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ABSTRACT

Intragenomic and intergenomic comparisons of
upstream nucleotide sequences of archaeal genes
were performed with the goal of predicting transcrip-
tion regulatory sites (operators) and identifying likely
regulons. Learning sets for the detection of regulatory
sites were constructed using the available experimental
data on archaeal transcription regulation or by
analogy with known bacterial regulons, and further
analysis was performed using iterative profile searches.
The information content of the candidate signals
detected by this method is insufficient for reliable
predictions to be made. Therefore, this approach has
to be complemented by examination of evolutionary
conservation in different archaeal genomes. This
combined strategy resulted in the prediction of a
conserved heat shock regulon in all euryarchaea, a
nitrogen fixation regulon in the methanogens
Methanococcus jannaschii and Methanobacterium
thermoautotrophicum and an aromatic amino acid
regulon in M.thermoautotrophicum. Unexpectedly,
the heat shock regulatory site was detected not only
for genes that encode known chaperone proteins but
also for archaeal histone genes. This suggests a
possible function for archaeal histones in stress-
related changes in DNA condensation. In addition,
comparative analysis of the genomes of three Pyro-
coccus species resulted in the prediction of their
purine metabolism and transport regulon. The
results demonstrate the feasibility of prediction of at
least some transcription regulatory sites by
comparing poorly characterized prokaryotic genomes,
particularly when several closely related genome
sequences are available.

INTRODUCTION

The rapidly accumulating complete genome sequences of
bacteria and archaea provide a new type of information
resource for understanding gene functions and evolution. The
first tier of comparative genomic studies dealt with protein
sequence analysis because, in the course of evolution, protein

sequences change much less rapidly than the gene order or
nucleotide sequences of non-coding regions (1-3). Comparative
genomics at the protein level has proved highly informative. At
least 70% of the proteins encoded in each of the completely
sequenced prokaryotic genomes have homologs in phylo-
genetically distant organisms, and functional predictions, with
a varying degree of specificity, are possible for the majority of
these proteins (3—5). Combination of these predictions across a
range of genomes provides for partial reconstruction of meta-
bolic pathways and other functional systems by computational
means and allows the identification of poorly understood steps
that are in need of experimental investigation.

Gene order is poorly conserved in prokaryotes, compared to
protein sequences (4,5). Large scale conservation is seen only
in closely related species, e.g. Mycoplasma genitalium and
Mycoplasma pneumoniae (6), or Chlamydia trachomatis and
Chlamydia pneumoniae (7). Even in these cases, there are
several breakpoints of synteny. Moderately related bacteria,
such as for example Escherichia coli and Haemophilus
influenzae, possess many conserved operons but, on a larger
scale, these are shuffled to an extent that the ancestral gene
order is indecipherable (8). At larger evolutionary distances,
only a few operons are conserved across a wide range of
prokaryotic species (4). Conservation of operons in small sets
of prokaryotes is, however, more frequent, perhaps in part due
to horizontal transfer, and on many occasions information on
gene order can be utilized to enhance prediction of gene
functions (5,9).

An adequate understanding of cell functioning is impossible
without a knowledge of the transcription regulatory circuits
that exist in all prokaryotes and can be highly complex in
bacteria with advanced metabolic capabilities (10). The first
step in this direction is the identification of transcription
regulatory sites (operators), which also helps in deciphering
the operon organization of genes in poorly characterized
genomes. To what extent is the comparative genomic approach
helpful in the identification of regulatory signals and operons
given the limited conservation of both non-coding nucleotide
sequences and gene order? Recently we performed a pilot
study that used genome comparison of E.coli and H.influenzae
to analyze the evolutionary conservation and transformation of
regulons (11). This resulted in the identification of several
likely regulons in H.influenzae and in the prediction of new
members of regulons in both bacteria.

Here we describe an attempt to apply the comparative
genomic approach to the prediction of regulatory signals and
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operons in six completely sequenced archaeal genomes. The
choice of the archaeal genomes for this analysis was dictated
by three considerations. First, the basal transcription machinery
of the archaea is closely related to that of eukaryotes (12—14). In
contrast, detailed analysis of the proteins encoded in complete
archaeal genome sequences resulted in the prediction of a
number of helix—turn—helix (HTH) proteins resembling bacterial
transcriptional regulators and potentially involved in archaeal
transcription regulation (15-18). Secondly, a recent comparative
analysis of archaeal genomes resulted in the assignment of the
majority of the genes to clusters of orthologs (19), which may
facilitate analysis of the conservation of potential regulatory
signals. Thirdly, transcription regulation in archaea is not well
understood. Only for a few sets of co-regulated genes has
regulation been experimentally demonstrated and the respective
regulatory signals been identified, in particular, heat shock
genes in Haloferax volcanii (20-22), two nitrogen fixation
genes in Methanococcus maripaludis (23), gas vesicle genes in
Halobacterium salinarium (24,25) and bacteriorhodopsin
genes in Halobacterium sp. (26).

We were interested in further investigating bacterial-type
transcription regulation in archaea and in systematically
predicting archaeal regulatory sites and operons. This study
resulted in the prediction of several archaeal regulons, only one
of which, namely the heat shock regulon, is conserved in all
sequenced archaeal genomes.

MATERIALS AND METHODS

Identification of regulatory signals: approach and procedure

At the first step, a group of genes is selected that may be
expected to contain a common regulatory signal in the
upstream region. There are two basic ways to compile this
initial sample. The first possibility is to search for common
patterns located upstream of orthologous genes. This approach
assumes that the regulatory signal is strongly conserved in at
least some of the compared genomes. The second possibility is
to select candidate co-regulated genes from one genome on the
basis of a common biological function. We used primarily the
second approach or a mixed strategy that involved compiling
samples of functionally related genes represented by orthologs
in several genomes.

At the second step, a recognition rule is generated. In the
simplest case, namely when some sites have been identified
experimentally, a profile is constructed using the alignment of
these known sites. Positional nucleotide weights in this profile
were defined as previously described (11):

W(b.k) = log[N(b,k) +0.5]- 025 .
i=ACG, T

log[NG.k) + 0.5]1

where N(b,k) is the count of nucleotide b in position k in the
learning sample. The score of a candidate site was calculated
as the sum of the positional weights:

K
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k=1
where K is the number of positions in the site. Since Z is the
sum of K independent variables, its distribution is approxi-
mately normal. The base of the logarithm in 1 is chosen such
that the standard deviation of the score distribution on random

oligomers equals 1. Thus, Z in 2 has the meaning of the
standard z score and can be used to assess the significance of
individual sites.

In cases where there are no experimentally defined sites, the
noise level is so strong that general procedures for detecting
signals in unaligned sequences (reviewed in 27,28) are not
applicable. Therefore, we narrowed down the search space by
searching for quasi-palindromic signals, a feature that is
typical of many bacterial transcription regulatory sites (29).
The similarity score between two [-mers was calculated in
standard deviation units as

S = (n— U)oV 3

where n is the number of identical nucleotides and ¢ =
V[0.25 (1 — 0.25)] = V[3/4]. The procedure first identifies
imperfect palindromes in each sequence. An imperfect palin-
drome is defined as an /mer whose similarity to a complemen-
tary /mer, calculated according to 3, is greater than 2. With this
threshold we get approximately 10-20 imperfect palindromes
in each 250 nt fragment, which was the length of the upstream
sequence used for the present analysis.

Then each palindrome is compared to all palindromes from
other upstream regions in the pre-selected set of genes, and the
palindromes most similar to the initial one (at most one from
each upstream region) are used to make a profile as defined
above. Thus each palindrome in the initial set generates a
profile. These profiles are used to scan the sets of palindromes
again, the best palindromes are selected and the procedure is
iterated until convergence.

The quality of a profile is defined as its information content
(30)

]
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where f(i,k) is the frequency of nucleotide i at position k of
palindromes generating the profile. A fixed number of best
profiles was retained for further analysis.

The profiles independently derived for functionally similar
gene sets from different genomes were compared by
computing the distance

l
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where U and V are the compared profiles calculated according
to 1. This provides for a consistency check and, in cases when
the profiles are similar, increases the confidence in the signal
prediction.

The selected optimal profile (or several high quality profiles)
were symmetrized by incorporating the complement of each
weak palindrome from the generating set and used for the
analysis of regulons as previously described (11). Briefly, each
genome was scanned with the profile and genes with candidate
regulatory sites in upstream regions (normally in positions —200
to +50 relative to the translation start) were selected using a
liberal threshold defined relative to the lowest score within the
learning set (Results). The resulting set of candidate regulon
members was supplemented by genes that are likely to be co-
transcribed with a gene containing the signal (transcribed in
the same direction, with an intergenic distance <100 bp).

The signal recognition procedure was complemented by
protein sequence analysis under the assumption that the
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composition of regulons in related genomes is at least partially
conserved. Given the same signal quality, it is likely that sites
located upstream of orthologous genes are indeed utilized for
regulation (true positives) whereas those that are randomly
scattered among genes may be false positives. The candidate
regulon members were mapped to the clusters of archaeal
orthologous genes (COGs) (19) and additional protein
sequence comparisons and database searches were performed
as needed. In addition to the evolutionary conservation,
functional assignments for the candidate regulon members
were taken into consideration for the final regulon prediction.

Programs and sequence data

Signal identification, construction of recognition profiles,
identification of candidate signals in genome sequences and
protein similarity searches using the Smith—Waterman algorithm
were performed using procedures included in the program
Genome (31) obtained from Anchorgen Inc. (http://www.
anchorgen.com ). Multiple alignments of protein sequences
were constructed using the CLUSTALX program (32). Protein
sequence database searches were performed using the gapped
BLASTP program and, for the detection of subtle sequence
similarities, the PSI-BLAST program (33,34). All searches
were run against the non-redundant protein sequence database
at the NCBI. Phylogenetic trees were constructed using the
PHYLIP package programs NEIGHBOR (the neighbor joining
method) and PROTPARS (maximum parsimony method) (35).

Complete genome sequences of four archaea, namely
Methanococcus jannaschii (36), Methanobacterium thermo-
autotrophicum (37), Archaeoglobus fulgidus (38) and Pyro-
coccus horikoshii (39), as well as additional archaeal
sequences, were downloaded from GenBank (40). Unannotated
complete genomes of Pyrococcus furiosus and Pyrococcus
abyssi were downloaded respectively from Utah Genome
Center (University of Utah, USA; http://www.genome.
utah.edu ) and Genoscope (National Centre for Sequencing,
France; http://www.genoscope.cns.fr ), respectively.

RESULTS AND DISCUSSION

We analyzed four sets of archaeal genes that, on the basis of
experimental results and/or by analogy with the respective
bacterial systems, appeared to be good candidates for regulons.
The procedure used for the prediction of the regulatory signal
and regulon members was modified in each case, depending on
the nature of the available data, and, accordingly, we describe
each of these systems separately.

The heat shock regulon

As the starting point for the analysis of the heat shock regulon,
we used the published compilation of 15 heat shock-specific
promoters (HSP) from various archaea (21; Table 1). The
profile derived from these HSPs was used to scan the four
complete archaeal genomes with a threshold equal to the
minimum score within the training set. The genes retrieved
with this cut-off and genes that are likely to belong in the same
operons with them comprised the first set of candidates for the
archaeal heat shock regulons. These genes encoded three
groups of highly conserved proteins represented in all complete
archaeal genomes, namely two families of chaperonins, AAA+
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Figure 1. Possible operon structure of some candidate members of the heat
shock regulon in the archaea. Blue, helix—turn—helix DNA-binding protein;
green, Al family ATPase; red, chaperone hsp20; yellow, grpE—dnaK—dnaJ
gene string; black, candidate heat shock regulatory site; grey, weak heat shock
site; white circles, delimiters. If there are several paralogs, only one is shown
(see Table 1 for details).

superfamily ATPases that are typically implicated in chap-
erone-like functions and histone H4 orthologs.

To refine the profile, we excluded the sites from the
Crenarchaea (Sulfolobus) and included the candidate HSPs
from the genes retrieved in the first iteration. Thus the final
profile was constructed from 24 HSPs (Table 1). The results
of searches with this profile indicated that, by itself, the
signal contained in the profile was insufficient to predict
regulon members (data not shown). Therefore, in order to
make such predictions, we combined the scores produced by
the profile search (see equation 1) with phylogenetic infor-
mation obtained from the COGs. The four gene families
mentioned above as well as the glutamine synthase gene from
M.thermoautotrophicum, M.jannaschii and A.fulgidus were
the only COGs in which the candidate HSP was conserved in
at least three archaeal genomes.

Additional examination of the predicted functions of genes
preceded by candidate HSPs, even if they had no orthologs in
other genomes, was performed to find other likely members of
the heat shock regulon. This resulted in the identification of a
candidate HSP upstream of gene string grpE—dnaK—-dnaJ of
M.thermoautotrophicum that is likely to comprise an operon

(Fig. 1).

Molecular chaperones. The most straightforward case of HSP
conservation is that of HSP60-class heat shock proteins
described as chaperonins (41) or thermosome components
(42,43). Archaeoglobus fulgidus and M.thermoautotrophicum
each encode two representatives of this COG whereas
M. jannaschii and the three Pyrococcus spp. encode one repre-
sentative each. All these genes, as well as representatives of
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Table 1. Heat shock regulatory sites in archaea

Genome gene or protein COG / AC site score pos.
family

Haloferax volcanii cctl Cl AF010470 aCGAAgctTTTtTATAGAA 455 -10
Haloferax volcanii cct? C1 AF010469 gCGAAgccTTTtTATAGAA 448 -43
Haloferax volcanii cct3 C1? AF029873 gCGAAACGTaTtTATAGAA 493 -53
Methanopyrus kandleri chaperonin Ci 250745 gaTAAAGGTTTAaATAtAA  4.68 -75
Thermococcus sp. KS1 chaperonin — o Cl ABOQ01080  upstream too short? none 64)
Thermococcus sp. KS8 chaperonin — o C1 ABQ01082  upstream too short? none (64)
Thermococcus sp. KS1 chaperonin — B Ct AB001081 CCGAAAACTTTATAaAtAg 4.66 -106
Thermococcus sp. KS8 chaperonin — 8 C1 AB001083 CCGAAAACTTTATAaAtAA 504 -106
Thermoplasma acidophilum thermosome — ot~ Cl 746649 CaGCAAAGTTTATATEGAA 4.74 -55
Thermoplasma acidophilum thermosome -3  C1 746650 CaGAAAcacTTATATAGAA 488 -46
A. fulgidus AF2238 C1 C.G. CCGtAAAaTaTATATAGAA 5.00 -58
A. fulgidus AF1451 Cl C.G taGAAAAGCcTTATATAGAA 4779 -60
M. thermoautotrophicum MTH794 Cl1 C.G gCGAAAACTaTETATAGAA 496 -73
M. thermoautotrophicum MTH218 Cl1 C.G. aCacAAAtTaTtTATAGAA 427 -36
M. jannaschii MJ0999 C1 C.G CCGAAAgGTTTATATAGAA 5.30 -67
P. horikoshii PHO017 Cl C.G CCGAAARATTTATAagcAA 458  -104
Pyrococcus furiosus Cl C.G. CCGAARAATTTATAagcAA 458  u-def
Pyrococcus abyssi Cl C.G. CCGAARAGTTTATAagcAA  4.60 u-def
Desulfurococcus hhsp Cl S79557 additional N-domain? none  (100)
Pyrococcus sp. KOD1 chaperonin — B Cl1 D29672 upstream too short? none (99)
Pyrococcus kodakaraensis cpkA Cl AB018432  upstream too short? none (63)
Sulfolobus shibatae tf 55 a C1 134691 gaGAAAAaTTTtTATAtAA n/a

Sulfolobus shibatae tf55 C1 X63834 gaGCcAAAATTTETATALAA n/a

Sulfolobus sp. 7 chaperonin 0. Cl1 AB001085 CaGAAAAaTTTATATAtAA  nla

Sulfolobus sp. 7 chaperonin 3 C1 AB001086 CaGAAAAtTTTtTATAtAA n/a

A. fulgidus AF0337 H1 C.G tgaAAAAaTTTATATAGgA  4.17 -54
M. thermoautotrophicum MTHS821 H1 C.G CcaAtAAaTTTAaATAttA 4.11 -51
M. jannaschii MJ0932 H1 C.G. CCGAAAAtTTTAaATAccc  4.21 -63
M. jannaschii MJI1258 H1 C.G. CCGAAAAaTaTATATActc  4.30 -62
P. horikoshii PHs046 Hl C.G CCGAAAAATTTATATAGtt 481 -54
Pyrococcus furiosus 1412a Hi1 C.G gCGAAAAGTTTATATActt 446  u-def
Pyrococcus abyssi 0439a H1 C.G. CCGAAAAGTTTATATActt 457  u-def
Pyrococcus sp. GB-3a histone H1 V08838 CCGAAAAGTTTATATActt  4.57 -65
Pyrococcus kodakarensis hpkB Hi AB016004 CCGAAAgaTTTATATAGgC  4.60 -96
Methanothermus fervidus hmfB Hi M34778 aCaAtAAaTTTATATAGGA  4.34 -64
A. fulgidus AF1493 H2 C.G taGAAAAGTATATATAtAC 445 -64
M. thermoautotrophicum MTH254 H2 C.G gCGAtAtaTTTATATAGgA 443 -47
M. thermoautotrophicum MTH1696 H2 C.G aCGAtAAaTTTAaATActA  4.00 -48
M. jannaschii MJo168 H2 C.G. CCGAAAAGTTTAaATAaAg 4.54 -63
M. jannaschii plasmid MJECL29 H2 C.G. none

P. horikoshii PHs051 H2 C.G CCGAAAAGTTTATATAtct  4.85 <71
Pyrococcus furiosus 1504a H2 C.G. CCGAAAAGTTTATATAtct  4.85 u-def
Pyrococcus abyssi 0320a H2 C.G. CCGAAAAGTTTATATAtct  4.85 u-def
Pyrococcus sp. GB-3a histone H2 V08837 CCGAAAAGTTTATATAtcc  4.78 -80
Pyrococcus kodakarensis hpkA H2 AB016003 CCGAAAtcTTTATATAtct 449 -67
Methanothermus fervidus hmfl H2 M96826 CCGAtAAaTTTAaATALtA 436 -52

this gene family in other archaea, possess candidate HSPs
(Table 1). These genes are indeed regulated by heat shock
(21,22,44.,45). In some cases where we could find no candidate
HSP (o-chaperonins of T.acidophilum strains, o~ and B-chap-
eronins of Pyrococcus kodakarensis), it can be explained by
the fact that only a short upstream sequence is available.

For another family of predicted molecular chaperones,
namely small heat shock proteins (hsp20), strong candidate
HSPs were found in M.jannaschii and A.fulgidus, weak HSPs
were detected in P.horikoshii and P.furiosus (but not in
P.abyssi, where the gene is interrupted by a frameshift) and no
candidate HSPs (or possibly a weak site in one of the two
representatives) were seen in M.thermoautotrophicum.

In addition to these families of molecular chaperones, the
clustered genes for the grpE—dnaK—dnaJ chaperone group are

present in M.thermoautotrophicum and in Methanosarcina
mazei (46—48), in both cases in this order; the other archaea
whose genomes have been sequenced lack these genes. There
is a candidate HSP upstream of grpE in M.thermoauto-
trophicum (Table 1) but not upstream of any of the M.mazei
genes, which are transcribed independently (46,47). In the
orthologs of these genes in other archaeal species, the available
upstream sequences are too short to include the HSPs. Given
the functional plausibility, it seems likely that the putative
grpE—dnaK—dnaJ operon of M.thermoautotrophicum indeed
belongs to the heat shock regulon, but more sequence information
on orthologs from other species is necessary for confident
assignments.

Candidate HSPs were also detected in orthologous genes
from M.jannaschii, M.thermoautotrophicum and the pyrococci
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Methanobacterium formicicum  hfoAl H
Methanobacterium formicicum  hfoA2 H
Methanobacterium formicicum  hfoB H
Thermococcus sp. AN1 hanlA H
M. thermoautotrophicum MTHI1289 (ekj) C2ekj
Methanosarcina mazei dnaK C2k
Methanosarcina mazei dnal C2j
Methanosarcina mazei grpE C2e
Halobacterium cutirubrum DnaKJ C2kj
Thermoplasma acidophilum DnaK{(J) C2kj
A. fulgidus AF1971 C3
A. fulgidus AF1296 Cc3
M. thermoautotrophicum MTHI1366 Cc3
M. thermoautotrophicum MTH859 C3
M. jannaschii MJ0285 C3
P. horikoshii PHI1842 C3
Pyrococcus furiosus 1555 C3
Pyrococcus abyssi 0387a C3
A. fulgidus AF1298 OoP
A. fulgidus AF1297 Al
A. fulgidus AF2098 Al
M. thermoautotrophicum MTHI1639 Al
M. jannaschii MJ1156 Al
P. horikoshii PHI1840 Al
Pyrococcus furiosus 1554 Al
Pyrococcus abyssi 0372 Al
P. horikoshii PHI278 Al
Pyrococcus furiosus None Al
Pyrococcus abyssi 0768 Al
P. horikoshii PH0687 Al
Pyrococcus furiosus 0797 Al
Pyrococcus abyssi 1192 Al
A. fulgidus AF1285 A2
M. thermoautotrophicum MTHI1011 A2
M. jannaschii MJi1494 A2
A. fulgidus AF1976 A3
M. thermoautotrophicum MTH728 A3
M. jannaschii MJ1176 A3
P. horikoshii PHO0201 A3
Pyrococcus furiosus 0107 A3
Pyrococcus abyssi 0171 A3
A. fulgidus AF0949 GS
M. thermoautotrophicum MTHI1570 GS
M. jannaschii MJ1346 GS
Methanococcus maripaludis GIlnA GS
Methanococcus voltae GlnA GS
P. horikoshii PH0359 GS

U12930 tCGACAAATTTAaATALtA  3.95 52
Ul2931 CCGAtAtcTTTAaATAttA 4.02 -51
U12929 aCGAtActTaTATATAGGA  4.14 45
U93078 CCGAAAgCTTTATATAtct  4.53 273
C.G. tCGAAAgGGTTTATATAACC 4.09 08
X60265 none  (301)
X60265 none  up/g
X74353 upstream too short? none (77)
135530 upstream too short? none (58)
135529 upstream too short? none (58)
CaGAAAACTTTATATttcg 421 -75
UpP
very distant one? none
none
TaGAAAAGTTTATATAGAA 5.11 -68
tCGAAAtCTTTATASAGAY  3.96 -49
LCGAAAtaTTTATAaACCC  3.84  u-def
none
C.G CCGAAAACTTTATATAccA  4.89 -53
C.G. UP
C.G. none
C.G. CCGAAACATTTATATAtgA 495 -110
C.G. CCGAAAgGTTTATATAGAA 5.30 -85
C.G. CCGAAAAtTTTATAaAtcA 4.75 -54
C.G. TCGAAAACTTTATAaAcct 4.07 U
C.G. TCGAAAACTTTATAaAccC 4.00 18}
C.G none
C.G. n/a
C.G. <-> 0769 with 4.11 none
C.G. none
C.G. none
C.G none
C.G. none
C.G. CCtAAAQGTTTATACAGAC 3.83  -99
C.G. GaaAAAtaTTTtTATtGAA 427 -105
C.G. none
C.G. CaacAAAaATTTAaATAGgA 422 -31
C.G. ACatAAAaTTTAAATAtAA 437  -120
C.G. none
C.G. upstream 0111 with 4.40 none
C.G. none
C.G. CaaPAAARATaTATATCGAA 4.36 -18
C.G. ACaAAARaTaTATAaAccA  4.09 -73
C.G. CCGtAAAtLTaATATATAtAL 4.46 -58
AF062391 CCGcAAAaTaTATATAttg  4.15 -70
GCaAAAtaTaTATATtGAA  4.39 -68
X53509 ACGtAAQtTaTATATActt 352  -115
C.G. none

that encode AAA+ superfamily ATPases (the Al family in
Table 1), whose exact functions are not known but that are
typically associated with chaperone-like activities (49). In two
more families of related ATPases (A2 and A3), potential HSPs
were seen only in M.jannaschii and M.thermoautotrophicum
(Table 1). Nevertheless, functional considerations suggest that
these genes are likely to belong to the heat shock regulon.
Additional evidence comes from the location of the afore-
mentioned genes in the archaeal genomes (Fig. 1). Archaeoglobus
fulgidus possesses the gene string AFI1298-AF1297-AF1296,

where the proximal gene is a predicted HTH-containing DNA-
binding protein (18), the middle one is an Al family ATPase
and the distal one is a hsp20 chaperonin. The distances
between these genes are short (<20 nt) and there is a HSP
upstream of the AF1298 gene. Thus it is likely that these three
genes comprise a heat shock-regulated operon. AF1298 could
be a heat shock gene transcription regulator that is also subject
to autoregulation. In M.thermoautotrophicum, the ortholog of
this HTH protein (MTH1288) is located upstream of the
predicted grpE—dnaK—dnaJ operon but is transcribed divergently



700  Nucleic Acids Research, 2000, Vol. 28, No. 3

Table 1. Continued

Pyrococcus furiosus GS
Pyrococcus abyssi GS
Pyrococcus kodakarensis GInA GS
Pyrococcus woesei GlnA GS
Haloferax volcanii GlnA GS

C.G. none
C.G. none
D86222 none (64)
X60161 none (73)
003029 none  (135)

Italic, the initial sample taken from Kuo er al. (22); the remaining sites were predicted in this work; bold (bold italic), sites
used for profile construction; underlined, weak sites (score below 4.0); capitals, nucleotides conforming to the consensus. All
members of the relevant families are presented. Notation of COGs: H1, archaeal histone, histone H4 ortholog, first COG; H2,
archaeal histone, histone H4 ortholog, second COG; H, archaeal histone, histone H4 ortholog; C1, chaperonin (small heat
shock protein, thermosome subunit); C2, grpE—dnaK—dnaJ operon or parts hereof; C3, small heat shock protein (hsp20, class I
chaperone); A1, AAA superfamily ATPase, cell cycle control, first COG; A2, AAA superfamily ATPase, cell cycle control,
second COG; A3, AAA superfamily and related ATPases, ATP-dependent 26S protease regulatory subunit; OP, gene
upstream of an operon containing A1 and C3 genes (see text and Fig. 1); GS, glutamine synthase. UP in column score indicates that
an upstream gene is regulated; n/a stands for non-applicable; numbers in parentheses in the pos. column give the length of the
upstream region if no site was found (position of the first coding nucleotide is given); up/g indicates that there is an upstream
gene; u-def means that gene is the not mapped; C.G. in column AC stands for complete genome [note that the site upstream of
M.thermoautotrophicum gene MTH794 was annotated in Fig. 3 of Smith et al. (37) as being upstream of gene MTH1817].

(Fig. 1) and therefore cannot be subject to regulation from the
respective HSP (which is an asymmetrical regulatory site).
Nevertheless, the juxtaposition of the gene encoding this tran-
scriptional regulator and the predicted molecular chaperone
operon is suggestive of a functional connection. In the pyro-
cocci, the orthologs of the putative heat shock transcriptional
regulator are not adjacent to any candidate members of the heat
shock regulon, and in M.jannaschii, the identity of the corre-
sponding HTH protein is not clear. In P.horikoshii and
P.furiosus, the putative heat shock operon found in A.fulgidus
is conserved, with the exception of the predicted regulator, and
there are strong HSPs upstream of the A1 ATPase genes and
weak HSPs upstream of the hsp20 genes (Fig. 1). In contrast,
in P.abyssi, the orthologs of the A1 and hsp20 genes are not
adjacent.

Thus, it appears that a partially conserved set of structurally
and functionally diverse molecular chaperones belongs to the
archaeal heat shock regulons.

Archaeal histones. Euryarchaea possess two distinct families
of histone H4 orthologs. In all complete archaeal genomes, all
of these genes, with a single exception, contain HSPs in the
upstream regions; in addition, HSPs were detected in several
histone genes from various partially sequenced archaea (Table 1).
In cases when there are paralogs from one of the histone families
encoded in the same genome, some of them may have weaker,
but still discernible, sites (as in the H2 family of M.thermo-
autotrophicum and one of the three known histone genes of
Methanobacterium formicum). The only histone gene without
a candidate HSP is the gene MJECL29 of M.jannaschii, which
is located on the large extrachromosomal element. Thus the
histone genes in Euryarchaeota appear to belong to the heat
shock regulon. Euryarchaeal histones could mediate topolog-
ical changes in DNA during thermal stress, as proposed for the
bacterial histone-like HU proteins (50,51) and the histone-like
protein Sso7d from the crenarchaeon Sulfolobus solfataricus
(52).

Glutamine synthetases. Candidate HSPs were observed
upstream of glutamine synthetase genes from A.fulgidus,
M.thermoautotrophicum, M.jannaschii and M.maripaludis,

but not upstream of orthologous genes from Pyrococcus spp.,
H.volcanii and Methanococcus voltae (a weak candidate HSP
is discernible in the Ilatter case). A connection between
nitrogen fixation genes and heat shock genes has been
described previously; in a-proteobacteria, some of the groESL
operons are transcribed from 654 promoters activated by NifA
(48,53). In archaea, we observe a reverse situation in that a
gene involved in nitrogen fixation, namely glutamine
synthetase, appears to be under heat shock regulation. More
data is needed before this prediction can be considered reliable.
It is notable, however, that the relative position of candidate
HSPs and candidate nitrogen fixation regulatory sites in
M.thermoautotrophicum and Methanococcus spp. genomes is
the same (see below and Fig. 4).

The nitrogen fixation regulon of M.thermoautotrophicum
and M. jannaschii

Two repressor-binding sites upstream of the nif operon from
M.maripaludis have been identified by site-directed muta-
genesis (23). Each of these sites is an imperfect palindrome.
Since A.fulgidus and pyrococci do not fix nitrogen, we
restricted the analysis of this system to the M.thermoauto-
trophicum and M.jannaschii genomes.

All archaeal nifH, ginA and glnB gene sequences were
collected from GenBank (excluding complete genomes) and
the signal determination procedure (Materials and Methods)
was applied to their upstream regions. The derived profile was
used to find candidate nitrogen fixation sites (NIF boxes)
upstream of the nif operon of M.thermoautotrophicum and
ginA genes of M.jannaschii. These sites were added to the
sample and the final symmetrical profile was constructed
(Table 2).

This profile was used again to scan the two complete
genomes. With the threshold of 3.90 (score calculated using
equation 1), 10 and eight candidate sites were detected in
M.jannaschii and M.thermoautotrophicum, respectively. The
sample of candidate regulon members was completed by
including likely co-transcribed genes, and the conservation of
the respective genes in the two genomes was examined. This
allowed us to identify two additional, conserved and functionally
relevant operons that are predicted to belong to the nitrogen



Table 2. Nitrogen fixation regulatory sites in archaea
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Genome gene
Methanococcus voltae glnA
Methanococcus maripaludis glnA

M. jannaschii MJ1346
M. thermoautotrophicum delta MTH1570

Methanococcus thermolithotrophicus  nif

Methanobacterium ivanovii nif
Methanococcus maripaludis nif

M. thermoautotrophicum Marburg nif

M. thermoautotrophicum delta MTHI1560-6
Methanosarcina barkeri nif

M. jannaschii MJ0058 (amtB)

M. jannaschii MJ0059 (ginB)
M. jannaschii

M. thermoautotrophicum delta
M. thermoautotrophicum delta

MJ1344-3 (glnBamtB)
MTH661-2 (amtBgInB)
MTH663-4 (amtBglnB)

AC site score  pos.
X53509 TCGGAAATATATTTCCGA 5.36 -87
AF062391 gCGGAAAgcTATTTCCtA 4.46 -40
CG. TaGGAAActTACTTCCag 4.39 -34
C.G. aaGGAAAgLTACTTCCGY 4,57 -50
X13830 caGGAAATATATTTCCGt 5.06 -76

TgGGAAATATATTTCCGA 502  -43
X56071 TCGGAAgTATGTTTCCEE 493  -80
U75887 cCGGAAAgAagcTTCCGtE 4.55 -74

TCGGAAATAaATTTCCGA 516  -41
X87971 aaGGAAgCcATACTTCCGA 4.85 -32
C.G. gCaGAAgCcATACTTCCGg 437 ~-44
X56072 too short upstream? (65)
C.G. aaGGAAAAtTcTTTCCtLL 4.04 -92
C.G. aaGGAAAgAAtTTTCCtt 404 -141
C.G. TaGGAAtgtaATTTCCtL 3.92 -70
C.G. TCGGAAgTAggTTaCCGg 4.13 273
C.G. TCGGAAgTtaccTTCCtA 4.47 73

Italic bold, sites identified by the signal determination procedure and used to construct the initial profile; bold, sites used to
construct the final profile; capitals, nucleotides conforming to the consensus; numbers in parentheses in the pos. column give the
length of the upstream region if no site was found (position of the first coding nucleotide is given); C.G. in column AC stands for

complete genome.

fixation regulon (Fig. 2 and Table 2). Each of these predicted
operons includes the glnB (glutamine synthetase regulator) and
amtB (ammonium transporter) genes. In M.thermoauto-
trophicum, the glnB gene is found in two different contexts,
with two copies within the nif operon and two more in predicted
operons with the permeases; in contrast, M.jannaschii encodes
only the permease-linked versions (Fig. 2). The nifH gene that
encodes the iron—sulfur subunit of the nitrogenase is present in
an apparently regulated form within the nif operon in M.thermo-
autotrophicum and several other archaeal species, and also as a
stand-alone, probably unregulated gene; M.jannaschii
possesses only the stand-alone version. Phylogenetic tree

Methanobacterivm thermoautofrophicum

- ) 1) -
SHI) )

Methanococcus jannaschil

iy
=)
i)

Figure 2. Organization of archaeal nitrogen fixation loci. Yellow, nif operon
(nifH-gInBa—gInBb—nifK—nifE—nifN); red, ginA; green, ginB; blue, amtB
(ammonium transporter); white, genes that are not members of the NIF regulon;
black, NIF boxes. See Table 2 for details.

analysis showed a separation between the regulated and
unregulated versions of nifH (Fig. 3).

Finally, the glutamine synthetase (glnA) genes of M.thermo-
autotrophicum and M.jannaschii seem to be under dual control
of the HSP and the NIF box. The relative position of the candidate
regulatory sites is conserved in the two genomes, which is
compatible with the double regulation hypothesis (Fig. 4).

The tryptophan regulon of M.thermoautotrophicum

Two point mutations leading to deregulation of the tryptophan
operon in M.thermoautotrophicum strain Marburg have been
described (54). Our attempts to identify common regulatory
signals upstream of genes involved in aromatic amino acid

+-MTH1560

| 3-MBth_Q50 785
R MBiv_P51602

} - MCma_1666883

| I LR R MSba_pP54799

I MCtl_P25767

Figure 3. A phylogenetic tree of archaeal nitrogenases. Italic, regulated nifH
genes from nif operons (as opposed to stand-alone, apparently unregulated
genes); bold, nifH genes with upstream candidate signals. SwissProt or
GenBank ‘gi’ identifiers are given. The numbers indicate the number of bootstrap
replications, out of 1000, that support each node. MJ, Methanococcus jannaschii
(complete genome); MCtl, Methanococcus thermolithotrophus; MCma,
Methanococcus maripaludis; MCvo, Methanococcus voltae; MTH, Methano-
bacterium thermoautotrophicum strain delta (complete genome); MBth,
M.thermoautotrophicum strain Marburg; MBiv, Methanobacterium ivanovii,
MSba, Methanosarcina barkeri.
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MCvo t
MCma acg

Figure 4. Candidate regulatory sites upstream of g/lnA genes. Red, HSP (heat
shock promoter); blue, NIF (nitrogen fixation) box; numbers, distance to the
start codon. Abbreviations are as in Figure 3.

biosynthesis, either by comparison of the four complete
archaeal genomes or by comparison of the M.thermo-
autotrophicum strains, were unsuccessful. However, when the
sample was supplemented by upstream regions of the two
tryptophan operons from H.volcanii (55,56), a signal was
discovered upstream of the tryptophan operons of H.volcanii
and M.thermoautotrophicum. This signal is highly specific; the
only other high scoring site in the complete genome of
M.thermoautotrophicum is located upstream of the #rpB gene
that encodes the tryptophan synthase 3-subunit.

The signal consists of two or more (imperfect) repeats of the
TRP box TGTACA, which are separated by 3—-5 bp (Table 3).
Using a less restrictive rule resulted in the detection of
additional copies of this signal upstream of other genes of
M.thermoautotrophicum that encode enzymes of aromatic
amino acid metabolism (Fig. 5 and Table 3). The aromatic
amino acid regulon of M.thermoautotrophicum is predicted to
include all the genes that encode enzymes of tryptophan
metabolism; in contrast, in the tyrosine and phenylalanine
biosynthesis pathways, only genes for two intermediate
enzymes, namely chorismate mutase and prephenate dehydro-
genase, appear to be regulated.

The gene located upstream of the trp operon of M.thermo-
autotrophicum and transcribed in the opposite direction
(MTH1654) could encode the regulator of the aromatic amino
acid regulon. The sequence between this gene and the proximal
gene of the trp operon (MTH1655, the TrpE ortholog) contains
two pairs of TRP boxes that symmetrically flank the likely
promoter and could mediate the regulation of both MTH1654
and the trp operon (Fig. 5). Analysis of the amino acid
sequence of MTH1654 and its orthologs from A.fulgidus and
P.horikoshii is compatible with this protein being a transcription
regulator. It contains a C-terminal ACT (acetolactate synthase—
chorismate mutase-TyrR) domain which is implicated in the

MTH748 aGahtttgaagGTACR
HMTHEO4 gagatgtgotTe
HMTH1640 gaagaatcgoTl

ggaaccGTAtAcatgoagage
catcagTGgACA C
tgt TGOA A
ACAgtaaagtttt

allosteric regulation of numerous enzymes through binding the
respective ligands and also in transcription regulation by the
TyrR protein, where it is predicted to bind tyrosine (57). Thus
in MTH1654 and its orthologs, the ACT domain could bind
tryptophan (and possibly other aromatic amino acids), which
acts as a co-repressor for the respective genes. One of the
mutations that impair the regulation of tryptophan biosynthesis
in the Marburg strain of M.thermoautotrophicum maps to the
ACT domain of MTH1654 (54). The N-terminal domain of
these putative regulators showed limited, not statistically
significant, similarity to bacterial HTH proteins (E.V.Koonin,
unpublished observations). Given the combined evidence on
the regulatory signals and the protein domain architecture, we
suspect that this is indeed a derived HTH DNA-binding
domain.

Table 3. Predicted TRP boxes in M.thermoautotrophicum

Gene® Site 3-box signal  2-box signal

SCore  pos.  Score  pos.
MTH748 aGaAtt-(4) -gGTACA-(5)-cGTAtA 574 96 514 -86
MTH804 TGTAac- (5) -TggACA-(5) -gGTACA  7.86 -82 562 -71
MTH1476 TGTACA- (4) -TGTACA- (4) -aGTttt 7.46 -103 6.56 -103
MTH1640 TGgACt- (3) -TggACc-(5) -TGTtCA 7.26 -144 5.04 -135
MTH1654  TGTAtA-(4)-TGTACA- (4)-TGTggt  7.13 -8 6.14 -8
MTH1655  accACA-(4)-TGTACA-(4)-TaTACA  6.12 96 552 -86
aGTACc- (4) ~TGTAtA 5.12 -56

Bold, the best 2-box site. The total number of candidate 3-box signals (at
threshold 7.0) is 11, of which four are correct (i.e. located upstream of
genes involved in tryptophan metabolism). The total number of 2-box
signals (at threshold 5.5) is 9, with four correct ones.

YMTH748, chorismate synthase (aroC); MTH804, chorismate mutase
(pheA); MTHI1640, tryptophan synthase [-subunit (trpB paralog);
MTH1654, predicted transcriptional regulator (see text); MTHI1655,
anthranilate synthase component I (trpE).

The purine regulon in Pyrococcus spp.

In an attempt to analyze potential purine regulons, we collected
upstream regions of all genes implicated in purine metabolism
in the four complete archaeal genomes and applied the signal
detection procedure. However, the candidate signals were not
similar, which precluded cross-validation (data not shown).
As an alternative approach, we searched for potential purine
regulons in three Pyrococcus genomes. In this case, the
strongest signal was the same in each of the three species. The

59

hogtgtecotig 46
'tCAgtetgtecagt 109

HMTH14768 tteocotttgall Atata-TG 78

HMTH1655
accacattgaTﬁTnnhttat?ﬂm&fhgacaagatttaaaLASTiU:Lccqlu;h;ﬁLgLauL1tg+ggafacagagqtgatatgcatgtacaggang
aatg

MBth trpEGCFBAD
accacatcaatgtacattattatacaggeaagatttaaatagtactttcatytataagtactttgtggatliaattaaggtgatgggaatgeaty

Hvu trpCBA gtaagccttaTCTACAgatacGTygCgttagTGTACAtcaatgoagg

Hvu trpDEFG cttaagocegalTCTACTJaattTGTACAtegtaacceyg 23

Figure 5. TRP boxes upstream of archaeal aromatic amino acid operons. Blue, candidate TRP boxes; red, a position mutated in a deregulated strain of M.thermo-
autotrophicum Marburg (an upstream site with a mutation that has the same effect is not shown); bold, protein-coding regions; italic, transcribed regions (when
known); underlined, TATA box; numbers, distance to start codon. MTH, M.thermoautotrophicum delta; MBth, M.thermoautotrophicum Marburg; Hvu, Haloferax

volcanii.



Table 4. Purine boxes in Pyrococcus spp.

P. horikoshii
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purd PH0438 ATTAACATAGCCCTGTCAAA- (23) -cTTtACtTAccctTtggtAA  -69  5.60
purB PH0852 ATTtctAcRaATATGTCAAA- (23)-TTTAcCgTgaRaATGgTgAt -65  7.81
purC (<> purF') PH0239 TTTGcCAQGATATATGTCtAA- (22)-TTTtACATAaAcATGgTgAA  -53  8.70
purD PH0323 GTTAACAcgTtTATGTaAAc- (23)-TTTgACtTAaATATGgTgAt  -69 8.14
purk PH0320 ATTAgCACATATATGTagAA- (23)-aTTgACATtaRatTGcTAgy 92 742
purF (& purC) PH0240 TTcAcCATGTtTATGTaARA- (22) -TTagACATATATcTGgcRAA -65 8.70
purL-1 PHI955 ATTARCATAaRaATGTTAAA- (22)-TTTtACATc TtTtTGgTAAt -299 8.89
purL-IT PHI1953 ATTgACATtTcTtTGTCAAR- (22) -TTTtACATtTtTcTGgcAAA -76  8.64
purT PHO318 TTaBAACATATLTATGTTAAA- (22)-TTTAACATLTATACGTCAAL -68 941
purD paralog PHI348 TTTgcatagaATATGGTAAA- (23)-TTTAACATgaACATGGTgAL -68  7.63
purine permease PHI162 GTTgACAaATtTtTGTaARA- (23)-TTTgACAaRacahaGgcAAt =77 7.58
formate dehydrogenase ~ PHI353 TTggtCATATtTATGTaAAt- (23)~TTTAACATtTATATGCTCAA -54  8.26
P. furiosus

purd Pf 325084 TTTgACGTAaRaATGTTtAt~ (23) ~aTTgACLTAGcTETGggtAA 6.86 -54
purB Pf 676584  TTTAACATtctTACGTcAAA- (23)-TTTAtCAcAaAggTGgTgAt 7.58 -67
purC (> purF') Pf 160186 TTTgACGTcTtctTGTctAA- (22) ~TTTtACATAaAaATGgTgAA 8.02 -67
purD Pf 430811  ATTgACtTAaATATGTaAAc- (23) -TTTgACATATAaATGgTgAA 8.64 -67
purKE Pf 434908 GTTgACAaACtTcTGTaAAt- (23) -aTctcCATATATYTGTaRAt 7.69 -43
purF (<> purC) Pf 162310 TTcAcCATtTtTATGTaARA- (22) -TTagACAagaAgAcGTcAAA  8.02 -37
purL-1 Pf 212471  TTTAACATtTtTAaGTcAAA- (22)~-TTTtACATtTtTcTGacAAt 843 -65
purL-11 Pf 210248 GTTAACATAaAaATGTTAAA- (23) -TTTtACATtTtctTGgTAAL 9.07 -299
purT Pf 438413  GTTAACATtTtcATGCTAAA- (23) -TTTAACATATATACGTcAAt 9.25 -77
purine permease Pf 825103 TTatACACATtcATGTctAA- (23) ~-TTTgACAaRacahaGgchAt 7.26 -77
purD paralog Pf 1415073 ATTtACATAaAaATGTcAAA- (22)-TTTtACATAaRaATGgTgAA 932 -66
formate dehydrogenase ~ Pf /4/9793 ATTtACATtTATGTGTaAAt- (22)-TTTgACATtatcATGTctAt 8.60 -55
glnd Pf 465719  ATTCtCATATCTATGTCAAt-(23) -aTaAtCAaAatTtTGTcAAt 722 -186
P. abyssi

purd PAB1307  ATgAACAggctTAgGaaggc- (23) -TTTAACATgaRaRaGTTtAA 5.56 -111
purB PAB0829  TTTAtCATATATATGTCARA- (22)-aTTtACAggaAcATGgTgAt 8.65 -42
purC (<> purF) PAB2400  TTTgcCATgaATCTGTTtAA~ (22) -TTTtACATgaAaATGgTgAA 8.54  -49
purD PABI271  TTTGACATRaATtTGTaAAc- (23)-TTTgACtTAaAcATGgTgAA 844  -56
purkl PAB0177 ATTAACACGTLTATGTTAAA- (22) -TTagACAatatcATGTTcAc 7.97 -42
purF (<> purC) PAB0I5]  TTcACCATtTtcATGTaAAA- (22)-TTaRACAgATtcATGgcARA 8.54  -37
purL-1 PABI1200 CTTgAtATtTtTcTGTCARA- (22) -TTTtACATATtTtTGacAAt 7.59 -78
purL-11 PAB1201 ATTAACATGTL VgTGiTtAA (22)-TTTtACAaATtTtTGgTAAt 8.36 -311
purT PABI268  GTcgtCATCTtTtTGTTAAA- (22)-TTTAACATtTtaAcGTcAAA 8.03  -79
Purine permease PABI1660 TTTGACtTtTtTATGTTAAA- (23) -TTTgACAaRacahaGgcAAt  7.86 =77
purD paralog PAB0547  TTTtgCATgTATATGTTAAA- (23)-TTTtACATAgRaATGgTgAR 924  -32
Formate dehydrogenasc ~ PAB2442  TTTgACACRAaATtgGTcAAt- (22)-TTTgACtTACtcATGTTtAt  7.24 2
Conserved protein ATTgcCATtacatTGTTAAt - (22) ~acTgACAat TACtTGgTAAA 7.35 -146
GlnA PABI292  TTaAtCATAaAatTGTcAAt-(22)-TTagACAagaATtTGTcAAt 7.51 -100

All genes with signals scoring above the threshold of 7.0 are included. The P.furiosus and P.abyssi gene names are
ORF names from http://www.genome.utah.edu and http://www.genoscope.cns.fr , respectively. Bold, sites used to
derive the profile; underlined, weak sites (purA); underlined italic, probable false positives (g/nA).

profile (PUR box) was derived from a sample containing
highest scoring candidates from all three genomes. When this
profile was used to scan the genomes, we noted that the
upstream regions of several genes encoding purine metabolism
enzymes contained two candidate PUR boxes. Thus the procedure
was modified to search for two PUR boxes at a fixed distance
(21-24 bp) from each other. This procedure was highly
specific since, based on functional assignments, nearly all of
the identified genes are likely members of the purine regulon
(Table 4).

Many genes of the predicted purine regulons in the pyro-
cocci are organized into compact loci, some of which are likely
to be operons. Comparison of these loci revealed several
rearrangements (Fig. 6) but the regulation seems to be retained.
In particular, in the purTE(K)D locus of P.furiosus, the purK
gene is inserted between purE and the PUR box (Fig. 6). This
is the first purK gene detected in the archaea (19).

A conserved PUR box was identified upstream of the
P.horikoshii gene PHI162 and its orthologs in the two other
pyrococci that are predicted to encode a permease. This protein
is a highly conserved homolog of a family of E.coli permeases
that, in our previous study, have been predicted to belong to the
purine regulon (11). The apparent conservation of the regulation
of these orthologous permeases in such distant species as the
pyrococci and E.coli suggests an ancient, tight functional
coupling between purine biosynthesis and transport.

The purine regulon of the pyrococci appears to include
another transport system, namely a three-component ABC
transporter (Fig. 6). The periplasmic binding protein in this
system (PH1349 and its orthologs) shows high similarity to
bacterial thiamine-binding proteins (data not shown). It
remains unclear whether there is some type of coupling
between purine metabolism and thiamine transport in the pyro-
cocci or the specificity of this ABC transporter has changed.
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Figure 6. The predicted purine regulons in Pyrococcus spp. Shades of red and yellow, purine metabolism genes; shades of blue, candidate members of the purine
regulon; shades of green, genes that are apparently unrelated to purine biosynthesis; black, cooperative PUR signal (two boxes); grey, cooperative signal or strong

non-cooperative signal; white circle, delimiter.

Conclusions and general implications

By combining a profile-based search for relatively weak
signals and phylogenetic analysis at the level of protein
sequences, we predicted several regulons in the archaea. To
our knowledge, such predictions have not been previously
made for any archaeal genomes. We believe that experimental
testing of at least some of these predictions, in particular the
heat shock regulation of archaeal histone genes, will be important
for understanding transcription regulation and environmental
adaptation in the archaea.

The principal message brought about by this analysis,
however, seems to be that regulatory signals are, in general,

very weak, and systematic prediction of regulons is not
feasible without a complementary comparative analysis of
multiple genomes. Moreover, dense population of the genome
sequence space by sequences with varying degrees of conser-
vation, including closely related ones, appears to be critical.
This is illustrated by the analysis of the pyrococcal purine
regulon, for which the genome sequences of the three closely
related species were indispensable, as well as by the prediction
of the M.thermoautotrophicum aromatic amino acid regulon
that relied on the data from halobacteria. A related conclusion
is that the operon organization in the archaea is at least as vari-
able as in bacteria. The existence of significant variation in the



gene arrangements and predicted regulation patterns even
among the closely related Pyrococcus spp. and the very limited
conservation among the more distant genomes testify to this
conclusion. Thus, deciphering the complete system of tran-
scription regulation in archaea, with predicted regulators
matched with the cognate operons, is a complicated task that
will require extensive sequencing of new genomes, further
development of computational techniques for signal recognition
and complementary experimental efforts.
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