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ABSTRACT
We generated draft genome sequences for two cold-adapted Archaea, Methanogenium
frigidum and Methanococcoides burtonii, to identify genotypic characteristics that distinguish
them from Archaea with a higher optimal growth temperature (OGT). Comparative genomics
revealed trends in amino acid and tRNA composition, and structural features of proteins.
Proteins from the cold-adapted Archaea are characterized by a higher content of non-charged
polar amino acids, particularly Gln and Thr and a lower content of hydrophobic amino acids,
particularly Leu. Sequence data from nine methanogen genomes (OGT 15-98°C) was used to
generate 1 111 modeled protein structures. Analysis of the models from the cold-adapted
Archaea showed a strong tendency in the solvent accessible area for more Gln, Thr and
hydrophobic residues and fewer charged residues. A cold shock domain (CSD) protein (CspA
homolog) was identified in M. frigidum, two hypothetical proteins with CSD-folds in M.
burtonii, and a unique winged helix DNA-binding domain protein in M. burtonii. This
suggests that these types of nucleic acid binding proteins have a critical role in cold-adapted
Archaea. Structural analysis of tRNA sequences from the Archaea indicated that GC content
is the major factor influencing tRNA stability in hyperthermophiles, but not in the
psychrophiles, mesophiles or moderate thermophiles. Below an OGT of 60°C, the GC content
in tRNA was largely unchanged, indicating that any requirement for flexibility of tRNA in
psychrophiles is mediated by other means. This is the first time that comparisons have been
performed with genome data from Archaea spanning the growth temperature extremes from
psychrophiles to hyperthermophiles.
INTRODUCTION
The analysis of thermal adaptation across the full spectrum of known growth temperatures has
been hampered by the lack of genome sequences for cold-adapted organisms. Of the 16
complete archaeal genomes (December 2002), 13 are for thermophiles or hyperthermophiles
and the remainder are for mesophiles. Even though Archaea contribute significantly to
biomass in the predominantly cold biosphere (e.g. ~1028 cells in the world's oceans, Karner et
al. 2001), the only free living isolates that have been formally characterized are a handful of
methanogens (Franzmann et al. 1992; Franzmann et al. 1997; Simankova et al. 2001; Chong
et al. 2002; von Klein et al. 2002). Consequently, our understanding of cold adaptation in this
domain of life is limited (Cavicchioli et al. 2000).
The methanogen with the lowest known optimum growth temperature (OGT) is
Methanogenium frigidum (15°C) which is unable to grow above 18°C (Franzmann et al.
1997). It was isolated from Ace Lake in the Vestfold Hills region of Antarctica where the
bottom waters are saturated in methane and permanently 1-2°C. Ace Lake was also the source
of Methanococcoides burtonii (Franzmann et al. 1992). Its ability to grow on methylsubstrates and tolerate a broader range of growth temperatures (<4°C to 29°C) has led to its
use for studies on protein adaptation (Thomas and Cavicchioli 1998; Thomas and Cavicchioli
2000; Thomas et al. 2001; Siddiqui et al. 2002; Thomas and Cavicchioli 2002) and gene
regulation (Lim et al. 2000).
The methanogens stand out as the only group of organisms that have species capable
of growth at 0°C (M. frigidum and M. burtonii) and 110°C (Methanopyrus kandleri).
Moreover, there are complete genome sequences for M. kandleri (OGT 98°C, Slesarev et al.
2002), Methanocaldococcus jannaschii (85°C, Bult et al. 1996), Methanothermobacter
thermautotrophicus (65°C, Smith et al. 1997), Methanosarcina acetivorans (37°C, Galagan et
al. 2002), Methanosarcina mazei (37°C, Deppenmeier et al. 2002) and high quality draft
sequences for Methanococcus maripaludis (37°C) and Methanosarcina barkeri (35°C).
In this study we report the draft sequencing of M. frigidum and M. burtonii. These
data provide the missing link for enabling a rigorous assessment of thermal adaptation at the
genomic level. Using comparative genomics with the methanogen and/or all available

archaeal genomes, we identified genome-wide characteristics of cold adaptation. In
particular, we identified trends in amino acid and tRNA composition, and structural and
compositional features of protein homology models, that distinguish the genomes of the coldadapted Archaea from other Archaea. In addition, we highlight the value of careful processing
of draft genomes for identifying targets for functional studies, by identifying unique or
hypothetical genes that may be novel signatures of cold adaptation.
RESULTS
Draft genome statistics of M. frigidum and M. burtonii
Descriptive statistics from the current genome assemblies are presented in Table 1. Genome
size has not been measured experimentally for these two organisms. However, based on the
coverage and on the increase in assembly size as reads were added to the assembly, we
estimate genome sizes of approximately 2-2.5 Mbp and 2.8-3 Mbp for M. frigidum and M.
burtonii, respectively. These estimates fall within the known range of genome sizes for
methanogens (1.6-5.7 Mbp). The number of candidate protein-coding genes in each case (M.
frigidum 1 815, M. burtonii 2 676) agrees well with the estimated genome sizes and with the
coding density of other procaryotic genomes. Due to the draft state of the genomes, we have
defined three sets of gene data (predicted coding regions, putative ORFs and stringent ORFs,
see Materials and Methods).
In M. burtonii, 81% of the coding regions had a BLAST hit to the non-redundant
protein database (nrdb). This reflects the high number of sequences with similarity to the
genomes of M. acetivorans and M. mazei. The proportion of sequences from M. burtonii with
at least one BLAST hit to a sequence from these genomes is 73% and 72%, respectively. In
contrast, the M. frigidum sequence contains a far higher proportion of coding regions with no
significant BLAST hit to the nrdb (~34%). The proportion of M. frigidum sequences with
BLAST hits to other methanogen genomes is also lower than for M. burtonii (53% for both
M. acetivorans and M. mazei). This indicates a substantial level of novel coding potential in
the M. frigidum genome.
Predicted genes unique to M. frigidum and M. burtonii
Five predicted genes were identified that were present in both M. frigidum and M. burtonii
and unique to these two organisms (no BLAST hit to the nrdb at E<=e-10). Threading against
the SCOP database of protein folds was used to assign putative functions. One of the pairs of
genes (M. frigidum Contig474.292.11, M. burtonii Scaffold8.gene3587) was identified as a 3helical bundle DNA/RNA-binding protein. The best threading template with z-scores of 28.92
(M. frigidum) and 40.04 (M. burtonii) was the ArsR-like transcriptional regulator SmtB from
Synechococcus and the top nine templates were all members of the 'winged helix' DNAbinding domain superfamily.
Bacterial cold shock protein (Csp) homologs
Proteins homologous to E. coli CspA and Bacillus CspB are associated with cold adaptation
in a broad range of bacteria, but are not widely dispersed in Archaea (Cavicchioli et al. 2002;
Cavicchioli et al. 2000). Using bacterial Csp sequences as BLAST queries we identified a Csp
in M. frigidum but not in M. burtonii. We also searched the genome and nucleotide databases
for other archaeal csp genes. Apart from those recently annotated in the Halobacterium
genome (Kennedy et al. 2001) and an uncultured marine crenarchaeote (Beja et al. 2002),
only one other was identified in Haloferax volcanii (GenBank accession AF442116). One has
previously been reported in Cenarchaeum symbiosum (described in Cavicchioli et al. 2000).
Residues known to be involved in RNA-binding in the bacterial Csp proteins are conserved in
the archaeal sequences (Fig. 1).
Csp proteins contain the conserved cold shock domain (CSD, Sommerville 1999).
The absence of a Csp homolog in M. burtonii prompted us to search for the CSD-fold in

sequences which did not have primary sequence similarity to Csp proteins. The S1 RNAbinding domain of polynucleotide phosphorylase was identified as the best threading template
for two sequences from M. burtonii (Scaffold3.gene1629 and Scaffold5.gene2863, z-scores
29.53 and 32.66, respectively). The top three threading templates in both cases belonged to
the CSD-fold family.
Amino acid composition
The amino acid composition of predicted archaeal proteomes was analyzed using principal
components analysis (PCA). PCA can be applied to a multivariate dataset in order to reduce
the complexity of the data and to determine whether there are underlying trends that explain
the observed variation (for discussion of the method see Kreil and Ouzounis 2001).
The first two principal components (PCs) accounted for 71% of the variance in
amino acid composition. PCs 1 and 2 correlated strongly with genome GC content and OGT
(correlation coefficients for PC scores versus these variables were ~ 0.95 and -0.95,
respectively). The two PCs were plotted for each organism (Fig. 2a). Organisms with the
highest scores were exclusively hyperthermophiles with OGTs of 83-103 °C and those with
the lowest scores were the cold-adapted methanogens and Halobacterium. The presence of
Halobacterium as an outlier can be attributed to the over-representation of acidic amino acids
as an adaptation of this halophilic mesophile to growth in highly saline environments
(Kennedy et al. 2001).
Loadings for PCs 1 and 2 were plotted for each amino acid (Fig. 2b). The influence
of GC content on PC 1 was apparent, with clusters at the extremes of the axis that contain
amino acids encoded by high (Gly, Ala, Arg, Val, Pro) and low (Tyr, Lys, Phe, Ile, Asn) GC
codons. On the PC 2 axis, the strongest PC loadings were observed for Gln, Thr and to a
lesser extent Asp and His, while at the other extreme, Leu exhibited the strongest loading with
weaker contributions from Trp and Glu. These amino acids were analyzed further using
regression analysis. High regression coefficients for amino acid composition versus OGT
were observed for Leu (0.77), Gln (-0.80) and Thr (-0.79), all with p-values significant at
0.01%. Regression coefficients for Trp, His and Asp were 0.69, -0.63 and -0.58 respectively,
all significant at 1%. Regression of Glu content versus OGT was less significant (coefficient,
0.36; 0.12% confidence level).
Comparative homology modelling of proteins from methanogens
Sequences of predicted proteins from the methanogen genomes were used to generate 1 111
3-dimensional models. The proportion of sequences that could be modeled varied from 2.3%
(M. frigidum) to 7.5% (M. maripaludis) (Table 2). The complete set of models from each
organism was analyzed for structural features previously associated with cold adaptation
(Cavicchioli et al. 2002; Russell 2000; Zecchinon et al. 2001): (1) H-bonds/100 residues, (2)
salt-bridges/100 residues, (3) fraction of atoms/residues in loops, (4) fraction of Pro in loops,
(5) % of completely inaccessible residues, (6) fraction of accessible or inaccessible area
composed of charged residues, (7) fraction of accessible or inaccessible area composed of
hydrophobic residues. The contribution of Gln, Thr and Leu residues to the accessible or
inaccessible area of the modeled proteins was also analyzed.
Significant trends were observed across the entire OGT range for the accessibility of
charged and hydrophobic residues. The mean fraction of accessible area composed of charged
residues increased with OGT (Fig. 3a). A similar trend was observed for the contribution of
charged residues to the total inaccessible area (Fig. 3a), but the mean inaccessible fraction
was ~50% that of the accessible fraction. The contribution of hydrophobic residues to the
accessible area decreased with increasing OGT (Fig. 3b), although there was no significant
trend in the inaccessible area (data not shown). The summed amino acid composition of
charged or hydrophobic residues did not correlate significantly with OGT, highlighting the
importance of their structural context. The number of predicted salt-bridges decreased
significantly at lower OGT for several models, however this was not a consistent finding in all

models (data not shown). No significant trends were identified in any of the models for the
other variables tested.
The compositional decrease in Gln and Thr content with OGT seen in the PCA
analysis (Fig. 2b) was also reflected by a decrease in their contribution to both accessible and
inaccessible areas (Fig. 3c,d). Gln had a preference for accessible regions, whereas Thr
distributed approximately equally between accessible and inaccessible areas. The accessibility
of Leu residues showed no significant trend with OGT (data not shown), despite that observed
for hydrophobic residues (Fig. 3b). Moreover, the proportion of hydrophobic residues in the
solvent accessible fraction increased at low OGT (Fig. 3b), whereas Leu (hydrophobic
residue) strongly associated with hyperthermophiles in PCA (Fig. 2b). All of the trends
described for the models were observed for both all-atoms or only side-chain atoms.
Composition and structure of tRNA in archaeal genomes
The genome sequence data from M. frigidum and M. burtonii contained 28 and 46 predicted
tRNA sequences, respectively. The mean GC content was calculated for these and for
predicted tRNA sequences from all available archaeal genome data, and mean GC content
plotted versus OGT for both stems and total tRNA (Fig. 4). There was a clear non-linear
relationship between OGT and tRNA GC content, with a significant elevation in GC content
in the hyperthermophiles. However, GC content in tRNA from the cold-adapted Archaea was
comparable to that of mesophiles and moderate thermophiles. These trends are mainly due to
tRNA in the stem regions.
DISCUSSION
Amino acid composition and structural context
Our aim in this study was to make maximum use of novel genome sequence data from the
cold-adapted Archaea and all currently available sequence data from archaeal genomes to
address the question of thermal adaptation, particularly in the low temperature range. The
analysis of amino acid composition was achieved through PCA; a method which has
previously been applied using different genome data sets (Kreil and Ouzounis 2001; Tekaia et
al. 2002). Importantly, the inclusion of our genome data shows that the amino acid
composition in proteins from cold-adapted Archaea is sufficiently different to distinguish
them from both mesophilic and hyper/thermophilic organisms. Strong evidence for decreased
Gln and increased Glu content ( Kreil and Ouzounis 2001; Tekaia et al. 2002 ), and moderate
evidence for a decrease in Thr, His and Ser content at high OGTs has been reported ( Kreil
and Ouzounis 2001). Our results show that at least in the Archaea, there is an almost linear
trend in the content of Gln, Thr and Leu over the complete range of OGTs from psychrophile
to hyperthermophile. The trend for increased Leu content with OGT has not been previously
described. This may be due to the inclusion of datasets for the cold-adapted Archaea and the
availability of more archaeal genomes.
We performed large-scale comparative modelling using protein sequences from the
methanogen genomes and generated the largest number of models (141) from cold-adapted
organisms described to date. The use of proteins from a common phylogenetic and metabolic
group (Slesarev et al. 2002) minimized problems associated with genetic diversity and
physiology that have been faced by other studies. The main factor, which may affect amino
acid composition, was the variation in genome GC content (31-61%) but this would have
more influence on asymmetrical substitution patterns and was accounted for in the PCA
analysis. The models were analyzed for structural features that have been proposed as
important for protein function at low temperature (Cavicchioli et al. 2002; Russell 2000;
Zecchinon et al. 2001). Rather than focus on the details of specific subsets of proteins, we
calculated mean values for the set of models from each organism in order to determine
whether general trends were apparent.
The most significant findings relate to the solvent accessibility of charged and

hydrophobic residues. The contribution of charged amino acids to both accessible and
inaccessible area is lowest in proteins from the cold-adapted Archaea and increases with
increasing OGT. This reflects a general increase in the proportion of Lys+Arg+Glu in
hyperthermophiles. However, these amino acids contribute approximately two-fold greater
area to the solvent accessible area than to the inaccessible area and the increase in
contribution to accessibility with OGT is also more pronounced for the accessible area. In
contrast, the exposure of hydrophobic residues in the accessible area was greatest for proteins
from the cold-adapted Archaea and decreased with increasing OGT indicating that exposure
of hydrophobic residues to the solvent is linked to thermal adaptation. The increased exposure
of hydrophobic residues and decreased charge is likely to destabilize the surface of proteins
from cold-adapted Archaea. Surface energy and consequent thermal expansion have
previously been correlated to overall protein stability (Palma and Curmi 1999; Rees 2001;
Rees and Robertson 2001). This is consistent with the findings from studies of individual cold
active proteins (Cavicchioli et al. 2002; Russell 2000; Zecchinon et al. 2001) and supports the
concept that increased flexibility may reduce the activation energy of the protein-substrate
transition state and increase catalytic efficiency at low temperature (Siddiqui et al. 2002,
Zecchinon et al. 2001). Moreover, the reduced fraction of charged surface may also reduce
the effects of cold denaturation which will also act on the accessible surface of the protein
(Graziano et al. 1997). The lack of a trend for hydrophobic residues in the inaccessible area
suggests a more complex relationship between internal hydrophobic interactions and thermal
characteristics.
We analyzed the positioning of Gln, Thr and Leu in the models to determine if their
marked compositional bias had a structural basis. The increased proportion of Gln and Thr in
the cold-adapted Archaea is reflected in an increase in their contribution to both solvent
accessible and inaccessible area. However, Gln makes up a significantly higher proportion of
the solvent accessible area as OGT decreases (Fig. 3c), whereas Thr contributes more equally
to both areas (Fig. 3d). No trends in solvent accessibility were observed for Leu despite its
decreasing abundance with decreasing OGT. It has been reported that fewer polar noncharged residues and more hydrophobic residues occur in proteins from thermophilic
Methanococcus species (Haney et al. 1999), and the proportion of solvent accessible charge
increases and polar non-charged residues decreases in proteins from hyperthermophiles
(Cambillau and Claverie 2000). Clearly, these trends are not limited to a particular thermal
class but occur from psychrophiles to hyperthermophiles and so reflect adaptations in amino
acid composition at all growth temperatures. Moreover, we found that the polar non-charged
amino acids which contributed the most to the protein accessible area were Gln and Thr. Gln
residues are susceptible to deamidation and Thr may catalyze peptide bond cleavage (Wright
1991). The increase in Gln and Thr may compensate for the general reduction in surface
charged residues. This would minimize problems with aggregation that would otherwise
occur if they were only replaced by hydrophobic residues. The increased abundance of Gln
and Thr may also reflect a tolerance in cold active proteins in contrast to their thermal lability
in proteins from hyper/thermophiles.
The largest structural study of psychrophilic enzymes prior to this study examined 21
proteins using both crystal structures and homology models (Gianese et al. 2001). A tendency
was observed for the replacement of Arg, Glu and Lys at exposed sites in the direction
thermophile to psychrophile. In a later comparative study it was concluded that although
specific structural features were important for function in individual protein families,
characteristics generally conserved in the crystal structures of cold-adapted proteins included
a decrease in, the number of ion pairs, side chain contribution to exposed surface, and apolar
fraction of the buried surface (Gianese et al. 2002). Our modelling study suggests that while
specific structural features can be important adaptations in individual cases, the most
important general trends in proteins across the entire range of OGTs relate to the interaction
of the accessible surface area with the intracellular solvent.

Predicting novel genes for cold-adaptation
Five predicted genes were found to be present in both M. frigidum and M. burtonii that had no
significant BLAST hit in the nrdb. One of these gene pairs very likely belongs to the
superfamily of 'winged helix' DNA-binding proteins (Gajiwala and Burley 2000). Proteins of
this superfamily in all three domains of life are transcription factors which regulate a wide
variety of cellular processes. Its unique presence in the two cold-adapted Archaea is therefore
the strongest indicator of its possible function.
The csp gene in M. frigidum was the first such gene identified in a cold-adapted
archaeon. Aside from its presence in the mesophilic halophiles, the other Archaea it was
found in also inhabit cold environments (Beja et al. 2002; Preston et al. 1996). Moreover, the
gene was absent from the mesophilic methanogens and hyper/thermophilic Archaea. The fact
that the protein also contained all ten residues (conserved or conserved substitutions) that are
involved in RNA binding (Sommerville 1999), implies it is likely to bind nucleic acid and
have a cellular function in cold-adaptation.
Interestingly, no csp gene was found in M. burtonii, but two hypothetical proteins
were predicted to have a CSD-fold. Despite the lack of obvious primary sequence similarity
between members of the CSD-fold family, they appear to have evolved common structural
properties which may have been retained from an ancestral protein (Graumann and Marahiel
1998). Some members of the CSD-fold family also perform similar cellular functions; e.g. the
S1 domain can functionally complement an E. coli quadruple csp deletion mutant (Xia et al.
2001). In this context it is tempting to speculate that the novel CSD-fold proteins may have a
role in cold adaptation, similar to that of the Csp protein in M. frigidum. All four of these
putative nucleic acid binding proteins are clearly attractive targets for experimental study.
tRNA flexibility
Previous studies have shown (Galtier and Lobry 1997), and our analyses confirm, that while
there is no relationship between genome GC content and OGT, the GC content of structural
RNAs is elevated in hyper/thermophiles. However, without the inclusion of extensive data
from psychrophiles, it had not been possible to predict whether the GC content would
continue to decrease with low OGT. Our analysis shows that lowered GC content is not an
adaptation in the cold-adapted Archaea. The tRNAs from these organisms are comparable in
GC content to those from mesophiles and moderate thermophiles, suggesting a threshold
temperature of around 60°C above which GC-mediated structural integrity increases in
importance. Based on genome sequences, our data is assembled from complete (or nearly
complete) sets of tRNA which would avoid biases introduced from sampling specific tRNA
species. Moreover, while our data was exclusively for Archaea, the inclusion of tRNA from
the complete genomes of psychrophilic, mesophilic and hyperthermophilic bacteria did not
change the trends we observed (data not shown).
It is likely that a minimum GC content is required for the structural integrity of
tRNA, even at low OGT. However, studies of psychrophilic bacteria indicate that the
maintenance of flexibility at low temperature is important for tRNA function and that this is
largely achieved through post-transcriptional incorporation of dihydrouridine (Dalluge et al.
1997), in contrast to the incorporation of different modified nucleosides in archaeal
hyperthermophiles (McCloskey et al. 2001). The recent identification of the gene encoding
dihydrouridine synthase (Bishop et al. 2002) enabled us to search our genome sequences, and
candidate genes were identified in both organisms (data not shown). To examine this further,
nucleoside modifications in tRNA from M. burtonii were examined by LC-MS, and a
significant amount of dihydrouridine was detected; a component which has not previously
been identified in other methanogens (McCloskey et al., manuscript in preparation, and
McCloskey et al. 2001). This further highlights the specific adaptation strategies which have
evolved in cold-adapted Archaea.

MATERIALS AND METHODS
Genome sequencing and assembly
M.burtonii was grown at 23°C (Franzmann et al. 1992) and M. frigidum at 15°C (Franzmann
et al. 1997). Small insert (2-4 and 4-7 kb) libraries of M. frigidum DNA, prepared by Sau3AI
partial digestion of genomic DNA cloned in pUC18, were sequenced at the Australian
Genome Research Facility and Amersham Biosciences. M. burtonii small and large insert
libraries were prepared and sequenced at JGI
(http://www.jgi.doe.gov/Internal/prots_index.html). Sequencing was carried out by using dye
terminator reactions and ABI 377, ABI 3700 and MegaBACE 4000 sequencers. Base calling
and shotgun assembly were performed using Phred (Ewing et al. 1998) and Phrap (P. Green,
unpublished) and the JGI JAZZ assembler for M. burtonii. The Staden package (Dear and
Staden 1991) was used where inspection and editing of the assembly was required.
Prediction and analysis of ORFs
Critica(Badger and Olsen 1999), Glimmer (Delcher et al. 1999) and Generation were used to
identify putative coding regions and contigs were searched using tblastn to identify genes that
may have been missed. As our genome sequences are at a draft stage we defined three
datasets. Coding regions were sequences derived from raw output of gene finding. These
sequences can contain non-standard amino acid letters (due to e.g. frameshifts), but were used
for initial BLAST searches. Putative ORFs were coding regions that contained in-frame
sequence between start and stop codons. These may be truncated due to errors in sequencing
or ORF prediction, but can be used for e.g. threading. Stringent ORFs were defined as ORFs
that had a BLAST hit (<1e-10) in the COG database (Tatusov et al. 2001) where the sequences
differ in length by <10%. These were considered genuine ORFs and used where full-length,
error-free sequences were required. The naming scheme for M. burtonii ORFs was
ScaffoldXX.geneYY. M. frigidum ORFs were named ContigXX.YY.ZZ; where XX is the
contig number and YY.ZZ represents the start and end positions of the ORF (bp) within the
contig. Scripts for data analysis were written using the BioPerl modules (Stajich et al. 2002).
The M. burtonii and M. frigidum data are available at the JGI
(http://www.jgi.doe.gov/JGI_microbial/html/index.html) or at our website
(http://psychro.bioinformatics.unsw.edu.au/) and sequences are to be submitted to the public
databases.
Analysis of amino acid composition
Predicted protein sequences in Fasta format from complete archaeal genomes were
downloaded from the NCBI. Sequence data was obtained from the JGI (M. barkeri and
Ferroplasma acidarmanus) and from the University of Washington Genome Center (M.
maripaludis, http://www.genome.washington.edu/UWGC/methanococus/). In the latter case,
Critica was used to predict coding regions as only contig sequence data was available. Values
for OGT and genome GC content were found at the TIGR CMR (http://www.tigr.org/tigrscripts/CMR2/CMRHomePage.spl) and from a previous study (Galtier and Lobry 1997). For
draft genomes, stringent ORF datasets were used and translated to protein sequence. Amino
acid composition for each sequence set was calculated using a Perl script. Very similar
compositions were obtained regardless of whether the stringent ORF or larger putative ORF
datasets were used. Principal Components Analysis (PCA) was performed using the packages
prcomp and princomp, part of the R statistical analysis package (Ihaka and Gentleman 1996).
The input data was a matrix of 20 columns (percentage composition of each amino acid in the
sequence set) with 21 rows (organisms).
Threading
PROSPECT version 2.0 beta (Xu and Xu 2000) was used for threading. Folds were assigned
to novel proteins by threading sequences against templates from the SCOP database (Murzin

et al. 1995) using global-local alignment. To identify potential cold shock domain (CSD-like)
folds in proteins, all putative ORFs from M. frigidum and M. burtonii were threaded against a
non-redundant set of CSDs from SCOP using global alignment. Sequences annotated as
hypothetical or conserved hypothetical and with a z-score of >6 were then threaded against
the complete set of SCOP domains using global-local alignment. Threading output was
ranked by z-score and examined for significant scores against CSDs.
Comparative homology modelling and analysis
Putative ORFs from the 5 complete and 4 incomplete methanogen genomes were used to
search the current release of the PDB using BLAST (cutoff e-10). A parser was written in Perl
to extract query sequences with >40% identity and length +/-30% or 30 residues of the
BLAST hit, plus the PDB code of the top hit. A non-redundant list of PDB codes was
compiled and the corresponding structures downloaded from the PDB. The PROSPECT
program make_template was used to generate threading templates not already present in the
supplied PROSPECT db. PROSPECT was used to align query sequences to their best PDB
template, taking into account sequence similarity (PSI-BLAST matrix) and predicted
secondary structure (PHD prediction). Output from the threading alignment was processed
using modellerProspect, to generate input files for MODELLER version 6v2 (Marti-Renom et
al. 2000). Secondary structure in the protein models was analyzed using DSSP (Kabsch and
Sander 1983). Salt bridges were calculated using the WWW interface to WHATIF (Rodriguez
et al. 1998). The program naccess (Hubbard and Thornton 1993) was used for area
accessibility calculations using the defaults for probe size (1.40 Å) and van der Waals radii.
The total solvent accessible and inaccessible areas were calculated in each case. The
contribution of a residue type to either the solvent accessible or inaccessible area was defined
as the summed accessible or inaccessible area of that residue type divided by the total
accessible or inaccessible area, respectively.
Prediction and analysis of tRNA
tRNA sequences in archaeal genomes were predicted using tRNAScan-SE (Lowe and Eddy
1997). RNAfold, part of the Vienna RNA package (Hofacker et al. 1994) was used to predict
tRNA secondary structure.
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Fig. 3.
Contribution of amino acids to the surfaces of modeled proteins from methanogens. (a) Mean
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residues. (b) Mean fraction of solvent accessible surface that is hydrophobic residues. (c)
Mean fraction of solvent accessible (filled squares) and buried (open squares) surface that is
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that is Thr. Error bars are standard error of the mean.
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Mean GC fraction of predicted tRNA sequences from archaeal genomes. Total GC (squares),
stem GC (circles). Error bars are standard error of the mean.
Table 1.
Genome assembly statistics for M. frigidum and M. burtonii.
Table 2.
Summary of comparative homology modelling for protein sequences from nine methanogens.
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Total sequence reads
Contigs
Total assembled bases
Coverage
Estimated genome size
Protein coding regions
Hits to nr database
Putative full-length ORFs
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M. frigidum
9 870
1 413
1 597 795
~2x
~2-2.5 Mbp
1 815
1 200
1 096

M. burtonii
41 957
297 (114 scaffolds)
2 668 325
~9.4x
~2.8-3 Mbp
2 676
2 168
2 557

Organism

Putative
ORFs
1096
M. frigidum
2676
M. burtonii
4540
M. acetivorans
3145
M. barkeri
1729
M. maripaludis
3371
M. mazei
M. thermautotrophicus 1873
1729
M. jannaschii
1687
M. kandleri
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Top BLAST Prospect
hits to PDB templates
30
29
146
141
226
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180
175
168
163
210
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169
165
159
129
124

Prospect
model files
28
139
220
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160
203
164
157
121

Models
generated
25
116
182
142
130
168
124
123
101

