Opinion

Comparative genomics of archaea: how much have we learned in

six years, and what’s next?

Kira S Makarova and Eugene V Koonin

Address: National Center for Biotechnology Information, National Library of Medicine, National Institutes of Health, Bethesda, MD 20894, USA.

Correspondence: Eugene V Koonin. E-mail: koonin@ncbi.nlm.nih.gov

Published: 16 July 2003
Genome Biology 2003, 4:115

The electronic version of this article is the complete one and can be
found online at http://genomebiology.com/2003/4/8/1 15

© 2003 BioMed Central Ltd

Abstract

Archaea comprise one of the three distinct domains of life (with bacteria and eukaryotes). With 16
complete archaeal genomes sequenced to date, comparative genomics has revealed a conserved
core of 313 genes that are represented in all sequenced archaeal genomes, plus a variable ‘shell’ that
is prone to lineage-specific gene loss and horizontal gene exchange. The majority of archaeal genes
have not been experimentally characterized, but novel functional pathways have been predicted.

“A phylogenetic analysis based upon ribosomal RNA
sequence characterization reveals that living systems rep-
resent one of three aboriginal lines of descent: (i) the
eubacteria, comprising all typical bacteria; (ii) the archae-
bacteria, containing methanogenic bacteria; and (iii) the
urkaryotes, now represented in the cytoplasmic component
of eukaryotic cells.”

CR Woese and GE Fox, 1977 [1]

Archaea before and after genomes

The quotation above neatly summarizes what is arguably one
of the most important scientific discoveries of the twentieth
century (rather remarkably, this quote is the entire abstract
of Woese and Fox’s groundbreaking article [1]). So profound
are its implications that the debate rages to this day: did Carl
Woese and George Fox really discover a new domain of life,
which is equal in status to bacteria and eukaryotes [2,3], or
is it ‘merely’ an unusual branch of bacteria [4-7]? Additional
discussion of this debate is available with the complete
version of this article, online.

In the years following Woese and Fox’s breakthrough [1],
many unique features of archaea have become apparent. To
begin with, many of these organisms thrive under conditions

that, by the usual standards of biology, seem unimaginable,
such as in the water in the vicinity of the hydrothermal vents
called ‘black smokers’ heated to over-boiling temperatures
and saturated with hydrogen sulfide, or in extreme salinity
[11-13]. In the most extreme hyperthermophilic habitats,
archaea are, in fact, the only detectable life forms. In more
moderate environments, archaea coexist with bacteria and
eukaryotes, and their ecological importance is being increas-
ingly recognized [14]. The first molecular biological studies
showed that archaea are highly unusual and clearly distinct
from bacteria at the molecular level. In particular, the struc-
ture of the membrane glycerolipids in archaea is different
from that of bacterial and eukaryal cells, and archaea do not
contain murein, the predominant component of bacterial
cell walls [15,16].

But the most striking differences between archaea and bac-
teria are seen in the organization of their information-pro-
cessing systems. The structures of ribosomes and chromatin,
the presence of histones, and sequence similarity between
proteins involved in translation, transcription, replication
and DNA repair all point to a closer relationship between
archaea and eukaryotes than between either of these and
bacteria [17-21]. Moreover, the key components of the DNA
replication machinery - such as the polymerases involved in
elongation and initiation and the replicative helicases - are
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not homologous, or at least not orthologous, in archaea and
eukaryotes on the one hand, and bacteria on the other [17,22].
This observation led to the hypothesis that replication of
double-stranded DNA as the principal form of replication of
the genetic material was ‘invented’ twice, independently: once
in bacteria and once in the ancestor of archaea and eukaryotes
[22,23]. In contrast many - although not all - of the metabolic
pathways of archaea more closely resemble their bacterial
rather than eukaryotic counterparts [24-26]. These studies
support the status of archaea as a distinct domain of life with
specific connections to eukaryotes, and emphasize the
unusual and unique nature of archaeal genomes.

The new age of archaea began in 1996 with the whole-
genome shotgun sequencing of the first archaeal genome,
that of Methanococcus (now Methanocaldococcus) jan-
naschii [27]. The Methanococcus ‘genomescape’ at first
looked largely mysterious, with clear functional assignments
produced for only 38% of the genes [27]. A more detailed
computational analysis that pushed the methodology avail-
able at the time to its limits yielded general functional pre-
dictions for up to 70% of the genes, showing that a solid
connection between the genomes of archaea and those of
other, better known forms of life did exist [24]. Nevertheless,
the fact remained that, more than anything, the first
sequenced archaeal genome revealed the depth of our igno-
rance of the biology of this remarkable group of organisms.
Subsequent genome sequencing, while certainly less exten-
sive than the devoted ‘archaeologists’ would wish, produced
a rich sampling of genomes of taxonomically diverse archaea
(Table 1). This set of completely sequenced genomes
includes multiple representatives of the two major divisions
of the archaea established by phylogenetic analysis of rRNA,
namely the Euryarchaeota and the Crenarchaeota [3], as well
as the principal ecological types of archaea, such as hyper-
thermophiles, moderate thermophiles, and mesophiles, as
well as halophiles and methanogens; autotrophic and het-
erotrophic forms, and anaerobes and aerobes are also repre-
sented by multiple species (Table 1).

Some potentially important branches of archaea are still
missing from sequence databases, however, such as the mys-
terious Korachaeota, which might have branched off the
trunk of the phylogenetic tree prior to the divergence of the
remainder of the archaea [28], and the equally intriguing
Nanoarchaea that so far seem to have the smallest genomes
of all known cellular life forms [29,30]. These lacunae
notwithstanding, the available sampling of archaeal genomes
is substantial and is complemented by an even greater diver-
sity of bacterial and eukaryotic genomes that are available
for comparative analysis. This article critically assesses the
contribution of comparative genomics to our understanding
of the functional systems of archaeal cells and their evolu-
tion (more details of the evolutionary implications are given
in the complete version of this article, online). We pose the
following question: what have we learned from comparisons
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of archaeal genomes that could not easily have been learned
by other, more traditional approaches? We suggest some
tentative answers, as we see them. What follows is a view-
point from behind a computer terminal; we realize that,
from the experimenter’s bench, the perspective might be
somewhat different.

From genome comparisons to functional and
structural genomics of the archaea

In the era of comparative genomics, experimental studies on
a genomic scale lag woefully behind computational studies.
The great majority of the genes in most species will never be
studied experimentally, and our understanding of the bio-
chemistry and physiology of the respective organisms there-
fore depends on the transfer of information from
functionally characterized orthologs [26,72]. For both bacte-
ria and eukaryotes, such transfer is facilitated by the avail-
ability of a vast body of experimental data on model
organisms, such as Escherichia coli, Bacillus subtilis, the
yeast Saccharomyces cerevisiae or the fruit fly Drosophila
melanogaster. The situation is quite different for archaea
because, some genetic studies of mesophilic archaeal species
notwithstanding [73], there is, so far, no satisfactory model
system; this results primarily from the fact that most of
these organisms grow slowly and are hard to cultivate. The
functions of most of the archaeal genes have therefore been
predicted by sequence analysis. Moreover, on many occa-
sions the similarity between an archaeal protein and its
functionally characterized homolog is so low that computa-
tional methods for sequence analysis have to be extended to
the limit of their power.

A substantial fraction of the functional predictions for
archaeal proteins appear ‘trivial’ in the sense that the respec-
tive proteins are highly conserved orthologs of well-charac-
terized proteins from model organisms and, for all practical
purposes, the validity of the prediction is beyond reasonable
doubt (which is not to say that there are no important details
of the functions of these proteins that can be uncovered only
by experiment). For many other proteins, however, the pre-
diction remains only a pointer to the probable biochemical
function while the biology remains a mystery. A rough
breakdown of the state of functional characterization of
several archaea with sequenced genomes is given in
Figure 4. The substantial fraction of genes for which only
general, typically biochemical, prediction is available, is tes-
timony to the current limited understanding of archaeal
biology (this information is captured in the database of Clus-
ters of Orthologous Groups of proteins, COGs [37]). More-
over, even some of the more definitive predictions only serve
to emphasize the biological differences between archaea and
the bacterial or eukaryotic models from which the predic-
tions are inferred (Table 3). A good example is the archaeal
ortholog of the bacterial DNA primase (DnaG), which is a
highly conserved protein present in all archaea [24]. The
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Completely sequenced archaeal genomes

Species Abbreviation ~ Optimal growth Lifestyle Number ~ Number (%) Date of Reference
temperature  and other of proteins in  genome
(°C) features proteins* COGs release

Euryarchaeota
Archaeoglobus Afu 83 Anaerobic, sulfate-reducing chemolito- 2,420 1,953 (81%) 1997  [124]
fulgidus DSM or chemorgano-autotroph, motile
Halobacterium Hsp 37 Aerobic chemorganotroph, obligate 2,622 1,809 (69%) 2000  [125]
sp. NRC-1 halophile, with a cell envelope; motile;

two extrachromosomal elements
Methanocaldococcus ~ Mja 85 Chemolitoautotroph, strict anaerobe, 1,758 1,448 (82%) 1996  [27]
jannaschii methanogen, motile; two

extrachromosomal elements
Methanopyrus Mka 110 Chemolitoautotroph, strict anaerobe, 1,691 1,253 (74%) 2002 [45]
kandleri AVI9 methanogen, with high cellular salt

concentration
Methanosarcina Mac 37 Chemolitoautotroph, anaerobe possibly 4,540 3,142 (69%) 2002 [55]
acetivorans C2A capable of aerobic growth; nitrogen-fixing,

versatile methanogen; motile, and able to

form multicellular structures
Methanosarcina Mma 37 As for Mac 3,371 N/A 2002 [54]
mazei Goe |
Methanothermobacter Mth 65 Chemolitoautotroph, strict anaerobe, 1,873 1,500 (80%) 1997  [126]
thermoautotrophicus nitrogen-fixing, methanogen
delta H
Pyrococcus horikoshii ~ Pho 96 Anaerobic heterotroph, sulfur 1,801 1,425 (79%) 1998  [127]

enhances growth; motile
Pyrococcus abyssi Pab 96 As for Pho 1,769 1,506 (85%) 2001 [128]
Pyrococcus furiosus Pfu 96 As for Pho 2,065 N/A 2001 [129]
DSM 3638
Thermoplasma Tac 59 Facultative anaerobe, chemorganotroph, 1,482 1,261 (85%) 2000  [96]
acidophilum thermoacidophilic, anaerobically able to

metabolize sulfur; motile, with a plasma

membrane
Thermoplasma Tvo 60 As for Tac 1,499 1,277 (85%) 2000  [130]
volcanium
Crenarchaeota
Pyrobaculum Pae 100 Facultative nitrate-reducing anaerobe 1,840 1,236 (67%) 2002 [I31]
aerophilum
Aeropyrum pernix Ape 90 Aerobic chemorganotroph; sulfur 2,605 1,529 (59%) 1999  [132]

enhances growth
Sulfolobus Sso 80 Aerobe metabolizing sulfur; thermo- 2,977 2,207 (74%) 2001 [97]
solfataricus acidophilic chemorganotroph; motile
Sulfolobus tokodaii Sto 80 As for Sso 2,826 N/A 2001 [133]

*According to the original genome annotation.

discovery of a predicted bacterial-type primase in archaea
was unexpected, given that the archaeal replication system is
orthologous to that of eukaryotes and, in particular, archaea
encode the two subunits of the eukaryotic-type primase
(COG1467 and COG2219; it should be noted parenthetically
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that detection of the large primase subunit itself required
extremely careful sequence analysis due to the low similar-
ity to the eukaryotic ortholog [22]). Given that the niche of
the replicative primase seems to be occupied by the eukary-
otic-type enzyme [74,75], the DnaG ortholog is likely to
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Figure 4

Functional breakdown of genes in each of the sequenced archaeal
genomes. The data are from COGs; species name abbreviations are as in
Table I.

have a critical role in repair, but beyond this general idea its
function has yet to be determined by direct experimenta-
tion; such experiments have the potential to reveal com-
pletely new repair systems and pathways. Other proteins
implicated in repair as a result of exhaustive sequence analy-
sis, such as the putative nucleases encoded by COG1833 and
COG1628 (Table 3), illustrate the same point: the biochemi-
cal activities are predicted but the biology remains to be
investigated experimentally.

Some of the other functional predictions inferred from
sequence analysis directly help filling glaring gaps in other-
wise well-characterized pathways of archaeal metabolism. A
good example of such focused prediction is the identification
of an archaeal fructose-1,6-bisphophate aldolase, an indis-
pensable glycolytic enzyme, which was first predicted com-
putationally to be a member of the DhnA family of aldolases
by our group [76] and subsequently identified experimen-
tally [77]. In the same vein, during work for this article, we
predicted the missing archaeal aconitase, an essential
enzyme of the tricarboxylic acid cycle (Table 3; K.S.M. and
E.V.K., unpublished observations).

The identities of a considerable number of proteins respon-
sible for essential functions in archaea remain a mystery.
Perhaps the most notable case is the missing cysteinyl-
tRNA synthetase of thermophilic methanogens. Cysteine is
incorporated into the proteins of these organisms as readily
as in any others, but they lack an ortholog of cysteinyl-tRNA
synthetase. Two different solutions for this paradox have
been proposed, one involving an uncharacterized protein
that has been proposed to be a ‘third class’ of aminoacyl-
tRNA synthetases [78], and the other based on the apparent
ability of the archaeal prolyl-tRNA synthetase to couple
tRNACYs with cysteine [79]. The first hypothesis has been
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refuted by our group upon more detailed sequence analysis
[80], however, and the second did not seem to be compati-
ble with subsequent structural studies [81]. The real cys-
teinyl-RNA synthetase of methanogens seems still to be
hiding among uncharacterized proteins. Gaping holes also
remain in archaeal pathways of isoleucine biosynthesis
[82], heme biosynthesis [83], biotin biosynthesis [26], and
several others.

Beyond straightforward (even if highly sensitive) sequence
analysis, a powerful approach to the prediction of functions
involves analysis of various forms of genomic context, or
establishing ‘guilt by association’ [26,84-87]. The associa-
tions employed to infer gene functions may be manifest at
different levels, including the phyletic patterns discussed in
the complete version of this article, online, juxtaposition of
domains in multidomain proteins, clustering of genes in
(predicted) operons, co-expression, and protein-protein
interaction. The last two of these types of data, obtained
through transcriptomic and proteomic efforts, are becoming
increasingly important in the functional genomics of eukary-
otes and, to a somewhat lesser extent, bacteria, but are so far
unavailable for archaea. The main type of context informa-
tion in archaea has therefore been obtained by analyzing
conserved elements of gene order and multidomain proteins.
Only a relatively small fraction (10-15%) of each archaeal
genome is covered by evolutionarily conserved gene strings
that can be predicted to form operons [87]. Nevertheless, by
comparing gene orders in multiple genomes, partially con-
served gene neighborhoods can be reconstructed and exami-
nation of some of these leads to predictions of functional
systems whose existence has not previously been suspected
(Table 3).

The most notable illustrations of this approach (both from
our own group) are the prediction of the archaeal exosome
[88] and a potential new repair system typical of archaeal
and bacterial thermophiles [59]. The eukaryotic exosome is a
multisubunit complex that consists of RNAses, helicases and
RNA-binding proteins and is involved in the exonucleolytic
degradation of various classes of RNA [89-91]. During com-
parative analysis of gene order in prokaryotic genomes, it was
observed that a distinct set of genes, some of which encode
orthologs of eukaryotic exosome components, form a par-
tially conserved predicted superoperon, which includes in
total over 15 genes (although none of the archaeal genomes
contains every one of these within the predicted super-
operon). In addition to RNAses and RNA-binding proteins
(with an RNA helicase apparently encoded in a separate
operon), the exosomal superoperon also encodes a proteasome
subunit and a subunit of prefoldin, a co-translational molec-
ular chaperone ([88] and Figure 5a). Thus, these obser-
vations point to the existence of a multifunctional
macromolecular complex that could couple post-translational
protein folding with regulated, ATP-dependent degradation
of RNA and proteins. This complex remains to be discovered
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Examples of computational and experimental discovery of unexpected functions in archaea

COG numbers [37,38] Function and comments References

Computational predictions

0012, 1325, 1603, 1369, 0638, 1500, 1097, Archaeal exosome. Orthologs of eukaryotic exosome subunits form the [88]

689, 2123, 1996, 2136, 2892, 0618, 1782, largest conserved superoperon in archaea, after the ribosomal

1096, 3286, 1761 and more superoperon, suggesting the existence of a physical complex

1769, 1336, 3337, 1583, 1367, 1604, 1517, DNA repair system represented primarily in thermophiles [59]

1857, 1688, 1203, 1468, 1518, 2254, 1343,

1353, 1421, 1337, 1567, 1332, 4343

0358 Bacterial-type DNA primase (DnaG orthologs) [24]

1311 Small subunit of euryarchaeal DNA polymerase I, predicted PHP family [123]

phosphohydrolase (probably phosphatase); eukaryotic homologs appear
to be inactivated

1833 Uri superfamily endonuclease [136]

1628 Endonuclease V homologs K.S.M. and EV.K,,
unpublished observations

1679,1786 Aconitase catalytic core and an interacting ‘swiveling domain’ K.S.M.and EV.K,,
unpublished observations

1711 Possible subunit of the DNA replication machinery K.S.M.and EV.K,,
unpublished observations

1310 Zn2*-dependent hydrolase homologous to the eukaryotic ubiquitin [137,138]

isopeptidase contained in the proteasome and COP9 signalosome

Computational predictions validated by experiments

1708
1830
1351
1685
3635

‘Minimal’ nucleotidyltransferases

Fructose-|,6-bisphosphate aldolases (DhnA family)

Thymidylate synthase

Shikimate kinase (predicted on the basis of operon organization)

Phosphoglycerate mutase

Experimental discovery of unexpected protein functions in archaea

1384
1933
1980
1630

1812
1591
1581
1945

Class | lysyl-tRNA synthetase
DNA polymerase Il
Fructose |,6-bisphosphatase

NurA, a novel 5’-3" nuclease encoded next to Rad50 and Mrel |
orthologs; present in all sequenced archaeal genomes and some bacteria

S-adenosylmethionine synthetase, was identified by mass tags
Holliday junction resolvase
Alba, a major DNA-binding chromatin protein in Crenarchaeota

Pyruvoyl-dependent arginine decarboxylase (PvIArgDC), involved in
polyamine biosynthesis

[100,139]
[76,77]
[61,64]
[140]
[24,141]

[62]
[104]
[142]

[143] and K.S.M.
and E.V.K,, unpublished
observations

[144]
(ol
[106]
[145]

experimentally, and the potential implications for new func-
tional and physical interactions in eukaryotes are also open
to experimental study.

A more sophisticated comparison of gene orders, which
required special algorithms for delineation of partially

conserved genomic neighborhoods [92], led us to predict a
distinct DNA repair system that is most prevalent in
thermophiles and includes genes for a predicted novel DNA
polymerase, a helicase, two nucleases and several uncharacter-
ized genes, at least one of which could encode a novel
nuclease ([59] and Figure 5b). Furthermore, this neighborhood

Genome Biology 2003, 4:115



115.6 Genome Biology 2003,  Volume 4, Issue 8, Article |15 Makarova and Koonin http://genomebiology.com/2003/4/8/1 15

(a)

L15E uc Rpp30 Rpp14 PS subunit UC Rrp4 RNAse PH  Rrp42 L37E RPC10 IMP4 uc Prefoldin
COG1632 COG1325 COG1603 COG1369 COGO0638 COG1500 COG1097 COG0689 COG2123 COG1997 COG1996 COG2136 COG2892 COG1382

|MTH690>-|MTH689>-|MTH688>-|MTH687>-|MTH686>-|MTH685>-|MTH684>-|MTH683>-|MTH682>-|MTH681>-|MTH680>-|MTH680>-|MTH679>- Mth
|MJ0983>|MJ0213>|MJ1139> |MJ0494>|MJ0591>|MJ0592 |MJ0593>—|MJ0593.>—|MJ0594>—|MJ0594.>- Mia
|ssoo74%ssoo74>|ssoo74>|ssoo73>|ssoo73>{ssoo73>|ssoo73§|ssoo73>|ssoo73>|ssoe41w >(5500731>-1SS00730;
|PABOS7>|PAB1135 PAB113§ |PABO46>|PABO41>|PABO418 PAB0419 PABO42>-|PABO42>|PAB7067>-|PABSO72>—|PABZ357>—|PABSO73>- Pab
|Ta1zaa >|Ta1291 >|Ta1 202 >—|Ta1293 >|Ta1294 >—|Ta1295 > - Tac

(b) RecB HD

uc RAMP? Helicase  nuclease Nuclease? nuclease UC RAMP Polymerase UC RAMP RAMP RAMP uc
COG1857 COG1688 COG1203 COG1468 COG1518 COG2254 COG1343 COG1583 COG1353 COG1421 COG1337 COG1567 COG1332 COG1517

MTH1089>|MTH1088>|MTH108 MTH1087>-{MTH1080>-MTH1079>- MTH1078> Mith
TVN01 1 >—|TVN01 1 l>-|TVNO1 09>-|TVN01 085 TUNO114> Tvo
PH0916 >|PH0915 WPHM64>—|PH0165>—|PH0166>—|PH0167>—|PH0168> Pho
_______ @ -|MK1315>-|MK1316>-|MK1317 MK1318 > Mka

Sso

PH1249 »>PH1248

PH1247

=)
TM1806 [Tm1809 >-{TM1810 TM1812>—|TM1813>—|TM1814>—|TM1815> Thermotoga
maritima
(c) (d) (e)
Transcriptional
regulator PksG uc FadA/PaaJ
RPB9  PCNA  UC L44E
RPB7  RPE2 uc S24E COG1709 COG3425 COG1545 COGO183
COG1594 COG0592 COG1711 COG1631 COeH095 CoGR088 COG1909 0062004 Mia, Vka
|PAB146>—|PAB146>|PAB146> Pab |MK13°°>1MK1379>‘|MK1378>‘|MK1377> (Afu)

|MK1451>|MK1452>-|MK1453>-|MK1454> most
others

|PH1471 >|PH0677> |PH0675>—|PH06762 Pho
|PAE356>|PAE356> |PAE328> |PAE2434 Pae

|ssoo41>|ssos79>—|ssoo41> |ssooas§ sso |VNG161%VNG161§ |VNG°G76>"|VNG°67@> Hep

(Ape) Tac,
Mka [TA1282m> [TA1455 > [TA0031 -TA0030 > most

others

[MTH1313> MTHIZ12>MTH131 D> MTH1310> Mth
90248 > MJ0248 >-MJ0249 > wja
MJ0248 > MJ0248

Figure 5

Prediction of gene functions in archaea by genomic context analysis. (a) The superoperon coding for the predicted archaeal exosome (see [88]). (b) The
partially conserved gene neighborhood coding for the predicted repair system found in archaeal and bacterial thermophiles (see [59] for details). (c-€)
Predicted operons containing uncharacterized genes in the neighborhood of genes from the following COGs: COGI1594, DNA-directed RNA
polymerase, subunit M, and transcription elongation factor TFIIS (RPB9); COGO0592, encoding a DNA polymerase sliding clamp subunit (PCNA ortholog);
COGI1631, ribosomal protein L44E; COG 1095, DNA-directed RNA polymerase, subunit E' (RPB7); COG2093, DNA-directed RNA polymerase, subunit
E’" (RPE2); COG2004, ribosomal protein S24E; COG1709, transcriptional regulator; COG3425, 3-hydroxy-3-methylglutaryl CoA synthase (PksG);
COGO0183, acetyl-CoA acetyltransferase (Fad A/Paa) orthologs). UC, uncharacterized, shown by white arrows. Species abbreviations are as in Table I.
Genes are shown not to scale and are denoted by their respective genes names (some are discussed further in the text); arrows indicate the direction of
transcription. A solid line connects genes in a predicted operon. Species that have the same operon organization as the listed species are indicated in
parentheses. Orthologous genes are aligned. Genes with similar general functions are shown by the same shading. Broken lines show that genes are in
the same predicted operon but are not adjacent. Small arrows indicate the presence of additional functionally related genes in the same predicted
operon; these genes are not shown for lack of space.

contains multiple, diverged versions of a gene coding for a
protein with a probable structural role dubbed RAMP
(repair-associated mysterious protein). The proliferation of
RAMP genes (Figure 5b) is an example of a potentially adap-

forms an evolutionarily highly conserved gene pair with the
gene for the clamp subunit of DNA polymerase (ortholog of
the eukaryotic PCNA). The orthologs of COG1711 proteins
are conserved in all eukaryotes, and this protein might be an

tive lineage-specific expansion of a gene family; such expan-
sions are discussed below in greater detail.

Additional, simpler cases of functional prediction via ‘guilt
by association’ are illustrated in Figure 5c-e. The gene for the
uncharacterized protein represented by COG1711 (Figure 5¢)

essential but still uncharacterized component of the
archaeo-eukaryotic DNA replication machinery (K.S.M. and
E.V.K., unpublished observations). The gene represented by
uncharacterized COG1909 is squeezed between genes for
RNA polymerase subunits and that for a ribosomal protein
(Figure 5d). Examination of the multiple alignments that
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lead to this COG shows conservation of polar residues com-
patible with an enzymatic function (K.S.M. and E.V.K,
unpublished observations). There are no readily detectable
eukaryotic orthologs for this protein, which is therefore
likely to be an archaea-specific enzyme with a house-
keeping function.

Finally, uncharacterized COG1545 consists of genes encod-
ing putative zinc-ribbon-containing proteins that form a
stable gene pair with the gene for acetyl-CoA acetyltrans-
ferase, a central enzyme of fatty acid biosynthesis
(Figure 5e). Both these genes show remarkable paralogous
expansion in several archaea, probably as a result of a series
of duplications of the gene doublet. Further discussion of
lineage-specific expansion of paralogous genes can be found
with the complete version of this article, online. It appears
likely that proteins from COGi545 form a complex with
acetyl-CoA acetyltransferase, with the zinc-ribbon protein
regulating and/or stabilizing the enzyme. The predictions
depicted in Figure 5c-e and other similar ones ([87]; and
K.S.M. and E.V.K., unpublished observations) are not partic-
ularly precise, even in terms of the biochemical activity of
the respective proteins. Nevertheless, guilt by association
implicates each of these proteins in specific biological func-
tions, and the evolutionary conservation of both the proteins
themselves and the gene order all but proves that their func-
tions are essential. Thus, these proteins appear to be excel-
lent targets for experimental studies, which have the
potential to reveal new facets of central cellular processes
in archaea.

Archaeal comparative genomics is a young field and so far,
as we have seen, largely predictive. But a few experimental
studies have already been instigated as a result of compara-
tive-genomic predictions. The discovery of the archaeal fruc-
tose-1,6-bisphosphate aldolase mentioned above [76,77] is a
case in point, and several other examples of experimental
validation of predictions are given in Table 3. It does not
seem to be chance that these examples all involve metabolic
enzymes for which the specific reaction could be predicted pre-
cisely. Validation is likely to be much more difficult for proteins
of other functional groups, such as putative repair enzymes, for
which the actual substrates are harder to predict.

For some conserved archaeal proteins, functions cannot be
predicted computationally despite considerable effort.
Several important discoveries have been made by experi-
mental characterization of such mysterious proteins. The
most notable cases include the archaeal Holliday-junction
resolvase, which is not related to its functional analog in bac-
teria [101-103], and DNA polymerase II, a highly conserved
euryarchaeal protein that is not found outside this lineage
and shows no detectable sequence similarity to any other
proteins [104,105]. Additional examples of direct experi-
mental determination of the functions of archaeal proteins
that could not be predicted by computational techniques (at
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least not before the experiment had been reported) are given
in Table 3.

Especially notable is the story of the Alba protein, a DNA-
binding component of chromatin in Crenarchaeota [106,107].
As noted above, crenarchaea lack histones and in these
organisms Alba appears to be the main chromatin protein, in
a striking case of non-orthologous gene displacement. But
orthologs of Alba are also present in thermophilic Eur-
yarchaeota and in some eukaryotic lineages, where its func-
tions remain to be elucidated. The most remarkable discovery
regarding Alba is the regulation of its interaction with DNA
and with the chromatin-associated protein deacetylase Sir2
via lysine acetylation and deacetylation [106,108]. In eukary-
otes, regulation of chromatin dynamics via acetylation and
deacetylation occurs through histone tails [109]. Thus, a
special case of non-orthologous gene displacement seems to
have taken place whereby the regulation mechanism is con-
served but the actual substrates are different in archaea and
eukaryotes. To add an extra twist to the story, Thermoplasma
lacks both histones and Alba but has the bacterial DNA-
binding protein HU, pointing to three distinct solutions to the
problem of chromatin organization in archaea [107].

What’s around the corner?

The first sequenced archaeal genome was a veritable terra
incognita. Six years after that sequence appeared, the
archaeal genomescape looks quite different. The principal
landmarks have been mapped and now, when a new
archaeal genome is released, we largely know what to
expect from it. Computational approaches to comparative
genomics, combining in-depth sequence and structure com-
parison with genome context analysis, have led to the
reconstruction of the central functional systems of archaeal
cells. But these approaches have also produced numerous
isolated predictions of biochemical activities of archaeal
proteins that remain to be fitted into a general picture, and
this can be done only through ‘wet’ experiments, although
new genome sequences will substantially help by enriching
the genomic context. A shrinking but still notable set of
archaeal genes includes those that encode highly conserved
proteins without any clue to function; solving these myster-
ies has the potential to bring out truly new biology. Further-
more, in this article we have not even touched upon
important aspects of archaeal genomics, such as the in-
depth studies of the translation system, which have
revealed several highly unusual, remarkable mechanisms
and enzymatic systems [63,119] or the identification of reg-
ulatory sites in DNA and patterns of transcription regula-
tion [120,121]. The latter avenue of research is still in its
infancy but will certainly grow in scale once more archaeal
genomes, and in particular closely related ones, are
sequenced. The complete version of this article, online,
includes discussion of the structural genomics initiatives
that are shedding some light on archaeal protein functions.
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Because of the lack of established model systems for
archaeal experimental biology and the resulting difficulty
with large-scale experimentation, clues from genome com-
parison are even more crucial for archaeal functional
genomics than they are in the case of bacteria or eukaryotes.
So far, the input of comparative genomics into actual experi-
ments has been less prominent than we would hope. Simply
put, it is not often that experimenters rush to test predic-
tions produced by in silico genome comparison and, further-
more, it is even rarer that targets for functional
characterization are carefully prioritized on the basis of how
unusual and fundamental the predictions are. As discussed
above, however, the few cases when such tests have been
performed are encouraging. It is our hope that the future
belongs to a much tighter integration of comparative, struc-
tural and functional genomics.

Beyond functional studies, archaeal genomics is funda-
mental to our understanding of two critical transitions in
the evolution of life. The first is the primary split between
the bacterial and archaeo-eukaryotic lineages, which might
have involved the origin of the DNA-replication machinery
and of the large, double-stranded DNA genomes them-
selves [22,23], and the second is the origin of eukaryotes
[122]. With regard to the latter problem, archaea are a par-
ticularly valuable source of information because, on many
occasions, they seem to have retained primitive traits
while eukaryotes have undergone major changes. A char-
acteristic example is the small DNA polymerase subunit,
which has all the hallmarks of an active phosphatase in
archaea, but not in eukaryotes, in which the phosphatase
activity is predicted to be inactivated [123]. Indubitably,
archaea resemble the common ancestor of the archaeo-
eukaryotic line of descent more closely than eukaryotes do,
so archaeal genomics is our best chance to reconstruct this
critical intermediate in the evolution of life. We are confi-
dent that comparative archaeogenomics has a bright
future, with major progress in both the functional and the
evolutionary avenues of research expected within the next
few years.

Additional data file

The list of genes in the reconstructed gene set of the last
common ancestor of archaea is available with the complete
version of this article, online.
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