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Abstract Previous studies have reported a positive cor-

relation between the GC content of the double-stranded

regions of structural RNAs and the optimal growth tem-

perature (OGT) in prokaryotes. These observations led to

the hypothesis that natural selection favors an increase in

GC content to ensure the correct folding and the structural

stability of the molecule at high temperature. To date these

studies have focused mainly on ribosomal and transfer

RNAs. Therefore, we addressed the question of the rela-

tionship between GC content and OGT in a different and

universally conserved structural RNA, the RNA compo-

nent of the signal recognition particle (SRP). To this end

we generated the secondary structures of SRP-RNAs for

mesophilic, thermophilic, and hyperthermophilic bacterial

and archaeal species. The analysis of the GC content in the

stems and loops of the SRP-RNA of these organisms failed

to detect a relationship between the GC contents in the

stems of this structural RNA and the growth temperature of

bacteria. By contrast, we found that in archaea the GC

content in the stem regions of SRP-RNA is highest

in hyperthermophiles, intermediate in thermophiles, and

lower in mesophiles. In these organisms, we demonstrated

a clear positive correlation between the GC content of

the stem regions of their SRP-RNAs and their OGT.

This correlation was confirmed by a phylogenetic nonin-

dependence analysis. Thus we conclude that in archaea the

increase in GC content in the stem regions of SRP-RNA is

an adaptation response to environmental temperature.
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Introduction

Several studies have shown that the GC content of struc-

tural RNAs correlates positively with the optimal growth

temperature (OGT) in prokaryotes (Galtier and Lobry

1997; Nakashima et al. 2003; Wang and Hickey 2002;

Wang et al. 2006). These studies have established that the

increase in GC content concentrates in the double-stranded

stem regions of the molecule. Compared to AT pairs,

GC pairs are more thermostable because they have an

additional hydrogen bond. Thus, it is likely that the

increase in the GC content of the stems of a nucleic acid

will help to strengthen the stability of its secondary struc-

tures. This has led to the proposal of the thermal adaptation

hypothesis. This hypothesis suggests that the increase in

the GC content in stem regions of structural RNAs results

from natural selection acting to favor the thermostability of

the molecule. However, to date studies supporting the

thermal adaptation hypothesis have focused mainly on

ribosomal and transfer RNAs (rRNA and tRNA).

The current availability of large genomic datasets offers the

possibility of testing this hypothesis more soundly by

extending the study of thermal adaptation to other struc-

tural RNAs. Therefore, in the present study we addressed

the question of the relationship between GC content and
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OGT in a different and universally conserved structural

RNA, the RNA component of the signal recognition par-

ticle (SRP).

The SRP is a ribonucleoprotein complex that recognizes

nascent polypeptides destined for secretion or membrane

insertion. The SRP binds to the signal sequence of the

nascent polypeptide emerging from the ribosome and

directs the polypeptide toward the SRP receptor (SR) of the

targeted membrane (Egea et al. 2004; Halic et al. 2004;

Keenan et al. 2001; Gilmore et al. 1982; Walter and Blobel

1981). Both the SRP and the SR contain GTPase domains,

and their interaction leads to the reciprocal activation of

GTP hydrolysis, allowing delivery of the secretory protein

into the nearby translocation channel and recycling of the

SRP (Connolly et al. 1991). Experimental studies have

shown that the RNA component of the SRP is indispens-

able for cotranslational protein targeting. SRP-RNA cata-

lytically accelerates the interaction of SRP and SR, which

stimulates their GTPase activities. Recently, it has been

shown that SRP-RNA accelerates the formation of the

complex only when the SRP is bound to a signal sequence

(Bradshaw et al. 2009). Thus, SRP-RNA acts as a molec-

ular switch that renders the SRP-SR complex responsive to

signal peptide recruitment, coupling GTP hydrolysis to

efficient protein targeting.

Genome studies have shown that the SRP-dependent

protein targeting mechanism is evolutionarily conserved in

the three living domains. However, there are significant

differences among the SRPs of Eukaryota, Archaea, and

Bacteria. These differences concern both the protein and

the RNA components (Zwieb et al. 2005). The mammalian

SRP consists of SRP-RNA (7S RNA) and six proteins,

called SRP9, SRP14, SRP19, SRP54, SRP68, and SRP72.

SRP-RNA (*300 nucleotides long) folds in a secondary

structure, which is subdivided in two domains, the Alu and

S domains. The Alu domain contains helices 2, 3, and 4

and a portion of helix 5. This domain is associated with the

heterodimer SRP9/14 and is thought to modulate the

elongation rate of the secretory protein. The S domain also

comprises a portion of helix 5 and helices 6–8 and is

associated with the proteins SRP19, SRP54, and SRP68/72.

This domain is involved in the recognition and capture of

the signal peptide (Batey et al. 2000). Archaeal SRP-RNAs

(7S RNA) are similar to their eukaryotic homologues. In

these organisms SRP-RNA (*300 nucleotides long) is also

divided into two domains. The Alu domain comprises

helices 1–5 (helix 1 being unique to archaea and some

gram-positive bacteria). As for eukaryotic SRP-RNA, the

archaeal S domain is composed of a portion of helix 5 and

helices 6–8. Despite their similarity to eukaryotic SRPs,

only two proteins, SRP19 and SRP54, are believed to be

part of the archaeal SRP complex (Eichler and Moll 2001;

Zwieb and Eichler 2002). In the majority of bacteria the

SRP is composed of a small SRP-RNA (4.5 SRNA) and a

homologue of protein SRP54, known as Ffh (Bernstein

et al. 1993). Bacterial SRP-RNA (*100 nucleotides long)

forms a simple hairpin corresponding to helix 8 and a

portion of helix 5. Although most bacterial SRPs lack the

Alu domain, some gram-positive bacteria encode a rela-

tively large SRP-RNA (*250 nucleotides). The secondary

structure of these SRP-RNAs is similar to that of the

archaea, but they lack helix 6 (Larsen and Zwieb 1991;

Zwieb et al. 2005). In addition to their secondary structure

features, tertiary interactions between the apical loops of

helices 3 and 4, involving up to six GC base-pairings, have

been described in the SRP-RNAs of eukaryotes, archaea,

and some bacteria (Zwieb et al. 1996). Another tertiary

interaction involving a hydrogen-bonded A–A pair forms

between the loops of helices 6 and 8 in eukaryotic and

archaeal SRP-RNAs (Hainzl et al. 2002). These interac-

tions could be involved, respectively, in the early steps of

SRP-RNA folding and SRP assemby (Huck et al. 2004).

The crucial role of SRP-RNA in the function of the

SRP-dependent translocation mechanism suggests that

preservation of the structural features of this RNA is

essential. Therefore, we reasoned that in the face of vari-

able environmental parameters such as temperature, natural

selection would have acted on this molecule to preserve the

stability of its secondary and tertiary structures. Thus,

SRP-RNA appeared to be a good candidate to test the

thermal adaptation hypothesis. Since the broadest range of

growing temperatures is found among prokaryotes, we

focused our study on bacteria and archaea. To this end, we

generated the secondary structures of the SRP-RNAs of

hyperthermophilic, thermophilic, and mesophilic bacteria

and archaea, and analyzed the GC content as a function of

their OGT. Our study failed to detect a relationship

between the GC content of bacterial SRP-RNA and the

OGT of these organisms. By contrast, we demonstrated a

clear relationship between the growing temperature of the

archaea and the GC content of their SRP-RNAs.

Methods

Sequence Data

SRP-RNA sequences were downloaded from the SRP-

RNA database, http://rnp.uthct.edu/rnp/SRPDB/SRPDB.

html (Rosenblad et al. 2003); from the Integrated

Microbial Genomes database, http://img.jgi.doe.gov/cgi-

bin/pub/main.cgi (Markowitz et al. 2008); and the NCBI

database, http://www.ncbi.nlm.nih.gov. A total of 92 bac-

terial and 65 archaeal SRP-RNA sequences were retrieved.

Although there are more than 1,000 bacterial genomes in

the databases, the vast majority of bacterial species are
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mesophiles, with an OGT below 40�C. Thus, for the pur-

poses of our study we retrieved the SRP-RNA sequences of

all the hyperthermopilic and thermophilic bacteria avail-

able in the databases. For the mesophiles, we used a sample

representative of the different genera present in the dat-

abases. For each SRP-RNA sequence, the global GC con-

tent was calculated. In addition, we analyzed the secondary

structure of these RNAs and calculated the GC content for

the stem and loop regions. The secondary structures of the

archaeal and bacterial SRP-RNA analyzed in this study

were generated using the RNAalifold and RNA fold

software from the Vienna RNA package, http://rna.tbi.

univie.ac.at (Gruber et al. 2008; Zuker 2003). The RNAal-

ifold software predicts the consensus structure of a set of

aligned RNA sequences. It extends standard dynamic

programming algorithms for RNA secondary structure

prediction by averaging the energy contributions over all

sequences and incorporating covariation terms into the

energy model to reward compensatory mutations and

penalize noncompatible base pairs. The output is a con-

sensus structure for the aligned sequences. Then this con-

sensus structure is used as a constraint to fold each

individual sequence using RNAfold. The SRP-RNA

sequences were aligned with CLUSTAL W.

Optimal Growth Temperature

OGTs for bacterial (Supplementary Table S1) and archaeal

(Supplementary Table S2) species analyzed in this study

were retrieved from the Prokaryotic Growth Temperature

Database, http://pgtdb.csie.ncu.edu.tw (Huang et al. 2004),

and from the German Collection of Microorganisms and

Cell Cultures, http://www.dsmz.de. OGT data were care-

fully checked to ensure that they referred unambiguously to

the OGT rather than to a permissive range. Some species

are listed in these databases with slightly different OGTs,

in such cases we calculated and used the average of the

OGTs reported for our study.

Statistical Analyses

Statistical analyses were performed using the statistics

software package MATLAB. The nonparametric Kruskal–

Wallis rank-sum test was used to compare data among three

temperature groups: mesophilic, thermophilic, and hyper-

thermophilic microorganisms. The Mann–Whitney–Wilco-

xon rank-sum test (U-test) was used to compare the average

GC content between two temperature groups such as meso-

philes and thermophiles. Correlations were evaluated using

the nonparametric Spearman’s (1904) rank correlation test.

This test assesses how well an arbitrary monotonic function

can describe the relationship between two variables, without

making any other assumptions about the particular nature of

the relationship between the variables. Spearman’s rank

correlation coefficient (rs) is used as a measure of the rela-

tionship between two sets of ranked data; rs takes a value of

-1 and ?1. A positive correlation is one in which the ranks

of both variables increase together. A correlation of ?1 or

-1 will arise if the relationship between the two variables is

exactly linear. A negative correlation is one in which the

ranks of one variable increase as the ranks of the other var-

iable decrease. An rs close to zero indicates no linear rela-

tionship between the ranks (Corder and Foreman 2009). In

the case of archaea we used the method of comparative

analysis by independent contrasts to control for phylogenetic

nonindependence of temperature and GC content in stems

(Felsenstein 1985). The contrasts were calculated using the

PDAP:PDTREE module of the MESQUITE software for

phylogenetic analysis (Maddison and Maddison 2009;

Midford et al. 2005). The independent contrasts method

assumes a Brownian motion model of evolution where var-

iance in a trait increases through evolutionary time and cal-

culates the amount of change between sister taxa at each

node of the phylogeny. Independent contrasts are generated

by subtracting trait values between all pairs of sister taxa in

the tree. Contrasts are standardized by dividing by their

standard deviation, calculated as the square root of the sum of

branch lengths between the pair of traits. The phyloge-

netic tree used in this study was kindly provided by

Dr. C. Brochier. This tree was generated from the concate-

nated sequences of ribosomal proteins from 43 archaeal

species for which complete genomes are available (Brochier-

Armanet et al. 2008).

Results

Analysis of Global GC Content in Bacterial

and Archaeal SRP-RNA

For the purposes of this study bacterial and archaeal species

were grouped according to their OGTs. Three groups were

defined: the mesophile group contained species with OGTs

between 25 and 40�C (52 bacterial species and 22 archaea),

the thermophile group included species with OGTs between

40 and 75�C (23 bacterial species and 20 archaea), and the

hyperthermophile group contained species with OGTs of

75�C and above (7 bacterial species and 23 archaea). We

initiated our study by calculating the global GC content in

SRP-RNA sequences from the bacterial and archaeal spe-

cies in each group (Fig. 1a, b). For bacterial species the

average GC levels among the three groups appears to be

relatively similar. The mean GC content is 58% for the

mesophile group, 62% for the thermophiles, and 65% for

the hyperthermophiles. The Kruskal–Wallis test shows that

the differences among the three groups are not significant
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(P = 0.153). In addition, we used the Mann–Whitney–

Wilcoxon rank sum test (U-test) to compare the average GC

content between two temperature groups such as meso-

philes versus thermophiles (P = 0.140), thermophiles ver-

sus hyperthermophiles (P = 0.620), and mesophiles versus

hyperthermophiles (P = 0.130). Therefore, the analysis of

the global GC content in bacterial SRP-RNA does not

indicate a relationship with the OGT of these organisms.

By contrast, in the case of the archaeal species a trend

toward a higher GC content in the thermophilic and hy-

perthermophilic archaea is observed. The mean GC content

is 55% for the mesophile group, 65% for the thermophiles,

65%, and 73% for the hyperthermophiles. The Kruskal–

Wallis test shows that these differences are clearly signifi-

cant (P \ 0.001). The Mann–Whitney–Wilcoxon test con-

firms that the differences among the temperature groups are

significant: mesophiles versus thermophiles (P \ 0.0001),

thermophiles versus hyperthermophiles (P \ 0.001), and

mesophiles versus hyperthermophiles (P \ 0.0001). Thus,

the results of the analysis of global sequences prompted us

to look in more detail and to investigate the specificity of

these compositional differences.

Compositional Analysis of Bacterial and Archaeal

SRP-RNAs Secondary Structures as a Function of OGT

The secondary structure for SRP-RNA sequences of the

82 bacterial and 65 archaeal species analyzed above

were obtained using the RNAalifold and RNA fold

software from the Vienna RNA package (Gruber et al.

2008). Then the structures were partitioned into double-

stranded stem regions and single-stranded loop regions,

and the GC content was calculated for each region.

In the case of the bacteria we analyzed separately the

SRP-RNAs from species encoding a short SRP-RNA and

those encoding a long SRP-RNA. The results of this

analysis are summarized in Table 1. For both long and

short bacterial SRP-RNA, we did not observe any sta-

tistically significant differences in the GC content in

stems (or loops) among the three temperature groups.

Then we considered the fact that the nucleotide

sequences of bacterial SRP-RNAs are highly con-

served, thus we performed a more careful analysis by

distinguishing between conserved and variable regions

(Supplementary Tables S3 and S4). Again, we failed to

detect a correlation between the GC content of the stems

in short or long bacterial SRP-RNAs and the OGT.

However, the GC content in stems of the variable

regions of hyperthermophilic short SRP-RNAs is slightly

higher than in the other two groups. The mean stem GC

content in the SRP-RNA variable regions is 52% ± 11%

in mesophilic bacteria, 56% ± 7.3% in thermophilic

bacteria, and 71% ± 5.8% in hyperthermophilic bacteria.

The differences between the hyperthermophilic organ-

isms and the other two groups are on the cusp of being

statistically significant (U-test: mesophiles vs hyper-

thermophiles, P = 0.061; thermophiles vs hyperthermo-

philes, P = 0.073). For the archaeal species the

compositional analysis of SRP-RNA secondary structures

indicates that the GC content of the stem regions is

highest in the hyperthermophiles, intermediate in the

thermophiles, and lower in the mesophiles. The Kruskal–

Wallis rank-sum test indicates that these differences are

clearly significant (P \ 0.0001). On the other hand, the

GC content in the loop regions does not differ among

the three archaeal groups, indicating that there is no

correlation between the GC content of the loops and the

OGT. This result is consistent with previous studies,

which have reported that the GC content of stem regions

in rRNAs and tRNAs correlates with the OGT, while the

loop regions of these molecules show no correlation.

Fig. 1 Global GC content in prokaryotic SRP-RNA. a Global GC

content in bacterial SRP-RNA (n = 82). b Global GC content in

archaeal SRP-RNA (n = 65). Boxes extend from the first quartile to

the third quartile, with the median values indicated by the horizontal

bar within the box. Whiskers extend to the smallest and largest

nonoutlier values. Temperature ranges are as follows: mesophiles

(25–40�C), thermophiles (40–75�C), and hyperthermophiles (C75�C)
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Therefore, we analyzed the secondary structures of

archaeal SRP-RNAs versus their OGTs (Fig. 2). A clear

linear and positive correlation is observed between the GC

content of the stem regions and the OGT (slope = 0.38,

rs = 0.821, P \ 0.001). On the contrary, no trend is

observed for the relationship between GC content of

the loop regions and OGT (slope = 0.082, rs = 0.28,

P \ 0.001).

Phylogenetic Analysis of the Relationship Between

OGT and GC Content in SRP-RNA of Archaea

Our results indicated an apparent correlation between the

GC content of the stems of archaeal SRP-RNA and the

OGT. However, this correlation could be due to shared

ancestry rather than to thermal adaptation. Therefore, to

control for this possibility we generated phylogenetically

independent contrasts for GC content in the stems of

SRP-RNA and OGT (Felsenstein 1985). This analysis

indicates that a strong positive correlation (rs = 0.821,

P \ 0.001) persists when the phylogenetic relationships

are taken into consideration (Fig. 3). Therefore, it can be

concluded that the differences in the stem GC content of

the SRP-RNAs of archaea growing at different tempera-

tures are probably due to natural selection.

The Increase in the GC Content of Stems Is More

Prominent in the Variable Regions of Archaeal SRP-

RNAs

Sequence alignments have shown that archaeal SRP-RNAs

contain relatively well-conserved regions as well as vari-

able regions (Larsen and Zwieb 1991). Thus, the sequences

of helices 2, 3, and 4, a portion of helix 5, and helix 8

remain relatively well conserved in the different archaeal

SRP-RNAs. By contrast, helix 1, the largest portion of

helix 5, and helix 6 display more variability in their

sequence. To extend our analysis of the adaptation of this

RNA molecule to OGT, SRP-RNAs were partitioned into

conserved and variable regions, and the GC content in the

stems and loops of these regions was analyzed (Table 2).

The results show that the differences in the stem GC

content of the three temperature groups are highest in the

case of the variable regions. However, the Kruskal–Wallis

test indicates that the differences are significant in both

conserved and variable regions (P \ 0.001). Phylogeneti-

cally uncontrolled analysis shows a relatively small cor-

relation between the GC content of the conserved regions

of SRP-RNA and the OGT (slope = 0.38, rs = 0.65,

P \ 0.001). A much better correlation with OGT is found

Table 1 Average GC content in SRP-RNA stems and loops for mesophilic (25–40�C), thermophilic (40–75�C), and hyperthermophilic (C75�C)

bacteria and archaea: mean ± standard error

Stem regions Loop regions

Mesophiles Thermophiles Hyperthermophiles Mesophiles Thermophiles Hyperthermophiles

Archaea (n = 62) 55.7 ± 7.4 70.7 ± 6.5 83.6 ± 5.6 40.1 ± 6.6 47.6 ± 5.1 47.5 ± 6.2

Bacteria L-SRP (n = 23) 48.1 ± 6.1 50.1 ± 4.1 52.3 ± 5.1 43.1 ± 5.1 43.4 ± 7.34 45 ± 6.1

Bacteria S-SRP (n = 77) 55.6 ± 4.1 57.7 ± 5.9 65.1 ± 9.1 42.5 ± 8.1 46.7 ± 7.9 44.1 ± 6.8

Fig. 2 Relationship between the GC content of archaeal SRP-RNA

stems and loops and the optimal growth temperature. Filled circles,

data for stem regions; open squares, data for unpaired regions

Fig. 3 Phylogenetically independent relationship between GC con-

tent of archaeal SRP-RNA stems and optimal growth temperature

(OGT). The correlation between the GC content and OGT-indepen-

dent standardized contrasts is significant (rs = 0.821, P \ 0.001)
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when the variable regions are considered (slope = 0.47,

rs = 0.79, p \ 0.001). These correlations remain robust

when phylogenetic nonindependence is analyzed. The

contrasts for the conserved and variable regions are shown

in Fig. 4. A particularly strong correlation between the GC

content of the stem and the OGT was found when helix 6

was considered independently of the rest of the molecule

(slope = 0.63, rs = 0.92, P \ 0.001). This strong correla-

tion was confirmed by the phylogenetic nonindependence

analysis (Fig. 5).

Discussion

Previous studies have shown a positive correlation between

the GC content in the stems of structural RNAs and the

growth temperature of prokaryotes and eukaryotes (Galtier

and Lobry 1997; Nakashima et al. 2003; Varriale et al.

2008; Wang and Hickey 2002; Wang et al. 2006). Since

GC pairs are more stable than AT, this led to the proposal

of the thermal adaptation hypothesis, which states that the

GC content in structural nucleic acids should be correlated

with the growing temperature of organisms. However,

these studies have focused on ribosomal RNAs (16S or 18S

rRNA) and transfer RNAs. The current availability of large

genomic databases, in particular, for bacteria and archaea,

makes it possible to test this hypothesis more rigorously by

extending the analysis of thermal adaptation to other

structural RNAs. Thus, in the present study we have ana-

lyzed the compositional properties of a different structural

Table 2 Average GC content in stems of conserved and variable regions of archaeal SRP-RNAs—mesophiles (25–40�C), thermophiles (40–

75�C), and hyperthermophiles (C75�C): mean ± standard error

Stem regions Loop regions

Mesophiles Thermophiles Hyperthermophiles Mesophiles Thermophiles Hyperthermophiles

Conserved 62.7 ± 4.0 73.0 ± 5.1 83.0 ± 4.0 46.2 ± 8.6 55.2 ± 7.25 54 ± 7.8

Variable 45.0 ± 6.1 63.4 ± 6.3 81.1 ± 5.7 42.5 ± 8.1 45.4 ± 7.3 41.8 ± 6.3

Fig. 4 Phylogenetically independent relationship between the GC

content in stems of archaeal SRP-RNA and OGT. a Correlation

between the GC content in stems of the conserved regions and OGT-

independent standardized contrasts (rs = 0.723, P \ 0.001). b Cor-

relation between the GC content in stems of the variable regions and

OGT-independent standardized contrasts (rs = 0.791, P \ 0.001)

Fig. 5 Phylogenetically independent relationship between the GC

content in helix 6 of archaeal SRP-RNA and the OGT. Correlation

between the GC content in helix 6 and OGT-independent standard-

ized contrasts (rs = 0.878, P \ 0.001)
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RNA, SRP-RNA. Our goal was to determine whether there

is a positive correlation between the GC content of the

double-stranded regions of this universally conserved

structural RNA and the growing temperature of bacteria

and archaea.

In bacteria we could not detect a correlation between the

GC content of SRP-RNA and the growing temperature.

Among hyperthermophilic, thermophilic, and mesophilic

bacteria, only the hyperthermophiles show a stem GC

content slightly higher than that of the other groups.

However, in this group the variations in GC content are

very important even between organisms growing at similar

temperatures. Thus Aquifex aeolicus (OGT = 85�C) shows

a GC content in the stems as high as 80%, while

Thermotoga petrophila (OGT = 80�C) has a stem GC

content of only 65%. Such variations are found also among

the thermophilic and mesophilic bacteria. In the bacterial

domain we also analyzed 10 psychrophilic species

(OGT B 20�C). Interestingly, in this group the mean value

for the GC content in the stems of SRP-RNA is 55 ± 6,

which is comparable to the mean values found for meso-

philes and thermophiles. This suggests that a minimum GC

content could be required to ensure the proper folding of

SRP-RNA, even at low environmental temperatures.

Another interesting observation is that the GC content in

the loops remains relatively low and constant among bac-

teria with different OGTs. This, as discussed below, could

be related to their role in ensuring the proper folding of

SRP-RNA and its physiological function.

Concerning the archaea this study shows a strong posi-

tive linear correlation between the GC content of the SRP-

RNA and the OGT of these organisms. In particular,

we determined that the GC content in the double-stranded

regions of SRP-RNA are higher in hyperthermophiles,

intermediate in thermophiles, and lower in mesophiles.

Moreover, by using phylogenetic-independence contrast

analysis, we demonstrated that this correlation is not an

artifact due to phylogenetic relation but more likely reflects

an adaptation resulting from natural selection. Also,

by distinguishing between the conserved and the variable

regions of the archaeal SRP-RNA, we observed that the

increase in GC content in stem regions is more significant

in helices 5 and 6. In particular, this analysis showed a very

robust correlation between the GC content of the stem

region of helix 6 and the OGT. This helix is present

exclusively in SRP-RNAs of eukaryotes and archaea and

displays extensive base-pairing (Zwieb et al. 2005). Helix 6

plays an important role in the assembly of the S-domain of

the SRP. Biochemical and crystallographic studies have

shown that the conserved adenosine in the apical GNAR (N

is for any nucleotide, R is for a purine) tetraloop in helix 6

establishes a tertiary interaction with another adenosine

residue in the apical loop of helix 8 (Hainzl et al. 2002; Yin

et al. 2004; Zwieb et al. 2005). This interaction is stabilized

by SRP19, which binds to the apical tetraloops of helices 6

and 8, clamps them together, and induces extensive inter-

actions between them (Diener and Wilson 2000; Siegel and

Walter 1988; Zwieb 1991, 1992, 1994). These interactions

trigger an important conformational change in the long

strand of the asymmetric loop in helix 8, which enhances

the affinity of the RNA for the SRP54 protein (Egea et al.

2008; Hainzl et al. 2005). However, in vitro studies have

reported that in some archaea, SRP54 can bind to SRP-

RNA in the absence of SRP19 (Bhuiyan et al. 2000; Diener

and Wilson 2000; Hainzl et al. 2005; Maeshima et al. 2001;

Tozik et al. 2002; Yurist et al. 2007). In these organisms

the tertiary interactions between helix 6 and helix 8 occur

independently of SRP19 and could suffice to stabilize them

in a tertiary structure with an intrinsic affinity for SRP54

(Hainzl et al. 2005; Yin et al. 2004). Thus, the strong

positive correlation between the OGT and the GC content

of helix 6 in archaeal SRP-RNA could be a reflection of its

essential role in the assembly of the S-domain of the SRP.

In the absence of a specific adaptation, the high tempera-

tures endured by some archaea could destabilize the stem

supporting the GNAR tetraloop and therefore prevent its

interaction with the apical tetraloop in helix 8. This would

result in failure of the assembly of the SRP. Therefore, it is

tempting to speculate that the observed increase in the GC

content of helix 6 of thermophilic and hyperthermophilic

archaea could be an adaptation to preserve its thermal

stability in order to ensure SRP assembly.

Helix 1 was also analyzed independently of the rest of

the molecule. This helix pairs the terminal regions of

archaea and long bacterial SRP-RNAs, and it has been

suggested that it could play a role in preventing the

unfolding of the SRP-RNA under the extreme conditions in

which archaea thrive (Larsen and Zwieb 1991; Zwieb et al.

2005). In mesophilic and thermophilic archaea the mean

GC content in helix 1 is very similar, 63 ± 8.1 and

65 ± 6.3, respectively. In hyperthermophilic archaea the

mean GC content in helix 1 is higher, 80 ± 7.0. The dif-

ference between the hyperthermophilic group and the other

two groups is statistically significant (U-test, P = 0.001).

However, we could not find a linear relationship between

the GC content of this stem and the OGT. Nevertheless, our

data show that in the three temperature groups the GC

base-pair content in helix 1 remains relatively high, con-

ferring a great stability to the helix. This suggests that

(independently of the growth temperature) the tight closure

of the ends of SRP-RNA could be of some importance in

the maintenance of the structure of SRP-RNA.

The observed increase in GC content of the stems of

archaeal SRP-RNA is consistent with previous studies

showing that, in prokaryotes, there is a significant correla-

tion between the GC content of structural RNAs (rRNAs
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and tRNAs) and the growth temperature, and that the high

GC content is concentrated in the double-stranded regions

of the molecule. These studies also revealed that in rRNAs

the GC content of single-stranded regions remains rela-

tively low and constant. Similarly, our data indicate that the

GC content of the single-stranded regions of SRP-RNA

remains remarkably constant among the three temperature

groups (*40%). It has been proposed that the evolutionary

conserved level of guanine (and A) in the unpaired regions

of rRNAs could be explained by the fact that these regions

may play an essential role in maintaining the secondary and

tertiary structure of the molecules (Wang and Hickey 2002).

This is most likely the case in SRP-RNAs since phyloge-

netic comparative sequence analysis shows that there is a

high degree of conservation among the nucleotides forming

the loops and bulges of these RNAs (Schmitz et al. 1999).

This is particularly true for the nucleotides of the loops in

the S-domain of archaeal SRP-RNAs (Sauer-Eriksson and

Hainzl 2003). Moreover, as mentioned above, structural,

biochemical, and mutational studies on prokaryotic

SRP-RNAs have shown that the loops of helix 8 of the

S-domain are involved in tertiary interactions with the

M-domain of protein SRP54, and that such interactions are

essential for the physiological function of SRP-RNA

(Hainzl et al. 2005). We have also mentioned above the

essential role of the tertiary interactions between the apical

loops of helices 6 and 8. Finally, mutational studies have

shown that tertiary interactions between two distant loops in

the Alu domain are necessary to ensure the correct folding

and assembly of this region of the SRP-RNA (Huck et al.

2004). Thus, taken together, these results provide evidence

that the specific increase in the GC content of the tem

regions of archaeal SRP-RNA results from natural selection

acting to maintain the folded structure of the molecule at

higher temperatures. Moreover, the fact that the composi-

tion of the single-stranded regions remains constant and

independent of the environmental temperature in this

structural RNA indicates that natural selection operates also

to ensure that this region remains single-stranded.

A striking finding of this study is that bacterial and ar-

chaeal SRP-RNAs seem to have evolved a different

response to adapt to environmental temperature. The fact

that we could not detect any significant increase in GC

content in double-stranded regions of SRP-RNA (both

short and long) of thermophilic and hyperthermophilic

bacteria suggests that in these organisms this structural

RNA could be stabilized by a different mechanism.

Possible mechanisms include the use of modified nucleo-

sides and/or the existence of specific RNA chaperones,

which could direct the folding of newly transcribed SRP-

RNA (Schroeder et al. 2004; Shigi et al. 2006; Wolin and

Wurtmann 2006). However, a major problem encountered

in the analysis of the thermal adaptation of SRP-RNA in

bacteria is that the vast majority of these organisms are

mesophiles. Currently, the number of thermophilic and, in

particular, hyperthermophilic bacterial species in the

genomic databases is very low. Thus, although our study

failed to detect a relationship between the OGT of bacteria

and the GC content in SRP-RNA stems, the data should not

be overinterpreted, as they are not definitive evidence

against the thermal adaptation hypothesis. By contrast, our

study clearly demonstrates that, as for rRNAs and tRNAs,

the SRP-RNAs from archaea have adapted to increasing

environmental temperatures by increasing the GC content

in their stems.
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