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ABSTRACT

A 4459 bp long Sa/nHI restriction fragment containing
the two genes for the Thermus thermophilus HB8
phenylalanyt-tRNA synthetase was cloned in Escherichia
coll and its nucleotlde sequence was determined. The
genes pheS and pheT encode the a- and /3-subunlts with
a molecular weight of 39 and 87 kD, respectively. Three
conserved sequence motifs typical for class II tRNA
synthetases occur in the a-subunit. Secondary structure
predictions indicate that an arm composed of two anti-
parallel a-helices similar to that reported for the E.coll
seryMRNA synthetase may be present in its N-terminal
portion. In the /3-subunlt clusters of hydrophillc amino
acids and a leucine zipper motif were identified, and
several pronounced a-hellcal regions were predicted.
The particular arginine and lyslne residues in the N-
terminal portion of the 0-subunit, which were found to
participate in tRNA binding in the yeast and E.coli
PheRSs, have their counterparts in the T.thermophilus
protein. The 5'-portion of an open reading frame
downstream of pheT was found and codes for a yet
unidentified, extremely hydrophobic peptkte. ihepheST
genes are presumably cotranscribed and translatlonally
coupled. A novel type of a putative transcriptional
terminator in Thermus species was identified immedi-
ately downstream of pheT and other Thermus genes.
The genes pheS and pheST were expressed in E.coli.

INTRODUCTION

Although all aminoacyl-tRNA synthetases have a common function
in protein biosynthesis, namely to catalyse the aminoacylation of
tRNA with one specific cognate amino acid, they are widely
diverse in structure. Therefore, the investigation of each individual
tRNA synthetase gives novel insights into, how structurally
different protein molecules accomplish similar reactions, as well
as into the evolution of the genetic code.

However, three dimensional structures of only five tRNA
synthetases are available, i.e. the tyrosyl-tRNA synthetase of
Bacillus stearothermophilus (1), glutaminyl- (2), methionyl- (3),
seryl-tRNA synthetase of Escherichia coli (4), and the aspartyl-
tRNA synthetase of yeast (5). Based mainly on these structural
data and on computer evaluations of known amino acid sequences
of tRNA synthetases these enzymes have recently been classified
into two groups (6,7). Class I synthetases show two common
consensus sequences ('HIGH' and 'MSKS'), whereas class II
synthetases share three different sequence motifs which may be
manifested more in their tertiary structure than in their primary
structure. The PheRS was assigned to class n because the small
subunit of this enzyme displays the characteristic elements of this
group (6). However, among the class n synthetases the PheRS
appears to be peculiar with respect to its oligomeric structure, its
primary attachment site of the activated amino acid, and the fact
that its substrate is not one of the primordial types. In the first
case, the PheRS has an oligomeric state of a ^ (8) with the
exception of the mitochondrial Saccharomyces cerevisiae PheRS,
which is active as a monomer composed of sequences
corresponding to the prokaryotic a-subunit and to the C-terminal
portion of the /S-subunit (9). The small subunit of the Thermus
thermophilus PheRS was designated as a-, the large as /3-subunit
(10). Apart from PheRS this heterotetrameric structure is found
only in the glycyl-tRNA synthetase which possesses the class II-
specific sequence motif 3 but lacks the other two motifs (6).
Secondly, the PheRS is an exception from the rule that class II
synthetases aminoacylate tRNA on the 3'-OH of the ribose (6).
Instead, it aminoacylates at the 2'-OH (11,12), a property shared
with most of the class I synthetases. Thirdly, the presumably more
ancestral class n synthetases are believed to use primordial amino
acids as substrates, which are spontaneously formed under prebiotic
conditions (13). Phenylalanine, however, probably does not come
into existence under these conditions. All these unusual properties
point towards an exceptional position of PheRS in evolution.

The o- and /3-subunits of the PheRS are encoded by the genes
pheS and pheT which are adjacent to each other in both E.coli
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and Bacillus subtilis (14,15). In E.coli their expression is regulated
by the classical form of attenuation involving two alternative stem-
loop structures and a phenylalanine-rich leader peptide (16). In
B. subtilis, on the other hand, the expression of the pheST genes
is believed to be regulated by an anti-termination mechanism
similar to that described for lamboid phages (15). Since attenuation
may also occur in T.thermophilus, as discussed for the methionyl-
tRNA synthetase gene (metS) (17), it was of special interest for
us to examine the upstream and downstream regions of the pheST
genes for possible regulatory elements.

Apart from the investigation of the gene expression, the
elucidation of the structure-function relationships related to the
peculiarities of the PheRS has been a predominant challenge for
several working groups in recent years. Consequently, several
biochemical data have been collected especially concerning the
smaller a-subunit of the PheRS, which may be similar in structure
to the seryl-tRNA synthetase (4). Studies on the E.coli and yeast
PheRSs with altered amino acids or deletions in consensus motif
3 (18,19) support the assumption that this motif is, as a part of
the active site, involved in phenylalanine binding. Little is known
about structure and function of the /3-subunit, which shows no
homology to other tRNA synthetases. It also contributes to the
active site and is involved in tRNA binding as shown by affinity
labelling and crosslinking experiments (20-22).

In addition to these data, X-ray structural analyses would
contribute to an important progress in our understanding of the
catalytic mechanism of the PheRS. Due to their high stability,
proteins from thermophilic bacteria have proven particularly useful
for crystallography. Recently, the PheRS of Thermus thermophilus,
an extremely thermophilic bacterial species, has been purified,
crystallized (10,23,24) and previously studied (25). Both, the
determination of the primary structure and the construction of
strains overexpressing the PheRS have now become a prerequisite
for further studies. In our laboratory we have recently cloned the
glutamyl- and aspartyl-tRNA synthetases of T.thermophilus HB8.
In this work we report the cloning and sequencing of the genes
encoding the T.thermophilus HB8 PheRS and their expression in
E. coli, which may be an essential contribution in order to advance
the structural and functional investigations of this enzyme.

MATERIALS AND METHODS
Bacterial strains and plasmids

Thermus thermophilus HB8 (ATCC 27634) was grown as reported
previously (26). Escherichia coli strains JM109 (27), DH5a (28)
and SGI3009 (29) were grown in Luria Bertani nutrient medium
(30). Plasmid pREP4 (Diagen GmbH, Diisseldorf, Germany)
encodes the Lac repressor and the neomycin phosphotransferase.
Plasmids pUC18 (27) and pKK223-3 (Pharmacia LKB, Uppsala,
Sweden) were used for cloning and sequencing, and for expression,
respectively.

Peptide sequencing

For the amino acid sequence determination of PheRS fragments
of the individual or- and /3-subunits, which were obtained as
outlined in (24), 2 nmoles of protein were digested over night with
endoproteinase Glu-C (Boehringer Mannheim, Mannheim,
Germany) at an enzyme: substrate ratio of 1: 20 in 100 mM
KH2PO4 at pH 7.5. Peptides were separated by reversed phase
HPLC on a laboratory-packed C18 column (250x4mm, Vydac
C18, 5 fim, 300 A) using a linear gradient of acetonitrile in water,
both containing 0.1% trifluoroacetic acid. Protein and peptide

sequencing were done on a pulsed-liquid phase sequencer equipped
with a PTH-analyzer (Applied Biosystems, Foster City, USA,
models 477A and 120A, respectively) (31).

Recombinant DNA-techniques
Genomic DNA of T. thermophilus HB8 was isolated in accordance
to the protocol of (32). Restriction enzymes and other DNA
modifying enzymes were used as recommended by the
manufacturers (Boehringer Mannheim GmBH, Mannheim,
Germany; Angewandte Gentechnologie GmBH, Heidelberg,
Germany).

Oligodeoxyribonucleotides to be used as primers for PCR were
either designed based on the amino acid sequence of one of the
PheRS /3-subunit peptide fragments taking into account the
preferential codon usage of known T. thermophilus genes or derived
from the determined nucleotide sequence. The
oligodeoxyribonucleotides were synthesized using an automatic
synthesizer (Applied Biosystems, Foster City, USA, model 381A)
by phosphoramidite chemistry on solid phase.

Colony and Southern hybridizations (33,34) were performed
according to the protocols of (35) using the digoxigenin DNA
labelling and detection kit (Boehringer Mannheim GmBH,
Mannheim, Germany) in six times concentrated standard saline
citrate solution (0.15 M NaCl, 0.015 M trisodium citrate, pH 7.0)
at 70°C.

PCR was performed using the AmpliTaq DNA amplification
kit (Perkin Elmer, Norwalk, USA) with 100 to 500 pmoles of
oligodeoxyribonucleotide primers and 500 ng of genomic
T.thermophilus HB8 DNA partially digested with BamHI or 50
ng plasmid DNA of pPheRS2 linearized with £c»RI, respectively,
as a template. Products from PCR were analyzed on 15%
denaturing polyacrylamide or on 0.8% agarose gels. For
preparative purposes gel pieces containing the desired bands were
cut out, and the DNA was electroeluted. Blunt ended amplified
DNA fragments were phosphorylated using polynucleotide kinase
in imidazole buffer according to the protocol of (35) prior to their
ligation with pUC18. For the amplification and ligation of \tepheS
gene with the expression vector pKK223-3 a strategy analogous
to the previously described procedure (36) was applied.

Nested deletions of DNA fragments cloned in pUC18 were
obtained by the exonuclease HU SI nuclease technique (37).
Sequencing of pUC18 derivatives was performed by the chain
termination method (38) using the T7 sequenase kit (Pharmacia
LKB, Uppsala, Sweden) and a-[35S]ATP (1500 Ciymmol; Du
Pont, Bad Homburg, Germany) with either universal sequencing
and reverse primers or synthetic oligodeoxyribonucleotide primers
corresponding to T.thermophilus DNA sequences.

Expression and determination of the enzyme activity

For the expression of the PheRS genes, E.coli SG13009 harbouring
the appropriate plasmids was grown in 20 ml Luria Bertani broth
with 200 /tg/nil ampicillin, and, in the case of the pREP4
containing strains, with 25 /ig/ml kanamycin. The toe-promoter
of pKK223-3 was induced by lmM IPTG at OD600=0.7. Cells
were harvested three hours after induction. Crude cellular lysates
were prepared as described in (39) and centrifuged at 12000 g
for 15 minutes. The supernatant was analyzed by SDS PAGE (40).

For the determination of the enzyme activity, the supernatant
was subjected to thermal denaturan'on for 15 minutes at 60°C in
order to remove thermolabile E.coli proteins. After cenn'fugation
the activity of the T.thermophilus PheRS was assayed at 60°C in
50 mM N-<2-hydroxyethyl)piperazine-N'-(2-ethanesulfonic acid),



Nucleic Acids Research, Vol. 20, No. 16 4175

pH 7.6, 30 mM KC1, 6.25 mM MgCl2 2.5 mM B-
mercaptoethanol, 10 mM ATP and 20 /iM [l4C]-phenylalanine
with 50 A26o/ml (2 mg/ml) tRNAbulk from T.thermophilus.

RESULTS AND DISCUSSION
Cloning of the pheST operon and determination of the
nudeotide sequence
The N-terminal amino acid sequences of the purified PheRS
subunits a and /3 (24) and of five peptide fragments obtained by
enzymatic cleavage of the /3-subunit with endoprotease Glu-C were
determined (Fig. 3, boldface letters). Different
oUgodeoxyribonudeotides (17 to 33 nucleotides long) were
designed and used as labeled probes in Southern hybridization
experiments with cleaved genomic DNA of T.thermophilus but
failed to deliver clear and specific signals even under varying
hybridization conditions. In order to circumvent this problem we
used two oligodeoxyribonucleotides (2721 and 2817) corresponding
to the N- and C-terminal amino acids, respectively, of one of the
sequenced peptide fragments (Fig. 1) in PCR with genomic DNA
of T.thermophilus HB8 as template. An expected DNA fragment
of 80 bp, which was detected among several other amplification
products, was eluted from the gel and used as a template in a
second PCR assay. This delivered sufficient amounts of this
particular DNA fragment, which was cloned in pUC18 and, by
sequencing, confirmed to correspond to the amino acid sequence
determined for the respective peptide. This DNA fragment proved
to be a suitable probe resulting in highly specific signals in
hybridization. When genomic DNA hydrolyzed with BamHl was
used in Southern hybridization only one single signal was obtained
corresponding to a restriction fragment of 4.5 kbp in size (data
not shown). BamHl fragments of approximately this size were
cloned in E.coli and, by colony hybridization, one clone (pPheRSl)
was identified to carry a 4.5 kbp BamHl fragment in pUC18
hybridizing to the probe. As later confirmed by DNA sequencing,
this BamHl fragment contained the entire genetic information of
the PheRS (see below).

For the determination of the nudeotide sequence deletions of
the plasmids pPheRSl and pPheRS2 were generated, the latter

carrying the same 4.5 kbp BamHl fragment as pPheRSl but in
reversed orientation. Using 31 selected deletion clones most of
the sequence of this 4459 bp long BamHl fragment was determined
on both strands. Remaining gaps were filled by priming the
sequencing reactions with synthetic oligodeoxyribonucleotides
specific for internal sequences. The complete nudeotide sequence
is deposited in the European Molecular Biology Laboratory
database (accession number X65609).

All amino acid sequences determined for the above mentioned
peptides of PheRS were found to be parts of the amino acid
sequences deduced from the two open reading frames of 1053 bp
and 2358 bp in length. This confirmed the identification of the
pheST genes. Their codon usage with an extreme bias for G and
C in the third position resembles that of the most other Thermus
genes reflecting their adaption to high growth temperatures. The
amino acid composition as deduced from the sequences (data not
shown) is in good agreement with that determined by hydrolysis
of the protein (25). The 5'-portion of an open reading frame
starting at position 4135 downstream of pheT was identified
(Fig. 2). This is (as evidenced by the remarkable avoidance of
rare codons and the high GC-content in the third position which
is comparable to the pheST genes) probably part of a coding region
for an as yet unidentified protein. However, no pronounced
promoter- or SD-sequences were found in the region between pheT
and the assumed coding region. Interestingly, the 108 N-terminal
amino acids deduced from the nudeotide sequence constitute an
extremdy hydrophobic, leucine-rich peptide, which could be folded
into several /3-sheets (data not shown). Sequencing of the rest of
this putative gene may reveal more details.

Structure of the PheRS a- and /3-subunits
The a- and /3-subunits of the PheRS encoded by pheS and pheT
comprise proteins of 350 and 785 amino acids with a calculated
molecular weight of 39 and 87 kD, respectively. No amino acid
sequence deviations from the recently published T.thermophilus
HB8 PheRS sequence (41) were found, apart from a stretch of
14 amino acids in the middle of the /3-subunit. This difference
is probably due to sequencing mistakes resulting in a frameshift
comprising that particular region. The alignment of the PheRS

673 714

LauArgLauProLeuProABpLysProLauAlaPhaOlnAapProSarArgBisProAlaAlaPhaArgAspLauAlaVal

5' -CTCCOOCTCCCCCTCCCCOAC-3'

Oligo 3721

3' -AAOOCCCTOOMCOQCA-5'

Oligo 2S17

Figure 1. Construction of a hybridization probe for the identification of the pheT gene. In the top line the amino acid sequence as determined for a peptide fragment
of the PheRS or-subunit is shown; in the bottom line are the nuceotide sequences of two oUgodeoxyribonudeotides derived from the amino acid sequence, which were
used as primers in PCR in order to amplify the intervening DNA. In between the proper nudeotide sequence is displayed with the asterisks to indicate matches with
oligodeoxyribonucleotide 2721 and the complement of oligodeoxyribonudeotide 2817.
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Figure 2. The restriction map of the cloned 4459 bp BamVQ fragment is shown in relation to the positions of the pheST genes (open arrows) and the 5'-portion of
an open reading frame (dashed box) above.
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Figure 3. Alignnwtt of the T.thermophilus HB8 PhcRS a- (a) and 0-subunh (b)
amino acid sequences (7ft) with those of Ecoli (Eco) and B.subtUis (Bsu) as taken
from (14,15,52). Asterisks indicate residues identical in the three known prokaryotic
PheRS sequences. Amino acid sequences determined for peptide fragments of the
purified PheRS subunits arc in boldface tetters, (a) The conserved sequence motifs
1, 2 and 3 (6) are marked by a line above with the invariant residues therein in
boxes. The 'FAF motif in the Ecoli sequence mutagenized by (18) is underlined.
Two putative anti-parailel or-helices arc labeled by dotted lines above, (b) Regions
with an accumulation of hydrophilic residues arc overlined, and predicted ot-hdical
regions arc marked by dotted lines above. A zink-finger motif in the EL coli protein
proposed by (17) is underlined and the 'ADKL' motif common to the yeast and
Ecoli PheRSs (22) as well as two lysine residues labeled by oxidized **
which arc boxed. A leucine zipper motif is indicated.
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4.5S rRNA
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this work

amino acid sequences with those of E.coli and B.subtilis (Fig. 3)
reveals an elevated degree of conservation in several particular
regions of the proteins rather than a random distribution of
conserved residues. This points towards the functional relevance
of these regions. In the a-subunh three conserved sequence motifs
occur which are typical for class II tRNA synthetases (6). Motif
1 contains an invariant proline residue (position 140), whereas
motifs 2 and 3 contain invariant arginine residues (positions 204
and 321). Moreover, in motif 3 an alanine at position 314 is present
corresponding to alanine 294 in the E.coli PheRS. This residue
in the E.coli enzyme presumably interacts with the substrate
phenylalanine and contributes to the determination of the substrate
specificity (18) and is located within a stretch of five amino acids
identical in the three known prokaryotic PheRSs, again
emphasizing the relavance of this region. The secondary structure
prediction according to Chou and Fasman (42) indicates a-helical
regions near the N-terminus from amino acids 1 to 22 and from
amino acids 51 to 90. This may form an arm composed of two
long anti-parallel helices as seen in the seryl-tRNA synthetase of
E.coli (4). It has been speculated that this unique structural element
interacts with the long variable loop of the tRNAs<T. However,
if the existence of this arm in PheRS turnes out to be valid, its
function as a support for a long variable loop in tRNA binding
becomes improbable, since tRNA"16 of T.thermophilus lacks this
feature (43).

The T.thermophilus PheRS /3-subunit appears to be highly
structured according to its predicted secondary structure.
Pronounced a-helical regions occur around positions 175-205,
315-335, 370-395,450-470, 645-675 and 755-775. Ousters
of hydrophilic amino acids around positons 350-365, 480-500
and 740—760, all found in the vicinity of predicted tums~in the
secondary structure, are presumably located on the surface of the
protein. A zink-finger motif as proposed for the E.coli PheRS and
several other tRNA synthetases (17) was not found in the N-
terminal portion of the T.thermophilus PheRS a-subunit. Also,
a sequence motif ('ADKL') common to yeast and E.coli PheRSs
is not present in the T.thermophilus PheRS. Because it could be
labeled with periodate-oxidized tRNA"* (21,22) the lysine within
this motif was shown to participate in tRNA binding. An arginine
rather than lysine occurs at the corresponding position (position
60) in the T.thermophilus PheRS /3-subunit. Two other lysine
residues in the E.coli PheRS were labeled with oxidized tRNA,
i. e. lysine 2 and lysine 106 (21), which correspond to arginine
2 and lysine 102 in the T.thermophilus protein. The arginine
residues 2 and 60 in T.thermophilus may serve as substitutes in
tRNA binding for the corresponding lysines in E.coli. Attempts
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TthphsT
Taqmdh
TV mdh
TthmelS

4013 XAATGCCA CCCCAXOCTOOC TTOC CCCC-GGCAAAAQGCC 4064
1995 TTACACCA CCCCAXOCTOOC TTCC OCCMCAXOQOQa CCCC-CGCAAAACCTC 2046
1647 TTATACCA CCCCAXOCTOOC OCAA OCCAOCANOOQO CCCCCGGCAAAAGCTC 1699
2214 iftfiTACCT CCCOCOCCOOq OCAA OCCOOCAIOOOOO CCCC-GGCAAAOOOTT 2265

Figure 4. Alignment of the nucleottde sequence downstream of pheT with sequences downstream of the mdh genes of Thermus aquaticus B (Taq) (46) and Thermus
flaws (TJt) (53) and the metS gene of T.thermophilus HB8 (Tth) (17). The stop triplets of the pheT and metS genes are underlined, those of the mdh genes are 46 bp
further upstream. The numbering is taken from the original publications. An inverted repeat is indicated by oppositely oriented arrows above. Complementary nucleotides
forming a putative stem are in boldface capital letters and non-complementary nucleotides within in lower case letters. The asterisks indicate nucleotides identical in
all four sequences.

to modify the T.thermophilus PheRS by periodate-oxidized
tRNA"* from T.thermophilus were not successful. A leucine
zipper motif occurs at positions 170 to 198. If existing, this element
could either exhibit the site of dimerization of the /3-subunits, or
it points towards a regulatory role of the T.thermophilus PheRS
in transcription.

Regulation of the pheST expression
Although the pheST operon in E.coli is regulated by attenuation,
no attenuator-like sequences were found in the region upstream
ofpheS in T.thermophilus. In fact, there is an imperfect inverted
repeat at position 215 to 263 which may form a stem-loop
structure. However, no open reading frame for a leader peptide
overlapping the inverted repeat was found. Thus, the criteria of
a proper attenuator are not met. Instead, two motifs occur 19-50
bp upstream of pheS which display similarities to the —35 and
-10 sequences of T.thermophilus promoters (Table 1) suggesting
that the expression of thepfeSToperon in T.thermophilus is either
constitutive or involves other regulatory mechanisms. The SD-
sequence (5'-GAGG) 8 bp upstream of the pheS start triplet is
complementary to four contiguous nucleotides near the 3'-end of
the T.thermophilus 16S rRNA (44) and may be sufficient for
ribosome binding of the mRNA. The start codon of /?fceToverlaps
the stop codon of pheS (AUGA) suggesting that both genes are
translationally coupled. A similar arrangement is observed with
the T.thermophilus HB27 trpB and trpA genes (45) and occurs
at many other prokaryotic operons whose gene products are
required in equimolar amounts. This may also be the case with
the products of the T.thermophilus pheST genes, as supported by
the a2& oligomeric structure of PheRS (8). A 44 bp long
sequence located downstream of pheT was found to be identical
to a sequence downstream of the T. aquaticus B malate
dehydrogenase (mdh) gene and strikingly similar to sequences
downstream of the T.flavus mdh and T.thermophilus HB8
methionyl-tRNA synthetase (metS) genes (Fig. 4). This conserved
sequence comprises an inverted repeat which may form a stem-
loop structure followed by a special motif. The sequence of the
four bp long loop at the T.flavus mdh and the T.thermophilus metS
genes is reversed and complementary to this loop at the two other
genes, which may be the result of an inversion (46). It is possible
that the entire conserved sequence exhibits a repetitive element
as found in the genome of other bacterial species (47). However,
due to the putative formation of a stem-loop structure and the
position downstream of the genes we assume that it represents
a novel type of a transcriptional terminator in Thermus species.
It is possible that a Rho-like factor is involved in the termination,
because the series of several U residues typical for Rho-
independent terminators lacks in the mRNA downstream of the
stem-loop structure. Provided that the stem-loop structure is
transcribed, it could also stabilize the 3'-portion of the mRNA.

1 2 3 4 5 6 7

Figure 5. Expression of the PheRS subunits analyzed by SDS PAGE. Lane 1:
molecular weight marker, lanes 2 - 4 : crude cellular extracts; lanes 5 - 7 : ceD debris
dissolved in 10% SDS; Kcoii SG13009(pREP4+pPheSl) (lanes 2 and 5), KcoU
SG13009(pREP4+pPheSTl) (lanes 3 and 6), and Ecoli SG13009(pREP4) without
expression plasmid (lanes 4 and 7).

Expression of the pheST genes in E.coli

In order to obtain large amounts of the PheRS subunits for
subsequent studies, the genes pheS and pheST were cloned in E.coli
using the expression vector pKK223-3, which has successfully been
used for the overproduction of other T.thermophilus genes (36,48).
This was achieved by introducing restriction sites into the DNA
upstream (EcoJH) and downstream (HindW) of the pheS gene by
the means of PCR. Ecoti JM109 was transformed with the ligation
mixture of the resulting PCR product hydrolyzed with the
respective endonucleases and the linearized vector pKK223-3. For
preliminary studies on the expresssion of both genes thep/ieTgene
was linked to pheS using a BglK restriction site situated in pheS
(Fig. 2). The resulting plasmids, designated as pPHESl and
pPHESTl, were used to transform E.coli SG13009(pREP4), a
strain which is well suited for expression experiments. Crude
cellular extracts as well as cell debris dissolved in 10% SDS were
analysed by SDS PAGE (Fig. 5). A major band corresponding
to trie a-subunit of PheRS occurs in the protein patterns of both
expression clones. About half of this protein is insoluble, which
is probably due to its tendency to aggregate (24). No band
corresponding to the /3-subunh was found in the case of the
pPheSTl containing clone, indicating that the expression of the
pheT gene is low. However, a specific PheRS activity was detected
in the thermally denatured cellular extract of this clone which was
about four times higher than the activity determined for the
T.thermophilus crude cellular extract. This proved the formation
of an active enzyme in the host bacteria. The activity cannot
originate solely from the a-subunit, since neither of the subunits
are catalytically active in aminoacylation (24). It can further be
ruled out that an active hybrid between the a-subunit of
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T.thermophilus and the /3-subunit of E.coli is formed, since the
enzyme of the mesophilic bacterium is not stable at 60cC (49).
The weak expression of pheTcaM be explained by the occurence
of an AGG codon for arginine in the second position, which is
one of the least used codons in E.coli and was shown to drastically
reduce expression of the concerned genes (50). This codon was
shown to reduce lacZ expression five fold when introduced at the
second position, although this is the position at which the AGG
codon most frequently occurs (51). Changing this codon may
improve the expression of pheT.
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