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Phenylalanyl-tRNA synthetase from the hyperthermophilic archaeon Thermococcus
kodakaraensis KOD1 (Tk-PheRS) was cloned. The open reading frames for both the �-
subunit (Tk-pheRSA) and �-subunit (Tk-pheRSB) genes were 1,503 bp (501 amino
acids) and 1,722 bp (574 amino acids), respectively. Tk-pheRSB located 879 bp down-
stream from Tk-pheRSA with a putative TATA box, suggesting that these two subunits
are transcribed and regulated independently in KOD1 cells. Tk-PheRS and its respec-
tive subunits were expressed in Escherichia coli cells and the proteins were purified.
Tk-PheRS showed an optimum enzymatic activity at around 95�C and retained its ter-
tiary structure at 98�C. The estimated isoelectric point (pI) for the �-subunit is 9.4 and
that for the �-subunit is 4.6, the largest difference among the 12 kinds of PheRSs
reported. The considerable thermostability of Tk-PheRS may be responsible for the
electrostatic interaction between the �- and �-subunits.

Key words: electrostatic interaction, heterooligomeric protein, hyperthermophilic
protein, phenylalanyl-tRNA synthetase.

Abbreviations: aaRS, aminoacyl-tRNA synthetase; CAPS, N-cyclohexyl-3-aminopropanesulfonic acid; CD, circular
dichroism; Da, Dalton; EDTA, ethylenediaminetetraacetic acid; FRET, fluorescence electron transfer; IPTG, iso-
propyl-�-D-thiogalactopyranoside; mdATP, N-methylanthranioyl deoxy ATP; HEPES, N-2-hydroxyethylpipera-
zine-N�-2-ethanesulfonic acid; PheRS, phenylalanyl-tRNA synthetase; PheRSA, �-subunit of PheRS; PheRSB, �-
subunit of PheRS; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis; Tk, Thermococcus
kodakaraensis KOD1; Tris, 2-amino-2-hydroxymethyl-1,3-propanediol; UV, ultraviolet.

Aminoacyl-tRNA synthetases (aaRSs) play a central role
in ensuring the fidelity of translation of the genetic code
through selection of the correct amino acid (1–4). Every
aaRS exerts restricted specificity for each respective
amino acid. The aaRSs are generally divided into two
classes by comparison of their primary structures, indi-
cating that there are two evolutionary families of aaRSs
(5). During the past decade, tertiary structures of 15
kinds of aaRSs, including TyrRS (6), GlnRS (7), MetRS
(8), TrpRS (9), GluRS (10), IleRS (11), and ArgRS (12) in
class I and SerRS (13), AspRS (14), LysRS (15), GlyRS
(16), PheRS (17), ProRS (18), and AsnRS (19) in class II
have been determined. Analyses of their structural prop-
erties and DNA sequences have revealed that most
aaRSs have either a monomeric or homooligomeric struc-
ture, with the exception of several GlyRSs and PheRSs,
which have �2�2 heterooligomeric structure.

PheRS (phenylalanyl-tRNA synthetase; EC 6.1.1.20) is
the largest and most complicated enzyme, with an �2�2
heterotetrameric structure (17, 20–25), classified as a
class II enzyme on the basis of sequence motifs and pro-

are still unclear, because class I tRNA synthetases and
PheRS charge the 2�-hydroxyl group of the tRNA acceptor
stem while class II enzymes, except PheRS, charge the 3�-
hydroxyl group of the tRNA acceptor stem. In addition,
mitochondrial PheRS exhibits a monomeric form with
similarity to the �-subunits of cytoplasmic PheRSs (26).
Although it will be interesting to reveal both the enzy-
matic and structural properties of archaeal PheRS, to
date only PheRSs from Methanosarcina barkeri (27) and
Methanobacterium thermoautotrophicum (28) have been
purified.

In this paper, we report the gene cloning and purifica-
tion as well as enzymatic and structural analyses of
an archaeal PheRS from Thermococcus kodakaraensis
KOD1. T. kodakaraensis KOD1 is one of the most ther-
mophilic organisms with an optimum growth tempera-
ture of 95�C (29) and full genome analysis is in progress.
Previously, we reported the gene cloning and X-ray crys-
tal structure analysis at 1.9 Å resolution of the AspRS
protein from T. kodakaraensis KOD1 (30–32). This paper
deals with the characterization of recombinant PheRS
and the respective � (PheRSA) and � (PheRSB) subunits
from T. kodakaraensis KOD1.
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MATERIALS AND METHODS

Isolation and Sequencing of the pheRS Gene from T.
kodakaraensis KOD1—In order to obtain the pheRS gene
from KOD1 cells, PCR was carried out using primers
designed on the basis of conserved amino acid sequences
among PheRSs. The primers used were 5�-CA(C/T)CC(G/
A)GC(A/G)(A/C)G(G/A)GA(C/A)ATGCA(G/A)GACAC(T/
C)TT-3� and 5�-GGCTC(A/G)GTGAA(C/T)GGGAAGTA-3�.
An amplified 460-bp DNA fragment corresponding to
part of the Tk-pheRS gene was obtained. The fragment
was then used as a probe to isolate a phage clone that
spanned the entire Tk-pheRS gene from the genomic
DNA library of T. kodakaraensis KOD1 using the
�EMBL4 phage vector. The selected phage DNA frag-
ment was subcloned into pBluescript II SK+ (STRATA-
GENE, La Jolla, CAL) and the nucleotide sequence was
determined using an ABI Model 310 capillary DNA
sequencer PRISM with a dye-terminator sequencing kit
(Perkin-Elmer Applied Biosystems, Foster City, CAL).
For gene expression, Tk-pheRSA (�-subunit) and Tk-
pheRSB (�-subunit) were respectively subcloned into
pET-25b(+) (Novagen, Madison, WIS). The resultant plas-
mids were designated pET-pheRSA and pET-pheRSB,
respectively. To express Tk-pheRS (both �- and �-subu-
nits), the fragment harboring the T7 promoter and Tk-
pheRSB gene derived from pET-pheRSB was inserted
into pET-pheRSA. The resultant plasmid, designated
pET-pheRS, carried both Tk-pheRSA and Tk-pheRSB
located under the control of the T7 promoter.

Expression of Tk-PheRSA, Tk-PheRSB, and Tk-PheRS—
The recombinant proteins were each overproduced in E.
coli BL21-CodonPlus (DE3)-RIL (STRATAGENE) cells
harboring the respective recombinant plasmids. When
the optical density at 660 nm reached 0.4, expression was
induced with 1 mM isopropyl-�-D-thiogalactopyranoside
(IPTG) for 4 h. The cells from the culture broth (2.5 liters)
were harvested by centrifugation and disrupted by soni-
cation in 150 ml of 50 mM Tris-HCl buffer (pH 8.0) for
Tk-PheRS or 20 mM Tris-HCl buffer (pH 9.0) for the
recombinant �- and �-subunits. The supernatants were
recovered after centrifugation at 15,000 �g for 30 min at
4�C, and subjected to heat treatment at 80�C for 20 min.
The samples were then centrifuged (20,000 �g) at 4�C for
60 min and dialyzed overnight against 50 mM Tris-HCl
buffer (pH 8.0) for Tk-PheRS or 20 mM Tris-HCl buffer
(pH 9.0) for the �- and �-subunits.

Purification of Tk-PheRS—The dialyzed Tk-PheRS was
applied to a HiTrap Heparin column (5 ml; Pharmacia
Biotech, Uppsala, Sweden) equipped with an ÄKTA
FPLC system (Pharmacia Biotech) at 4�C equilibrated
with 50 mM Tris-HCl buffer (pH 8.0). The adsorbed frac-
tion was eluted with 50 mM Tris-HCl buffer (pH 8.0) con-
taining 1 M NaCl, and dialyzed overnight against 50 mM
Tris-HCl buffer (pH 8.0) at 4�C. The sample was applied
to a Mono Q column (1 ml; Pharmacia Biotech) equipped
with the ÄKTA FPLC system at 4�C. The adsorbed frac-
tion was eluted with a linear gradient consisting of 10
column volumes of 0 M to 1 M NaCl in 50 mM Tris-HCl
buffer (pH 8.0). The purified solution was applied to a
Superdex 200 HR column (24 ml; Pharmacia Biotech)
equilibrated with 20 mM Tris-HCl buffer (pH 8.0) and 50

mM NaCl. The homogeneity of the purified protein was
confirmed by SDS-PAGE.

Purification of the �-Subunit—The dialyzed �-subunit
was applied to a HiTrap Q column (5 ml; Pharmacia Bio-
tech) equipped with the ÄKTA FPLC system at 4�C equil-
ibrated with 20 mM Tris-HCl buffer (pH 9.0). The non-
adsorbed fraction was applied to a HiTrap SP column (5
ml; Pharmacia Biotech). The adsorbed fraction was
eluted with a linear gradient consisting of 10 column vol-
umes of 0 M to 1 M NaCl in 20 mM Tris-HCl buffer (pH
9.0). The fraction was dialyzed overnight against 20 mM
CAPS-NaOH buffer (pH 10.0) at 4�C due to the formation
of insoluble aggregates at neutral pH. The sample was
applied to a HiTrap Q column equilibrated with 20 mM
CAPS-NaOH buffer (pH 10.0). The adsorbed fraction was
eluted with a gradient of 40 mM NaCl in 20 mM CAPS-
NaOH buffer (pH 10.0). The homogeneity of the purified
protein was confirmed by SDS-PAGE.

Purification of the �-Subunit—The dialyzed �-subunit
was applied to a HiTrap Q column equipped with the
ÄKTA FPLC system at 4�C equilibrated with 20 mM
Tris-HCl buffer (pH 9.0). The adsorbed fraction was
eluted with a linear gradient consisting of 10 column vol-
umes of 0 M to 1 M NaCl in 20 mM Tris-HCl buffer (pH
9.0). The enzyme sample was dialyzed overnight against
20 mM HEPES-NaOH buffer (pH 9.0) at 4�C, and applied
to a POROS HQ column (1 ml; Pharmacia Biotech) equil-
ibrated with 20 mM HEPES-NaOH buffer (pH 9.0). The
adsorbed fraction was eluted with a linear gradient con-
sisting of 10 column volumes of 0 M to 1 M NaCl in 20
mM HEPES-NaOH buffer (pH 9.0). The purified solution
was applied to a Superdex 200 HR column (24 ml; Phar-
macia Biotech) equilibrated with 20 mM Tris-HCl buffer
(pH 8.0) and 50 mM NaCl. The homogeneity of the puri-
fied protein was confirmed by SDS-PAGE.

Enzymatic Reaction of Tk-PheRS—The enzymatic activ-
ity of Tk-PheRS was estimated by the N-methylan-
thranioyl dATP (mdATP) method as described previously
(33). The synthesized mdATP isolated by chromatogra-
phy on a Sephadex LH-20 column (Pharmacia Biotech)
was identified by a Perseptive Biosystems MarinerTM

ESI-TOF MASS spectrometer (PerSeptive Biosystems,
Framingham, MA) and 1H NMR by a Varian Mercury 400
(400 MHz) spectrometer. The obtained mass of mdATP
was 623.0454, which is almost identical to the calculated
mass of 623.0457.

The sample was incubated at final concentration of 0.5
�M Tk-PheRS, 5 �M of mdATP, and 100 mM HEPES-
NaOH buffer (pH 7.0) at 37�C for 30 min, and the fluores-
cence spectrum of the sample was monitored by excita-
tion at 295 nm. When mdATP binds to Tk-PheRS, the flu-
orescence energy transfer (FRET) from the intrinsic
tryptophan residues in Tk-PheRS to mdATP is detected
by emission at around 445 nm. A substrate solution of 5
�M ATP and 5 �M Phe was added to the enzyme solution,
and the decreased intensity at 445 nm with excitement at
295 nm was monitored at various temperatures from
20�C to 98�C using a Jasco fluorescence spectrometer,
model FP6500, with a thermal control system (Japan
Spectroscopic Company, Tokyo). The obtained curve was
fitted to a single exponential equation and then the rate
constant was determined at various temperatures.
J. Biochem.
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Fig. 1. Nucleotide and deduced amino acid sequences of the
Tk-pheRSA and Tk-pheRSB genes. Tk-pheRSA and Tk-pheRSB
are shown in the upper and lower squares, respectively. Ribosome

binding sites (RBS) are indicated. A putative TATA box for Tk-
pheRSB is underlined. Stop codons are indicated by asterisk.
Vol. 134, No. 4, 2003
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Circular Dichroism Spectra—Far-UV circular dichr-

oism (CD) spectra were measured with a Jasco spectropo-
larimeter, model J-720W (Japan Spectroscopic Com-
pany), equipped with a thermal incubation system. The
far-UV CD spectra of Tk-PheRS, �-subunit, and �-subu-
nit were measured at protein concentrations of 0.1 mg/ml
in 10 mM Tris-HCl buffer (pH 8.0) a 2 mm pathlength
cell at 20�C. The thermal unfolding profile of Tk-PheRS
was monitored by the CD intensity changes at 222 nm at
a protein concentration of 0.14 mg/ml in 10 mM HEPES-
NaOH buffer (pH 7.0). The rate of temperature increase
was 1�C/min.

RESULTS AND DISCUSSION

Sequence analysis of the pheRS gene from T. kodakara-
ensis KOD1—Figure 1 shows the nucleotide and deduced
amino acid sequences of the pheRS gene from T. kodaka-

raensis KOD1 (Tk-pheRS, GeneBank accession number
AB093556). The open reading frames encoding the �- and
�-subunits comprise 1,503 bases (501 amino acids) and
1,722 bases (574 amino acids), respectively. The molecu-
lar weight from the derived amino acid sequences of the
�- and �-subunits are 57,600 and 66,200, respectively.
The molecular weights of the �- and �-subunits from
mesophilic bacteria (E. coli) are 37,300 and 87,400 (34);
those from thermophilic bacteria (T. thermophilus) are
39,300 and 86,400 (35); those from eucarya (yeast) are
67,300 and 57,400 (36). Comparison of these values indi-
cates that the masses of the subunits from KOD1 are
similar to those from eucarya rather than those from
bacteria.

Figure 2 shows the sequence alignments of the con-
served class II motifs from archaea, eucarya, and bacte-
ria. The putative catalytic site of the �-subunit is com-
posed of conserved amino acid residues among class II

Fig. 2. Amino acid alignment around the conserved motifs in
pheRSA from archaea, bacteria, and eucarya. TKO, Thermococ-
cus kodakaraensis; MET, Methanococcus jannaschii; TTH, Thermus
thermophilus; ECO, Escherichia coli; SCE, Saccharomyces cerevi-
siae; HSA, Homo sapiens. Bold underlined characters show amino

acids that are identical in all sequences. Bold characters show amino
acids with the same charges in all sequences or identical residues
among 4–5 sequences. White letters on a black background show the
catalytically important residues described in the text.

Fig. 3. Phylogenetic relationship
among 19 kinds of PheRSA and
PheRSB. Amino acid sequence align-
ment was carried out with the multi-
ple alignment algorithm in Biore-
search/Sinca, version 2.0 (Fujitsu,
Tokyo). The phylogenetic tree was
constructed by the neighbor-joining
method (39). The reliability of the
tree nodes was analyzed by generat-
ing 1,000 bootstrap trees. The
number of amino acid substitutions
per site is shown by the scale.
J. Biochem.
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aaRSs. The residues in motif 1 include an �-helix (resi-
dues Ile265-Asn280 in the �-subunit from KOD1) for the
heterodimeric interface between the �- and �-subunits (5,
37). Motifs 2 and 3 play crucial roles in the binding of the
amino acid substrate and acceptor stem of the tRNA (38).
Based on the crystal structure of T. thermophilus, cata-
lytically important residues were identified for Tk-
PheRSA. Phe391 in motif 2 and Arg472 in motif 3 bind to
the adenosine moiety. Arg379 in motif 2 and Arg463 in
motif 3 restrain the conformation with the triphosphate
that interacts with the ribose hydroxyl and �-phosphate.
Asp395 in motif 2 is a unique residue; the position is Glu
in other cases. Asp395 may bind to phenylalanine to
assure proper positioning of the substrate.

Alignment of the amino acid sequences of the �- and �-
subunits was based on pair-wise comparison. Figure 3
illustrates the phylogenetic relationship among PheRSs
from various organisms using the Neighbor Jointing
Method (39). The �- and �-subunits from KOD1 were
grouped in the archaeal domain, with especially high
similarity to P. horikoshii with a bootstrap value of 100%.
The profiles of the tree for the �- and �-subunits agrees

well with those of the universal tree based on 16S ribos-
omal RNA sequences (40).

A spacer region between the Tk-pheRSA (�-subunit)
and Tk-pheRSB (�-subunit) genes is 879 bp, which is not
necessarily a long spacer region compared with the genes
from bacteria and four kinds of archaea (Table 1). On the
other hand, the expression of these two genes might be
controlled by their respective transcription units in the
cases of encarya and other archaea, because there is a
considerable distance between the two genes. Although
Tk-pheRSA and Tk-pheRSB are clustered in the same
direction and both locate at the same loci on the KOD1
chromosome, Tk-pheRSB possesses its own TATA box in
the upstream region of the gene. Therefore, it was sug-
gested that the Tk-pheRSA and Tk-pheRSB genes are
transcribed independently in KOD1 cells, while both sub-
units are transcribed from the same promoter similar to
the cases for bacterial PheRS genes (41).

Expression and Purification of Recombinant Tk-PheRS,
Tk-PheRSA, and Tk-PheRSB—Recombinant proteins of
Tk-PheRS and each subunit alone were expressed in E.
coli cells. However, these proteins could not be expressed
when E. coli BL21 (DE3) cells were used, probably due to
the difference in codon usage between bacteria and
archaea (42). E. coli BL21-CodonPlus (DE3)-RIL cells
were successfully used for expression in all three cases.
The cell extracts of the three expressed proteins were
subjected to heat treatment at 80�C for 20 min, and crude
extracts of the recombinant proteins were obtained in sol-
uble fractions. After purification, the purity of each pro-
tein was evaluated by SDS-PAGE (Fig. 4). Tk-PheRS and
the �-subunit were purified on a Superdex 200 column as
the final step of protein purification. The purified Tk-
PheRS and �-subunit chromatographed at ~250 kDa and
~130 kDa, indicating that Tk-PheRS and the �-subunit
form �2�2 and �2 complexes, respectively.

Temperature Dependency of the Enzymatic Reaction—
Activity measurements of Tk-PheRS were carried out
using fluorescence energy transfer (FRET) from the
intrinsic tryptophan to mdATP (33). The binding of
mdATP to the active site of the protein leads to FRET due

Table 1. Oligonucleotide distances between pheRSA and pheRSB genes.

Species Domain Distance (bp)
Thermus thermophilus Bacteria 0
Halobacterium sp. NRC-1 Archaea 0
Aeropyrum pernix Archaea 1
Sulfolobus solfataricus Archaea 5
Pyrococcus horikoshii Archaea 11
Escherichia coli Bacteria 14
Bacillus subtilis Bacteria 15
Thermococcus kodakaraensis KOD1 Archaea 879
Pyrobaculum aerophilum Archaea 121,701
Thermoplasma volcanium Archaea 494,385
Methanococcus jannaschii Archaea 616,437
Schizosaccharomyces pombe Eucarya 911,749
Archaeoglobus fulgidus Archaea 1,703,648
Methanosarcina mazei Goe1 Archaea 1,710,940
Methanosarcina acetivorans C2A Archaea 2,302,929
Caenorhabditis elegans Eucarya chromosome 1 (�), 2 (�)
Saccharomyces cerevisiae Eucarya chromosome XII (�), VI (�)

Fig. 4. SDS-PAGE analysis of purified Tk-PheRS, Tk-PheRSA,
and Tk-PheRSB. Proteins were stained with Coomassie Brilliant
Blue. 1, Standard markers; 2, Tk-PheRS; 3, Tk-PheRSA; 4, Tk-
PheRSB.
Vol. 134, No. 4, 2003
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to excited tryptophan fluorescence at 330–350 nm. The
mdATP method is favorable for determining the temper-
ature-dependent activity of aaRSs as compared with the
conventional [�-32P]ATP method because the reaction can
be directly monitored by fluorescence spectrometry.
PheRS catalyzes the two reaction steps, ATP + Phe 	
AMP-Phe and AMP-Phe + tRNA 	 Phe-tRNA + AMP.
The mdATP method detects the rate-limiting step of the
former reaction. Figure 5 shows a temperature-depend-
ent analysis of the synthesis reaction of Tk-PheRS. At
60�C and 98�C, the FRET intensity at 445 nm decreased
upon the addition of ATP and Phe, however, the FRET
intensity at 445 nm did not decrease by the addition of
buffer at 60�C (Fig. 5A). The data were collected at 11
points between 20–98�C and the rate constants for the
synthesis reaction were determined by single-exponen-
tial fitting (Fig. 5B). The enzymatic activity increased at
higher temperatures. In particular, above 80�C, the activ-
ity increased rapidly. Tk-PheRS showed maximum activ-
ity at around 95�C.

Thermal Unfolding Profile of Tk-PheRS—Figure 6
shows thermal unfolding profiles of Tk-PheRS as moni-
tored by the CD intensity changes at 222 nm. With
increasing temperature, the intensity of the far-UV CD
signal decreased slightly (Fig. 6A). The secondary struc-
ture was retained below 95�C (Fig. 6B). With further
increasing temperature, the CD intensity decreased
steeply, which corresponds to the thermal unfolding sig-

nal. PheRS from E. coli is inactivated by heat treatment
at 43�C (43); after heat treatment for 10 min, the temper-
ature for the half-time inactivation of PheRS from the
archaeal Sulfolobus solfataricus is estimated to be 88�C
(44). On the other hand, Tk-PheRS retains its activity
and tertiary structure at 95�C, indicating that Tk-PheRS
is the most thermostable PheRSs reported.

Fig. 5. Estimated reaction of aminoa-
cyl adenylate monitored by the
mdATP method. (A) Time-dependent
displacement of mdATP by the synthesis
reaction of aminoacyl adenylate. Activity
was monitored at temperatures of 60�C
(solid circles) and 98�C (open circles). As a
control, instead of Phe and ATP, buffer
was added and the activity was monitored
at 60�C (crosses). The lines show the sin-
gle-exponential fits to the data. (B) Tem-
perature-dependent activity of the synthe-
sis reaction of phenylalanine adenylate.

Fig. 6. Thermal unfolding profile of
Tk-PheRS as monitored by CD. (A)
Thermal unfolding profiles of Tk-PheRS
monitored by the changes in CD inten-
sity at 222 nm. (B) Far-UV CD spectra
of Tk-PheRS at 20�C (continuous line)
and at 90�C (dotted line).

Fig. 7. Far-UV CD spectra of Tk-PheRS, Tk-PheRSA, and Tk-
PheRSB. Far-UV CD spectra of Tk-PheRS (continuous line), �-sub-
unit alone (broken line), and �-subunit alone (dotted line) were
measured at 20�C.
J. Biochem.
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CD Analyses of Tk-PheRS, and Its �- and �-Subunits—
Figure 7 shows far-UV CD spectra of Tk-PheRS, the �-
subunit, and the �-subunit. Tk-PheRS possesses high �-
helical content as indicated by a typical �-helical far-UV
CD spectrum with characteristic peaks at 222 nm and
208 nm. The �-subunit does not form any definite second-
ary structure. On the other hand, the �-subunit shows a
typical �-helical structure in the far-UV CD spectrum.
The purified �-subunit forms dimers as judged by gel-fil-
tration analysis (data not shown), while the purified �-
subunit is prone to form aggregates at neutral pH. These
data imply that the formation of the oligomeric interfaces
of Tk-PheRS is arranged in the order of �-�-�-�, which is
conserved in PheRSs from archaea and eucarya.

Structural Implications for an Archaeal PheRS—Tk-
PheRS is very thermostable with an optimum tempera-
ture for activity at 95�C, which is the most thermostable
aaRSs reported. The difference in the isoelectric points
(
pI) between the �-subunit (pI = 9.39) and �-subunit (pI
= 4.62) might be significant in facilitating the interaction
between these two subunits and in maintaining the ther-
mostable structure of PheRS. Figure 8 shows the 
pI
between the �- and �-subunits plotted against the growth
temperatures of the organisms. The 
pI clearly increases
as the growth temperature increases, indicating the
importance of the electrostatic interaction for adaptation
to high temperatures. In fact, hyperthermophilic proteins
possess large numbers of ion-pairs or ion-pair networks
on their surface and at protein–protein interfaces (45–
47). While it is unclear whether the electrostatic interac-
tion is the major factor for protein interactions (48), the
clear relationship shown in Fig. 8 implies that the elec-
trostatic interaction between the �- and �-subunits plays
an important role in facilitating and retaining the tetra-
meric �2�2 structure at high temperatures. These impli-
cations provide basic information about the uniqueness

of PheRS as well as protein-protein interactions in hyper-
thermophilic proteins that allow them to retain their ter-
tiary structures at growth temperature above 90�C.
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Research from the Ministry of Education, Science, Sports and
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