forward strands of many model species (Sup-
plemental Fig. S7A). Furthermore, T-blocks are more frequent than
A-blocks in all examined species with the exception of Drosophila
melanogaster (Supplemental Fig. S7B). It will be interesting to further
characterize the metazoan-wide evolution of this promoter element
and to study its effect on regulation in other systems.

Discussion

We report here the existence of a simple motif, which we term
T-blocks, that occurs with a periodicity of ~10 bp in a domi-
nant fraction of C. elegans core promoters. T-blocks can be regarded
as a composite motif occurring in a wide range of numbers of in-
dividual blocks. The presence of an increasing number of T-blocks
specifically in the core promoter is correlated with a graded paucity
of nucleosomes and a higher level of expression. Our results sug-
gest that T-blocks are an important factor in the regulation of C.
elegans gene expression levels. In this discussion, we consider the
genomic and transcriptomic constraints that may shape the
structure, function, and evolution of the core promoter T-blocks.
What constraints impinge on this DNA region? What evolutionary
forces underlie the periodic structure? What mechanism is re-
sponsible for the graded correlation with expression level? Why do
different genes have different numbers of T-blocks?

The 100 bp preceding the start of translation in C. elegans are
under strong constraints since these simultaneously represent
both the 5" UTR and the core promoter and consequently contain
their associated regulatory motifs. This apparently stems from the

general shortness of the C. elegans 5’ UTR, as evidenced by the
following observations. The regulatory elements we find in this
region are known functional elements of the 5’ UTR: the SL1 motif
and the Kozak sequence (Fig. 1). Of 15,537 well-evidenced genes,
~82% (12,702) contain 5" UTRs of length =< 60 bases (Supple-
mental Fig. $8). Since the core promoter is defined as the 100-bp
region flanking the start of transcription, in cases of short 5’ UTR’s,
these will be in (nearly) complete overlap with the downstream
part of the core promoter. Previous work has also shown that in C.
elegans the 5’ UTR is generally short (Blumenthal and Steward
1997; Rhoads et al. 2006). The nucleosome occupancy of the region
preceding the start of translation is also heavily bound (Fig. 3),
implicating the nearby location of the transcription start site (TSS)
(Gu and Fire 2010). Furthermore, the distance between the TATA
box motif and the start codon is generally 50 bases, consistent with
a typically short 5’ UTR (Fig. 1B). Such an overlap between a short
5" UTR and the downstream part of the core promoter imposes
constraints to combine the functions of the initiation and later
processing of transcription.

As the gateway to transcription, the core promoter should
have the ability to evict nucleosomes and enable access to RNA
polymerase II and GTFs (Fuda et al. 2009; Juven-Gershon and
Kadonaga 2009). Recent work has identified two classes of pro-
moters with respect to their nucleosome occupancy: open and
covered promoters (Tirosh and Barkai 2008). Among the different
attributes associated with each group is the presence or absence of
a poly(dA:dT) track, a motif previously associated with areas of the
lowest nucleosome occupancy in vitro (Rhodes 1979; Prunell
1982; Struhl 1985; Koch and Thiele 1999; Anderson and Widom
2001; Segal et al. 2006; Kaplan et al. 2009). Our results indicated
that T-blocks are correlated with an intrinsic ability to also
cause nucleosome eviction. Moreover, similar to yeast, where
poly(dA:dT) tracks (often referred to as A-tracks) are associated
with essential genes (Struhl 1985), in C. elegans, high numbers of
T-blocks are found in core promoters of housekeeping genes. These
observations suggest that T-blocks function as the C. elegans analog
of the poly(dA:dT) track. However, while poly(dA:dT) tracks do not
show a strand preference, we find a significant asymmetry in the
frequency of T-blocks across the two strands of the core promoter.
Despite this asymmetry, T-blocks located on the reverse strand are
correlated with similar patterns of nucleosome eviction as those on
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the forward strand. Another difference between the poly(dA:dT)
tracks and T-blocks are their lengths. While poly(dA:dT) tracks can
span 15-30 bp (Struhl 1985), T-blocks are distributed as multiple
blocks of =3 uninterrupted thymines. The periodicity we observe
places the T-blocks on the same groove of the DNA helix, while
higher numbers of blocks correlate with higher nucleosome evic-
tion. This observation is somewhat unexpected in light of some
previous works (Satchwell et al. 1986; Hsieh and Griffith 1988;
Costanzo et al. 1990; Collings et al. 2010) showing the preferential
binding of nucleosomes to short periodic A/T stretches that pro-
duce DNA bending. Our findings that nucleosome occupancy is
anti-correlated with A/T-block-rich regions may thus be inter-
preted in light of reports of nucleosome absences in DNA with long
stretches of A’s and T’s (Rhodes 1979; Prunell 1982; Struhl 1985;
Koch and Thiele 1999; Segal and Widom 2009), whereby periodic
stretches of A/Ts can be seen as imperfect A/T stretches. The reso-
lution of this paradox requires additional research and may in-
volve the distinctive effect that A/T-blocks could have on nucleo-
somes comprised of differentially modified histones, which may
not have been queried in previous studies. Most previous work
assaying DNA-nucleosome interaction invoked nucleosomes in
general without distinguishing histone modifications. However,
core promoters of actively expressed genes are occupied by nu-
cleosomes that are differentially modified relative to untranscribed
genes (Li et al. 2007). Thus, histone modifications might have an
effect on the nucleosome binding capacity of the T-blocks in the
core promoter.

The dependence upon T-blocks as opposed to A-blocks is
likely due to the involvement of a uracil-rich motif for trans-
splicing. Trans-splicing is important for the expression of most C.
elegans genes. Previous work has shown that trans-splicing effi-
ciency depends upon the presence of a uracil-rich (U-rich) element
located upstream to the SL1/SL2 elements (Graber et al. 2007).
Since the 5’ UTR overlaps with the core promoter, T-blocks ap-
parently function as these U-rich elements. Indeed, we found a
high enrichment in co-occurrence of the SL1 and T-blocks motifs
(Fig. 7A,E). Moreover, an increasing number of T-blocks correlates
with an increase in the precision of the SL1 element to the ca-
nonical form. Thus, the constraint of the U-rich element for the
efficient frans-splicing may be the cause of asymmetry in the dis-
tribution of T- and A-blocks within C. elegans core promoters.
While both T-blocks and A-blocks can cause similar eviction of the
nucleosomes, only a U-rich, and not an A-rich, region is required
for the trans-splicing. Further, a combination of both A-blocks and
T-blocks would also lead to self-complementarity which would
interfere with trans-splicing, leading to selection against A-blocks.
There is also a mutational bias against uninterrupted T-stretches
(Denver et al. 2004), favoring organization of thymines in blocks
located on the same side of the double helix. The inter T-blocks
regions might also act as sites for the location of downstream
regulatory elements of the core promoter. Thus, T-blocks may serve
a dual function in the context of the constraints acting on this
sequence.

How might the number of T-blocks in a core promoter control
the expression level of the downstream gene? The initiation of
transcription may be regarded as a competition between nucleo-
somes that repress the gene, on the one hand, and a preinitiation
complex accessing the core promoter, on the other hand. In-
creasing the number of T-blocks might differentially tune in favor
of the preinitiation complex, leading to higher rates of transcrip-
tion initiation. Our observed correlation between the gradual in-
crease in the number of T-blocks and the levels of gene expression

may thus be explained by the fact that more T-blocks would lead to
higher rates of nucleosome turn-over, clearing the promoter for
transcription. Transcribed T-blocks would then serve as the U-rich
element, increasing efficiency of trans-splicing (Graber et al. 2007).
Thus, changes to a single motif may simultaneously affect tran-
scription, transcript stability, and translational efficiency of a par-
ticular gene’s expression. As predicted, genes whose number of
T-blocks is reduced by a SNP generally have lower expression
levels with respect to orthologs in another C. elegans strain
(Fig. 6C).

The dual function of T-blocks may provide a simple mecha-
nism for tuning gene expression levels. Since many essential C.
elegans genes are characterized by constitutive expression patterns,
such tuning would alleviate the need for transcription factor reg-
ulation. Under such a model, few, if any, TFs are required, and the
core promoter is the dominant locus of regulation. The proximal
promoter may thus be responsible for the spatial and temporal
regulation of expression, while the core promoter modulates ex-
pression levels. In particular, we propose that expression of
housekeeping genes will depend mainly upon the composition of
the core promoter and internal gene architecture, rather than on
the elements of proximal promoters or enhancers. Consistent with
this supposition, it has been recently suggested that housekeeping
genes such as those encoded by operons and expressed in the
germline have low-complexity, permissive promoters, thus en-
abling their encoding as operons (Reinke and Cutter 2009).

Our model for the tuning of expression levels using T-blocks
makes several important and testable predictions. The construc-
tion of a highly expressed transgene should be enabled by a pro-
moter containing multiple T-blocks in combination with a trans-
splicing motif. Such a promoter is predicted to drive constitutive
expression of a reporter gene in a tuneable fashion across various
tissues of C. elegans. In contrast, genes that depend upon precise
regulation, such as developmental regulators, should be depleted
in T-blocks, and this notion might provide a proxy for their iden-
tification. Finally, our results predict that T-blocks and their func-
tion will generally occur in organisms with similar selective pres-
sures for short 5’ UTRs and trans-splicing.

Methods

Definition of the core promoter and sequence motif analysis

We defined the core promoter sequence as the 95 to +5 region with
respect to the start codon. Sequences were retrieved from genomic
sequences using the WormBase 204 annotation release. The motif
identification program MEME (Bailey and Elkan 1994) was used to
identify overrepresented elements in a set of input sequences, as-
suming that each sequence contains at most one motif occurrence
and using the standard MEME background model. The set of se-
quences was limited to 4031 orthologs with one copy in each of
the five Caenorhabditis species (1-1-1-1-1 orthologs) and not asso-
ciated with operons. The PSSMs generated by MEME for each motif
were used in a MAST-search (Bailey and Gribskov 1998) of the
entire set of core promoters. Parameters specified were: “-norc -comp
-mt 0.5 -best -seqp -hit_list”, scoring only the forward strand, cal-
culating the P-value based upon a random model using the letter
frequencies of the query sequences, and reporting the best motif
with P < 0.5. The threshold P-value for each motif was set to 0.005
after correcting for multiple testing using the FDR method
(Benjamini and Hochberg 1995). The P-values and the start po-
sitions of the motifs in the core promoters were determined using
MAST.
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T/ A-block count, distribution, and periodicity

A block of a given nucleotide was defined as at least three con-
secutive occurrences of that nucleotide. The number of blocks was
computed as the number of nonoverlapping 10-bp windows
containing the blocks. We examined all ten frames and selected the
one leading to the highest number of blocks. Mean periodicity
shown in Figure 2C,D is calculated as the mean of the distances
between the first nucleotides of blocks in each core promoter se-
quence. Random sequences were generated by permutating the
observed sequences. To compute block location (shown in Figure
2E,F), the fraction of genes associated with blocks for each base pair
of the sequence was determined.

Statistics

Distributions were compared using the Kolmagorov-Smirnov test.

Nucleosome occupancy in the core promoters

Adjusted log, nucleosome coverage data was obtained from
Valouev et al. (2008). For each set of genes with a given number of
blocks, the mean nucleosome occupancy was calculated for each
base pair in the -296 to +205 region with respect to the start codon.
Negative and positive nucleosome occupancy indicates depletion
and enrichment, respectively, of nucleosome coverage relative to
the average coverage of the genome (Valouev et al. 2008).

Gene expression level analyses

Gene expression data for four-cell stage C. elegans embryos was
obtained from a previously published data set (Yanai and Hunter
2009). Genes were assigned to one of 20 equally sized bins of in-
creasing expression levels. For the analysis shown in Figure 4, the
10 groups with the lowest expression levels were combined into a
“1” group. The distribution of T/A-blocks in different gene groups
was compared with the “1” group using the Kolmagorov-Smirnov
test. Sequences corresponding to different regions of C. elegans
genes were retrieved from BioMart (Ensembl genes 58, release
WS210) (Haider et al. 2009). The core promoter sequence was de-
fined here as the 100 bp upstream to the start of transcription. The
proximal promoter corresponds to the —500 to —401 bp. The im-
mediate 3’ UTR flank and distal flank correspond to the 1-100 bp
and 401-500 bp, respectively, following the end of the 3’ UTR. The
exon and intron sequences correspond to the last 100 bp of each
sequence. The 3'UTR corresponds to the last 100 bp of the 3’ UTR
sequence. Different expression groups may have a different num-
ber of genes in a particular gene region since sequences shorter
than 100 bp are filtered out.

Differences in T-blocks number and expression levels
between two C. elegans strains

Expression data from the four-cell stage embryos of N2 (Bristol)
and CB4856 (Hawaiian) strains of C. elegans was obtained from a
previously published data set (Yanai and Hunter 2009). The SNP
data for these strains was retrieved from WormBase Release 195
and newly identified SNPs detected in this study (see below). First,
we detected genes with SNPs in their core promoters (N = 2591).
Next, we selected only those orthologs whose T-blocks number was
affected as a result of the SNPs (N = 697). To increase the sensitivity
of estimation of T-blocks number change, we counted the mean
number of T-blocks for each of the ten windows. We selected only
those orthologs with a =0.6 T-block difference between strains and
with gene pairs with =4 T-blocks in at least one strain (N = 136).
Expression of each gene pair was represented as the log, of the ratio

between the expression of N2 gene and that of its CB4856 ortho-
log. Thus, positive values indicate expression higher in the N2
gene, while negative values mean higher expression in the CB4856
ortholog. The same analysis was repeated for A-blocks.

Combinatorial analysis

Enrichments and depletions of genes with pairs of the MEME-de-
fined SL1, T-blocks, and TATA box motifs within the core promoter
sequences of each Caenorhabditis species were examined by hy-
pergeometric analysis. The threshold P-value for each motif was set
to 0.005 after correcting for multiple testing using FDR.

Gene ontology analysis

Genes with both T-blocks and SL1 motifs (MEME-defined; P <
0.005; FDR-corrected) were examined for enrichment in gene on-
tology (GO) biological process terms. Only 15 most overrepre-
sented terms were considered. The analysis was repeated for TATA
box (MEME-defined; P < 0.005; FDR-corrected).

SLI-fuzziness

Genes were assigned to one of 10 equally-sized groups depending
on the P-value of the SL1 motif in their core promoter. Group 1 has
the smallest P-values and can be considered to have the most
precise SL1, while genes in group 10 completely lack this element.
In between, genes may be considered to have different levels of
“fuzziness” of the SL1.

Expression pattern analysis

Developmental expression data from four-cell, 28-cell, 55-cell, 95-
cell, and 190-cell stage embryos of C. elegans was obtained from the
previously defined data set (Yanai and Hunter 2009). For each
stage, all genes were assigned into one of two groups according to
the level of their expression: highly expressed genes, and genes
with middle and low expression levels according to a 3.75
threshold. Next, we defined three alternative categories of genes.
Highly expressed genes contain a high level of expression across all
five developmental stages. Maternal genes have high expression
only at the four-cell stage. Finally, embryonically expressed genes
have high expression in any stage other than the four-cell stage.

Operons

Operon genes were defined according to WormBase. Strict non-
operon genes were defined as genes not defined as operons in
WormBase and, additionally, also separated from the neighboring
gene by at least 1 kb.

Genomic sequencing

Strain CB4856 was obtained from the Caenorhabditis Genetics
Center, and maintained at 20°C using standard culture methods
(Brenner 1974). Genomic DNA was extracted by proteinase K di-
gestion followed by two rounds of phenol-chloroform extraction,
with an intermediate step of RNase A digestion in TE. Genomic DNA
libraries were built using Illumina’s standard paired-end protocol
and 36 X 2 bp were sequenced on the [llumina Genome Analyzer ILx
following the manufacturer’s recommendations. The number of
detected paired-end reads amounted to 25,443,382 with an 8.2
coverage over the sequenced N2 genome. SNPs were detected by
requiring at least five instances of the sequenced variant with no
heterogeneity. 78,126 SNPs were detected (Supplemental Table S5).
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