
SPECULATIONS ON THE ORIGIN OF LIFE AND THERMOPHILY: 

REVIEW OF AVAILABLE INFORMATION ON REVERSE GYRASE 

SUGGESTS THAT HYPERTHERMOPHILIC PROCARYOTES ARE NOT 

SO PRIMITIVE 

PATRICK FORTERRE1, * FABRICE CONFALONIERI 2 , 
FRANCK CHARBONNIER 1 and MICHEL DUGUET 2 

Laboratoire des Archdobaetdries 1 et laboratoire d'Enzymologie des acides nueldiques 2. Institut de 
Gdndtique et Microbiologie, CNRS, URA 1354 UniversiM Paris-Sud, Bat. 409, 91405 Orsay Cdex, 

France 

(Received November 5, 1993) 

Abstract. All present-day hyperthermophiles studied so far (either Bacteria or Archaea) contain a 
unique DNA topoisomerase, reverse gyrase, which probably helps to stabilize genomic DNA at high 
temperature. Herein the data relating this enzyme is reviewed and discussed from the perspective of 
the nature of the last detectable common ancestor and the origin of life. The sequence of the gene 
encoding reverse gyrase from an archaeon, Sulfolobus acidocaldarius, suggests that this enzyme 
contains both a helicase and a topoisomerase domains (Confalonieri et aL, Proc. Natl. Acad. Sci., 
1993, 90, 4735). Accordingly, it has been proposed that reverse gyrase originated by the fusion of DNA 
helicase and DNA topoisomerase genes. If reverse gyrase is essential for life at high temperature, 
its composite structure suggests that DNA helicases and topoisomerases appeared independently 
and first evolved in a mesophilic world. Such scenario contradicts the hypothesis that a direct link 
connects present day hyperthermophiles to a hot origin of life. We discuss different patterns for the 
early cellular evolution in which reverse gyrase appeared either before the emergence of the last 
common ancestor of Archaea, Bacteria and Eucarya, or in a lineage common to the two procaryotic 
domains. The latter scenario could explain why all today hyperthermophiles are procaryotes. 

1. Introduction 

Several authors have suggested the existence of a direct evolutionary link between 
the origin of life and a thermophilic common ancestor to all present day organisms 
(Woese, 1987; W~ichtershauser, 1988; Pace, 1991; Stetter, 1992). The idea that life 
originated at high temperature is supported by some hypotheses about the primitive 
atmosphere involving a hot early Earth (for review see Kasting, 1993). On the 
other hand, the concept of a thermophilic common ancestor to the three domains 
of life (Archaea, Bacteria and Eucarya) has been inferred from the clustering of 
thermophilic procaryotes at the roots of the two procaryotic domains in 16S rRNA 
phylogenetic trees (Woese, 1987). Recently, the thermophilic nature of the last 
detectable common ancestor has been supported by the rooting of the universal 
tree of life in the bacterial branch (Woese et al., 1990; Stetter, 1992), based on the 
analysis of composite phylogenetic trees of paralogous ATPases and elongation 
factors (Iwabe et al., 1989; Gogarten et aL, 1989). However, the hot origin of life 

* Corresponding author: Patrick Forterre, Tel: 33 1 69 41 74 89, Fax: 33 1 69 41 78 08, e-mail: 
forterre@igmors.u-psud.fr. 

Origins of  Life and Evolution of the Biosphere 25: 235-249, 1995. 
@ 1995 KluwerAcademic Publishers. Printed in the Netherlands. 



236 PATRICK FORTERRE ET AL. 

hypothesis has also been criticized, taking into account the instability of essential 
biological molecules, in particular RNA, at high temperature (Miller and Bada, 
1988; Forterre, 1992). Furthermore, it has been recently shown that both new 
ATPase sequences and revaluation of the elongation factor phylogeny cast doubts 
on the rooting of the universal tree in the bacterial branch (Forterre et at., 1993). At 
present, the correct rooting of the tree of life remains uncertain and therefore cannot 
be used to evaluate the hypothesis of a thermophilic common ancestor to the three 
domains. Furthermore, the weight of evidence available at present strongly imply 
that this universal ancestor was already a member of the DNA world (for reviews, 
see Lazcano et al., 1992; Forterre et al., 1994). Therefore, even if this ancestor was 
a hyperthermophile, the actual origin of life might have occurred either at high or 
low temperature. 

Another way to test the hypothesis of a direct link between present day hyper- 
thermophiles and a hot origin if life is to identify key molecular features required 
for life at high temperatures and ask the question: are there primitive traits or 
adaptative features? 

One such feature is a unique DNA topois0merase, reverse gyrase, which was 
discovered several years ago in the archaeon Sulfolobus acidocaldarius (Kikuchi 
and As ai, 1984). This enzyme is the only DNA topoisomerase which can introduces 
positive superturns into the DNA, i.e. it increases the number of topological links 
between the two strands of the double-helix (review in Forterre and Elie, 1993). 
From the beginning, it has been hypothesized that reverse gyrase could be essential 
to stabilize the DNA at high temperature in hyperthermophiles (Kikuchi et al., 
1986; Nadal et al., 1986). Is reverse gyration of the DNA a primitive trait of life, 
directly connected to its putative hot origin, or else, is it an adaptative feature to 
high temperature? In other words, is reverse gyrase a new or an old enzyme ? 
Herein we discuss our recent results about reverse gyrase and their implications to 
the origin of this enzyme and the hot origin of life hypothesis. 

2. Reverse Gyrase and Its Distribution in the Living World 

Reverse gyrase is a type I DNA topoisomerase (Forterre et al., 1985; Nakasu and 
Kikuchi, 1985), i.e. an enzyme which changes the DNA linking number in step of 
one unit, making a transient single-stranded break into one of the two DNA strands 
and passing the other strand through this break. This enzyme can use as substrate 
either a negatively supercoiled DNA (Kikuchi and Asai, 1984), or a relaxed DNA 
(Forterre et al., 1985). In both case, reverse gyrase increases the linking number, 
ending up with a positively supercoiled product. 

Reverse gyrases from different organisms are composed of a single polypeptide 
of apparent molecular mass around 120-130,000 (Nakasu and Kikuchi, 1985; 
Nadal et al., 1988; Slezarev, 1988; Andere et al., 1993). This monomeric structure 
is typical for type I DNA topoisomerases. However, reverse gyrase is unique among 
type I DNA topoisomerases since it is the only one which is ATP dependent, 
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TABLE I 

Optimal growth temperatures of the archaeal and bacterial species in which reverse gyrase has 
been detected 

Species Optimal growth References 
temperatures 

ARCHAEA 
Pyrodictium occultum I05 
Methanopyrus kandlerii 100 
Pylvcoccus furiosus 100 
Pyrococcus abyssi 1 O0 
Pyrobaculum Islandicum t00 
Thermococcus celer 92 
Staphylothermus marinus 92 
Desulfurococcus sacchavarovorans 92 
Acidianus infernus 90 
Thermoproteus neutrophilus 88 
Thermoproteus tenax 88 
Sulfolobus solfataricus 85 
Desulfurococcus mucosus 85 
Desulfurococcus mobilis 85 
Desulfurococcus amylolyticus 85 
Sulfolobus shibatae 85 
Archaeoglobus fulgidus 83 
Methanothermus fervidus 83 
Sulfolobus acidocaldarius 80 
Desulfurolobus ambivalens 80 

BACTERIA 
Thermotoga maritima 80 
Thermosipho africanus 75 
Calderobacterium hydrogenophilum 75 
Thermotoga thermarurn 70 
Fervidobacterium isIandicum 65 

Bouthier et aL, 1990 
Bouthier et aL, I990 
Bouthier et aL, 1990 
Charbonnier et al., 1992 
Bouthier etal., 1990 
Collin et aL, 1990 
Bouthier et al., 1990 
Bouthier et al., 1990 
Bouthier et al., 1990 
Bouthier et al., 1990 
Collin et al., 1988 
Collin et al., 1988 
Collin et al., 1988 
Collin et al., 1988 
Slezarev, 1988 
Bouthier et al., 1990 
Bouthier et al., 1990 
Bouthier et al., 1990 
Kikuchi and Asai, 1984 
Charbonnier and Forterre, 1994 

Bouthier etaL, 1991 
Bouthier etaL, 1991 
Andera et al., 1993 
Bouthier et al., I991 
Bouthier et aL, 1991 

ATP hydrolysis  being required to drive the energetically unfavorable supercoil ing 

reaction. 
The discovery of  reverse gyrase in a hyper thermophi lec  raises the question of  

whether  this enzy m e  is indeed essential for life at high temperature.  Until now, 

this has not been  demonstra ted directly, as a reverse gyrase mutant  has yet to be 
isolated. Nevertheless ,  a strong indirect argument  in favor  of  this hypothesis  can 
be inferred f rom the distribution of  reverse gyrase in the living world (Collin et  

al., 1988; Bouthier  de la Tour et  al., 1990, 1991). Reverse  gyrase has never  been 
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found in thrue mesophiles, in contrast this enzyme has been found in some species 
growing optimally between 60 and 80 °C and in all species growing optimally 
above 80 °C, either Archaea or Bacteria, tested so far (Table I). One of the most 
striking observation is that, in a set of closely related methanogenic archaea, the 
presence of reverse gyrase correlates with the optimal growth temperature of the 
organism (Bouthier de la Tour et al., 1990). Reverse gyrase has been detected in 
some thermophilic bacteria which can even grow at mesophilic temperatures, for 
example the bacterion Thermosipho africanus, whereas other lack this activity, such 
as the bacterion Thermus thermophilus, indicating that reverse gyrase is facultative 
in thermophiles. However, its ubiquity in hyperthermophiles strongly suggests that 
the role of reverse gyrase is connected to high temperature and that this enzyme is 
essential for life at temperatures characteristic of hyperthermophiles, 

Another indication of the importance of reverse gyrase in vivo came from the 
study of the DNA topological state in hyperthermophiles. It was discovered that the 
virus SSV1 from the hyperthermophilic archaeon Sulfolobus shibatae (formerly 
SulfoIobus solfataricus B12) harbors a positively supercoiled genome (Nadal et 
aI., 1986). More recently, it has been learned that plasmids isolated from hyper- 
thermophilic archaea containing reverse gyrase have a higher linking number than 
plasmids of similar size isolated from mesophilic archaea or mesophilic and ther- 
mophilic bacteria (Forterre et al., 1992; Charbonnier et al., 1992; Charbonnier 
and Forterre, 1994). There is one known exception: a plasmid with a high linking 
number isolated from the moderately thermophilic methanogenic archaea Meth- 
nobacterum thermoautotrophicum in which we failed to detected a reverse gyrase 
activity (Charbonnier and Forterre, 1994). When the superhelical densities of these 
plasmids is extrapolated at the optimal growth temperature of their host organisms, 
using an equation that relates the DNA winding angle to the temperature up to 
90 °C (Charbonnier et al., 1992, Dugguet, 1993), the results indicate that plasmids 
from hyperthermophilic archaea containing reverse gyrase are relaxed, instead of 
being negatively supercoiled, as in mesophilic organisms. We also found that the 
linking number of the plasmid pGT5, isolated from the hyperthermophilic archaeon 
Pyrococcus abyssi, (formerly strain GE5) increases with the growth temperature 
of the organism (Charbonnier and Forterre, unpublished data). All there results 
suggest that reverse gyrase is required in hyperthermophiles to increase the DNA 
linking number in vivo. 

It is not yet clear how reverse gyrase stabilizes the DNA in hyperthermophiles. A 
topologically closed DNA, even negatively supercoiled, is resistant to denaturation 
at high temperatures (Vinograd et al., 1968; Marguet and Forterre, 1994) and a 
positively supercoiled DNA is no more resistant to depurination and hydrolysis 
of the phosphodiester bonds at high temperature than a negatively supercoiled 
one (Marguet and Forterre, 1994). A possible model is that the increase of the 
linking number mediated by reverse gyrase is required to compensate the passive 
untwisting of the DNA at high temperature, in order to maintain the helical repeat 
of the double helix at a constant length (Forterre et al., 1994b). 
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It has not yet been determined if archaeal and bacterial reverse gyrases are 
homologous. Antibodies against S. acidocaldarius reverse gyrase do not recognize 
the enzyme in hyperthermophilic archaea other than Sulfolobales (Bouthier de la 
Tour et al., 1990), accordingly, they cannot be used to check the putative homology 
of these enzymes in different domains. However, homology between archaeal and 
bacterial reverse gyrases is suggested by the fact that the purified reverse gyrase 
from the thermophilic bacteria Calderobacterium hydrogenophilum (Andera et al., 
1993) and Fervidobacterium islandicum (Bouthier de la Tour, unpublished data) 
have about the same size, enzymatic properties and molecular structure as the 
archaeal reverse gyrase, ff reverse gyrases from the two procaryotic domains are 
indeed homologous, either this enzyme appeared in one of them and was later 
trasnferred horizontally into the other, or it should have been already present in the 
common ancestor of these two domains. In agreement with this second hypothesis, 
the short branches of the hyperthermophilic lineages in the archaeal and bacterial 
16S rTNA trees and their positions near the roots of these trees have suggested 
that the common ancestor of both Archaea and Bacteria was a hyperthermophile 
(Woese, 1987; Stetter, 1992). 

If the root of the universal tree of life is located in one of the two procaryotic 
domains, the presence of reverse gyrase in the common ancestor of both Archaea 
and Bacteria would imply that this enzyme was present in the last universal ancestor 
to the tree domains. In the hot origin of life hypothesis, reverse gyrase should have 
been even present in the very first cell with a genome composed of a double- 
stranded circular DNA. However, in the alternative hypothesis of a mesophilic 
origin of life, other scenarios can be imagined, for example, reverse gyrase might 
have appeared in the lineage leading to the common ancestor of the two procaryotic 
domains in a process of adaptation of these microorganisms to high temperature 
(see below). To determine which of these different possibilities is the most likely, 
it was important to get insights on the origin of reverse gyrase. This required first 
to determine its amino acid sequence in order to identify putative homologies with 
other proteins. 

3. The Gene Encoding Reverse Gyrase and its Origin 

We have recently cloned and sequenced the gene encoding the reverse gyrase from 
S. acidocaldarius (Confalonieri et al., 1993). The sequence of this gene turns out 
to be unusual, being the first described combination of an helicase and a DNA 
topoisomerase gene. 

As schematically shown in the Figure 1, the C-terminal half of reverse gyrase 
(from amino acid 630 to amino acid 1247) aligns with DNA topoisomerases I 
of a protein family whose prototype is the E. coli w protein. These enzymes 
are typically present in Bacteria, however, an example has been detected in the 
eucaryon Saccharomyces cerevisiae (W~illis et al., 1989). DNA topoisomerases of 
this family share with reverse gyrase the properties of binding transiently to the 



240 PATRICK FORTERRE ET AL. 

[~ ATP binding site 1 656 

i Hellease motifs V / / / I / . ~ / / / , / / / / / / / / / / / / 7 / / / ]  Top 3 (yeast) 
| 653 
~ ' / / / / / / / / / / / / / / / / / / / / / / / 7 ~  Top B (E. colt) 

! abc d e f 63o 12,17 Rever~ 
[ ~ : : ~ - - [  i [[: V / / / / / / / / / / / / / / / / / / / / t / / / A  gyrase(S,dfolobus) 

1 864 
V / / / / / / / / / / / / / / / / / / / / / / / / / A  i i ~  Top A (E. coli) 

abe d e f 

[ : : : ~ l l  . I - [ ~ _ ~  elF4A 

a b c d  e f 

~ l l ~ ! - ~  PriA 

ilELICASE DOMAIN l - - - - - ]  TOPOISOMERASE DOMAIN 

Fig. 1. Composite structure of the gene encoding the reverse gyrase of the archaeon Sulfulobus 
acidocaldarius (adapted from Confalonieri et al., 1993; Forterre et aL, 1994). The helicase domain 
of reverse gyrase is characterized by a Walker box purine NTP-binding site (Walker et at., 1982) and 
six (a to f) colinear 'helicase motifs'. It can be aligned with eiF4A, an eucaryotic translation initiation 
factor with an RNA helicase activity, or else with PriA, the DNA helicase of the E. colt primosome. 
The topoisomerase domain of reverse gyrase can be aligned with the type I DNA topoisomerases of 
the 5 ~ family: Top 3 (W~illis et aI., 1989), the yeast DNA topoisomerase I encoded by the gene TOP3, 
Top B (DiGate and Marians, 1989), the E. colt DNA topoisomerase IH encoded by the gene topB, 
Top A (Tse-Dinh and Wang, 1986), the E. colt protein w encoded by the gene topA. 

5 ~ end of the DNA break in the course of the reaction, and relaxing negatively 
supercoiled DNA but not positively supercoiled DNA (i.e. they always increase 
the DNA linking number). However, in contrast to reverse gyrase, these enzymes 
do not use ATP for catalysis and, accordingly, none of them can push the reaction 
far enough to introduce positive supercoiling into the DNA. 

The N-terminal half of the reverse gyrase gene, from amino acids 1 to 630, 
corresponds to an extension which cannot be aligned with any of the known DNA 
topoisomerase genes. This N-terminal extension contains an A motif of the Walker- 
type NTP binding pattern (Walker e t  at.,  1982), reading AxxGxGKT, that is most 
probably involved in the ATP dependent reverse gyration (Fig. 1). Furthermore, 
beside this ATP binding site, the N-terminal half of reverse gyrase contains several 
amino acid motifs which are typical of either RNA or DNA helicases (Confalonieri 
et  al . ,  1993), i.e. enzymes which separate the two strands of an RNA hairpin or a 
DNA duplex. These motifs are present in the same order as in typical RNA or DNA 



REVERSE GYRASE AND HOT ORIGIN OF LIFE 241 

helicases of the family SP2 (Gorbalenya and Koonin, 1993), strongly suggesting 
that the N-terminal domain of reverse gyrase confers to this enzyme an helicase 
activity. 

This composite structure of reverse gyrase suggests a mechanism of action for 
this enzyme. It has been shown previously that the DNA tracking activity ofa  DNA 
helicase produces a wave ofposirive supercoiling in front of the moving enzyme and 
a wave of negative supercoiling behind it (Yang etal., 1989). The same phenomenon 
occurs with an RNA polymerase and was first predicted by Liu and Wang (1988) in 
a theoretical paper as the 'twin-domains model'. If the helicase domain of reverse 
gyrase also produces two waves of opposite supercoiling, specific relaxation of the 
negatively supercoiled domain by the topoisomerase activity would produce a net 
accumulation of positive superturns (Confalonieri et al., 1993). 

Beyond these functional considerations, the composite structure of reverse 
gyrase has important implications for its origin. If reverse gyrase is an 'old' enzyme, 
i.e. if it appeared at the same time as the first DNA cell, one might hypothesize that 
its gene later split during the course of evolution to generate modem DNA helicase 
and topoisomerase genes. However, this would also imply that the ancestral reverse 
gyrase gave birth to all present day members of the superfamily of purine-binding 
proteins that are homologous to its helicase domain. This appears to be highly 
unlikely since, in that case, reverse gyrase would have appeared before proteins 
such as membrmae transporters, V and F-ATPases, or else elongation and initiation 
factors for protein synthesis (Schulz, 1992). Accordingly, if reverse gyrase origi- 
nated at the same time as double-stranded DNA, the most likely hypothesis is that 
it evolved from a RNA helicase gene endigenous to the RNA world. In that case, 
the origin of the topoisomerase domain remains unclear. It might have originated 
from a long C-terminal domain of the putative helicase gene or from the fusion 
of this RNA helicase with a putative 'RNA topoisomerase' of the RNA world. 
In both cases, this 'early' scenario for the emergence of reverse gyrase requires 
that at least all present-day 51 type I DNA topoisomerases originated from reverse 
gyrase. Both of these scenarios viewing reverse gyrase as and 'old' enzyme appear 
quite speculative since they imply that reverse gyrase originated as the first DNA 
metabolizing enzyme! 

In our opinion, a more likely hypothesis is that reverse gyrase originated from 
the 'late' fusion of a bona f ide DNA helicase and DNA topoisomerase genes. 
Indeed many DNA helicases and topoisomerases probably evolved independently 
from different RNA-metabolizing enzymes of the RNA world during the period 
included between the appearence of the first DNA cell and the emergence of the 
last common ancestor to the three domains. This is suggested by the existence 
of several independent superfamilies of these enzymes (Gorbalenya and Koonin, 
1993; Forterre et al., 1994a). The existence of such a 'first age of the DNA world' 
in which different families of paralogous DNA metabolizing enzymes emerged 
has been proposed on the basis of an exhaustive analysis of DNA polymerase 
and topoisomerase evolution (Forterre, 1992; Forterre et al., 1993, 1994b, see also 
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Laczano et al., 1992). In this context, the late fusion hypothesis for the origin of 
reverse gyrase fits especially well with the modular evolution of helicases pro- 
posed by Gorbalenya and Koonin, (1993). For example, these authors reported that 
some proteins combine an helicase domain with a DNA site-specific endonuclease 
domain or a protease domain, either as a C-terminal or an N-terminal extension. 

In this scenario, and if future work confirms that reverse gyrase is indeed essen- 
tial for life at high temperature, organisms living during this first age of the DNA 
world could not have been hyperthermophiles before the appearance of this enzyme. 
Accordingly, the late fusion hypothesis for the origin of reverse gyrase contradicts 
a pr io r  the existence of a direct link between present day hyperthermophiles and a 
hot origin of life. One can still speculate that ancient hyperthermophiles contained 
a different and primitive version of reverse gyrase, or that they don'd need this 
enzyme at all. However, a more attractive alternative is that reverse gyrase appeared 
in a mesophilic or moderately thermophilic lineage and that organisms in which 
this enzyme first originated gain the ability to live for the first time at temperature 
typical for hyperthermophiles. 

4. Other Arguments Against a Direct Link Between Hyperthermophiles and 
a Putative Hot Origin of Life 

It has been previously suggested that the hot origin of life scenario is in contradiction 
with the RNA world hypothesis because of the high instability of the RNA molecule 
at high temperature (Miller and Bada, 1988; Forterre, 1992). The sensitivity of RNA 
molecules to heat-induced hydrolysis is due to the reactive oxygen in the 2 ~ position 
of the ribose which could catalyze the intramolecular cleavage of phosphodiester 
bonds at high temperature (Ginoza et al., 1964). A striking observation is that 
RNA therrnodegradation is catalyzed by divalent salts, such as Mg ++ or Zn ++ 
(Lindalh, 1967; Butzow and Eichorn, 1975), which were certainly essential for 
numerous enzymatic activities of the RNA world. Pace (1992) suggested that RNA 
was stabilized in primitive cells by a very low water activity. One might also 
speculate that primordial RNA-like molecules were stable at high temperature in 
a two-dimensional metabolic network, such as the pyrite-based world postulated 
by W~ichtersh~iuser (1988). However, the activity of water in the more advanced 
three-dimensional metabolism of RNA-based cells was probably not very different 
from its value in modem cells, in order to accomodate hydrolytic reactions required 
in a fully evolved ribozyme-catalyzed metabolism. Indeed, a huge number of the 
modified tRNAs isolated from modem hyperthermophiles exhibit methylation of 
the ribose 2 ~ oxygen (Edmonds et al., 1991), which is precisely the Achille's heel 
of the RNA molecule at high temperature. In general, hyperthermophiles contain 
far more base modifications in their tRNA molecules than mesophiles, including 
many that are unique (Edmonds et al., 1991). It has been shown in at least one 
case that these modifications are essential to prevent denaturation of the tRNA at 
temperature near the boiling point of water. In particular, whereas the unmodified 
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tRNA from the archaeon Pyrodictium occultum, produced from the P. occultum 
gene expressed in E. coli, has a Tm of around 80 °C, the natural modified tRNA 
isolated from the hyperthermophile itself had a melting temperature above 100 °C 
(Kuchino et al., 1993). 

Post transcriptional modifications of tRNA bases of ribose are certainly not 
primitive features since they are produced by very specialized enzymes (Bj6rk 
et al., 1987). The necessity of such additional components suggests again that 
hyperthermophiles appeared after a period of evolution in a mesophilic world. Of 
course, one might argue that modified ribonucleotides were once produced by the 
prebiotic chemistry and that the RNA world at high temperature was a world of 
modified RNA. However, one has to consider that methylation of the ribose, which 
is especially common at high temperature, precisely inactivates the reactive oxygen 
which plays the leading role in ribozyme catalysis. Pre-RNA molecules lacking 
the ribose 2 / OH (review by Joyce, 1989) might have been more stable than RNA 
itself at high temperature, but they would have also lack the catalytic properties 
required for a functional RNA world. 

Since RNA modifications apparently play a role in the fine tuning of the trans- 
lational mechanism and in many regulatory pathways (for review, see Persson, 
1993), it might be simpler to imagine that tRNA modifications and tRNA mod- 
ifying enzymes first appeared in the course of the refinement of the translation 
apparatus and were later recruited by hyperthermophiles for stabilization of the 
tRNA. Indeed, some of the tRNA modifications present extensively in hyperther- 
mophilic archaea are also present in some mesophilic bacteria and eucaryotes 
(Edmonds et al., 1991). 

DNA is much more thermostable than RNA since it lacks the ribose 2 / OH 
which is responsible for RNA instability. Furthermore, instead to promote ther- 
modegradation, as in the case of RNA, both Mg ++ and Zn ++ strongly protect 
DNA against thermodegradation (Lindahl, 1993; Marguet and Forterre, 1994 and 
unpublished data). Finally, the circularization of double-stranded DNA or the for- 
mation of topologically closed domains in a linear molecule introduce a strong 
barrier against denaturation of DNA duplex molecules (Vinograd et al., 1967; 
Forterre et al., 1992). Such a barrier does not exist in single-stranded RNA and 
this could explain why genomic DNA in hyperthermophiles are not especially GC 
rich, whereas the stable RNAs are (Marguet and Forterre, 1994). All these observa- 
tions suggest that only organisms with double-stranded DNA genomes were able 
to adapt themselves to live in hyperthermophilic environments. Accordingly, even 
if life appeared at high temperature in a pre-RNA world, subsequent evolution of 
the RNA world probably occurred at lower temperature at least up to the invention 
of DNA. 
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Fig. 2. Two scenarios for the emergence of reverse gyrase via a fusion event between helicase and 
topoisomerase genes. In the first (1), the fusion has occurred before the separation of the three domains 
of life, Eucarya (E), Archaea (A) and Bacteria (B). The universal tree has been tentatively rooted 
in the bacterial branch. In the second scenario (2), the universal tree has been rooted in the eucaryal 
branch and the fusion event has occurred in a lineage common to the two procaryotic domains. The 
thermophilic lineages are represented by bold lines. Two options (mesophile and thermophile) are 
proposed for the origin of life. The first and second ages of the DNA world are defined according to 
Forterre (1992). 

5. Different Hypotheses for the Origin of Reverse Gyrase and Early Cellular 
Evolution 

Figure 2 shows two possible evolutionary scenarios in which the direct link between 
the origin of  life (either hot or cold) and the emergence of  hyperthermophiles is 
eliminated. These  models are both based on the 'late' fusion hypothesis for reverse 
gyrase described above. The first one (No. 1) implies that the last common ancestor 
o f  the three domains (the universal ancestor) was nevertheless a hyperthermophile.  
In that case, reverse gyrase should have appeared during the first age of  the DNA 
world. However ,  since thermophiles cannot compete with mesophiles, it is not clear 
in such a scenario why primitive mesophilic cells which do not acquired reverse 
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gyrase completely disappeared, such that all present day organisms evolved from 
reverse gyrase containing cells? One possibility, suggested by Gogarten (1993), is 
that all primitive mesophiles disappeared after a giant meteoritic boiling impact 
which could have sterilized the Earth surface and the upper part of the Ocean 
(Maher and Stevenson, 1988), destroying all life forms except those thriving in 
abyssal hydrothermal systems. A weakness in this hypothesis is that today abyssal 
hydrothermal vents contain large number of mesophilic microorganisms which 
lives in the lower temperature part of the vents (for a review, see Prieur, 1992). 
Accordingly, if mesophiles already existed at the time of the putative giant impact, 
one has to make the additional assumption that this impact was sufficiently strong 
to even boil the bottom of the oceans. Alternatively, one would have to suppose 
that despite the existence of mesophiles elsewhere at the time of the impact, none 
were present near abyssal hydrothermal systems. 

We presently favor the altemative scenario (No. 2) which is presented in Fig- 
ure 2. In that case, the universal ancestor is seen as a mesophile, and reverse gyrase 
appears in an evolutionary lineage connecting the universal ancestor to the last 
common (hyperthermophilic) ancestor of the two procaryotic domains. In such 
a scenario, one has to explain why the common ancestor of procaryotes became 
a hyperthermophile. A possibility might be that the procaryotic phenotype itself 
emerged during the process of adaptation of this lineage to thermophily (Forterre, 
1992). This hypothesis is based on the observation that the major problem faced 
by living organisms at very high temperatures is the heat-induced hydrolysis of 
macromolecules. The procaryotic phenotype thus appears well designed for hyper- 
thermophily because of the high macromolecular tumover in procaryotic cells and 
the coupling between transcription and translation which avoids the crucial prob- 
lem of mRNA degradation at very high temperature. One can speculate that the 
ancestors of procaryotes were subjected to a thermoreduction process which result- 
ed in reduction in their genome size and speeding up of their metabolic rate. In that 
scenario, the gene fusion event leading to the reverse gyrase gene would have been 
a crucial step in the formation of organisms that resemble today's procaryotes. 

It should also be noted that this hypothesis, linking the procaryotic phenotype 
to thermophily, would explain why only procaryotes thrive in the wide temperature 
range, 62 to 110 °C (Brock, 1978). Thermophilic or hyperthermophilic eucaryotes 
might have been overlooked because of specific cultivation problems, but an alter- 
native hypothesis is that eucaryotes exhibit specific features incompatible with life 
at very high temperature. Since RNA is the most fragile macromolecule at high 
temperatures, one such feature might be the presence of more relics of the RNA 
world in eucaryotes than in procaryotes. The mRNA might be also unstable at 
high temperatures in eucaryotes because of the uncoupling of transcription and 
translation (Forterre, 1992). 

The thermoreduction hypothesis for the origin of procaryotes implies that mod- 
em eucaryotes migh have preserved some features of the universal ancestor which 
have been lost in procaryotes. This idea is usually dismissed on the ground that 
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procaryotic microfossils appeared before eucaryotic ones. This is not a strong argu- 
ment since primitive eucaryotes lack the cell wall structures that are required for 
fossilization (Sogin, 1991; Knoll, 1992). In fact, the most ancient microfossils of 
procaryotes (3.5 Giga years ago) (Schopf, 1992) and eucaryotes (2.1 Giga years 
ago) correspond to very evolved organisms, cyanobacteria and Grypania (green 
algae) (Han and Runnega, 1992), respectively, and cannot be representative of the 
first life forms on the Earth, at least if one consider their positions in the phylogeny 
deduced from rRNA analysis (Sogin, 1991; Knoll, 1992). 

Although the scenario No. 2 and the thermoreduction hypothesis for the origin 
of procaryotes are attractive to us, one should remember that they are based on the 
current hypothesis that all procaryotes originated from an hyperthermophilic ances- 
tor. The case for an hyperthermophilic ancestor of all Archaea is quite strong if one 
consider that: (i) hyperthermophilic lineages are slowly evolving in the archaeal 
16S rRNA tree (Woese, 1987), (ii) this tree is rooted among different hyperther- 
mophilic species (Achenbach-Richter et al., 1988), (iii) reverse gyrase is found in 
the two archaeal kingdom (the Crenarchaeota and the Euryarchaeota, see Woese et 
al., 1990), (iv) archaeal lipids, even from mesophilic species, are especially suitable 
for life at high temperature. In contrast, the case for an hyperthermophilic bacterial 
ancestor is not so strong. The 16S rRNA from bacterial hyperthermophiles are 
also slowly evolving and the root of the bacterial 16S rRNA tree has been located 
between the hyperthermophiles Thermotoga and Aquifex (Achenbach-Richter et 
al., 1987; Burggraf et al., 1992) but mesophilic species do not exhibit obvious 
moleular relics of their putative hyperthermophilic ancestor. Furthermore, it is not 
clear if the bacterial 16S rRNA tree can be safely extrapolated to the bacterial tree 
itself, since Thermotoga and Aquifex are not the most primitive lineages in the tree 
constructed from bacterial RNA polymerases sequence (Klenk et al., 1994). The 
difficulty of extrapolating gene trees into species trees for very distantly related 
organisms is well illustrated by the existence of differences in the topology of the 
archaeal 16S and 23S rRNA trees (Philippe, 1993; Garrett et al., 1994). 

6. Conclusion 

It is very important to determine the temperature range in which life appeared on 
the Earth. This is a prerequisite for the design of pertinent experiments in prebiotic 
chemistry. Unfortunately, this question is a difficult one, being characterized by a 
lot of uncertainties (Figure 3). In fact, we do not know what the temperature of our 
planet was at the time of the origin of life, the nature of the primordial biotope, or 
even the date, between 4.2 and 3.5 Giga years ago, when life appeared. The rooting 
of the universal tree is another challenge, which might even prove to be an impos- 
sible task if, as suggested by Meyer et al., 1986, protein sequence comparisons 
cannot be used with confidence to identify phylogenetic relationships between very 
distantly related organisms. Taking into account all these difficulties, the study of 
mechanisms specifically designed for life at high temperature in hyperthermophilic 
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Multiples parameters which have determined 
the temperature of the early Earth 
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Fig. 3. Too many uncertainties prevent determination of the actual temperature of the early Earth. 
The rate of cooling of the Earth after its formation via accretion was dependent on the sun intensity, 
the decay in the heavy meteoritic bombing and the nature of the primitive atmosphere. At best, only 
estimates exist for these parameters (for reviews, see Lazcano et  al., 1992; Kasting, 1993). The actual 
time of the appearance of liquid water on Earth and the subsequent appearance of life is also unknown. 

organisms can provide important new results and insights concerning the problems 
of the hot origin of life and the nature of the universal ancestor. 

Here, we have not discussed the hypothesis of the hot origin of life per  se (see 
Figure 2), but we have argued against a direct link between a hot origin of life and 
present day hyperthermophilic procaryotes. We have not discussed the problem of 
archaeat lipids, which could exhibit essential features for hyperthermophilic life, 
but further studies on their origin and relationships with bacterial and eucaryal 
lipids should be very informative. The study of tRNA modification enzymes is 
another avenue worth further exploration. 

In the case of reverse gyrase, much remains to be done to clarify the role of this 
enzyme and its origin. A priority is to determine at the sequence level if the archaeal 
and the bacterial enzymes are indeed homologous and to localize precisely the posi- 
tion of reverse gyrase in the general phylogeny ofDNA topoisomerases. This would 
require the sequencing of new reverse gyrase genes, as well as genes from related 
DNA topoisomerases, such as the ATP independent relaxing enzymes described 
both in moderately thermophilic archaea and in hyperthermophilic archaea and 
bacteria (Bouthier de la Tour et aL, 1990, 1991, 1993). One can be hopeful that a 
better knowledge of reverse gyrase and other key enzymes from hyperthermophiles 
will, in the end, give us clear-cut information about the history of these fascinating 
microorganisms. 
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