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Abstract

Conserved non-coding sequences (CNSs) are conserved sequences in genomes and often
contain cis-regulatory elements such as transcription factor binding sites. The KCNK gene family
proteins represent an ancient system of ionic regulation found in nearly all metazoan cell types. A
conservative set of 33 genes from this family was derived by using structural/biophysical criteria.
Here, we investigate the distribution and prevalence of CNSs derived from alignments of the
genomes of Caenorhabditis elegans and Caenorhabditis briggsae in this family, which includes
>300 kb of non-coding DNA (ncDNA) in >350 regions (intronic and intergenic). Overall, there
were ~14 CNSs/gene and ~10% of ncDNA nucleotides were in CNSs. A significant portion of
CNSs (~30%) were found in introns and most genes possessed at least one intronic CNS.
Generally, CNSs were spatially clumped, had higher GC content than ncDNA outside of CNSs,
and displayed significant transition bias. For both introns and intergenic regions, CNSs were
found at similar normalized prevalence, as measured by percent coverage of ncDNA and number
of CNSs per kb of ncDNA, and CNS prevalence was correlated with region length. Intronic CNSs
were preferentially distributed towards the 5’ end, and to a lesser extent, the 3’ end of the gene,
with significantly fewer in middle introns. These results suggest that intronic CNSs comprise a
major population of CNSs from C. elegans —C. briggsae and that the processes governing
intronic and intergenic CNSs may be similar.



Introduction

One basic division of genomic DNA is into coding and non-coding sequence. For
metazoans generally, non-coding DNA (ncDNA) occupies the majority of sequence space (C.
elegans: 75.7%, C. briggsae 76.7%, Homo sapiens 98.3%; (Stein et al. 2003; Taft and Mattick
2003)). Interestingly, it has recently been claimed that the genomic percentage of ncDNA
correlates well with organismal complexity (Taft and Mattick 2003). Although repeat elements
comprise a significant portion of ncDNA for most metazoans, ncDNA harbors a large variety of
functional elements, including regulatory elements such as insulators, enhancers, silencers,
promoters, and matrix attachment regions, and structural genomic elements such as signals for
chromosome assembly and DNA replication. It is obviously important to catalog the types,
prevalence, patterns, and roles of these elements for understanding the genome. However, with
the exception of repeats, the computational difficulty in predicting these elements in ncDNA has
made study of them difficult, and hence there is little understanding of their large-scale patterns
and prevalence.

One way to gain insight into ncDNA is to examine conservation of segments of ncDNA
between species. These segments are often termed “phylogenetic footprints” or “conserved non-
coding sequences (CNSs)”. CNSs potentially give information on many aspects of ncDNA. CNSs
represent evolutionarily conserved segments of ncDNA, so information on their properties should
supply insight into general aspects of global, large-scale genomic processes of gene regulation
and molecular evolution in ncDNA. Because large scale patterns in coding DNA (e.g. positioning
of genes in chromosomes; Roy et al. 2002) appear to be an important organizing principle in
genomes, large scale patterns in ncDNA are also expected to be important. In mammalian
genomes, a recent striking result is that a subset of CNSs are hyperconserved over long
stretches of evolutionary time, probably signifying particularly important roles for these elements
(Bejerano et al. 2004; Dermitzakis et al. 2003). Also, overall patterns/prevalence of CNSs may
give insight into large scale differences in regulation between organism groups. For example,
there has been recent commentary that grasses appear to have many fewer CNSs, as measured
by various parameters, than mammals, which has been interpreted to mean that grasses may
have a simpler regulatory system (Inada et al. 2003). Furthermore, CNSs have been effectively
used as guides to functionally-relevant sites in ncDNA, including in C. elegans (Salkoff et al.
2001). In addition, CNSs derived from multiple species alignments have proven valuable in
ascertaining transcription factor binding sites (Cliften et al. 2003; Kellis et al. 2003) and there are
extensive efforts in this direction currently (e.g. Thomas et al. 2003 ).

KCNK potassium channels are two-pore region potassium channels currently under
intensive investigation. This protein family represents an ancient, ubiquitous, system of ionic
regulation in metazoans; members of this gene family are differentially expressed in a large
number of metazoan cell types. In C. elegans, there are ~40 putative members of this gene family
(“twk” channels; (Kunkel et al. 2000; Salkoff et al. 2001)), which are known to be selectively
targeted and these channels may play a critical role in “tuning” neurons (Salkoff et al. 2001). More
generally, KCNK channels are thought to be important in establishing cellular membrane potential
and conductance and, for neurons, are known targets of neuromodulators (Goldstein et al. 2001).
In addition, in mammals, these channels are important clinically in that they are targets of some
anesthetics (Goldstein et al. 2001) and transcriptional dysregulation of these channels plays a
role in some cancers (Pei et al. 2003). Hence, changes in KCNK channels, whether in protein
properties or regulation, may have large impacts on cell physiology, and this ancient, ubiquitous
gene family provides an interesting example case for examining evolutionary changes in CNSs
and regulation in the context of a range of physiological processes.

Model organisms have been shown to be valuable in gaining insight into evolutionarily
conserved cellular processes. Therefore, it seems reasonable to expect that a study of KCNK
genes in these organisms could give insight into general principles of regulation in this ancient
family. C. elegans offers many advantages for study of this gene family, including a very high
guality genome database, extensive general information, a large variety of well-established



experimental techniques, relatively fast generation time and fast experimental time, and an
increasing ability to do high-throughput work. In addition, the divergence time of C. elegans and
C. briggsae is long enough for mutational saturation to occur (Shabalina and Kondrashov 1999;
Kent and Zahler 2000), making these species ideal for investigation of selectively conserved
functional sequences.

In this work, we examined CNSs in the KCNK channel family in C. elegans by using
comparative sequence analysis of C. elegans and C. briggsae. In addition to the physiological
rationale for examining transcriptional regulation of these channels, the moderate size of this
gene family, the known structural and functional information, and the differential distribution offer
advantages for addressing more general genomics questions. Our work had several overlapping
goals, including (i) establishing a set of CNSs in this gene family for further experimental and
computational studies, including (a) studies attempting to link specific CNSs to specific
spatiotemporal expression patterns and (b) studies analyzing changes in CNSs with gene
duplication and divergence; (ii) examining CNS prevalence and distribution patterns in
Caenorhabditis, in particular with reference to previous work on patterns in intergenic regions in
C. elegans (Kent and Zahler 2000; Shabalina and Kondrashov 1999; Webb et al. 2002) and
previous work in other organisms (Bergman and Kreitman 2001; Inada et al. 2003; Kaplinsky et
al. 2002; Keightley and Gaffney 2003); (iii) examining patterns in introns, for which there is limited
information in C. elegans; (iv) using CNSs to attempt to extract common regulatory motifs in this
gene family (Wasserman and Sandelin 2004). In addition to these primary goals, we also present
a partial curation of the set of C. elegans KCNK genes based on biophysical/structural criteria.



Results

Determination of Elegans Set of KCNK Channels

KCNK proteins are constituents of two-pore/four-transmembrane potassium channels that have a
TM1-P1-TM2-TM3-P2-TM4 structure, where TM1-4 are transmembrane alpha helices and P1
and P2 are pore regions (Goldstein et al. 2001). From structural information on the Kcsa
potassium channel (Doyle et al. 1998) and known properties of KCNK channels (Goldstein et al.
2001) we derived three basic criteria to evaluate putative KCNK family members for inclusion in
the final set of analyzed channels: (i) existence of two GXG motifs, where X is any amino acid
(AA) (there must be one GXG per pore region); (ii) an aromatic amino acid (F/W/Y) 9 residues
upstream of the first G in each of these found GXG motifs; (iii) assuming that each
transmembrane alpha helix is at least 20 AAs in length and given the TM1-P1-TM2-TM3-P2-TM4
structure, the following should hold: the first GXG must be at least 20 AAs from the N-terminus to
accommodate TM1; there must be >40 AAs between the two GXG motifs to accommodate TM2-
TMS3; there must be at least 20 AAs after the second GXG motif to accommodate TM4. Figure 1A
shows an example of these features for one gene in the set (K0O1D12.4). We used this information
to filter a putative list of C. elegans KCNK channels (from Salkoff et al. 2001) to form a
conservative set of KCNK family sequences in elegans. We found that 33 of 41 putative proteins
met these criteria (Table 1).

Basic Properties of OWEN Alignments

OWEN is a relatively new sequence alignment tool specifically designed to find collinear
local alignments of sequence using a hierarchical alignment approach; i.e. sequences that with
high similarity are aligned first — then sequences with progressively lower similarity are aligned
using remaining sequence (Ogurtsov et al. 2002; Roytberg et al. 2002).

Figure 1B shows a representation of an OWEN alignment of KO1D12.4 in C. elegans and
C. briggsae. We extracted the sequence including the KCNK gene, the 5’ and 3’ intergenic
regions, and the exons of the non-KCNK genes flanking these regions (“Exons” track). In the
“OWEN exons” track, we display portions of alignment segments that were within the boundaries
of exons (other pieces are not shown for clarity). Note that there is excellent coverage of the
K01D12.4 exons, good coverage of the flanking exon on the left (K01D12.5), and poor coverage
of the flanking exon on the right (K01D12.15). Data from wormbase (http://www.wormbase.org)
for this region of the elegans genome indicates that, in agreement with our alignments, K01D12.4
and K01D12.5 both align to the same C. briggsae contig (cb25.fpc4470), while the poor
conservation of K01D12.15 is expected because it aligns best to a different C. briggsae contig
(cb25.fpc3752).

As a larger test of our procedures, we examined the percentage of nucleotides in exons
of C. elegans (“exonic nucleotides”) that were included in our aligned sequences. We found that
our alignments overlapped 94 +/- 6 % (median 96%; range 77-100%) of exonic nucleotides on a
per gene basis. In addition, 242 of the 326 total exons (74%) in the 33 gene set had 100% of
exonic nucleotides in alignments and 95.7% of exons had >60% of nucleotides in alignments.
Only 6 annotated C. elegans exons had zero nucleotides in alignments. Hence, OWEN appeared
effective in detecting homologous segments.

General CNS Characteristics

Figure 1B (“OWEN CNSs" track) shows CNSs generated by our alignment procedure
after eliminating exons and filtering for statistical significance (see METHODS). This plot shows
several features that we investigated in this study, including the presence of both intronic and
intergenic CNSs, a bias in intronic CNSs to introns near gene ends, greater number of intergenic
vs intronic CNSs, and a “clumpy” pattern of CNS distribution.

In the set of 33 genes, there was ~308 kb of non-coding sequence. Overall, 10.5% of
ncDNA was covered in alignments (known ncRNAs were excluded from this, but represented an
extremely small contribution). Two genes (T01B4.1 and W06D12.5) did not have any CNSs, but
these genes together only accounted for ~12 kb of sequence, so the percentage coverage is little
affected by their inclusion. We found a total of 476 CNSs, for an average of ~14/gene and ~1.6




CNSs per kb of ncDNA. These 476 were distributed so that 134 were in the 293 total introns in
the set of genes, for an average of 0.46 CNSs/intron, and 342 were in the 66 intergenic regions,
for an average of ~5 CNSs/intergenic region. CNS length in elegans and briggsae was almost
identical (Fig 2A, elegans: 68 +/- 39 nts (range 21-340); briggsae: 69 +/- 39 nts (range 21-340)).

Similarity of sequence in an alignment is defined as the number of matches of nts in that
sequence divided by the total length of the sequence. CNS similarity for elegans and briggsae
sequences, on average, was identical (Fig 2B; 82 +/- 7 %, range 65%-100% for elegans and
briggsae). This measure of similarity includes both random matches and matches by selective
constraint. To calculate the actual fraction of nucleotides in a footprint that were selectively
constrained, we used the methods of Shabalina and Kondrashov (1999) (see METHODS). Again,
the average values and distribution of selective constraint was essentially identical for elegans
and briggsae sequences in CNSs (Fig 2C; elegans: 75% +/- 11% (range 48-100%); briggsae:
75% +/- 10% (range 48-100%)). Therefore, as expected, our CNSs represent islands of well-
aligned sequence in which most nucleotides are selectively constrained.

The ratio of transitions to transversions (referred to here as “mutation ratio”) has been
found to generally be greater than one for exons and much less than one for intergenic and
intronic regions taken as a whole (e.g. Webb et al. (2002) found it to be 0.46 for intergenic
sequence outside of CNSs). 459 of 476 CNSs had defined mutation ratios (i.e. >0 transversions).
We investigated the mutation ratio in CNSs and found it to be 1.1 +/- 0.95 (range 0-8). However,
inspection of the distribution revealed a “fat tail” in that 30 of the 459 footprints had quite high
ratios (>=3). Elimination of these led to an average of 0.92 +/- 0.62. In both sets of data (the full
set and the set with >=3 eliminated), the median was about 0.80 (0.83 for full set; 0.80 for set with
large values eliminated). The measured distribution (from full set of 459) is significantly different
from the null expectation of 0.5 (p<E-34), and indicates a significant overabundance of
transitions, consistent with an island of conserved sequence under selection.

Clumping of CNSs

To examine potential clumping of CNSs, we measured the interval between the end of
one CNS and the start of the next for CNSs in the same region (“interhit interval”; same intron or
intergenic region; Fig 3A). Distances were only computed between CNSs; distances to
neighboring exons were not included in this distribution. Because CNSs are generally small in
relation to regions, if positioning of CNSs is random, this should conform to a Poisson process
(see Webb et al. 2002). A histogram of the interhit interval demonstrates that there are more than
expected at short distances, and less than expected at moderate distances, indicating clumping,
which also appears evident in the example shown in Fig 1B.

We also examined potential inhomogeneous coverage in regions close to the KCNK 5’
and 3’ ends (Fig 3B). In agreement with Webb et al. (2002), we found that there was an upward
shift in the range 1-50 nts into the 3’ end. However, while Webb et al. (2002) observed a similar
rise on the 5’ end, this was not very pronounced in our data. In addition, unlike Webb et al. (2002)
who found a relatively stable plateau of coverage from nts 60-300 on the 5’ end, we observed
potential signs of additional structure (i.e. “peaks” and “valleys” in coverage) in CNS coverage in
the 5’ region proximal to the gene. In part, these may be due to the relatively small number of
intergenic regions in our sample (only those with intergenic regions >300 nts included: n=28 for 3’
intergenic; n=33 for 5’ intergenic), but may also be explained by the relative specificity of the
KCNK gene family in comparison to the random sample of Webb et al. (2002).

GC Content

Functional regions are often GC-rich compared to non-functional regions. For C. elegans
(C. elegans “hybrid set” from Stein et al. (2003)), exonic GC content is 42.8% and non-exonic GC
content is ~32%. For each ncDNA segment (i.e. intergenic segment or intron) that possessed
CNSs, we counted the number of G + C nts in all CNSs and the number of G + C nts in all non-
CNS portions of the segment. Three regions were excluded from the analysis; 2 had no non-CNS
nucleotides and one had a single non-CNS nucleotide. From these numbers of G + C nts, we
computed a single GC percentage for the CNS portion of the segment and a single GC
percentage for the non-CNS portion of the segment, and we computed the difference in these
percentages: (CNS portion mean: 36.4 +/- 8.3%, median: 38.3, range 8.5-58; non-CNS portion



mean: 31.7 +/- 3.8% median: 31.8, range 20.4 - 45.6; p<E-6 paired t-test). The distributions of
values for CNS and non-CNS portions are shown in Figure 4A; the distribution of differences (i.e.
for each segment, the difference = (%GC of CNS portion) — (%GC of non-CNS portion)) is shown
in Figure 4B. On a per-region basis, the GC content in CNSs was usually higher than in non-
CNSs (69/89 regions; 78%). Hence, CNSs are sequences with enhanced GC content.

Intergenic Region CNSs

We analyzed 66 intergenic regions (2 x 33 genes) comprising ~216 kb of sequence. 18 of
66 (27%) intergenic regions had zero CNSs; only two genes (T01B4.1 and W06D12.5) had both
intergenic regions devoid of CNSs, and these genes lacked CNSs entirely. 342 of 476 CNSs
were in intergenic regions for an average of 5.2 +/- 7.3 CNSs/intergenic region (range 0-42).

As a general feature of intergenic regions, in accord with a previous study in C. elegans
(Webb et al. 2002), we found that intergenic region length was correlated with the number of 5’
gene ends flanking the region (Fig 5A). The number of CNSs was also correlated with the number
of 5’ ends (Fig 5B). As expected from these two relations, the number of footprints was also
correlated with the region length (data not shown).

Overall, 11% of intergenic ncDNA was in CNSs and there was a global rate of ~1.6 CNSs
per kb of intergenic DNA. On average per intergenic region, 12 +/- 14 % (range 0 to 73) of
intergenic region nucleotides were included in CNSs. However, percent coverage did not
correlate with the number of 5’ ends (r=0.06; p>0.6) and did not correlate with region length (r=-
.05; p>0.6).

A previous study (Webb et al. 2002) found a weak (r*2=.09) but statistically significant
(p<0.0001) correlation between percent of GC in footprints and the number of 5’ ends. In this set
of KCNK genes, we failed to find this correlation (r=0.035; p>0.5).

Intronic CNSs

The distribution of CNSs in introns was highly inhomogeneous. Only 20/33 genes
possessed an intronic CNS and of these 20 genes, 18 had 1-9 CNSs, while 2 genes had >30
CNSs (Fig 6A). Only 15% of introns had CNSs (44/293), as compared to 73% of intergenic
regions. Overall, in the 33 genes, there was a total of ~92.5 kb of intronic DNA (~1.5 CNSs per kb
of intronic DNA), of which 8.7 kb are in alignments for a global percentage of 9.4%.

However, like intergenic CNSs, the number of intronic CNSs was positively correlated
with the summed length of introns in a gene (Fig 6B; r=0.85; p<E-9), a slightly higher correlation
than that found with intergenic region length (r=0.61). In accord with this, the total number of nts
covered by CNSs was also strongly correlated with total intron length (r=0.85; p<E-9).

We investigated the distribution of CNSs among introns. To accommodate the different
numbers of introns in different genes (range 5-21), we used a normalization procedure (see
METHODS). We found that the distribution of intronic CNSs was biased toward the 5’ ends and,
to a lesser extent, the 3’ ends, forming a U-shaped distribution (Fig 6C).

Motif Analysis

A number of approaches have been developed to search for shared regulatory sites
controlling sets of genes. Commonly, the 5’ intergenic region of a set of genes is supplied to
these algorithms, which essentially look for short sequence words that are statistically
overrepresented. Because CNSs have been shown to be good guides to regulatory sequences,
instead of using the full 5’ intergenic region of the KCNK channels, we used CNSs from the 5’
intergenic region.

To test this methodology, we studied a example case — genes in touch receptors thought
to be regulated by mec-3 (Zhang et al. 2002). We generated CNSs for these genes using an
identical methodology to that used for KCNK genes, except that we used p-value cutoffs of
p<0.0001, p<0.01, p<0.05, p<0.99, with the reasoning one can argue that either more relaxed
(p<0.05, p<0.99) or, conversely, more stringent (p<0.0001) parameters may yield better definition
of important shared motifs. We then used two approaches: one based on Gibbs sampling
(Thompson et al. 2003) and one based on exhaustive determination of statistically
overrepresented words (Sinha and Tompa 2002, 2000, 2003). For Gibbs sampling, we examined
p-values of p<0.0001, p<0.01, p<0.05, p<0.99 and three word lengths (6,7,8), for a total of twelve
conditions. We found that the core hexamer motif of ATGCAT (actually UNC-86 core binding



motif - see METHODS) was found in 8/12 tests, with no clear pattern of failure. Similarly, using an
approach that determines significance based on overrepresented words in reference to a
background model of C. elegans intergenic sequences (YMF and findexplanators; (Sinha and
Tompa 2002)), we tested these conditions and also tested allowing either zero or 2 ambiguous
nucleotide characters, leading to a total of 24 conditions tested (4 p-values x 3 word lengths x two
values for ambiguous nts). We examined the top 5 motifs found in each condition (top 5
determined by findexplanators). ATGCAT (or, for tests with ambiguous characters, motifs that
encompass ATGCAT such as ATGSRT) was found in 16/24 tests; here, there was a clear pattern
— the motif was always found with word lengths of 6 and 7 and never found with word lengths of
8. This example generally implies that extraction of motifs may be robust across a reasonably
wide range of parameters; with the caveat that longer word lengths may be problematic in some
cases.

We searched for common motifs among KCNK genes using the same algorithms and
parameter ranges as used for the mec-3 regulated genes. One observation is that the motif from
the mec-3 regulated genes (ATGCAT and variants with ambiguous nucleotides) was never
observed under any of the tested conditions. Gibbs sampling produced only low-complexity
motifs. These low-complexity motifs were prevalent in KCNK CNSs but were also prevalent in
mec-3 set CNSs, indicating that they are unlikely to be meaningful. YMF/findexplanators found
higher complexity motifs, but these motifs were only shared by small sets of KCNK genes. These
data are consistent with the lack of a general regulatory system for KCNK genes.



Discussion

In this study, we examined CNSs in the set of C. elegans KCNK genes. We had dual
purposes in undertaking this study: from a physiological point of view, to provide more insight into
regulation of KCNK genes, and from a genomics perspective, to use this family to investigate
general questions surrounding conservation in genomes. The most striking results of our study
are from our investigation of intronic CNSs. To our knowledge, there has been little systematic
investigation of intronic CNS patterns/prevalence in C. elegans. Intronic CNSs formed a
significant population of CNSs (~28%). We found some significant differences in CNS patterns in
introns vs. intergenic regions. First, while nearly all genes (~94%) had at least one intergenic
CNS, many genes lacked intronic CNSs (~61% had intronic CNSs). More strikingly, while most
intergenic regions had CNSs (~73%), few introns had CNSs (~15%). Also, intronic CNSs were
most often found in introns near the gene ends. However, in other respects, intronic CNSs
seemed similar to intergenic CNSs, including a correlation between length and number of CNSs,
and the relative coverage of ncDNA by CNSs and per kb prevalence. A second significant
contribution of this study was confirmation and extension of previous results regarding patterning
of CNSs in intergenic regions (Webb et al. 2002); we found qualitative agreement in patterning,
but some significant quantitative differences in prevalence (we found a larger number of CNSs,
on average, in intergenic regions, and a lower percentage of overall coverage; see below for
details). Given that it has been argued that these prevalence parameters may be used to
evaluate overall genomic regulatory complexity (Inada et al. 2003; Kaplinsky et al. 2002), it will be
important to resolve these numerical differences. Finally, these results provide a database of
CNSs for experimental study to determine regulatory regions and, from a genomics perspective,
to provide insight into CNS changes with gene duplication.

KCNK Family Determination

We used three basic criteria for establishing KCNK genes: GXG motif presence in two
copies; a properly located upstream aromatic amino acid; sufficient and appropriate residues to
form the surrounding 4 transmembrane alpha helices. A general pattern is that the GXG motif is
very well conserved in the first pore region and less well conserved in the second pore region
(Chapman et al. 2001; Goldstein et al. 2001). Variations in these pore regions may be important
for the selectivity of K+ over Na+ in these channels, and hence may affect physiological function
(Chapman et al. 2001). It is clear that there is also significant variation in KCNK channels in open-
channel probability and conductance, which also may be important for differential physiological
roles (Goldstein et al. 2001). Our insistence on the GXG motif for the second pore region may
have artificially eliminated a few valid KCNK channels, and our set represents a “conservative”
set. We chose relatively stringent criteria potentially leading to elimination of valid family members
with the logic that, for our purposes, loss of a small proportion of the family would probably have
little effect on our conclusions, while introduction of non-family members might obscure subtle
common patterns.

Determination of CNSs

To discover CNSs, we used OWEN to align sequences followed by filtering of OWEN
pieces, with exons removed, using Karlin-Altschul statistics at the p<0.01 level (Karlin and
Altschul 1993). One concern is that failure to detect CNSs (low sensitivity) or detection of non-
CNSs (low specificity) would distort our results. A recent study concluded that local alignment
tools can detect islands of conservation with both high sensitivity and high specificity in the
divergence range of elegans-briggsae (Pollard et al. 2004); however, OWEN was not examined in
that study. As one basic test of the sensitivity of OWEN, we examined the ability of OWEN to
detect conserved exons. Generally, there was excellent coverage of exons, a result particularly
striking given that there may be some differences in exon lengths between briggsae and elegans.
However, it is important to note that non-coding sequence islands will generally have different
properties than coding sequence islands, so this test must be interpreted with caution. It does
seem reasonable, based on conclusions of simulations (Pollard et al. 2004) to assume that our



CNS prediction is accurate enough to maintain the validity of our qualitative results, but further
studies will be required to assess this.

Comparison to Previous Work in C. elegans

We analyzed our data to investigate previously reported patterns in elegans-briggsae
CNS in intergenic regions (Webb et al. 2002). Aside from some differences in analyses
performed, important differences in data and methods between that study and this one include (1)
we analyzed data from a single family of genes (66 intergenic regions), while Webb et al. (2002)
chose 142 intergenic regions randomly; (2) we analyzed introns (293 introns); (3) we used OWEN
followed by statistical filtering while Webb et al. (2002) used WABA (a global alignment tool)
followed by statistical filtering.

Our data is consistent with Webb et al. (2002) in many respects, including average CNS
length (Webb et al. (2002): 62 (range 22-292); this study: 68 (range 21-340)); similarity of CNSs
(Webb: 80% (range 64 — 100); this study: 82% (range 65 — 100)); selective constraint of CNSs
(Webb: 71% (range 46 — 100); this study: 75% (48 — 100)); the existence of relatively strong and
similar magnitude correlations between intergenic length and number of footprints (Webb: r=0.7;
this study r=0.6); the existence of relatively weak and similar magnitude correlations between
intergenic length and number of 5’ gene ends (Webb: r*2=0.10; this study: r"2=0.11); a significant
difference in GC content of CNSs vs non-CNS sections of ncDNA, the existence of some
intergenic regions lacking footprints. We failed to find the weak correlation between intergenic
region GC content and number of 5’ ends as detected in Webb et al. (2002), but the very weak
nature of this correlation may make it difficult to detect in a small data set. These basically
consistent findings indicate that these qualitative observations from the relatively small samples
used in these studies (142 intergenic regions in Webb et al. (2002); 66 in this study) may
generalize to the whole genome. Also, these similarities imply that the use of OWEN vs WABA
may not have significant qualitative effects on these findings, and also suggest that these results,
at least on a qualitative level, may be algorithm-independent.

There were some seemingly significant differences, numerically, in results. We found
more CNSs in an average intergenic region than Webb et al. (2002) (Webb: 2.3 (range 0-19); this
study: 5.2 (range 0-42)). However, we both found a wide range in number of CNSs/intergenic
region. Webb et al. (2002) also found a larger percentage, overall, of intergenic region coverage
by CNSs (~20%) than we did (10% for all ncDNA; 11% for intergenic regions). However, as
expected from the large variation in CNSs/intergenic region, this percentage varied a great deal.
These numerical differences could be due to algorithms used for alignments (WABA vs. OWEN),
type of genes in the set, and/or differences in intergenic region length.

Comparison to CNSs in other species

Given that CNSs should reflect patterns of functional conservation in genomes, it is
interesting to compare our results to results from other groups of organisms. Inada et al. (2003)
suggest that cross-group comparisons of CNS prevalence and patterns can be used as an
indicator of genomic regulatory complexity.

Inada et al. (2003) examined CNSs in 52 orthologous genes in maize and rice using
BLAST 2 SEQUENCES, and compared their results to mouse-human alignments using similar
parameters. Overall, 27% of genes had zero CNSs, and on average there were relatively few
CNSs (~4/gene). CNSs were relatively small (most <20 nts), and overall, CNSs covered only 1-
4% of ncDNA. To compare to mouse-human CNSs (which appear to have a very similar
divergence to maize-rice), Inada et al. (2003) examined a small set of human-mouse orthologues
using similar parameters, and in some cases examined the mouse-human orthologues of their
maize-rice genes. A consistent finding was the CNSs were significantly larger, more frequent, and
denser in mouse-human as compared to maize-rice, which was interpreted to indicate that, at
minimum, humans and mice have a more complex regulatory system than maize and rice. One
particularly interesting finding was that CNS prevalence seemed to be a function of general gene
class. Inada et al. (2003) divided their 52 genes into three classes (enzymes, structural genes,
gene regulatory genes) and found that one class (gene regulatory genes) had significantly more
CNSs, at a significantly higher overall coverage of ncDNA, than the others. In comparison, our
CNS prevalence data for our briggsae-elegans comparisons (~14 CNSs/gene, 6% of genes with



zero CNSs, average size of 68 nt, and overall ncDNA coverage of ~10%) are consistently and
significantly larger than Inada et al. (2003). Given that KCNK genes are most likely similar to
“enzymes” in the Inada classification, these differences are particularly strong, and according to
Inada et al. (2003), could be interpreted as indicating that Caenorhabditis has a significantly more
complex regulatory system than grasses. However, there is a methodology difference between
our study and that of (Inada et al. 2003) (OWEN vs. BLAST 2 SEQUENCES), and simulations
indicate that, at the approximate divergence range of maize-rice, some algorithms may tend to
underreport CNSs (Pollard et al. 2004).

Bergman and Kreitman (2001) investigated CNSs in 40 genes in Drosophila
melanogaster — Drosophila virilis alignments using a filtered dotplotting approach. The 40 genes
were chosen on the basis of known experimental evidence for regulatory sequences in their
ncDNA. Two important qualitative points of agreement with our study are that intergenic and
intronic CNSs were similar and that the transition/transversion ratio is close to 1 for CNSs.
Overall, 22% of genes had zero CNSs, with an average of ~31 CNSs/gene. CNSs were small
(average of 24 nt) and had a similarity of ~93%. CNSs covered ~22-26% of ncDNA. However,
these were ungapped CNSs, which may partially explain, the greater prevalence and smaller size
of CNSs in Bergman and Kreitman (2001) vs our study. However, the more restrictive definition of
CNSs in Bergman and Kreitman (2001) should lead to less overall coverage of ncDNA sequence
space than in our study, but the opposite is observed, indicating that there could be greater
conservation of ncDNA, overall, in Drosophila than in Caenorhabditis.

There have been several studies of mouse-human alignments, which have found that as
much as ~23% of intronic nts may be in CNSs (Jareborg et al. 1999). However, using a different
approach, Keightley and Gaffney (2003) find that only 9-12% of mouse intronic nucleotides are
under selective constraint. Generally, there has not been extensive investigation of CNS
patterning in mouse-human alignments, and recent simulations indicate that it may be difficult to
determine CNSs with high specificity and high sensitivity at the divergence range of mouse-
human (Pollard et al. 2004).

Motifs

We were unable to detect any complex motifs that were present in a large number of
KCNK genes. There are several potential explanations for this, including failure of CNSs to
contain shared motifs, failure of the algorithms to detect shared motifs, or the lack of existence of
a common regulatory system. This third biological possibility is consistent with the divergent
spatial regulation of these genes and the large variation in EST prevalence (Salkoff et al. 2001).

Use Of KCNK Gene Family For Gene Duplication Studies

KCNK family genes provide significant advantages for general study of genomic
processes of conservation in ncDNA in the context of gene duplication. First, these channels are
part of a moderate size family with recent gene duplications (Salkoff et al. 2001). Second, these
genes are under intense current physiological study, hence, understanding of differential
functional roles is expected (Goldstein et al. 2001). Third, given that they are in C. elegans, there
can be extensive study of regulation in this model organism. Fourth, there is known heavily
differential patterns in expression; for example, one gene (ZK1067.5) is expressed in only
sensory neurons, while others (e.g. F19D8.1) are expressed in several cell types (Salkoff et al.
2001). In a limited study, CNSs have already been shown to be guides to ncDNA sequences
regulating expression (Salkoff et al. 2001). Fifth, sequencing of several more species of
Caenorhabditis is underway, providing further ways to study regulation of these channels, at
minimum from a comparative sequence analysis viewpoint. Such cross-species analyses have
proven useful in understanding evolution of regulation of developmental genes in Drosophila.
Given all of these advantages, it seems that KCNK family could provide an excellent test case for
understanding changes in gene function and regulation with gene duplication.

Future Directions

There are several possible future extensions and expansions of this work. Sequences of
additional Caenorhabditis species (scheduled for 2004; http://www.genome.gov/10002154) will
enable determination of multi-species CNSs associated with KCNK genes, providing perhaps
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greater insight into evolution of these segments and potentially dividing the set into highly and
less-highly conserved pieces. Highly conserved CNSs should be carefully studied. Second, these
CNSs provide a database of elements for experimental study as regulatory elements. There has
already been a limited but successful use of this approach for this gene family (Salkoff et al.
2001). Third, extension of these analyses to other gene families in C. elegans and, more
generally, in particular a larger analyses of introns will be important. One issue is whether gene
families differ systematically in CNS patterns. There is already some evidence that different
general classes of genes differ systematically in CNS prevalence in grasses (Inada et al. 2003).
Finally, an analysis of CNS patterns in this gene family with respect to gene relatedness will be
very interesting, particularly with respect to whether closely related genes have more similar
CNSs (or patterns of CNSs) than more distantly related genes (see above section).
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Methods

Source of sequences

C. elegans chromosome sequences were downloaded in final form in 12/2002 and 1/2003 from
Genbank (Genbank format files) and wormbase (GFF-format files and FASTA-format
chromosomes; ftp://ftp.wormbase.org/pub/wormbase/elegans-
current_release/CHROMOSOMES/). Both file types were processed (automatically via Perl
programs) to extract a single sequence piece containing the KCNK gene, the surrounding
intergenic regions, and the exon of the non-KCNK gene that flanked each intergenic region (see
Fig 1B for example). C. briggsae genome was from the agp8.cb25 assembly (Stein et al. 2003).
Initially, the genomic sequence of each KCNK gene was blasted against the entire set of C.
briggsae constructs to simply determine which fpc contained the elegans gene. Subsequently,
information from wormbase (http://www.wormbase.org) was used to determine correct fpc
constructs for use with OWEN.

OWEN alignments

OWEN (Ogurtsov et al. 2002) was downloaded and run under Linux. Alignments were performed
individually via interaction with the program through the graphical interface, beginning with p<E-8
and a match requirement of 12 successive matches required to start alignments and masking of
repeats. After progressively relaxing these criteria, alignments were finished at the p<0.01 level
with 6 successive matches required to start alignments and repeat masking “turned off”. These
“raw” OWEN alignments were then filtered as previously described (Webb et al. 2002) by a
separate Perl program to yield alignments valid at p<0.01.

Repeats

Gene sequences (which included the flanking exon, intergenic regions, and KCNK genes) were
filtered by repeatmasker (http://www.repeatmasker.org/). Then, the found repeats were compared
(via a Perl program) to our CNSs (which were at p<0.01, as indicated above). It was found that
only 14 of 476 CNSs overlapped repeats and in some cases, this overlap was minimal (e.g. 1 nt
of overlap in a 61 nt CNS). These 14 CNSs that overlapped repeats were not preferentially
distributed toward any gene. Hence, inclusion of these 14 pieces would have minimal effect on
our analyses, and we therefore did not eliminate or trim these 14 pieces to eliminate overlaps with
repeats.

mec-3 genes

The list of mec-3 regulated genes was taken from Figure 3 of Zhang et al. (2002). Genes from
this list were used if (1) there was a corresponding probable briggsae orthologue (2) the positions
of the putative binding site, as indicated in Figure 3 of Zhang et al. (2002), could be found using
patser (http://www.ucmb.ulb.ac.be/bioinformatics/rsa-tools), as used by Zhang et al. (2002). This
led to a final set of 18 genes. Zhang et al. (2002) quote AATGCAT as the core portion of the motif
(actually the core portion of the UNC-86 binding site — see Zhang et al. (2002)), but the initial ‘A’
is poorly conserved (see Fig 3A of Zhang et al. (2002)); hence, to accommodate words of length
6, in our analyses the motif target was considered the core portion ATGCAT.

Calculation of Selective Constraint

We used the approach of Shabalina and Kondrashov (1999) to calculate selective constraint;
essentially, this approach adjusts the similarity value for random matches to derive the selective
constraint value. For the shorter sequence in an alignment, selective constraint (Cgnor) iS:

(1) Csporn=(s-1)/(1-r)

where s is the similarity and r is the probability of a random match.

For the longer sequence in an alignment, selective constraint (Ciong) is:

(2) CIong:(I—short/I—Iong)*Cshor‘(

where Lgnon is the length of the shorter sequence and Liqng is the length of the longer sequence.
These statistics, and all other CNS statistics, were computed in a Perl program.
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Normalization of Intron Number

Genes had a wide range of total numbers of introns (5-21). To allow comparison between relative
intron numbers, we mapped them onto the interval ~(0,1) by simply dividing intron number by
total introns. For example, if intron 3 possessed a CNS in a gene with 6 introns, we gave it a
value of 0.5 (i.e. 3/6). For our analyses, we simply scored introns as having presence of CNSs or
absence; we did not take into account number of CNSs. Taking into account the actual numbers
of CNSs/intron produces a distribution with stronger bias toward ends (data not shown).
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Figure Legends

Figure 1. KCNK gene protein features and OWEN alignments. A) Protein sequence of KO1D12.4.
Critical ion-selectivity motif (GXG) is in bold; upstream aromatic amino acid residue (F) is in bold
and italics. Note that appropriate quantity of amino acids are present around GXG motifs to form
four transmembrane alpha helices (see RESULTS). B) OWEN alignments to KO1D12.4. Arrows
show direction of transcription (5’ — 3’). “Exons” track shows exon annotations from C. elegans. **
denotes exon of gene KO1D12.5 that flanks the 5’ intergenic region of KO1D12.4; **' denotes the
exon of gene KOD12.15 that flanks the 3’ intergenic region. Note that 5’ intergenic region is
flanked by two 5’ gene ends and 3’ intergenic region is flanked by two 3’ gene ends. “OWEN
Exons” track shows elegans-briggsae alignments generated by OWEN that were within exons or
overlapped exons; pieces that extended beyond exon were trimmed to within exon for clarity
(other alignment pieces not shown for clarity). Note excellent coverage of K01D12.4 exons
(overall: 96.3% of nucleotides) and KO1D12.5 exon (*; actual coverage 95.6%) and poor
coverage of K012D12.15 (**; 8.6% coverage). “OWEN CNSs” track. CNSs from OWEN
alignments after removal of pieces in exons and after statistical filtering (see RESULTS). Bar
shows scalebar for 2000 nt, which applies to all tracks. Note presence of intronic CNSs and
“clumping” of intergenic CNSs.

Figure 2. Global CNS Statistics. For all graphs, circle is elegans, box is briggsae. A) Distribution
of CNS lengths (nts). Note that gaps are not included in this length measurement. Bins are 5 nts.
B) Distribution of similarity values for CNSs (Bins are 0.05). C) Distribution of selective constraint
values for CNSs (Bins are 0.05). D) Distribution of transition/transversion ratio (“mutation ratio”)
(Bins are 0.10). For A-C, 476 total CNSs; for D, 459. Note excellent correlation between briggsae
and elegans for A-C.

Figure 3. Spatial Patterns of CNSs. A) Clumping of CNSs. Histogram of inter-CNS distances (nts;
50 nt bins). Measurement of interCNS distance is from end of one CNS to start of next; distances
that cross boundaries of exons are not included. Line is exponential fit. B) Histogram of CNS
freg/nt in intergenic regions near ends. 1) first 300 nts of 3’ intergenic region 2) first 300 nts of 5’
intergenic region. Only intergenic regions >300 nts were included; n=28 regions for 3’; n=33
regions for 5'.

Figure 4. Differential GC content of CNS parts of ncDNA and non-CNS parts of ncDNA. For each
region with CNSs, total GC content of CNSs and total GC content of non-CNSs were measured.
A) Distributions of %GC content for CNSs and non-CNSs. solid circle is CNSs; open circle is non-
CNSs. B) Distribution of paired difference in GC content, per region with CNSs, of CNS portions
vs. non-CNSs portions. Note majority of regions have greater GC content in CNSs vs non-CNSs.
Bins in A and B are 3%.

Figure 5. Intergenic Region CNSs. A) Length of intergenic region is correlated with number of 5’
ends abutting region. Here, ‘0’ denotes zero 5’ ends (region is 3'-3’ ends); ‘1’ denotes 1 5’ end
(region is 3'-5’ or 5'-3"); ‘2’ denotes 2 5’ ends (region is 5’-5’). B) Number of CNSs correlates with
intergenic region length.

Figure 6. Intronic Region CNSs. A) Distribution of intronic CNSs/gene. Note that 13/33 have zero;
18/20 have 1-9 CNSs. B) Correlation of number of CNSs and summed length of introns in gene.
Note if two large (>30 CNSs) points are removed, correlation still exists but is weakened (see
RESULTS, data not shown). C) Introns possessing CNSs are distributed toward the ends of
genes. A normalization routine was used to accommodate different numbers of introns/gene (see
RESULTS and METHODS). Bins are 0.10. Values toward zero are toward 5’ end; values toward
1 are toward 3’ end.
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Table 1: List Of 33 Accepted KCNK Genes From C. elegans
All of these genes passed criteria as described in RESULTS
These are contig names as found in http://www.wormbase.org (WS126)

F21C3.1
M110.2
ZK1067.5
B0334.2
F17C8.5
F22B7.7
ZC410.4
ZK1251.8
K04A8.4
F20A1.7
F29F11.4
RO4F11.4
K01D12.4
C24A3.6
TO6H11.1
C40C9.1
TO1B4.1
F19D8.1
F55C5.3
MO04B2.5
C33D12.3
C52B9.6
F36A2.4
Y47D3B.5
W06D12.5
K06B4.12
F31D4.7
R12G8.2
C48E7.9
F34D6.3
C24H11.8
T28A8.1
Y37A1B.11
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