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Abstract An interactive clustering model based on
positional weight matrices is described and results ob-
tained using the model to analyze gene regulation pat-
terns in archaea are presented. The 5" flanking sequences
of ORFs identified in four archaea, Sulfolobus solfa-
taricus, Pyrobaculum aerophilum, Halobacterium sp.
NRC-1, and Pyrococcus abyssi, were clustered using the
model. Three regular patterns of clusters were identified
for most ORFs. One showed genes with only a ribo-
some-binding site; another showed genes with a tran-
scriptional regulatory region located at a constant
location with respect to the start codon. A third pattern
combined the previous two. Both P. aerophilum and
Halobacterium sp. NRC-1 exhibited clusters of genes
that lacked any regular pattern. Halobacterium sp.
NRC-1 also presented regular features not seen in the
other organisms. This group of archaea seems to use a
combination of eubacterial and eukaryotic regulatory
features as well as some unique to individual species.
Our results suggest that interactive clustering may be
used to examine the divergence of the gene regulatory
machinery in archaea and to identify the presence of
archaea-specific gene regulation patterns.
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Introduction

Archaea constitute one of the three major domains of
life on earth. They are a widespread group of organisms
found in extreme environments such as the deep ocean,
bogs, salt brines, and hot acid springs, and also in sub-
surface marine waters (Delong et al. 1994). Pelagic
archaea were reported to constitute more than 30% of
the prokaryotic biomass in coastal Antarctic surface
waters. More than 30 species of archaea have been iso-
lated from a single pond in Yellowstone National Park
(Barns et al. 1996). Archaca may be divided into three
subgroups: Euryarchaeota, Crenarchaeota, and Kor-
archaeota. As of 1 December 2003, the National Center
for Biotechnology Information (NCBI) lists 17 complete
archaeal genomes that have been sequenced, all
belonging to Euryarchaeota or Crenarchaeota (Barns
et al. 1996). Two Euryarchaeota, Pyrococcus abyssi and
Pyrobaculum aerophilum, and two Crenarchaeota,
Halobacterium sp. NRC-1 and Sulfolobus solfataricus,
were selected for this study (Table 1).

Transcription initiation patterns in archaea seem to be
related more closely to those of eukaryotes than to
eubacteria (Soppa 1999a, b). However, three groups of
transcription-associated proteins have been identified in
archaea: one group having homology with prokaryotes,
another group having homology with eukaryotes, and
the third group having homology with both prokary-
otes and eukaryotes. Recently, several homologues of
bacterial transcriptional factors, such as MDR1 (metal-
dependent repressor) (Bell et al. 1999), leucine-responsive
regulatory protein (Lrp) (Kyrpides and Ouzounis 1995;
Dahlke and Thomm 2002), a heat shock regulator (Phr)
(Vierke et al. 2003), and transcriptional regulator of mal
operon (Trm) (Lee et al. 2003) have been identified and
characterized in archaea. More recently, Ouhammouch
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Table 1 Archaeal genomic data

analyzed Genome name Gene number Order GenBank References
accession No.
Sulfolobus solfataricus 2,977 Crenarchaeota NC-002754 She et al. 2001
Pyrococcus abyssi 1,765 Euryarchaeota NC-000868 Natale et al. 2000
Pyrobaculum aerophilum 2,605 Euryarchaeota NC-003364 Fitz-Gibbon et al. 2002
Halobacterium sp. NRC-1 2,058 Crenarchaeota NC-002607 Ng et al. 2000

et al. (2003) have demonstrated that archaea possess a
eukaryote-like positive regulation transcription appara-
tus consisting of a cognate bacterial-type regulator that
facilitates recruitment of TATA-binding protein as a
mechanism of transcriptional activation. Thus, archaeal
transcription systems may exhibit their own special
transcription patterns in addition to having patterns
similar to eubacteria and eukaryotes (Kyrpides and
Ouzounis 1999).

Two types of translation initiation mechanisms have
been reported in archaea. Leadered translation—similar
to the translation process in eubacteria—has been shown
to occur for internal genes of operons in archaea
(Tolstrup et al. 2000; Slupska et al. 2001). This type of
translation initiation involves the binding of 16S rRNA
to the Shine-Dalgarno sequence of the mRNA. The
genes in this group have a G-rich region in their 5
flanking region, which corresponds to the Shine-Dal-
garno consensus sequence. Archaeal translation can also
employ leaderless translation initiation similar to
eukaryotes. Leaderless translation initiation involves
scanning for the first start codon along the transcript
(Kozak 1999). The first gene in operons and isolated
genes in archaea were reported to have this eukaryotic-
like translation system (Tolstrup et al. 2000).

Boyle and Boyle (2003) reported different upstream
patterns for different archaeal genomes. In S. solfatari-
cus and P. abyssi, there is a G-rich region centered at
position —10 (counting from the translation start
codon). In addition, there is an A-rich region centered at
—34, followed by a T-rich region around —29, followed
by another A-rich region around —25. Halobacterium sp.
NRC-1 and P. aerophilum reveal different upstream
patterns, but neither has a G-rich region.

Our goal is to identify translation and transcription
initiation patterns in archaea by clustering regulatory
sites of genes for entire genomes, using a newly developed
interactive clustering model (Wan et al. 2002) based on
the positional weight matrix (PWM) (Staden 1984) rep-
resentation of gene sequences. The interactive clustering
method facilitates the identification of qualitative dif-
ferences in the signals in complete genomes, and the
quantitative results (size of the resulting clusters) provide
a rough estimate of the abundance of certain types of
signals. This method can provide guidance and support
for hypothesis generation regarding the existence of
transcription and translation signals in genomes.

We have identified groups of genes with clearly dif-
ferent patterns in regulatory regions. Our results suggest
archaea may have gene-regulation patterns other than
those typical of eubacteria or eukaryotes.

Materials and methods
Genomes

Genomic sequences of four archaea (Table 1) and their
associated protein annotation tables were downloaded
from GenBank, NCBI (http://www.ncbi.nlm.nih.gov).
The upstream sequence of each ORF was extracted
using a Perl program.

PWM and feature-vector representation

The PWM approach has been widely applied since its
introduction to sequence analysis by Staden (1984).
PWM methods have proven to be very promising in
sequence analysis (Bucher 1990; Holberton and
Marshall 1995; Levy et al. 2001; Liu et al. 2001). In the
work reported in this paper, a PWM was used to rep-
resent the probability of each nucleotide (A, T, G, C) at
each position in a set of sequences. Given a set of
sequences S={S}, S», S5, ..., Sm}, the PWM entry for a
base b at position p can be computed as

Mb7p = log (fbp/fb) (1)

where f;, , is the frequency of base b at position p and f}, is
the expected frequency of the base. The feature vector for
a particular sequence is constructed by selecting the
probability of occurrence of the base in each position in
the sequence from the PWM for each position. A window
size is specified to encompass the region of interest to the
scientist.

Interactive clustering model

The k-means and its many variants are widely used
clustering algorithms (Jain et al. 1999; Han and Kamber
2000). Given objects O ={01, 0,3, . . ., 04}, the k-means
clustering algorithm partitions them into k-clusters
based on the distance D;; between object o; and o;, 0€0,
1 £i<n, 1<j<n The distance of the cluster members
to the cluster center is computed by

Z (xp,q - xcyq>2

where m is the number of objects in the cluster, d is the
dimension of the feature vectors, and x. is the cluster
center. The center of a cluster C, is updated by

(2)
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where x,, is an object in cluster Cy,, 1 < ¢ < d, and dis the
dimension of the feature vectors. A shortcoming of the
k-means algorithm is that one must specify or empiri-
cally determine the number of clusters. We overcome
this problem by applying k-means iteratively, with
k=2 at each step. Used in conjunction with a visuali-
zation tool, our approach allows the scientist to identify
clusters of regulatory patterns by interacting with the
clustering process.

The interactive clustering model (Wan et al. 2002)
combines PWMs and k-means clustering in an iterative
fashion (Fig. 1). At each step, the sequence data are
clustered, with k=2 based on a specified window size. A
visualization of the PWM of each cluster is then gener-
ated for inspection (see Fig. 2 for examples of the visu-
alization). Clusters exhibiting homogeneous patterns
(e.g., only a G-rich region or a TATA box) are not
clustered further. If a cluster is not clearly homogeneous,
it is reclustered. If no new patterns emerge when clus-
tering is reapplied, the new clusters are discarded. The
result of this process is a binary tree (see Fig. 4 for an
example). Prior to reclustering, users can also change the
window size if they wish to focus the reclustering on a
specific area of the sequence. In our experiments, we
have begun clustering with a window range of —48 to —1
and sometimes reduce the range to —48 to —25 or —24 to
—1 during the clustering process. The website for this
clustering model is  http://www.cse.msstate.edu/
~bridges/CLU/Cluster/cluster.html. The model is not
fully automated at this time.

Process for analysis of clustering results
A G-rich region centered at position —10 that represents

the Shine—Dalgarno consensus is referred to as a “G
box” in the remainder of this paper. Similarly, a pattern

Download data from Genbank

Represent pattern

\ 4 < 3

Cluster with k-clustering Select clusters without clear
¢ patterns for further clustering
Visualize results >
Conclusions

Fig. 1 The interactive clustering model
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of As, Ts, then As related to the TATA promoter
sequence is referred to as an “A box.” A cluster with
only one or both G and A boxes and no other apparent
pattern is treated as a single cluster. A cluster with nei-
ther an A nor G box is also treated as a cluster if further
clustering with different windows sizes does not reveal
additional patterns.

For one experiment, we separated the genes of
S. solfataricus into two groups: putative genes and
confirmed genes. Putative genes are those genes desig-
nated as ‘‘putative,” ‘“‘hypothetical,” or ‘‘conserved
hypothetical” in the protein annotation table. We found
the patterns identified in both groups were very similar.
In subsequent experiments, we have assumed that all
annotated ORFs in the genomes are genes.

Results
Histograms of the distances between genomes

A histogram of the gene separation distances in each
genome was plotted (Fig. 3), and the observed distri-
bution was used to group the genes into the classes
“distant” and “‘nearby.” Distant genes were defined to
be those whose start codon was separated from the
termination codon of the nearest upstream gene by
more than 25 bp or less than —25 bp (in cases where
the genes overlap). All other genes were labeled nearby.
The PWMs of the distant and nearby genes for two
archaeal species are shown in Fig. 2. In Sulfolobus
solfataricus, the nearby genes have a G box centered at
position —10, and the distant genes have an A box
centered at position —30 (Fig. 2a). In Halobacterium sp.
NRC-1, the nearby genes have a weak A box around
position —30, and the distant genes have a strong A
box around position —30 and an unusual signal around
—-10 (Fig. 2b).

Clustering results

All of the clustering results described in this section will
be available at http://www.cse.msstate.edu/~bridges/
CLU/ArchaeaResults.html, including a list of all genes
assigned to each cluster. In the following discussion, we
present the binary tree that resulted from our clustering
process for each genome and visualizations of the
PWMs corresponding to each cluster (node in the tree).
In each figure, the number of sequences that each node
represents is given in parentheses. The tree nodes are
numbered for identification purposes.

Sulfolobus solfataricus

The PWM of all genes of S. solfataricus contains a G
box centered at —10 and an A box centered at —30 (node
1 in Fig. 4). More detailed results are available at http://
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www.cse.msstate.edu/~bridges/CLU/SUL/sul.html. The
initial binary split of this cluster, using a window of —48
to —1, yields two groups (nodes 2 and 3) with quite
different patterns. The first cluster (node 2) has an A box
and the second cluster (node 3) has a G box (Fig. 4).
These two groups were analyzed for distribution of
nearby genes and distant genes. Division of the cluster
containing the A box (node 2) on the basis of proximity
yields two distinct clusters (nodes 4 and 5). The nearby
cluster (node 4) exhibits both an A and a weak G box,
while the distant cluster (node 5) shows only an A box.
Further clustering of the nearby genes, using a window

distance

of —24 to —1 yields two clusters—one (node 8) with 146,
revealing only an A box, and the other with 142 genes
showing both an A and a G box. These could not be
further clustered into subclusters with different patterns.
Division of the node 3 cluster into nearby and distant
genes gave two groups with G boxes only (Fig. 4).

Pyrococcus abyssi

The PWM of Pyrococcus abyssi (Fig. 5) has what
appears to be superimposed A boxes, one centered at
—40 and the other at —30. Initial clustering shows one



Fig. 4 Clustering results for
S. solfataricus
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Nearby with A.G box

Reduce window to -24

(288)

Distant with G box
37)

Nearby wnh G box
(569)

Distant with A box
(1383)

Nearby with A box
(146)

Fig. 5 Clustering results for
P. abyssi

Nearby with A,G box
(142)

Nearby without A.G box

group with only an A box centered at —30 (node 2).
Separation of this node into nearby and distant genes
shows that the nearby genes do not retain any obvious
pattern, while the distant genes maintain the A box. The
other cluster, containing the majority of genes (1,228

Reduce window to
-48 to -25

““Distant with A,G box
(692)

Nearby “With G box
(536)

Dislantmth A box
(389)

=, B

Distant w‘i’(; A,G box.
(427)

=
Distant G box
(265)

genes), looks similar to the initial pattern of all genes.
Separation into nearby and distant genes provided us
further pattern information. Nearby genes have only the
G box at —10 (node 6). The distant genes have both
superimposed A boxes and the G box at —10 (node 7).
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Fig. 6 Clustering results for
Pyrobaculum aerophilum
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Fig. 7 Clustering results for
Halobacterium sp. NRC-1
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Clustering of node 7 with a window of —48 to —25 gives
us 265 genes (node 9) with only a G box and 427 genes
with the same overall pattern as node 7.

Pyrobaculum aerophilum

The PWM of Pyrobaculum aerophilum (Fig. 6) shows an
A box centered at —27. Initial clustering produced one
group of genes with an A box at —27 and a second group
of genes with a weak G box at —4. Subdivision of these
groups by relative position provided little further
information (nodes 4-7, http://www.cse.msstate.edu/
~bridges/CLU/PYR/pyr.html; Fig. 6).

Halobacterium sp. NRC-1

The genome of Halobacterium sp. NRC-1 (Fig. 7) has
an upstream pattern that differs from those found in
S. solfataricus, P. abyssi, and P. aerophilum. 1t has a

Distant with A box
(715)

Distant without A box
(839)

Nearby without A box
(84)

typical A box centered at —30 and three A-rich regions
centered at positions —4, —10, and —40. The clustering
generated two groups of genes. One group of 1,135
genes (node 2) maintains all features of the total
genomic ORFs except for the region at —4. The other
group (node 3) has only this —4 A region. Nearby and
distant classification was not informative for the node 3
genes. Using this separation, node 2 ORFs split into
those with the —40 A peak and those without it. Both
nodes 4 and 5 retained the A box at —30 and the A
peak at —10. Further clustering was not useful (http://
www.cse.msstate.edu/~bridges/ CLU/HAL/hal.html;
Fig. 7).

Discussion

Gene regulation patterns in archaea have been intensely
studied since the discovery of this new class of organisms
in 1977 (Woese and Fox 1977). Because of the difference



among individual archaeal genomes and even among
different genes, the gene regulation mechanisms do not
seem to fall exclusively into eubacterial or eukaryotic
classes. In this paper, we describe an interactive clus-
tering technique that combines two classic methods,
PWM and k-means clustering algorithms. We applied
this technique to four extremophile archaeal genomes.
To further examine patterns, we divided ORFs into
classes based on location of the ORF with respect to
other ORFs. This was an attempt to globally identify
genes that were internal members of operons (identified
as being ‘“‘nearby” genes) or were the first genes in
operons or independent genes (identified as ‘“‘distant”
genes). This is clearly only a first approximation; nev-
ertheless, this division did yield useful information. The
cutoff chosen for nearby and distance genes was estab-
lished from histograms of ORF locations with respect to
other ORFs. In a similar manner, Slupska et al. (2001)
established a cutoff of + 50 nucleotides in their study of
Pyrobaculum aerophilum. In order for a cluster to be
evident, there must have been a sufficient number of
genes that possessed similar sequences in reasonably
similar locations within the windows used in the iterative
algorithm.

Alignment of archaeal ORFs showed some surprising
features that were not related to translation initiation.
Each of the four archaea examined showed some evi-
dence of potential transcriptional regulatory sequences
in a constant location with respect to the start codon.
This is not typical of most eubacteria and eukaryotes.

With the exception of Halobacterium sp. NRC-1,
most genes examined showed three patterns. Pattern I
presented only a G box. These genes have presumptive
Shine—Dalgarno sequences in the 5" flanking region but
show no obvious common transcriptional regulatory
sequences in a constant location. Pattern II presented
only an A box. This is a presumptive TATA sequence in
reasonably precise location with location to the start
codon. This conserved signal represents a TATA box
centered at —26/—-27, transcription factor B recognition
element (BRE) and 2-3 As in positions at =35 to —33
(Soppa 1999b). These genes show no evidence of a
standard ribosome-binding site and so must initiate
translation via a leaderless mechanism (Kozak 1999).
Pattern III combines an A box and a G box in the
common group of genes. These must have both a regu-
latory site for transcription initiation at a common site
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and a Shine-Dalgarno site. Table 2 provides a listing of
clusters for the various archaea.

Classification as distant or nearby genes also pro-
vides information. Genes that are close to one another
or even overlap are potential members of the same
operon (Salgado et al. 2000). For Sulfolobus solfatari-
cus and Pyrococcus abyssi, a large number of the pat-
tern I genes are in the nearby class. If they are internal
to the operon, they are likely transcribed from some A
box upstream to the operon. The G box indicates that
they have the potential for internal translation initia-
tion (Salgado et al. 2001; Ma et al. 2002). Genes that
are in the distant group but with only a G box most
likely have their TATA boxes at some variable distance
from the start codon, and so no A box is apparent in
the weight matrix.

All of the ORFs in S. solfataricus and P. abyssi seem
to fall into regular categories. On the other hand,
P. aerophilum ORFs have either an A box in a regular
location (nodes 4 and 5) or have no identifiable regular
pattern (nodes 6 and 7). While the transcription start
might be variable in location, a ribosome-binding site is
sufficiently constrained by the nature of translation ini-
tiation (Schurr et al. 1993; Ma et al. 2002) that the
presence of any should be apparent in the weight matrix.
This organism apparently uses leaderless translation
initiation exclusively following the eukaryotic pattern
(Kozak 1999) and similar to two mycoplasma species,
Mycoplasma genitalium and M. pneumoniae (Boyle and
Boyle 2003).

Halobacterium sp. NRC-1 presents an unusual case.
The weight matrix for all ORFs shows features not seen
in other organisms (Boyle and Boyle 2003). Like
P. aerophilum, there are no apparent G boxes, suggest-
ing leaderless translation. In addition, there are promi-
nent, conserved peaks of As over a narrow range of
sequence locations in nodes 4 and 5. These features are
present only in the clusters that have an A box. The A
peaks fit no known pattern of 5° cis regulatory sites
(Kozak 1999). This could be because the position of this
motif relative to the start codon does not exhibit enough
regularity to be detected by our method.

The features identified in these four archaeal species
reflect their divergence of gene regulation. Using an
interactive clustering algorithm, we demonstrated a
eukaryotic-type leaderless translation and a bacterial-
type leadered translation, which supports the idea that

Table 2 Summary of clustering
results. N Nearby group,

D distant group

“Number of genes in cluster
"The node on figures for this

(D G box (II) A box  (III) A, G box  Other
S. solfataricus (2,977 ORFs) 569°(N)(6)°  1383(D)(5)  288(N)(4) -
737(D)(7) - -
P. abyssi (1,765 ORFs) 536(N)(6) - 692(N)(7) -
265(D)(9) 427(D)(8)
P. aerophilum (2,605 ORFs) - 317(N)(4) - 525(N)(6)
1332(D)(5) 431(D)(7)
Halobacterium sp. NRC-1 (2,058 ORFs) — 420(N)(4) - 84(IN)(6)
715(D)(5) 839(D)(7)

organism
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archaea have gene regulation machinery with character-
istics similar to both prokaryotes and eukaryotes (Saito
and Tomita 1999; Soppa 1999a; Tolstrup et al. 2000;
Slupska et al. 2001). Some archaeal genes are shown to
have transcription initiation elements located at a
constant separation from the start of translation. How-
ever, several groups of genes with special patterns were
also found. The transcription initiation and translation
initiation patterns in these groups may reflect special
gene regulation patterns in at least some of the archaea
species, e.g., Halobacterium sp. NRC-1.

The results obtained by our interactive clustering
algorithm agree with results previously reported for
S. solfataricus and P. abyssi and reveal potential new
regulatory patterns in Halobacterium sp. NRC-1. Reg-
ulatory signals that are in positions that vary substan-
tially from the modal position may not be recognized by
this method because they do not align with similar sig-
nals relative to the start codon. Despite this limitation,
the clustering algorithm appears to provide valuable
qualitative information about sequences such as the
Shine-Dalgarno sequence that is expected to have a
fairly consistent location relative to the start codon. In
addition, it has the power to reveal other unexpected
regular features such as the putative TATA box and
BRE located at a relatively fixed distance from transla-
tion start in a significant subset of ORFs. Although the
major focus of the analysis reported in this paper is the
identification of the TATA box and Shine-Dalgarno
sequences, the real benefit of our technique is the
potential to help scientists identify signals in a genome
that differ from those reported in other genomes. The
confirmation of previously reported patterns and the
revelation of patterns that have not been previously
described demonstrate the utility of the interactive
clustering algorithm for mining new patterns that can be
studied by more targeted methods such as those used by
Ma et al. (2002) to study Shine—Dalgarno sequences. In
the future, we plan to apply the interactive clustering
algorithm to other archaea genomic data and further
explore the variation of gene regulation of the archaeal
kingdom.
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