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CHAPTER |

Synopsis of the Work

1. Introduction: the importance of phenylalanyl-tRNA
synthetase in cellular metabolism

Every living cell uses a similar basic equipment for the accurate transmission
of the genetic information. The first step involves the synthesis of mRNA, a tran-
script of the protein-encoding gene(s), which is then translated by the ribosomes in
a second step. Both processes need to proceed with high precision to ensure the
accuracy of protein biosynthesis. The correct function of another set of reactions
occurring before the ribosomal step, however, is at least as crucial. The 'true trans-
lation' of the genetic code, i. e. the assignment of the proteinogenic amino acids to
nucleic acid triplets, is already made through the aminoacylation reactions
(Schimmel, 1991). These reactions are carried out by the aminoacyl-tRNA synthe-
tases which couple the amino acids to a tRNA molecule that possesses the corre-
sponding amino acid-specific anticodon (Hershey, 1987; Schimmel, 1987). Typi-
cally, a (bacterial) cell has 20 aminoacyl-tRNA synthetases, one for each triplet-en-
coded amino acid. Recently, however, examples for the existence of two enzymes
per amino acid were discovered (Lévéque et al., 1990; Clark & Neidhardt, 1990;
Putzer et al,, 1990). The peculiarity of the aminoacyl-tRNA synthetase-catalysed
reactions is their extraordinarily high specificity. These enzymes must be able to
discriminate strictly between cognate and non-cognate substrates (of both amino
acids and tRNAs) which may have rather similar structures. This high precision is
accomplished by sophisticated substrate recognition and product proof-reading
mechanisms (Freist, 1989; Séll, 1990).

The focus in this work is on phenylalanyl-tRNA synthetase (PheRS) from

Abbreviations

ATP, adenosine triphosphate; DNA, deoxyribonucleic acid; Ky, Michaelis Menten constant, indica-
tive for substrate affinity; mRNA, messenger ribonucleic acid; p-F-Phe, para-fluoro-phenylalanine;
Phe, phenylalanine; PheRS, phenylalanylRNA synthetase; tRNA(Phe), transfer ribonucleic acid
(specific for Phe).
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Escherichia coli. The enzyme catalyses the attachment of phenylalanine (Phe) to
its cognate tRNAPhe; the reaction is driven by the hydrolysis of ATP. PheRS is one
of the largest enzymes in the very heterogeneous class of aminoacyl-tRNA synthe-
tases and possesses an o,B, quarternary structure. The primary structure of E.
coli PheRS is known from the sequence analysis of pheS and pheT, the genes en-
coding the o (small) and B (large) subunits, respectively. The presence of three
short consensus sequence motifs identifies PheRS as a member of class Il amino-
acyl-tRNA synthetases (Eriani et al, 1990). Up to now, there is no information
available on the tertiary structure of any PheRS. (For details and references see
Introduction to Chapter Il).

2. Approaches to elucidate the phenylalanine binding
site of E. coli phenylalanyl-tRNA synthetase

PheRS must discriminate between the cognate substrate Phe and non-cog-
nate amino acids in the cell, such as the rather similar tyrosine. Therefore, the Phe
binding site of PheRS was believed to contain a prototype of a binding pocket
specific for a non-substituted aromatic ring. In this work it was attempted to loca-
lize and characterize this binding site by molecular-genetic means. The investiga-
tions that were carried out can be subdivided into three levels, as follows.

Level 1: Localization of a presumptive Phe binding site in E. coli PheRS
(Chapter Il)

Although PheRS does not significantly aminoacylate naturally occurring
amino acids other than the cognate substrate Phe, it was shown that different xe-
nobiotic ring-substituted Phe analogues were able to interact with wild-type
PheRS; and some of them (e. g. p-fluoro-phenylalanine; p-F-Phe) were even at-
tached to tRNAPhe (Santi & Danenberg, 1971; Gabius et al., 1983). Hennecke &
Bdck (1975) described two E. coli PheRS mutant strains which were resistant to p-
F-Phe due to the production of altered PheRS o subunits as the cause for an ex-
clusion of p-F-Phe from the enzymatic reaction. These strains seemed extremely
well suited for the localization of the Phe binding site in PheRS. Another E. coli
strain with a PheRS o subunit defect leading to an increased Ky for Phe (i. e. a
lowered Phe affinity; Grill et al., 1979) was analyzed in parallel (Chapter II).

The mutant pheS genes of these strains were cloned by complementation to
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pheS

mutant E.coli strains

chromosomal DNA

: - EcaRl
digestion Hirdil
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S-blot analysis — — — — — — — — pUC19
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selection: E coli
. 4000 . COll
- ampicillin ( ¢'s- subunit of PheRS)

Figure 1. Cloning of mutant pheS genes by complementation of a thermosensitive E. coli
strain. The chromosomal DNA from three E. coli mutant strains was isolated and digested with the
indicated restriction enzymes. The presence of the fragment carrying the pheST genes (described
in Chapter Il) was verified by Southern blot analysis. DNA fragments of the appropriate size were
cut out of a preparative agarose gel and ligated to a plasmid vector (pUC19), previously digested
with the same enzymes. The ligation mixture was introduced into a thermosensitive (ts) E. coli
strain (the mutation in pheS leading to thermosensitivity is characterized in Chapter Il). Selection at
elevated temperature on ampicillin-containing agar plates allowed only growth of cells containing
the pheS gene on the plasmid. E and H denote sites for EcoRI and Hindlll, respectively; bla, gene
for B-lactamase conferring ampicillin resistance.
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thermoresistance of an E. coli strain normally unable to grow at elevated tempera-
tures because it possesses a thermosensitive PheRS o subunit (Fig. 1). The nu-
clectide sequence analysis revealed that the mutation responsible for the Ky in-
crease resulted in a glycine-to-aspartic acid exchange at position 191 of the o sub-
unit. Interestingly, this mutation mapped to motif 2, one the conserved class |l
aminoacyl-tRNA synthetase sequences. The mutation responsible for p-F-Phe re-
sistance in both analyzed pheS alleles caused an alanine-to-serine exchange at
position 294 of the o subunit, precisely within motif 3, another typical class Il tRNA
synthetase sequence. It seemed reasonable to suggest, therefore, that the
mutations identified the conserved motifs 2 and 3 as regions that participate in the
formation of the Phe binding site of PheRS and, more generally, in the amino acid
binding site of class Il aminoacyl-tRNA synthetases (Chapter II).

Level 2: Comparative analysis of PheRSs from different origins
(Chapters Il and V)

By comparing the PheRS o subunit sequence of E. coli with the homologous
sequences of Bacillus subtilis and yeast cytoplasmic and mitochondrial PheRSs, a
particularly good conservation of the region around position 294 of the E. coli pro-
tein became apparent (Chapter ll). It is generally accepted that conservation of pri-
mary structure motifs is an indication for a functional or structural importance of the
corresponding residues. The alignment of PheRS sequences around position 294
revealed a much more pronounced conservation in this region than in the imme-
diately adjacent, overlapping motif 3 region. This suggested that the mutation lead-
ing to p-F-Phe resistance has affected a site that is important and specific for the
function of PheRSs.

To further test this hypothesis, it was of interest to examine more PheRS se-
quences from different origins for the degree of sequence conservation within the
motif 3 region. In Chapter V, the cloning and partial sequencing of the pheS gene
from Salmonella typhimurium, a close relative of E. coli, is described. The cloning
was achieved by complementation of a thermosensitive E. coli PheRS mutant in
an analogous way as shown in Fig. 1. The second organism chosen for cloning of
the pheS-homologous gene was Thermus thermophilus which is only very distantly
related to E. coli (Chapter V). Suitable DNA fragments carrying the T. thermophilus
pheS gene were identified by Southern blot hybridizations. Two types of hybridiza-
tion probes were used: the heterologous E. coli pheS gene and five oligonucleo-
tides that were designed on the basis of conserved regions in the known PheRS
sequences and were adapted to the extreme codon usage of T. thermophilus. The
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cloned T. thermophilus pheS gene was finally identified by colony hybridization
and then sequenced partially (Chapter V).

Figure 2 shows an alignment of PheRS small subunit sequences including
the corresponding regions from S. typhimurium and T. thermophilus. The newly
determined sequences confirmed the previous observation that the region around
position 294 of the E. coli PheRS o subunit is well conserved among PheRSs from
different origins. Such a PheRS-specific site might well be (part of) the Phe binding
site on the enzyme.

'PheRS-specific site’

[ e

| }
Escherichia coli 286.ID P EJVv]y SGFAFGMGME ...308
_Sa[[HQDEﬂa_t)(ﬂb[UIU[I'U[U...DPJIIYSGFAFGMGM
Inetmus_ttle[moptIZZUS...BPTgyTGFAFGG
Bacillus subtilis 300..[D P [¥In]a .322
Yeast mitochondria  32s.. kK|P|s|g] T ]G ..347
Yeast cytoplasm 451.. - |p|[k]p L R v LAT2
Motif 3 consensus 90gdgde

Figure 2. Alignment of PheRS small subunit sequences in a region affected by the p-F-Phe
resistance mutation. The Figure contains PheRS sequences corresponding to the region around
the E. coli o. subunit residue 294 (marked by an arrow). The PheRS sequences from S. typhimuri-
um and T. thermophilus (species names underlined) were determined in Chapter V. Identical amino
acids (in one-letter-code) are boxed; related residues are connected by thin lines; @ in the motif 3
consensus (adapted from Eriani et al., 1990) stands for hydrophobic amino acids. More details and
references to the sequences are given in Chapter II.

Level 3: Mutational analysis of a potential Phe binding site in E. coli
PheRS (Chapter lll)

As stated above (level 1), the sequencing of pheS alleles revealed a point
mutation leading to an alanine-to-serine exchange at position 294 of the PheRS a
subunit as the cause for p-F-Phe resistance. From a mechanistic point of view it
might be hypothesized that the additional hydroxyl group of serine prevents the
entering of the slightly bigger substrate analogue p-F-Phe into the binding pocket
of PheRS (Fig. 3). Taking into account the conservation of amino acids around po-
sition 294 (see level 2), a working model for the presumptive aromatic binding site
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PheRS o subunit from wild-type strain PheRS « subunit from p -F-Phe resistant strain

CH,

@@@ @@@
NP AR

Phe®® [a1a?*] Phe?® Phe®® |ser®*| Phe®®®

Figure 3. Working hypothesis for the Phe binding site in E. coli PheRS and the mechanism
of p-F-Phe resistance. In this preliminary working model the binding site for the substrate's aroma-
tic ring is formed by residue 294 (contacting the para-position) and the two phenylalanines 293 and
295. The discrimination against p-F-Phe in the mutant enzyme Ser294 (on the right side) is accom-
plished by steric interference of the additional hydroxyl group with the para-substituent of this sub-
strate analogue. This may prevent productive binding of the analogue in the Phe binding pocket.

in PheRS was proposed (Chapter Ill). This working hypothesis anticipated interac-
tions of the residue at position 294 with the para-position of the amino acid sub-
strate's aromatic ring, whereas the flanking aromatic residues 293 and 295 would
interact with the ring system of the substrate (Fig. 3).

This model was now tested at a functional level by site-directed mutagenesis
of the alanine at position 294 as well as of the flanking Phe residues. The effects
of the introduced point mutations were analyzed in vitro by measuring PheRS acti-
vity in strains carrying the mutated pheS genes or by a complementation assay in
vivo (Chapter Ill). In contrast to the predictions made from the working model (Fig.
3), it turned out that the replacement of Phe293 and Phe29 by selected other
amino acids did not directly affect Phe binding. However, PheRS stability seemed
to be dependent on the nature of those residues. As drawn in Fig. 4 and discussed
in Chapter lll, the aromatic residues at positions 293 and 295 might rather play an
important role in stabilizing subunit interactions in PheRS.

The effects from mutagenesis of the alanine at position 294 clearly showed
that the binding of Phe was influenced by the individual replacements. This be-
came obvious from the altered affinities of the mutant enzymes for phenylalanine
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Figure 4. Hypothetical scheme of the Phe binding site in PheRS. The model summarizes the
interpretation of results from amino acid exchanges at positions 293, 294 and 295 of the o subunit
(cf. Chapter Ill). Residue 294 is assumed to be in contact with the para-position of the substrate
phenylalanine. The adjacent residues (293 and 295), however, do not directly influence substrate
binding, but might contribute to protein stability by interacting with another region of PheRS, possi-
bly the B subunit. As discussed in Chapter lll, the catalytic site of PheRS may be at the o/p subunit
interface.

and by the pronounced shifts in the spectrum of substrate analogues able to inter-
act with mutant PheRSs, as compared to the wild-type enzyme. The most interest-
ing mutation was the exchange of alanine by the smaller glycine. The resulting mu-
tant PheRS Gly294 showed a much better aminoacylation of the Phe analogue p-
F-Phe than the wild-type enzyme. Furthermore, as one might have predicted from
the working model in Fig. 3, the Gly294 variant allowed interactions even with the
larger p-chloro and p-bromo derivatives of Phe; moreover, all three para-halogena-
ted Phe analogues became highly toxic in vivo in E. coli strains producing the
Gly294 PheRS. In contrast, growth of the wild-type strain was less affected by p-F-
Phe; and p-chloro and p-bromo analogues of Phe showed no effect at all. Obvi-
ously, the methyl group of alanine in the wild-type binding pocket prevented the
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accommodation of the larger para-chloro and -bromo substituents.

The results from replacements at position 294 confirmed the hypothesis that
direct contacts occur between amino acid 294 and the para-position of the sub-
strate's aromatic ring (Chapter lll). As displayed in Fig. 4, it thus seems very likely
that at least part of the Phe binding site in PheRS is formed by this motif 3 residue
in the enzyme of E. coli and perhaps also of other organisms.

3. Further perspectives

Exploitation of a PheRS mutant with relaxed substrate specificity
(Chapter V)

One major result of the mutagenesis experiments described in Chapter lll is
the finding that position 294 of the PheRS o subunit determines specificity for
para-substituted Phe analogues. The example with PheRS variant Gly294 showed
that even a highly precise aminoacyl-tRNA synthetase can be manipulated by
single amino acid exchanges to use a broader substrate spectrum. Furthermore,
these findings opened up a perspective for the application of the Gly294 PheRS in
the production of artificial proteins: this PheRS mutant with relaxed substrate spe-
cificity may be exploited in an in vivo system for the deliberate incorporation of
various Phe analogues into proteins.

In Chapter IV the possible set-up of such systems and the potential applica-
tions to production of analogue-substituted, pharmaceutically interesting target
proteins are discussed.

Towards the determination of the PheRS tertiary structure (Chapter V)

As mentioned above, the pheS gene from T. thermophilus was cloned to ob-
tain a sequence for comparisons among PheRS a subunits from different origins.
Another important reason for chosing this organism was the availability of T. ther-
mophilus PheRS crystals suitable for X-ray diffraction analysis (Ankilova et al.,
1988). The complete sequencing of the pheS and pheT genes from T. thermo-
philus may finally permit the elucidation of the first high resolution structure of an
aminoacyl-tRNA synthetase of the a8, type (Chapter V). This would subsequently
allow the definitive determination of the topology of the Phe binding site on the
enzyme.
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1. Abstract

Neither the tertiary structure nor the location of active sites are known for
phenylalanyl-tRNA synthetase (PheRS), a member of class Il tRNA synthetases.
In an attempt to detect the phenylalanine binding site, three Escherichia coli mu-
tant strains producing a PheRS with altered substrate binding properties were ana-
lyzed genetically. The mutations were previously shown to map in pheS, the gene
encoding the (small) o subunit of the tetrameric PheRS (o, structure). The mu-
tant pheS genes were cloned by complementation of the thermosensitive strain
NP37 (PheRSts), and the deviations from the wild-type gene were determined by
sequence analysis. The point mutation leading to a decreased affinity for phenyl-
alanine in PheRS from strain G1 resulted in a Gly'91 to Asp1®! exchange within
motif 2, one of three conserved sequence motifs in class Il aminoacyi-tRNA syn-
thetases. The mutation causing resistance to p-fluoro-phenylalanine led to an
Ala294 to Ser294 exchange in the o subunits from two independent analogue resi-
stant strains (AB1360-12 and K10-F6). This alteration (S294) mapped in the well
conserved C-terminal part of the o subunit, precisely within motif 3, another typical
class |l sequence. We thus propose that motifs 2 and 3 participate in the phenyl-
alanine binding site of PheRS. This hypothesis is substantiated in the light of the
recently resolved crystal structure of SerRS, another class Il tRNA synthetase. Mu-
tation S294 was also the key for proposing a mechanism by which the substrate
analogue p-fluoro-phenylalanine is excluded from the enzymatic reaction. This
may be achieved by steric interactions between the para-position of the aromatic
ring and the amino acid residue at position 294. Accidentally, the mutation re-
sponsible for the thermosensitive PheRS of strain NP37 was also cloned and then
verified by direct sequencing of amplified NP37 DNA generated by asymmetric
PCR. It is suggested here that the resulting amino acid exchange (Gly%8 to Asp98)
might cause subunit disaggregation due to electrostatic repulsion.
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2. Introduction

By coupling amino acids to their cognate tRNAs, aminoacyl-tRNA synthe-
tases catalyze key reactions in translating the genetic code. Aminoacyi-tRNA syn-
thetases responsible for the same amino acid are generally well conserved across
species. However, in spite of their common reaction mechanism, the individual
synthetases for each of the 20 amino acids in a given organism are widely diverse
in sequence, subunit size and quarternary structure (for reviews see Schimmel &
Séll, 1979; Schimmel, 1987). To know the reason for this diversity might help un-
ravel the origin of the genetic code. The dissimilarity could partly be due to inde-
pendent evolution (Weiner & Maizels, 1987) and/or to the fact that the enzymes
catalyze, besides the aminoacylation, a variety of unrelated reactions (Rapaport et
al., 1985; Grunberg-Manago; 1987), e. g. an intron-splicing by TyrRS in Neuro-
spora crassa (Cherniack et al., 1990) and LeuRS in yeast mitochondria (Herbert et
al., 1988; Labouesse, 1990). In addition, individual domains for precise substrate
recognition (Rould et al., 1989) and proofreading mechanisms (Freist, 1989) could
have been acquired in later stages of evolution.

Recently, most aminoacyl-tRNA synthetases were classified into two non-re-
lated groups, according to the presence or absence of typical short consensus se-
quences (Burbaum et al., 1990; Eriani et al., 1990a). For three class | members,
the three-dimensional structures derived from X-ray analyses are available: TyrRS
from Bacillus stearothermophilus (Brick et al., 1989), GInRS from E. coli (Rould et
al., 1989) and an active fragment of E. coli MetRS (Brunie et al., 1990). The struc-
tures suggest that these aminoacyl-tRNA synthetases are composed of distinct do-
mains (Schimmel, 1987) that are conserved in secondary and tertiary rather than
primary structure (Blow et al., 1983; Rould et al., 1989). In addition, the class I-
specific consensus sequence elements were shown to carry the active sites. A
HIGH-like sequence patrticipates in the N-terminal section of a structurally con-
served nucleotide binding fold (‘Rossmann fold'; Rossmann et al., 1974) for the
binding of ATP (Blow et al., 1983; Leatherbarrow et al., 1985; Webster et al., 1987,
Burbaum et al., 1990). Another sequence ('KMSKS') maps near the C-terminal end
of the Rossmann fold (Burbaum et al., 1990). It was originally identified by affinity
labelling experiments (Hountondji et al., 1985) and is thought to be close to the 3'-
end of the bound tRNA substrate (Hountondji ef al., 1986; Starzyk et al., 1987,
Meinnel et al., 1990) and seems to interact with ATP (Fersht et al., 1988; Rould et
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al., 1989; Hountond;ji et al., 1990).

To date, the crystal structure of only one enzyme belonging to the class |l
aminoacyl-tRNA synthetases has been published. With the E. coli SerRS structure
Cusack et al. (1990) confirmed the partition of tRNA synthetases into two classes
also on a conformational basis by demonstrating the absence of the characteristic
'Rossmann fold' of class | enzymes. The SerRS substrates could not be co-crystal-
lized; therefore, their binding sites have not yet been determined and related to the
class Il consensus motifs.

Besides structural analyses, extensive investigations at the functional level
are currently being carried out. Their aim is to elucidate how the individual en-
zymes accomplish the highly specific recognition of their substrates, and to identify
enzyme domains directly involved in aminoacylation. Most of this research con-
cerned the problem of cognate tRNA recognition (Schimmel, 1987; Mellot et al.,
1989; Perona et al, 1989; Edwards & Schimmel, 1990; Ghosh et al, 1990;
Meinnel et al,, 1991) and tRNA identity (Normanly & Abelson, 1989) and led to the
notion of a 'second genetic code' (de Duve, 1988; Waldrop, 1989; Moras, 1990).

Our own research focusses on phenylalanyl-tRNA synthetase (PheRS) of E.
coli. This enzyme is among the largest aminoacyi-tRNA synthetases known and
displays an ooB, quarternary structure (Fayat et al, 1974; Hanke et al, 1974,
Schimmel, 1987). Recently, the relative topology of its 4 subunits was investigated
by neutron small-angle scattering (Dessen et al., 1990). Both types of subunits are
required for enzyme activity (Hennecke & Béck, 1975). The PheRS genes pheS
and pheT (encoding the o and B subunits, respectively) had been isolated on a A
transducing phage (Hennecke et al., 1977) and their nucleotide sequences were
determined (Fayat et al., 1983; Mechulam et al, 1985). The gene arrangement
and the two-step reaction mechanism of PheRS are shown in Fig. 1.

According to the presence of certain consensus sequence elements, PheRS
belongs to the less well characterized class Il tRNA synthetases (Eriani et al.,
1990a). Neither the tertiary structure of PheRS nor the location of the binding sites
for Phe or ATP within the primary sequence are known. Affinity labelling experi-
ments implied the large B subunit to contain tRNAPhe binding sites (Khodyreva et
al., 1985), and Hountondji et al. (1987) identified sequences in the N-terminal re-
gion of the B subunit to be near the binding site of the 3'-end of tRNAPhe, Some of
the analogous experiments carried out with yeast cytoplasmic PheRS confirmed
this location (Sanni et al,, 1991), whereas other data implicated the small subunit
of the yeast enzyme to contain the major tRNA binding sites (Renaud et al., 1982;
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2. [E-Phe~ AMP]+ tRNA"

(protein biosynthesis]

Figure 1. Gene organisation and enzymatic reaction of PheRS. (a) The genes pheS and pheT
(encoding PheRS o and B subunits, respectively) are arranged in an operon at min 37 of the E. coli
linkage map (Bachmann, 1990). Besides pheS and pheT the 10.25 kb EcoRI/Hindlll fragment con-
tains the genes encoding threonyl-tRNA synthetase (thrS), initiation factor IF3 (infC), ribosomal
proteins A (or L35; encoded by roml) and L20 (rp/T), and the N-terminal end of the o subunit of in-
tegration host factor (himA) (Fayat et al., 1983; Mechulam et al., 1985; Wada & Sako, 1987).
PheRS is drawn as suggested by Dessen et al. (1990). aa, amino acids. {(b) The aminoacylation of
tRNAPhe proceeds (simplified) via a two-step reaction mechanism (Séll & Schimmel, 1974; Fasiolo
& Fersht, 1978; Baltzinger & Holler, 1982). In the first step, the amino acid (Phe) is activated with
ATP to form the enzyme-bound aminoacyl adenylate. Then, the amino acid is transferred to its cog-
nate tRNA by releasing AMP. E, PheRS enzyme; PP;, inorganic pyrophosphate.

Fasiolo et al., 1989). Neither one of these locations, however, corresponds to the
sites proposed for other aminoacyl-tRNA synthetases including GlyRS, the only
other enzyme having an oyfB, subunit structure (Schimmel, 1987; Toth &
Schimmel, 1990a). Other substrate crosslinking studies suggested that the active
site might be at the af interface in PheRS of E. coli (Khodyreva et al., 1985) and
yeast (Baltzinger et al., 1979). Such a hypothesis was also discussed for GlyRS,
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which is immunologically related to PheRS (Nagel et al, 1988), based on an
analysis of o and B chain mutants (Toth & Schimmel, 1990b).

The aim of this work was to localize the Phe binding site of PheRS by ana-
lyzing E. coli mutant strains possessing enzymes with altered substrate binding
properties. In this approach, two different types of mutants were used. One of the
strains is Phe auxotrophic due to an increased Ky, of PheRS for this substrate
(Grall et al., 1979). Two other, independently isolated strains are resistant to
p-fluoro-phenylalanine (p-F-Phe). This phenotype is caused by a mutant PheRS
that, in contrast to wild-type PheRS, excludes this toxic substrate analogue
(Richmond, 1962; Fangman & Neidhardt, 1964) from the enzymatic reaction
(Hennecke & Bock, 1975). All three mutations were mapped to pheS (Hennecke &
Béck, 1975; Grill et al., 1979); therefore, we cloned and sequenced the mutant
pheS genes. It was expected that especially the p-F-Phe resistance mutation,
which led to a discrimination in PheRS between Phe and the slightly bigger sub-
strate analogue, should point directly to the Phe binding site.



Chapter II: Phenylalanyl-tRNA Synthetase Mutants 17

3. Materials and Methods

3.1. Bacterial strains, phages and DNA

The bacterial strains, vectors and plasmids used in this work are listed in
Table 1. A phage P1kc lysate from strain JC10289/pKY102 (lhara et al., 1985) for
the construction of recA™ strains was obtained from A. Birkmann (University of
Munich, Germany). VCS-M13 helper phage for single-strand DNA isolation was
from Stratagene (San Diego CA, USA). Oligonucleotides (listed in Table 2) used
for mutagenesis, PCR and conventional (radioactive) sequencing were synthe-
sized on an Applied Biosystems DNA synthesizer model 380B. pheS-specific dye-
primers for automated DNA sequencing were kindly provided by G. Zon (Applied
Biosystems, Foster City CA, USA). Dye-primer -36M13 was purchased from the
same company. A-DNA was from Biofinex (Praroman, Switzerland).

3.2. Microbiological techniques

E. coli strains were usually grown in LB-medium (Miller, 1972) at the permis-
sive temperature. The antibiotics used were ampicillin at 150 pg/ml, tetracyclin at
15 pug/ml or streptomycin at 100 pg/ml. Construction of the recA” strain KA2 was
accomplished by generalized transduction (Masters, 1985). A P1kc lysate from the
recA" deletion strain JC10289/pKY 102 (lhara et al., 1985) was used which allowed
cotransduction of the recA™ marker and a tetracyclin resistance gene. The proce-
dure of Miller (1972) was followed, except that incubations were done at 30°C.
Multiplicity of infection was 0.01. After preadsorption, the mix was diluted with LB;
then sodium citrate was added (to 0.5 M), and samples were spread directly on
LB-plates containing tetracyclin and 0.1 M sodium citrate. Purified transductants
were checked on plates for sensitivity to UV-light (germicidal lamp, G30T8, 30 W;
Sylvania, Switzerland) at a dose of 100 J/m2. The absence of a lysogenic P1
phage was verified by checking sensitivity to P1 infection (if wild-type recA was
supplied from plasmid pKY102) and normal transformation efficiency, as sug-
gested by Schleif & Wensink (1981).
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3.3. In vivo plate tests

In vivo plate tests for thermoresistance (e. g. complementation of strain KA2)
were performed by streaking out single colonies on LB-agar plates containing ap-
propriate antibiotics. Growth was recorded after 24 and 48 h of incubation at 30°C
or 40°C. When full expression of plasmid genes from the /ac promoter was re-
quired, IPTG was added to 0.5 mM final concentration. Plate tests for the analysis
of Phe-analogue resistance were done on minimal medium plates containing 100
mM KH,PO,4, 50 mM Na,HPO,4, 12 mM (NH,4),S04, 1 mM MgSOy, 0.1 mM CaCl,
and 0.4 % D-glucose in 1.5 % agar. The medium was supplemented with thiamine-
HCI (5 ng/ml) and, when required, with amino acids (50 pg/ml), other vitamins (5
pg/ml), ampicillin (150 pg/ml) and IPTG (0.25 mM). D,L-p-F-Phe (Sigma Chemi-
cals, St. Louis MO, USA) was present at 200 ug/ml. Growth at 28°C or 37°C was
monitored over a period of 4 days. All tests were performed in duplicate and re-
peated at least once.

3.4. Recombinant DNA techniques

Restriction endonucleases and DNA modifying enzymes were purchased
from Boehringer (Mannheim, Germany) or Pharmacia (Uppsala, Sweden) and
used as recommended by the supplier. [a-32P]JdATP (3000 Ci/mmol) was from
Amersham (UK). Cloning, transformation, plasmid isolation and nick-translation
were performed using standard procedures (Maniatis et al., 1982; Sambrook et al.,
1989). For Southern-blot analyses (Southern, 1975), restriction enzyme-digested
chromosomal DNA was transferred onto Hybond-N membranes (Amersham, UK)
and crosslinked by UV light for 3 min. The radiolabelled probe was nick-translated
plasmid pHES3; the vector alone (pACYC184) served as control. Blotting, hybridiza-
tion and washing conditions were essentially as described by Maniatis et al.
(1982). Oligonucleotides were purified on a 12 % polyacrylamide gel as described
(Sambrook et al., 1989). Dye-primers were further chromatographed on C-18 Sep-
Pak cartridges (Waters Associates, Milford MA, USA), whereas Sephadex-G25
columns (NAP-10; Pharmacia, Uppsala, Sweden) were used for the other oligonu-
cleotides. Oligonucleotide-directed mutagenesis was carried out according to the
in vitro method of Nakamaye & Eckstein (1986) using the kit and detailed protocol
from Amersham (UK). The mutagenesis strategy is described in detail in the
accompanying paper (Kast et al., 1991).
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3.5. Cloning of mutant pheS genes

Chromosomal DNA was isolated from three mutant E. coli strains according
to a modification (additional proteinase K treatment) of the method of Schleif &
Wensink (1981) and then digested with EcoRI and Hindlil. The presence of the
10.25 kb EcoRI/Hindlll fragment carrying pheS (see Fig. 1(a)) was verified by
Southern blot hybridization with the radiolabelled pheS plasmid pHE3. DNA frag-
ments from the 10 kb region were cut out from a preparative agarose gel and lig-
ated to a pUC19 vector digested with EcoRl and Hindlll. After transformation of the
thermosensitive E. coli strain NP37 (pheS!s), selection at high temperature (40°C)
on ampicillin plates allowed only growth of cells containing pheS on plasmids
(plasmids pKSC-X; see Table 1).

3.6. DNA sequence analysis

The pheS DNA was sequenced on both strands with the dideoxy chain termi-
nation method of Sanger et al., (1977). A set of specific primers (Table 2) allowed
all mutant genes to be sequenced in parallel to the one of the wild type as shown
later in Fig. 3. Single-strand DNA of Bluescript plasmids (pKSB1/2) in strain TG1
or JM101 was isolated using a scale-up of the method descibed by Stratagene
(San Diego CA, USA) which is based upon superinfection with a helper phage
(M13-VCS).

The sequencing reactions were carried out with the Klenow fragment of DNA
polymerase | (Pharmacia, Uppsala, Sweden) or Sequenase™ (a modified T7 DNA
polymerase; Tabor & Richardson, 1987; United States Biochemical Corp.,
Cleveland OH, USA). 2'-deoxy-GTP was generally replaced by 7-deaza-2'-deoxy-
GTP (Boehringer, Mannheim, Germany); the other nucleotides were purchased
from Pharmacia (Uppsala, Sweden). The pheS coding strand was sequenced with
[«-32P]JdATP (3000 Ci/mmol; Amersham, UK) by the conventional methods de-
scribed in Sambrook et al., (1989), which were improved by the method of uniform
labelling by Tsang & Bentley (1988). For the opposite strand, pheS-specific 5'-end-
labelled dye-primers were used that allowed automatized sequencing (Smith et al.,
1986, Connell et al., 1987) with the DNA Sequencer model 370A, following proto-
cols provided by the manufacturer (Applied Biosystems, Foster City CA, USA). For
double-stranded DNA sequencing, 1 pmol of purified plasmid DNA was denatured
and subsequently sequenced with [a-32P]JdATP and Sequenase™ (Zhang et al.,
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1988). Computer-assisted sequence alignments were done using programs of the
University of Wisconsin Genetics Computer Group (UWGCG; sequence analysis
software package release 6.2; Madison WI, USA).

3.7. Polymerase chain reaction (PCR)

PCR (Saiki et al., 1988) was performed in a DNA Thermal Cycler (Perkin-
Elmer Cetus, Norwalk CT, USA). The reactions were carried out asymmetrically
(Gyllensten & Erlich, 1988; Shyamala & Ames, 1989) by using different concentra-
tions of the primers flanking the complete pheS gene (Table 2; see later in Fig. 6).
The reaction mixture contained 50 ng of bacterial chromosomal DNA as template,
50 mM KCI, 10 mM Tris-HCI, pH 8.5, 2 mM MgCl,, 100 pg/mi gelatine and 200 pM
each of dATP, dCTP, dGTP and dTTP in a volume of 50 pl. The primers were pre-
sent at 500 nM (primer 'PSCZ") or 10 nM (primer 'PSCA'). After denaturation at
95°C for 10 min, 2 U of Tag DNA Polymerase (Perkin-Elmer Cetus, Norwalk CT,
USA) and then 70 pl mineral oil (Sigma Chemicals, St Louis MO, USA) were
added. Amplification was performed by 35 cycles of denaturation (1 min at 94°C),
primer annealing (2 min at 67°C) and primer extension (1 min at 72°C), the last ex-
tension step lasting 10 min. The PCR products were analysed on conventional 1.5
% ethidium bromide-stained agarose gels (Sambrook et al, 1989) and purified
from excess primers and nucleotides by ultrafiltration employing a Centricon-30
microconcentrator (Amicon, Danvers MA, USA). Sequencing of the generated
single-stranded DNA was accomplished with a third primer ('PEKA8N') using
Sequenase™ as described above (see also Figs. 6 and 7).

3.8. Preparation of protein extracts

The procedure used was essentially that described by Grill et al. (1979). A
bacterial culture was grown at 30°C by vigorous shaking to an optical density (at
600 nm wavelength) of 2.0 in 300 ml rich medium (1 % bactotryptone, 0.5 % yeast
extract, 0.2 % D-glucose and appropriate antibiotics; 0.5 mM IPTG was present if
plasmid-encoded pheS had to be expressed). The cells were washed in 125 mi
PRS buffer (0°C; 20 mM Tris-HCI, pH 7.5, 0.2 mM EDTA, 6 mM B-mercapto-
ethanol, 30 mM NH4CI, 10 mM MgCl,), centrifuged again (5'000 x g, 20 min, 4°C)
and resuspended in 8 ml PRS buffer containing 1 ug/ml DNAse | (Boehringer,
Mannheim, Germany). Then, the cells were disrupted by two passages through a
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French pressure cell (Aminco, Silver Spring MD, USA) at 120 MPa (0°C). The sus-
pension was centrifuged at 12'000 x g for 20 min (4°C). Afterwards, the superna-
tant was freed from ribosomes by ultracentrifugation at 140'000 x g for 2 h (2°C,
SW 55Ti rotor, Beckman Instruments, Palo Alto CA, USA). The resulting $140 ex-
tract was adjusted to 50 % glycerol and stored at -20°C. Protein concentration was
determined in 4 parallel samples by a modification of the Folin phenol procedure
(Lowry et al, 1951) with bovine serum albumin (A-7906; Sigma Chemicals, St
Louis MO, USA) and a reference extract as standards. The assays were repeated
several times and the calculated values (hyperbolic calibration curve; Peterson,
1983) typically had a standard deviation of 5 % or less.

3.9. Determination of PheRS activity in vitro

The PheRS assay was based on the methods given by Kosakowski & Bock
(1970) and Comer & Béck (1976). Enzymatic activity was measured by attachment
of L-[14C]Phe to tRNA. The reaction mixture contained (in a total volume of 250 pl)
100 mM Tris-HCI, pH 7.5, 10 mM KCI, 10 mM MgCl,, 2 mM reduced glutathione, 2
mM adenosine triphosphate, 2.4 mg/ml E. coli tRNA (from strain MRE600;
Boehringer, Mannheim, Germany) and 20 pM L-phenyl-[1-14CJalanine (20
mCi/mmol; Amersham, UK). After addition of S140 protein extract (usually 4-8 ug,
suitably diluted in 20 mM Tris-HCI, pH 7.5, 0.2 mM EDTA, 6 mM B-mercapto-
ethanol, 50 ng/ml bovine serum albumin), the mixtures were incubated at 28°C for
various time intervals. The reaction was then stopped by chilling and precipitation
of tRNA with 2 ml 10 % trichloroacetic acid containing 1 mg/ml D,L-Phe (0°C). The
precipitates were collected on glass-fiber filters (GF/C, Whatman International,
Maidstone, UK) and washed with 2 x 5 ml of the trichloroacetic acid solution and 5
ml 70 % ethanol. Radioactivity on filters was determined by liquid scintillation
counting (Packard Tricarb 2200; Packard Instrument Company, Downers Grove IL,
USA). For incorporation of p-F-Phe, 40 uM p-fluoro-D,L-[U-14C]phenylalanine (4
mCi/mmol; CIS, Gif-sur-Yvette, France) was used instead of L-[14C]Phe. Initial ve-
locities were determined graphically from at least 5 independent data points taken
from 0 to 10 min; background slopes (without enzyme) were subtracted. All test
series were repeated at least once, the deviations of initial velocities usually being
less than 5 %.
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4. Results

4.1. Cloning of mutant pheS genes

To determine the mutations responsible for the altered substrate binding phe-
notypes of PheRS, the mutant pheS gene regions (10.25 kb EcoRI/HindlI frag-
ments, Fig. 1(a); Fayat et al., 1983) were cloned from chromosomal DNA isolated
from the following strains: the two spontaneously obtained p-F-PheR strains
AB1360-12 and K10-F6, and the ethylmethanesulfonate-mutagenized Phe auxo-
troph G1 (see Table 1). The cloning was achieved by complementation of the
pheS mutant strain NP37 (thermosensitive PheRS) as described in Materials and
Methods. All of 7 analyzed candidate clones contained plasmids of the expected
size, and their restriction maps corresponded to that described by Fayat et al.
(1983). The plasmids were named pKSC-A, pKSC-K and pKSC-G containing the
fragments from strains AB1360-12, K10-F6 and G1, respectively. pKSC-W was
constructed by cloning the corresponding wild-type EcoRI/Hindlll fragment from
plasmid pHWO (Table 1) into the vector pUC19 in analogy to the procedure for the
mutant genes.

4.2. Identification of point mutations in the cloned pheS genes

As shown in Fig. 2, the pheS-containing Smal/Hindll fragments from the
pKSC plasmids were subcloned in both orientations into the sequencing and ex-
pression vector pBluescript KS (+). The pKSB1-A, -K, -G, and -W series (using
similar plasmid designations as above) allowed the production of single-strand
DNA from the coding strand. In addition, expression of the corresponding pheS
genes from the Jac promoter was possible. With the other series of plasmids
(pKSB2-A, -K, -G and -W), the non-coding strand could be obtained in single-
stranded form (Fig. 2). The sequencing strategy described in Fig. 3 was based on
a set of pheS-specific oligonucleotide primers (listed in Table 2) that were posi-
tioned at distances of about 250 bp from each other. With this strategy, all 3 mu-
tant genes could be sequenced parallel to the wild-type pheS gene on both
strands. Examples of identified point mutations with the two applied sequencing
methods are shown in Fig. 4, and an overview of all nucleotide exchanges relative
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1kb
PKSC-X [ KO,
pheS pUC19
I . I I
EcoRl Smal  Hindl Hindlll EcoRl

nSmal
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pheS pheS
ATG B Tt TAA . Tan LT
Smal 4 w Sma | /Hindll Sma | /Hindll. &P Sma |
Eac Eac

pKSB2 - X

(4,138 kb)

Istrong expression of pheS

Figure 2. Subcloning of pheS genes. The pKSC-X plasmids obtained after cloning of the chro-
mosomal pheST region were digested with Smal and Hindll and the 1181 bp blunt-end pheS frag-
ment was isolated and ligated to a Smal-linearized pBluescript KS (+) vector (pBLS). Both insert
orientations (pKSB1-X and pKSB2-X) were required to allow the isolation of both pheS single
strands. The pKSB1-X plasmid type could be utilised for high expression of pheS from the /ac pro-
moter (P,,.) when fully induced with IPTG. Aatll and BamH| restriction sites shown in pKSB1-X
were used for further clonings (see text). The orientation of the pheS genes is indicated by start
(ATG) and stop (TAA) codons. bla, gene for B-lactamase conferring ampicillin resistance. The "-X'
needs to be replaced by other letters to indicate the source of the pheS gene, as follows: A,
AB1360-12; K, K10-F6; G, G1; W, wild type).

to the published wild-type sequence is presented in Fig. 5.

At codon position 74, an arginine triplett was found instead of the one for alanine
published by Fayat et al. (1983). The fact that this deviation was present in all 4
independent genes isolated from different strains suggests, that the former ala-
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Orientation 1:[(-32P] dATP
PEKA11 > —
PEKA10 > -
PEKA9 > >
PEKAS > >
PEKA7 > ,
M13up
- Small pheS Hindll /Smal
pBLS
ATG TAA
_ +1 +982
- <-36M13
« < PEKA2S
. < PEKA3S
< PEKA4S
> < PEKASS
< PEKA6S
100 bp
Orientation 2: DNA sequencer L

Figure 3. Sequencing strategy. Oligonucleotides (open triangles; listed in Table 2) were synthe-
sized according to the available pheS wild-type sequence. When used as primers, they cover, at
about 250 bp apart from one another, the complete gene sequence on both strands. This allowed
sequencing of mutant and wild-type genes in parallel. The range of each readable sequence is indi-
cated. The plasmids used are described in Fig. 2 and Table 1. Single-strand DNA from pKSB1-X
(orientation1) was sequenced with radiolabelled nucleotides, pKSB2-X (orientation 2) with fluores-
cent primers and automated detection. The filled and hatched bars indicate the coding and the non-
coding regions of pheS, respectively.

Figure 4. Examples of point mutations. (a) A plot of the sequence around nucleotide 572 deter-
mined by automated sequencing. The individual bases are indicated by differentially colored peaks
(T, red; C, blue; G, black and A, green). The bottom panel (G: pheS from strain G1) shows a T at
position 572 (non-coding strand) as opposed to the C in the wild type (W; upper panel). The corre-
sponding exchange in the coding strand was a G to A transition representing mutation D191 which
is responsible for the increase of the Ky, for Phe in PheRS of strain G1. (b) Autoradiogram showing
the sequences around nucleotide position 880. All sequencing reactions for the same base specifi-
city were loaded in adjacent lanes in order to directly compare wild-type (W), K10-F6 (K), G1 (G)
and AB1360-12 (A) pheS sequencing patterns. Mutation S294, consisting of a G to T exchange, is
clearly visible in pheS from the two p-F-PheR strains (K and A).
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pheS gene Relevant
from strain. phenotype:
- R74:
smal o oor [ Hind Il S
Wild type ~C__4T@ & arg™ mwa ME poF-Phe
-S;O + I1 22(;/|221 9;32 1 697
......... S294
R74 acc Al *** R
AB1360-12 |_4™@ v Yoo ) sér2e p-F-Phe
+I1 8|80
......... D98 S294
R74GGT Gly*® acc AR R
K10-F6 4 AT PN o [ p-F-Phe
+1 293 880
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: R74; GGC Gly191
G1 L 4% B 2 G$c N ™ Phe',p-F-PheS
Wi 572 082

Figure 5. Overview of identified point mutations. Numbers below the gene indicate nucleotide
positions relative to the A in the start codon. Numbers associated with amino acids indicate their
position in the o subunit of PheRS. R74 was found in all 4 sequenced genes indicating an error in
the previously published pheS sequence. The other mutations (boxed with solid line) were real de-
viations from the wild-type sequence. Phe" indicates the Phe auxotrophic phenotype of strain G1.

nine codon was due to an error in the previous sequence determination (C/G-
switch at nucleotide positions 220/221). The Arg fits better into the sequence align-
ment with the homologous PheRS small subunits from yeast cytoplasm, yeast mi-
tochondria and Bacillus subtilis, in which either Arg or another basic amino acid
(Lys) is present at that position (Brakhage et al., 1990). Although the nucleotide
switch caused mispairings of the two 3'-terminal bases of the designed oligonu-
cleotide PEKAS8, we were nevertheless able to use it as a sequencing primer for
the Klenow enzyme, albeit at lower efficiency. This demonstrated that a perfect
match at the 3'-end of the oligonucleotide (where primer extension starts) is not re-
quired for sequencing.
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The pheS mutation of strain G1 (Fig. 4(a); mutation D191), consisted of a G
to A transition (at nucleotide 572) leading to a glycine-to-aspartic acid exchange at
position 191 in the o subunit. It causes the Phe auxotrophic phenotype by increas-
ing the Ky for Phe in PheRS (Grilll et al., 1979). We did observe an impaired
growth of strain RR28 containing pKSB1-G on minimal medium (+IPTG), but only
at high temperature. pKSB2-G or plasmids with wild-type pheS showed no growth
interference (data not shown). In addition, pheS from G1 could not complement
the thermosensitive strain KA2 at 37°C or 40°C, unless pheT was also present on
the plasmid. These data confirmed that pKSB1-G expressed an o subunit that was
inefficient and/or thermosensitive; both phenomena were demonstrated previously
by Grilll et al. (1979) for G1 PheRS in vitro and in vivo. We did not further examine
this mutation for reasons discussed below.

The mutation found in both pheS genes from the independently isolated p-F-
Phe resistant strains AB1360-12 and K10-F6 consisted of a G to T transversion
(nucleotide 880; Fig. 4(b)), leading to an alanine-to-serine exchange at amino acid
position 294. This mutation, termed 'S294', which resided at the C-terminus of the
o subunit (and thus quite distant of D191), was the only deviation from the wild-
type sequence in pheS from AB1360-12. This indicated that it was exclusively re-
sponsible for the observed p-F-Phe resistance phenotype. However, sequence
analysis of pKSB1-K and pKSB2-K showed an additional mutation at codon posi-
tion 98: the nature and the consequences of this Gly-to-Asp replacement (D98; G
to A transition at nucleotide 293) will be treated in sections 4.3. and 4.4.

A change in the affinity for a substrate can be caused by any distortion of the
three-dimensional structure due to alterations that are distant to the substrate bind-
ing site. However, the mutation leading to an exclusion of the substrate analogue
p-F-Phe from the enzymatic reaction was expected to be rather specific and to
point more directly to the Phe binding site. Therefore, we decided to concentrate
our investigations on position 294.

4.3. The Ala-to-Ser exchange at position 294 is responsible for
the p-F-PheR phenotype in vivo and in vitro

To prove unambiguously that S294 is responsible for the p-F-PheR pheno-
type, a series of in vivo and in vitro tests were carried out to compare the parental
strains with strains carrying the cloned pheS genes on plasmids. In addition, the
S294 mutation was created again in a wild-type gene by oligonucleoctide-directed
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mutagenesis yielding plasmid pKSB1-M4S (the mutagenesis is described in detail
in the accompanying paper by Kast et al., 1991).

Initial attempts to assay the pheS plasmids in the NP37 host (PheRS!s) were
not successful because of a high background due to recombination with the chro-
mosomal gene. Therefore, strain KA2, a RecA™ variant of NP37, was constructed
by generalized P1 transduction. The pKSB1 plasmids were transformed into KA2,
in which the pheS genes were fully expressed by addition of IPTG, and the PheRS
phenotype was assayed by in vivo growth tests (on agar plates) as well as in vitro
(protein extraction and PheRS assay) as described in Materials and Methods. The
results are compiled in Table 3, together with those obtained with the parental
strains. In addition, Table 3 contains data from the pKSB1 plasmids in the p-F-
PheR strain RR28. In this background, the presence of a wild-type pheS allele
causes the p-F-PheR strain to become sensitive to the Phe-analogue. This domi-
nance of the wild-type gene is due to deleterious p-F-Phe incorporation into cellu-
lar protein (Fangman & Neidhardt, 1964; Hennecke et al., 1982, and references
therein). Growth failure of transformed RR28 on p-F-Phe-containing plates, there-
fore, is an indication for a wild-type pheS gene present on the plasmid. (Use of this
feature was made previously in the development of a cloning system ailowing for a
direct selection of inserted DNA in the vector pHE3; Hennecke et al., 1982).

The results in Table 3 showed that strains containing plasmid pKSB1-A be-
haved like the p-F-PheR parental strains AB1360-12 and K10-F6 on Phe-analogue
plates (i. e. growth) and in the PheRS assay (i. e. no significant analogue incorpo-
ration). Identical results were obtained with plasmid pKSB1-M4S, which proved
that the mutation S294 was solely responsible for the p-F-PheR phenotype. The
plasmid pKSB1-W, as expected, conferred p-F-Phe sensitivity to RR28, and the
PheRS values obtained in vitro agreed with those of HB101, the wild-type ref-
erence strain. These data demonstrated that the test system for the plasmidial
genes could simulate the chromosomal situation: although the o subunit was over-
produced, the PheRS activities showed chromosomal levels due to a limiting
amount of B subunit that was apparently expressed normally from the chromoso-
mal pheT gene. This was confirmed in the accompanying paper (Kast et al., 1991),
and will be discussed there in more detail. It is worth mentioning here that the
PheRSts strain KA2 showed virtually no background activity in vitro at 28°C, the
permissive temperature for growth (Table 3). This had already been observed pre-
viously for NP37 (Eidlic & Neidhardt, 1965) and was ascribed to decreased stabili-
ty of the mutant enzyme under in vitro conditions (Neidhardt, 1966; Bock, 1968).
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Table 3: PheRS activity of pheS mutants tested in vivo and in vitro@
A
Strains carrying In vivo growth testsP PheRS activityd
chromosomal pheS Rich medium (LB) MM¢, 28°C
only 30C  40°C —pF-Phe +pF-Phe [14C]Phe  p-F-['4C]Phe
HB101  (wildtype) | ++  ++ +¢ 0 3.08 153
AB1360-12 (p-F-PheR)|  ++ $€ ++ ++C 254 <0.03
K10-F6  (pF-PheR)| ++  ++ + + 2.48 <0.09
RR28 (p-F-PheR)| ++ + + + nte nte
KA2 (PheRSts) | + 0 nte nte <0.10 <0.08
B
Plasmids carrying pheS In vivo growth tests? PheRS activity
in strain KA2 in strain RR28 in plasmid-bearing KA2 straind

(expected phenotype) (PheRSts) (p-F-PheR, recessive)

LB, Amp, IPTG  MMC, Amp, IPTG; 37°C

30)C 40°'C —pF-Phe +p-F-Phe [14CJPhe  p-F-[14C]Phe
pBLS (vector) + 0 ot + <0.02 0.00
pKSB1-W (wild type)| ++ ++ ++ — 3.20 1.71
pKSB1-A  (p-F-PheR} ++ ++ o + 248 <0.09
pKSB1-M4S (p-F-PheR)  ++ o + + 2.49 <0.13
pKSB1-K  (p-F-PheR) ++ 0 ++ + <0.01 <0.07

a All tests were carried out as described in Materials and Methods.

b Growth of single colonies is specified from good growth to no growth at all, in the order:
++>+>+>~->0. Amp, ampicillin.

¢ The minimal medium (MM) of each strain was supplemented according to its requirements (Table 1).
Individual strains may behave differently in vivo due to their dissimilar genetic backgrounds.

d Activity is in nmol Phe or p-F-Phe attached to tRNA per min and mg protein in $140 extracts at 28°C.

€ n.t.: not tested.
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Whilst the wild-type and mutant S294 pheS genes could complement KA2,
this was surprisingly not possible with plasmid pKSB1-K carrying pheS from K10-
F6, and neither Phe nor p-F-Phe incorporation were detected in vitro (Table 3).
The presence of this gene (supposed to be p-F-PheR) on a high copy number
vector did impair, but not abolish, growth of RR28 on p-F-Phe plates (Table 3). It
appeared reasonable to attribute these phenotypes to the mutation D98, which dis-
tinguished pKSB1-K from pKSB1-A. But the striking discrepancy between the phe-
notypes of pKSB1-K and its parent strain K10-F6 still requested further clarifica-
tion. Was D98 a secondary mutation picked up during the cloning process?

4.4. The Gly-to-Asp exchange at position 98 of the PheRS o sub-
unit is responsible for the thermosensitivity of strain NP37

As mentioned, the mutation D98 was obviously the cause for the lack of com-
plementing ability of pKSB1-K. To prove this, the D98 mutation was separated
from mutation S294 by replacing in pKSB1-K a 326 bp Aatll/BamHI fragment (Fig.
2) carrying S294 by the corresponding fragment from the wild-type plasmid
pKSB1-W. Unlike pKSB1-K, the resulting plasmid pKSB1-D98 produced a p-F-
PheS phenotype by preventing any growth of transformed RR28 on p-F-Phe plates
at 30°C (data not shown). This demonstrated (i) that removal of mutation S294
abolished the p-F-PheR trait and (ii) that a pheS gene carrying mutation D98
encodes a PheRS o subunit which is active at low temperature in vivo. pKSB1-
D98 failed to complement KA2 at 40°C which, together with the above obser-
vations, proved that D98 alone is responsible for a thermosensitive and p-F-PheS
o subunit.

The inability of pKSB1-K to complement a PheRS!s strain apparently contra-
dicted the fact that the corresponding pheS gene could be cloned by comple-
mentation of NP37. We therefore analyzed again the parental plasmid pKSC-K(1)
and, in parallel, a similar plasmid pKSC-K(2) from an independent clone obtained
during cloning of K10-F6 pheS. Both plasmids could complement NP37, but NP37
transformed by pKSC-K(1) showed a slightly reduced growth at 40°C. Direct dou-
ble-stranded sequencing around codon position 98 (using primer PEKA4S)
showed indeed that the parental plasmid of pKSB1/2-K contained mutation D98
which was not found in pKSC-K(2). On one hand, this result proved that D98 within
pKSC-K(1) did allow complementation of a PheRS!s strain, probably due to the si-
multaneous presence of a pheT gene on the plasmid leading to large amounts of
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(less efficient) PheRS (gene dosage effect; see Discussion). On the other hand, it
was now conceivable that D98 did not originate from strain K10-F6 but was ac-
quired later. This would explain the phenotypic differences between K10-F6 and
KA2 when transformed with pKSB1-K (Table 3).

Two features associated with the pheS gene from pKSB1-K led us to suspect
that D98 was the pheS mutation of NP37: (i) D98 caused a thermosensitive
PheRS, like that of NP37, and (ii) the mutant pheS gene was propagated in the
RecA* host NP37 during cloning. To verify this hypothesis, the region around
codon 98 was sequenced directly after PCR-mediated amplification of the chromo-
somal pheS genes from strains NP37, K10-F6, AB1360-12 and HB101. The strat-
egy used is displayed in Fig. 6. The polymerase chain reactions were carried out
asymmetrically, and the sequencing of the purified single-stranded products was
done with a third primer, by means of which only correctly amplified DNA was se-
quenced (Wrischnik et al., 1987).

Mutation 100 bp
Smal D98 | Hindli
PSCA PEKASN ‘

ATG TAA PSCZ

|
I

1100 bp |

Figure 6. Strategy for the direct sequencing of the region around pheS codon 98 using PCR-
amplified chromosomal DNA. Two 22mer oligonucleotide primers (PSCA and PSCZ; Table 2)
were designed to flank the coding region of pheS. PSCZ was present in a 50-fold excess in the
PCR reaction, leading to production of single-strand DNA of 1100 nucleotides, which, after deple-
tion of PSCA, appeared in addition to the 1100 bp double-strand fragment. The single-stranded
PCR products could be sequenced with a third primer (PEKA8N) located close to the position of
mutation D98.
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The results (Fig. 7) showed that strain NP37 indeed carries mutation D98,
which is obviously responsible for the PheRSts phenotype of NP37 (and its subse-
quent derivative KA2). In addition, the absence of D98 in strain K10-F6 proved that
this mutation in pheS on plasmid pKSC-K (and subsequently on pKSB1/2-K) must
have been picked up from NP37 (RecA*!) during cloning in this host strain,
probably via homologous recombination. Neither strain AB1360-12, which showed
a slight thermosensitivity in vivo (Table 3), nor the wild-type control strain HB101
possessed mutation D98 (Fig. 7).

(a) (b)

e -
e

PCR-DNA Sequencing AB1360-12 K10-F6 NP37 HB101
* — (p-F-Phe’) (p-F-Phe’)  (PheRS®)  (Wild type)
)\ A HKNO >\ TCGATCGA TCGA TCGA

<+— Jds DNA
1100 bp

<+«— ssDNA i w

1100 nt ' -
% mm
B

GGT GGT GAT GGT

v \ \

ay® ay® Asp®®  ay®

I=D98

Figure 7. Sequencing of PCR-generated DNA to confirm the presence of mutation D98. (a)
Ethidium bromide-stained agarose gel with PCR products. It shows amplified double-stranded as
well as single-stranded DNA corresponding to the pheS fragments from different strains. Chromo-
somal DNA templates were from strains AB1360-12 (A), K10-F6 (K), NP37 (N) and the wild type,
HB101 (H). In the negative control (0), no template was added. Lanes labelled with A indicate the
size marker (A-DNA digested with EcoRI and Hindlll). nt, nucleotides. (b) Sequencing ladders ob-
tained from single-stranded PCR products (see (a)) that were sequenced with PEKA8N as primer.
The codons corresponding to amino acid position 98 of the PheRS o subunit are noted below each
sequence. Mutation D98 is indicated directly in the sequence by an arrowhead.
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5. Discussion

5.1. The basis of thermosensitivity in NP37

The PheRS!S mutation D98 of E. coli strain NP37 was cloned accidentally by
a recombination event while cloning the pheS gene from another strain in the
NP37 background. That the RecA* host NP37 possesses high recombination acti-
vity became already apparent by the large background in the in vivo plate tests
(data not shown), which disappeared when recA was deleted (in strain KA2).
Hennecke (1976) showed that in RecAt strains, pheS mutations were efficiently
transferred to F' plasmids carrying the corresponding genomic regions (homogeno-
tization).

The experiences from cloning the pheSts mutation D98 on plasmid pKSC-K
showed that it should be possible in general to clone a variety of defective alleles
by complementation of the very same mutation, making use of increased expres-
sion and gene dosage on multicopy plasmids. Such a cloning strategy is especially
important in cases where no information about the gene structure is available.
Other examples in which mutant PheRS phenotypes could be reversed by an in-
crease of the mutant gene dosage were the complementation of strain G1 as well
as an E. coli strain with a thermosensitive B subunit of PheRS (Griill et al., 1979).
Similarly, the amplification of the genes for an unstable MetRS (from a methionine
auxotrophic yeast mutant; Chatton et al., 1987) or a thermosensitive AlaRS (Jasin
& Schimmel, 1984) allowed to restore cell viability at high temperature.

Previous attempts to detect the tetrameric PheRS in NP37 crude extracts
failed; instead, inactive PheRS protein corresponding to the size of an af§ dimer
was found (Bock, 1968; Comer & Bock, 1976). From these results, the cause for
the temperature-sensitive behaviour was supposed to be the facilitated disaggre-
gation of mutant PheRS due to weakened subunit interactions. This behaviour,
which is critical in vivo only at elevated temperature, may be brought about by in-
creased electrostatic repulsion between subunits (or ap dimers) at their interface.
Such a hypothesis would provide a mechanistic explanation for mutation D98
which introduces (besides a size change) a negative charge (Gly-to-Asp replace-
ment). Dissociation of aminoacyl-tRNA synthetase subunits by introduction of
charged residues has been observed in TyrRS (Jones et al., 1985) and in two ther-
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mosensitive AlaRS mutants, in which also Gly-to-Asp exchanges occurred that
were located in the 'oligomerization domain' (Jasin et al., 1985; Schimmel, 1987).
By analogy, mutation D98, which mapped to a non-conserved region in the N-ter-
minal half of the PheRS « subunit, might identify an amino acid in the contact area
between subunits or in a domain responsible for oligomerization (Jasin et al.,
1984; Schimmel, 1987). In this context, it would be of interest to map other
PheRSts o, mutations or analyze second site revertants of those mutants (Bock,
1968).

A different explanation for the NP37 phenotype may be derived from the ob-
servation that thermosensitivity of this strain was reversed by increasing the
tRNAPhe gene dosage (Caillet et al., 1983; Schwartz et al., 1983). Kinetic analysis
of PheRS from NP37 indicated that it had a 20-fold increase in the Ky for
tRNAPhe  primarily due to a higher dissociation constant (Goodman & Schwartz,
1988). An increased tRNAPhe concentration could compensate for this and might
result in the formation of an active tRNA-PheRS complex in vivo, whereby the
tRNA contributes to stabilization of the tetrameric structure. Stabilization of the oli-
gomeric structure by high substrate concentrations was also demonstrated for a
TyrRS mutant (Jones et al., 1985). The impaired Ky, of the NP37 PheRS was thus
either a consequence of the aforementioned, weakened subunit interactions, or it
implies that the amino acid at position 98 is directly involved in tRNA binding. In
the latter case, D98 would decrease the affinity for the tRNA by a similar charge
repulsion mechanism as described above. So far, affinity labelling experiments did
not help to identify amino acid residues in the E. coli PheRS o subunit involved in
tRNA binding (Hountondji et al., 1987; Khodyreva, et al., 1985).

5.2. From PheRS mutations to the Phe binding site?

Both PheRS mutations S294 and D191 affect Phe binding; therefore, their
positions might identify regions involved in forming the Phe binding site. Because
of the additional weak thermosensitivity of mutant PheRS carrying mutation D191,
we are aware of the possibility that secondary structural distortions caused the im-
paired affinity for the substrate. In other aminoacyl-tRNA synthetases, examples of
Ky mutations within established or probable substrate binding sites are known
(Schimmel, 1987; Fersht, 1987; Clarke et al., 1988). Eriani et al. (1990b) showed
that an E .coli ArgRS mutant, possessing an increased Ky for ATP and a reduced
reaction rate, carries an alteration immediately adjacent to the HIGH consensus
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sequence, the ATP binding site in class | aminoacyl-tRNA synthetases (Burbaum
et al., 1990). In a yeast MetRS mutant, Chatton et al. (1987) found the cause for
an elevated Ky for methionine and for thermosensitivity to be a point mutation in
the C-terminal half of the nucleotide binding fold that was inferred from the homo-
logous E. coli MetRS crystal structure (Brunie et al,, 1990). By analogy with the
other two crystallized class | synthetases (Brick et al., 1989; Rould et al., 1989),
the mutation is probably in the Met binding site (Brunie et al., 1990). Interestingly,
the identified amino acid replacement consisted of a Gly-to-Asp exchange, as it is
the case with mutation D191 in PheRS of strain G1.

As a member of class Il aminoacyl-tRNA synthetases, the PheRS o subunit
contains all three conserved sequence motifs which define this group (Eriani et al.,
1990a), but none of the typical sequences for class | enzymes. It was proposed
that the three motifs are part of a super-secondary structure and constitute a func-
tional domain analogous to the nucleotide binding fold in class | synthetases
(Eriani et al., 1990a). Interestingly, the Ky, mutation D191 (Gly-to-Asp) maps within
motif 2, only 4 residues away from a totally conserved arginine. In eight out of 17
aligned wild-type sequences, a Gly is present at that position, whereas the yeast
cytoplasmic PheRS has an Asp residue there (Eriani et al., 1990a). In this context
it is worth mentioning that the yeast enzyme displays a five-fold higher Ky, for Phe
as compared to the E. coli enzyme (Gabius et al., 1983). The increase of the Ky in
the D191 mutant PheRS (from strain G1) was 15-fold relative to the wild type
(Grill et al., 1979). It is tempting to speculate, therefore, that mutation D191 identi-
fies motif 2 as being part of the amino acid binding site in PheRS, and more gener-
ally in class Il synthetases. This is supported by the crystal structure of SerRS
(Cusack et al,, 1990), the only class Il synthetase structure published up to now:
although the absence of substrates in the crystal did not permit a definitive identifi-
cation of the binding sites, a large cavity within the globular domain of the enzyme
was assumed to be the active site. Motif 2 amino acids, and more precisely those
corresponding to the PheRS o subunit residues adjacent to position 191, form one
inside wall of this cavity and may well be involved in substrate binding.

S294, the PheRS o subunit mutation responsible for p-F-Phe resistance, was
thought to point more directly to amino acids in contact with the substrate Phe (see
section 5.3.). The mutation mapped at the C-terminus of the PheRS o subunit pre-
cisely within motif 3, another conserved region in class Il synthetases (Fig. 8;
Eriani et al,, 1990a). A closer inspection of motif 3 around position 294 showed a
particularly high degree of conservation within the known PheRS sequences from
different organisms. In Fig. 8, the corresponding regions of the four previously se-
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Escherichia coli 285... EjJV[Y SGFAFGMGME ..307
Salmonella typhimurium ... _E_I : M E
Bacillus subtilis 299... K VIE 321
Yeast mitochondria  324... S D " ..346
Yeast cytoplasm 450... E mj 1 [J[Y] 471
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Figure 8. Alignment of PheRS small subunit sequences encoded by the pheS region around
the position of mutation $294. The pheS gene products from E. coli (Fayat et al., 1983), B. sub-
tilis (Brakhage et al., 1990), yeast mitochondria (Koerner et al., 1987) and yeast cytoplasm (Sanni
et al., 1988) were aligned using the UWGCG program CLUSTAL (Higgins & Sharp, 1988). Further-
more, we included a corresponding protein sequence derived from a partial pheS sequence of S.
typhimurium (B. Keller and P. Kast, unpublished work). Numbers indicate the first and the last resi-
dues shown here for the respective sequences. The one-letter code for amino acids is used. Identi-
cal residues are boxed; thin lines connect related amino acids with a pairwise value of at least 0.7
according to the Dayhoff mutation data matrix (Dayhoff et al., 1983), rescaled as indicated in the
UWGCG sequence analysis software package, release 6.2. In addition, the motif 3 consensus se-
quence of class Il synthetases is aligned (adapted from Eriani et al., 1990a). Lower case letters de-
note predominantly occurring residues; the arginine is completely conserved; ® stands for hydro-
phobic amino acids if they are present in more than 70 % of the sequences examined by Eriani et
al. (1990a).

quenced small PheRS subunits from E. coli, yeast cytoplasm and mitochondria,
and B. subtilis are aligned. Furthermore, we added the equivalent sequence from
Salmonella typhimurium, a close relative of E. coli. Its pheS gene was cloned re-
cently in our laboratory by a strategy analogous to that described in this work for
cloning the mutant pheS genes (B. Keller and P. Kast, unpublished results). The
presence of the p-F-PheR mutation within a PheRS-specific conserved region
prompted us to localize there at least part of the Phe binding site, an assumption
that was further validated in the accompanying paper (Kast et al., 1991). We thus
propose that motif 3, together with motif 2, might constitute a component of the
amino acid substrate binding domain in class Il aminoacyl-tRNA synthetases.
Again, this proposal is in agreement with the topology of the homologous se-
quence in the structure of SerRS (Cusack et al., 1990). The position corresponding
to the motif 3 residue 294 of the PheRS o subunit participates in a B-sheet building
the bottom of the putative active site. Both positions corresponding to the PheRS o
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subunit amino acids 191 and 294 come to lie close together in the tertiary structure
of SerRS, which seems to support our assumption about their cooperation in
amino acid binding. Of course, to extrapolate the assignment of structural ele-
ments from SerRS to specific positions in PheRS is only valid, if the secondary
and tertiary structure is as conserved among class Il synthetases as it was found
among class | members (Burbaum et al, 1990). The completion of the crystal
structure of class Il AspRS from yeast (complexed with tRNA) should make this
clearer (Ruff et al., 1988; Cusack et al., 1990). At any rate, one should be aware
that the situation with PheRS may be more complicated because the additional 3
subunit (which shows no homology to other synthetases) seems to be involved in
tRNA binding in E. coli (Khodyreva et al., 1985; Hountondji et al., 1987) and yeast
(Sanni et al, 1991) and might contribute to an active site located at the of
interface (Baltzinger et al., 1979; Khodyreva et al., 1985). The functional im-
portance of the conserved motifs 2 and 3 was demonstrated by mutations in yeast
and E. coli AspRS (Prevost et al., 1989; Eriani et al., 1990a; Eriani et al., 1990¢),
in E. coli AsnRS (Anselme & Hartlein, 1991) and in yeast PheRS (Sanni et al.,
1990) which dramatically impaired enzyme activity.

From an increased Ky value for ATP in AsnRS mutated in motif 3, it was re-
cently proposed that motif 3 might participate in ATP binding in class Il synthe-
tases (Anselme & Hartlein, 1991). This would not exclude a simultaneous involve-
ment of this sequence in amino acid substrate binding since amino acid adenylate
formation requires both substrates to come close together, and their binding sites
may therefore be immediately adjacent, as exemplified, for instance, for TyrRS
(Brick et al., 1989).

5.3. A model for the mechanism of p-F-Phe resistance

The fact, that in p-F-PheR strains the slightly bigger substrate analogue p-F-
Phe is excluded from the enzymatic reaction due to the replacement of an alanine
residue by serine led to further considerations concerning the mechanisms in-
volved in specific substrate recognition. In Fig. 9, we present a simple model that
explains the exclusion of the substrate analogue mainly for steric reasons. The
principal assumption is that position 294 of the PheRS o subunit makes direct con-
tact with the para-position of the aromatic ring of Phe. In wild-type PheRS, the
Ala2%4 would thus allow tight fitting of the analogue (and the natural substrate) into
the binding pocket (Fig. 9, left side). By contrast, Ser2% with its hydroxyl group
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Figure 9. A model that might explain the mechanism of p-F-Phe resistance. In a p-F-Phe sen-
sitive strain (wild type, on the left), the substrate analogue can enter the Phe binding pocket. In a
strain resistant to the analogue, the mutation leading to the replacement of Ala2%4 by Ser2%4 (on the
right) prevents p-F-Phe from productive binding, possibly due to steric interference of the additional
OH-group with the F at the para-position of the aromatic ring.

would prevent a complete entering of p-F-Phe into the binding site due to steric
hindrance, whereas Phe still fits. The OH-group might even establish a F-H hydro-
gen bond, thereby further displacing the analogue from the catalytically productive
binding position (Fig. 9, right side).

The question of whether the difference in van der Waals radii (Bondi, 1964)
between H (1.20 A) and F (1.47 A) and the potential of the electronegative F to
form hydrogen bonds are sufficient to explain the observed phenotype, remains
unanswered. Our model does not account for the differences in electron distribu-
tion in the aromatic ring systems between the analogue and Phe, although this



Chapter lI: PhenylalanyltRNA Synthetase Mutants 43

could also be a cause for differentiation and discrimination. Previous binding stud-
ies with substrate analogues, however, indicated that steric effects are clearly
dominant in determining amino acid specificity in the PheRS hydrophobic pocket
(Santi & Danenberg, 1971). If, as suggested, Ala2%4 is part of the binding site for
Phe, the flanking aromatic (or at least hydrophobic) residues (see Fig. 8) could
also participate in the binding of the aromatic ring of the substrate. The results
from oligonucleotide-directed mutagenesis experiments presented in the accompa-
nying paper (Kast et al., 1991) provide evidence in favour of our model for the ba-
sis of p-F-Phe resistance, but speak against the involvement of residues 293 and
295 in substrate binding. Three-dimensional structural information on PheRS is
now needed to elucidate the real topology of the binding site. The generation of
crystals of Thermus thermophilus PheRS (Chernaya et al., 1987; Ankilova et al.,
1988) suitable for X-ray structural analysis was a promising step towards this goal,
and, therefore, we are currently engaged in determining the nucleotide sequence
of the T. thermophilus pheST genes.

Acknowledgements

The valuable and expert assistance of Claudia Wehrli is gratefully acknowil-
edged. We thank Barbara Keller for cloning the pheS gene from S. typhimurium. A.
Birkmann is thanked for providing us with a P1kc lysate and K. Girgenrath and L.
Dirselen for scintillation counting. This work was supported by a grant from the
Federal Institute of Technology Zirich.



44 Chapter ll: Phenylalanyl-tRNA Synthetase Mutants

6. References

Ankilova, V. N., Reshetnikova, L. S., Chernaya, M. M. & Lavrik, O. |. (1988).
Phenylalanyl-tRNA Synthetase from Thermus thermophilus HB8. Purification
and Properties of the Crystallizing Enzyme. FEBS Lett. 227, 9-13.

Anselme, J. & Hartlein, M. (1991). Tyr-426 of the Escherichia coli Asparaginyl-
tRNA Synthetase, an Amino Acid in a C-Terminal Conserved Moatif, Is
Involved in ATP Binding. FEBS Lett. 280, 163-166.

Bachmann, B. J. (1990). Linkage Map of Escherichia coli K-12, Edition 8.
Microbiol. Rev. 54, 130-197.

Baltzinger, M. & Holler, E. (1982). Catalytic Mechanism of Phenylalanyl-tRNA Syn-
thetase of Escherichia coli K10. Conformational Change and tRNAPhe
Phenylalanylation Are Concerted. Biochemistry, 21, 2467-2476.

Baltzinger, M., Fasiolo, F. & Remy, P. (1979). Yeast Phenylalanyl-tRNA
Synthetase. Affinity and Photoaffinity Labelling of the Stereospecific Binding
Sites. Eur. J. Biochem. 97, 481-494.

Blow, D. M., Bhat, T. N., Metcalfe, A., Risler, J.L., Brunie, S. & Zelwer, C. (1983).
Structural Homology in the Amino-Terminal Domains of Two Aminoacyl-tRNA
Synthetases. J. Mol. Biol. 171, 571-576.

Bock, A. (1968). Relation between Subunit Structure and Temperature-Sensitivity
of Mutant Phenylalanyl RNA Synthetases of Escherichia coli. Eur. J.
Biochem. 4, 395-400.

Boéck A. & Neidhardt, F. C. (1967). Genetic Mapping of Phenylalanyl-sRNA Syn-
thetase in Escherichia coli. Science, 157, 78-79.

Bondi, A. (1964). van der Waals Volumes and Radii. J. Phys. Chem. 68. 441-451.

Boyer, H. W. & Roulland-Dussoix, D. (1969). A Complementation Analysis of the
Restriction and Modification of DNA in Escherichia coli. J. Mol. Biol. 41, 459-
472.

Brakhage, A. A, Wozny, M. & Putzer, H. (1990). Structure and Nucleotide
Sequence of the Bacillus subtilis Phenylalanyl-tRNA Synthetase Genes.
Biochimie, 72, 725-734. - Erratum (1991): Biochimie, 73, 127.



Chapter lI: Phenylalanyl-tRNA Synthetase Mutants 45

Brick, P., Bhat, T. N. & Blow, D. M. (1989). Structure of Tyrosyl-tRNA Synthetase
Refined at 2.3 A Resolution. Interaction of the Enzyme with the Tyrosyl
Adenylate Intermediate. J. Mol. Biol. 208, 83-98.

Brunie, S., Zelwer, C. & Risler, J.-L. (1990). Crystallographic Study at 2.5 A
Resolution of the Interaction of Methionyl-tRNA Synthetase from Escherichia
coliwith ATP. J. Mol. Biol. 216, 411-424.

Burbaum, J. J., Starzyk, R. M. & Schimmel, P. (1990). Understanding Structural
Relationships in Proteins of Unsolved Three-Dimensional Structure. Proteins,
7,99-111.

Caillet, J., Plumbridge, J. A., Springer, M., Vacher, J., Delamarche, C.,
Buckingham, R. H. & Grunberg-Manago, M. (1983). Identification of Clones
Carrying an E. coli tRNAPhe Gene by Suppression of Phenylalanyl-tRNA
Synthetase Thermosensitive Mutants. Nucl. Acids Res. 11, 727-736.

Chang, A. C. Y. & Cohen, S. N. (1978). Construction and Characterization of
Amplifiable Multicopy DNA Cloning Vehicles Derived from the P15A Cryptic
Miniplasmid. J. Bacteriol. 134, 1141-1156.

Chatton, B., Winsor, B., Boulanger, Y. & Fasiolo, F. (1987). Cloning and
Characterization of the Yeast Methionyl-tRNA Synthetase Mutation mes?. J.
Biol. Chem. 262, 15094-15097.

Chernaya, M. M., Korolev, S. V., Reshetnikova, L. S. & Safro, M. G. (1987).
Preliminary Crystallographic Study of the Phenylalanyl-tRNA Synthetase from
Thermus thermophilus HB8. J. Mol. Biol. 198, 555-556.

Cherniack, A. D., Garriga, G., Kittle, Jr., J. D., Akins, R. A. & Lambowitz, A. M.
(1990). Function of Neurospora Mitochondrial Tyrosyl-tRNA Synthetase in
RNA Splicing Requires an Idiosyncratic Domain Not Found in Other
Synthetases. Cell, 62, 745-755.

Clarke, N. D., Lien, D. C. & Schimmel, P. (1988). Evidence from Cassette
Mutagenesis for a Structure-Function Motif in a Protein of Unknown
Structure. Science, 240, 521-523.

Comer, M. M. & Bdck, A. (1976). Genes for the o and B Subunits of the
Phenylalanyl-Transfer Ribonucleic Acid Synthetase of Escherichia coli. J.
Bacteriol. 127, 923-933.



46 Chapter lI: Phenylalanyl-tRNA Synthetase Mutants

Connell, C., Fung, S., Heiner, C., Bridgham, J., Chakerian, V., Heron, E., Jones,
B., Menchen, S., Mordan, W., Raff, M., Recknor, M., Smith, L., Springer, J.,
Woo, S. & Hunkapiller, M. (1987). Automated DNA Sequence Analysis.
Biotechniques, 5, 342-348.

Cusack, S., Berthet-Colominas, C., Hartlein, M., Nassar, N. & Leberman, R.
(1990). A Second Class of Synthetase Structure Revealed by X-Ray Analysis
of Escherichia coli Seryl-tRNA Synthetase at 2.5 A. Nature (London), 347,
249-255.

Dayhoff, M. O., Barker, W. C. & Hunt, L. T. (1983). Establishing Homologies in
Protein Sequences. Methods Enzymol. 91, 524-545.

de Duve, C. (1988). The Second Genetic Code. Nature (London), 333, 117-118.

Dessen, P., Ducruix, A.,, May, R. P. & Blanquet, S. (1990). Low-Resolution
Structure of the Tetrameric Phenylalanyl-tRNA Synthetase from Escherichia
coli. A Neutron Small-Angle Scattering Study of Hybrids Composed of
Protonated and Deuterated Protomers. Biochemistry, 29, 3039-3045.

Edwards, H. & Schimmel, P. (1990). A Bacterial Amber Suppressor in Saccharo-
myces cerevisiae Is Selectively Recognized by a Bacterial Aminoacyl-tRNA
Synthetase. Mol. Cell. Biol. 10, 1633-1641.

Eidlic, L. & Neidhardt, F. C. (1965). Protein and Nucleic Acid Synthesis in Two
Mutants of Escherichia coli with Temperature-Sensitive Aminoacyl
Ribonucleic Acid Synthetases. J. Bacteriol. 89, 706-711.

Elhardt, D., Wirth, R. & Bdck, A. (1982). Regulation of Formation of Threonyl-tRNA
Synthetase, Phenylalanyl-tRNA Synthetase and Protein Synthesis Initiation
Factor 3 from Escherichia coli in Vivo and in Vitro. Eur. J. Biochem. 123, 477-
482.

Eriani, G., Delarue, M., Poch, O., Gangloff, J. & Moras, D. (1990a). Partition of
tRNA Synthetases into Two Classes Based on Mutually Exclusive Sets of
Sequence Motifs. Nature (London), 347, 203-206.

Eriani, G., Dirheimer, G. & Gangloff, J. (1990b). Structure - Function Relationship
of Arginyl-tRNA Synthetase from Escherichia coli. Isolation and Characteri-
zation of the argS Mutation MA5002. Nucl. Acids Res. 18, 1475-1479.

Eriani, G., Dirheimer, G. & Gangloff, J. (1990c). Aspartyl-tRNA Synthetase from
Escherichia coli: Cloning and Characterisation of the Gene, Homologies of Its



Chapter ll: Phenylalanyl-tRNA Synthetase Mutants 47

Translated Amino Acid Sequence with Asparaginyl- and Lysyl-tRNA
Synthetases. Nucl. Acids Res. 18, 7109-7118.

Fangman, W. L. & Neidhardt, F. C. (1964). Protein and Ribonucleic Acid Synthesis
in a Mutant of Escherichia coli with an Altered Aminoacy! Ribonucleic Acid
Synthetase. J. Biol. Chem. 239, 1844-1847.

Fasiolo, F. & Fersht, A. R. (1978). The Aminoacyladenylate Mechanism in the
Aminoacylation Reaction of Yeast Phenylalanyl-tRNA Synthetase. Eur. J.
Biochem. 85, 85-88.

Fasiolo, F., Sanni, A., Potier, S., Ebel, J. P. & Boulanger, Y. (1989). Identification
of the Major tRNAPhe Binding Domain in the Tetrameric Structure of Cyto-
plasmic Phenylalanyl-tRNA Synthetase from Baker's Yeast. FEBS Lett. 242,
351-356.

Fayat, G., Blanquet, S., Dessen, P., Batelier, G. & Waller, J.-P. (1974). The
Molecular Weight and Subunit Composition of Phenylalanyl-tRNA Synthetase
from Escherichia coli K-12. Biochimie, 56, 35-41.

Fayat, G., Mayaux, J.-F., Sacerdot, C., Fromant, M., Springer, M., Grunberg-
Manago, M. & Blanquet, S. (1983). Escherichia coli Phenylalanyl-tRNA
Synthetase Operon Region. Evidence for an Attenuation Mechanism. Identifi-
cation of the Gene for the Ribosomal Protein L20. J. Mol. Biol. 171, 239-261.

Fersht, A. R. (1987). Dissection of the Structure and Activity of the Tyrosyl-tRNA
Synthetase by Site-Directed Mutagenesis. Biochemistry, 26, 8031-8037.

Fersht, A. R., Knill-Jones, J. W., Bedouelle, H. & Winter, G. (1988). Reconstruction
by Site-Directed Mutagenesis of the Transition State for the Activation of
Tyrosine by the Tyrosyl-tRNA Synthetase: A Mobile Loop Envelopes the
Transition State in an Induced-Fit Mechanism. Biochemistry, 27, 1581-1587.

Freist, W. (1989). Mechanisms of Aminoacyl-tRNA Synthetases: A Critical
Consideration of Recent Results. Biochemistry, 28, 6787-6795.

Gabius, H.-J., von der Haar, F. & Cramer, F. (1983). Evolutionary Aspects of Accu-
racy of Phenylalanyl-tRNA Synthetase. A Comparative Study with Enzymes
from Escherichia coli, Saccharomyces cerevisiae, Neurospora crassa, and
Turkey Liver Using Phenylalanine Analogues. Biochemistry, 22, 2331-2339.

Ghosh, G., Pelka, H. & Schuiman, L. H. (1990). Identification of the tRNA
Anticodon Recognition Site of Escherichia coli Methionyl-tRNA Synthetase.



48 Chapter II: Phenylalanyl-tRNA Synthetase Mutants

Biochemistry, 29, 2220-2225.

Goodman, R. & Schwartz, |. (1988). Kinetic Analysis of an E. coli Phenylalanine-
tRNA Synthetase Mutant. Nucl. Acids Res. 16, 7477-7486.

Grall, J. M., Hennecke, H., Frohler, J., Thomale, J., Nass, G. & Bock, A. (1979).
Escherichia coli Mutants Overproducing Phenylalanyl- and Threonyl-tRNA
Synthetase. J. Bacteriol. 137, 480-489.

Grunberg-Manago, M. (1987). Regulation of the Expression of Aminoacyl-tRNA
Synthetases and Translation Factors. In Escherichia coli and Salmonella
typhimurium: Cellular and Molecular Biology (Neidhardt, F. C., Ingraham, J.
L., Low, K. B., Magasanik, B., Schaechter, M. & Umbarger, H. E., eds), vol.
2, pp. 1386-1409, Am. Soc. Microbiol., Washington, DC.

Gyllensten, U. B. & Erlich, H. A. (1988). Generation of Single-Stranded DNA by the
Polymerase Chain Reaction and Its Application to Direct Sequencing of the
HLA-DQA Locus. Proc. Nat. Acad. Sci., U.S.A. 85, 7652-7656.

Hanke, T., Bartmann, P., Hennecke, H., Kosakowski, H. M., Jaenicke, R., Holler,
E. & Bock, A. (1974). L-Phenylalanyl-tRNA Synthetase of Escherichia coli K-
10. A Reinvestigation of Molecular Weight and Subunit Structure. Eur. J.
Biochem. 43, 601-607.

Hennecke, H. (1976). Use of Mutant Enzymes to Demonstrate the Presence of
Two Active Sites on Phenylalanyl-tRNA Synthetase from Escherichia coli.
FEBS Lett. 72, 182-186.

Hennecke, H. & Béck, A. (1975). Altered o Subunits in Phenylalanyl-tRNA
Synthetases from p-Fluorophenylalanine-Resistant Strains of Escherichia
coli. Eur. J. Biochem. 55, 431-437.

Hennecke, H., Glinther, I. & Binder, F. (1982). A Novel Cloning Vector for the
Direct Selection of Recombinant DNA in E. coli. Gene, 19, 231-234.

Hennecke, H., Springer, M. & Bock, A. (1977). A Specialized Transducing A Phage
Carrying the Escherichia coli Genes for Phenylalanyl-tRNA Synthetase. Mol.
Gen. Genet. 152, 205-210.

Herbent, C. J., Labouesse, M., Dujardin, G. & Slonimski, P. P. (1988). The NAM2
Proteins from S. cerevisiae and S. douglasii Are Mitochondrial Leucyl-tRNA
Synthetases, and Are Involved in mRNA Splicing. EMBO J. 7, 473-483.



Chapter II: Phenylalanyl-tRNA Synthetase Mutants 49

Higgins, D. G. & Sharp, P. M. (1988). CLUSTAL: A Package for Performing
Multiple Sequence Alignment on a Microcomputer. Gene, 73, 237-244.

Hountondji, C., Blanquet, S. & Lederer, F. (1985). Methionyl-tRNA Synthetase
from Escherichia coli: Primary Structure at the Binding Site for the 3'-End of
tRNAMet. Bjochemistry, 24, 1175-1180.

Hountondji, C., Dessen, P. & Blanquet, S. (1986). Sequence Similarities among
the Family of Aminoacyl-tRNA Synthetases. Biochimie, 68, 1071-1078.

Hountondji, C., Schmitter, J.-M., Beauvallet, C. & Blanquet, S. (1987). Affinity
Labelling of Escherichia coli Phenylalanyl-tRNA Synthetase at the Binding
Site for tRNAPhe, Biochemistry, 26, 5433-5439.

Hountondji, C., Schmitter, J.-M., Fukui, T., Tagaya, M. & Blanquet, S. (1990).
Affinity Labelling of Aminoacyl-tRNA Synthetases with Adenosine Triphos-
phopyridoxal: Probing the Lys-Met-Ser-Lys-Ser Signature Sequence as the
ATP-Binding Site in Escherichia coli Methionyl- and Valyl-tRNA Synthetases.
Biochemistry, 29, 11266-11273.

Ihara, M., Oda, Y. & Yamamoto, K. (1985). Convenient Construction of Strains
Useful for Transducing recA Mutations with Bacteriophage P1. FEMS
Microbiol. Lett. 30, 33-35.

Jasin, M. & Schimmel, P. (1984). Deletion of an Essential Gene in Escherichia coli
by Site-Specific Recombination with Linear DNA Fragments. J. Bacteriol.
159, 783-786.

Jasin, M., Regan, L. & Schimmel, P. (1984). Dispensable Pieces of an Aminoacyl
tRNA Synthetase Which Activate the Catalytic Site. Cell, 36, 1089-1095.

Jasin, M., Regan, L. & Schimmel, P. (1985). Two Mutations in the Dispensable
Part of Alanine tRNA Synthetase Which Affect the Catalytic Activity. J. Biol.
Chem. 260, 2226-2230.

Jones, D. H., McMillan, A. J. & Fersht, A. R. (1985). Reversible Dissociation of
Dimeric Tyrosyl-tRNA Synthetase by Mutagenesis at the Subunit Interface.
Biochemistry, 24, 5852-5857.

Kast, P., Wehrli, C. & Hennecke, H. (1991). Amino Acid Substrate Specificitiy of
Escherichia coli Phenylalanyl-tRNA Synthetase Altered by Site-Directed
Mutagenesis. J. Mol. Biol. (submitted); see Chapter lil.



50 Chapter II: Phenylalanyl-tRNA Synthetase Mutants

Khodyreva, S. N., Moor, N. A., Ankilova, V. N. & Lavrik, O. I. (1985). Phenylalanyl-
tRNA Synthetase from E. coli MRE-600: Analysis of the Active Site Distribu-
tion on the Enzyme Subunits by Affinity Labelling. Biochim. Biophys. Acta,
830, 206-212.

Koerner, T. J., Myers, A. M., Lee, S. & Tzagoloff, A. (1987). Isolation and
Characterization of the Yeast Gene Coding for the o Subunit of Mitochondrial
Phenylalanyl-tRNA Synthetase. J. Biol. Chem. 262, 3690-3696.

Kosakowski, M. H. J. E. & Bock, A. (1970). The Subunit Structure of Phenylalanyl-
tRNA Synthetase of Escherichia coli. Eur. J. Biochem. 12, 67-73.

Labouesse, M. (1990). The Yeast Mitochondrial Leucyl-tRNA Synthetase Is a
Splicing Factor for the Excision of Several Group | Introns. Mol. Gen. Genet.
224, 209-221.

Leatherbarrow, R. J., Fersht, A. R. & Winter, G. (1985). Transition-State Stabiliza-
tion in the Mechanism of Tyrosyl-tRNA Synthetase Revealed by Protein
Engineering. Proc. Nat. Acad. Sci., U.S.A. 82, 7840-7844.

Lowry, O. H., Rosebrough, N. J., Farr, A. L. & Randall, R. J. (1951). Protein
Measurement with the Folin Phenol Reagent. J. Biol. Chem. 193, 265-275.

Maniatis, T., Fritsch, E. F. & Sambrook, J. (1982). Molecular Cloning: A Laboratory
Manual, Cold Spring Harbor Laboratory, Cold Spring Harbor, NY.

Masters, M. (1985). Generalized Transduction. In Genetics of Bacteria (Scaife, J.,
Leach, D. & Galizzi, A., eds), pp. 197-215, Academic Press, London.

Mechulam, Y., Fayat, G. & Blanquet, S. (1985). Sequence of the Escherichia coli
pheST Operon and ldentification of the himA Gene. J. Bacteriol. 163, 787-
791.

Meinnel, T., Mechulam, Y., Dardel, F., Schmitter, J.-M., Hountondji, C., Brunie, S.,
Dessen, P., Fayat, G. & Blanquet, S. (1990). Methionyl-tRNA Synthetase
from E. coli- A Review. Biochimie, 72, 625-632.

Meinnel, T., Mechulam, Y., Le Corre, D., Panvert, M., Blanquet, S. & Fayat, G.
(1991). Selection of Suppressor Methionyl-tRNA Synthetases: Mapping the
tRNA Anticodon Binding Site. Proc. Nat. Acad. Sci., U.S.A. 88, 291-295.

Mellot, P., Mechulam, Y., Le Corre, D., Blanquet, S. & Fayat, G. (1989). Identifica-
tion of an Amino Acid Region Supporting Specific Methionyl-tRNA



Chapter Il: Phenylalanyl-tRNA Synthetase Mutants 51

Synthetase : tRNA Recognition. J. Mol. Biol. 208, 429-443.

Miller, J. H. (1972). Experiments in Molecular Genetics, Cold Spring Harbor
Laboratory, Cold Spring Harbor, NY.

Moras, D. (1990). Synthetases Gain Recognition. Nature (London), 344, 195-197.

Nagel, G. M., Johnson, M. S., Rynd, J., Petrella, E. & Weber, B. H. (1988). Glycyl-
tRNA Synthetase of Escherichia coli. Immunological Homology with Phenyl-
alanyl-tRNA Synthetase. Arch. Biochem. Biophys. 262, 409-415.

Nakamaye, K. L. & Eckstein, F. (1986). Inhibition of Restriction Endonuclease Ncil
Cleavage by Phosphorothioate Groups and Its Application to Oligonucleotide-
Directed Mutagenesis. Nucl. Acids Res. 14, 9679-9698.

Neidhardt, F. C. (1966). Roles of Amino Acid Activating Enzymes in Cellular
Physiology. Bacteriol. Rev. 30, 701-719.

Normanly, J. & Abelson, J. (1989). tRNA Identity. Ann. Rev. Biochem. 58, 1029-
1049.

Perona, J. J., Swanson, R. N., Rould, M. A, Steitz, T. A. & Séll, D. (1989). Struc-
tural Basis for Misaminoacylation by Mutant E. coli Glutaminyl-tRNA
Synthetase Enzymes. Science, 246, 1152-1154.

Peterson, G. L. (1983). Determination of Total Protein. Methods Enzymol. 91, 95-
119.

Plumbridge, J. A., Springer, M., Graffe, M., Goursot, R. & Grunberg-Manago, M.
(1980). Physical Localisation and Cloning of the Structural Gene for E. coli
Initiation Factor IF3 from a Group of Genes Concerned with Translation.
Gene, 11, 33-42.

Prevost, G., Eriani, G., Kern, D., Dirheimer, G. & Gangloff, J. (1989). Study of the
Arrangement of the Functional Domains along the Yeast Cytoplasmic
Aspartyl-tRNA Synthetase. Eur. J. Biochem. 180, 351-358.

Rapaport, E., Yogeeswaran, G., Zamecnik, P. C. & Remy, P. (1985). Covalent
Modification of Phenylalanyl-tRNA Synthetase with Phenylalanine during the
Amino Acid Activation Reaction Catalyzed by the Enzyme. J. Biol. Chem.
260, 9509-9512.

Renaud, M., Fasiolo, F., Baltzinger, M., Boulanger, Y. & Remy, P. (1982). Affinity



52 Chapter II: Phenylalanyl-tRNA Synthetase Mutants

Labelling of Yeast Phenylalanyl-tRNA Synthetase with a 3'-Oxidised
tRNAPhe, |solation and Sequence of the Labelled Peptide. Eur. J. Biochem.
123, 267-274.

Richmond, M. H. (1962). The Effect of Amino Acid Analogues on Growth and
Protein Synthesis in Microorganisms. Bacteriol. Rev. 26, 398-420.

Rossmann, M. G., Moras, D. & Oisen, K. W. (1974). Chemical and Biological
Evolution of a Nucleotide-Binding Protein. Nature (London), 250, 194-199.

Rould, M. A., Perona, J. J., Soll, D. & Steitz, T. A. (1989). Structure of E. coli
Glutaminyl-tRNA Synthetase Complexed with tRNAGIN and ATP at 2.8 A
Resolution. Science, 246, 1135-1142.

Ruff, M., Cavarelli, J., Mikol, V., Lorber, B., Mitschler, A., Giege, R., Thierry, J. C.
& Moras, D. (1988). A High Resolution Diffracting Crystal Form of the
Complex between Yeast tRNAASP and Aspartyl-tRNA Synthetase. J. Mol.
Biol. 201, 235-236.

Saiki, R. K., Gelfand, D. H., Stoffel, S., Scharf, S. J., Higuchi, R., Horn, G. T.,
Mullis, K. B. & Erlich, H. A. (1988). Primer-Directed Enzymatic Amplification
of DNA with a Thermostable DNA Polymerase. Science, 239, 487-494.

Sambrook, J., Fritsch, E. F. & Maniatis, T. (1989). Molecular Cloning: A Laboratory
Manual (2M ed), Cold Spring Harbor Laboratory, Cold Spring Harbor, NY.

Sanger, F., Nicklen, S. & Coulson, A. R. (1977). DNA Sequencing with Chain-
Terminating Inhibitors. Proc. Nat. Acad. Sci., U.S.A. 74, 5463-5467.

Sanni, A., Mirande, M., Ebel, J.-P., Boulanger, Y., Waller, J.-P. & Fasiolo, F.
(1988). Structure and Expression of the Genes Encoding the o and B
Subunits of Yeast Phenylalanyl-tRNA Synthetase. J. Biol. Chem. 263, 15407-
15415.

Sanni, A., Walter, P., Ebel, J.-P. & Fasiolo, F. (1990). Construction of a FRS1-
FRS2 Operon Encoding the Structural Genes for the o and B Subunits of
Yeast Phenylalanyl-tRNA Synthetase and Its Use in Deletion Analysis. Nucl.
Acids Res. 18, 2087-2092.

Sanni, A., Hountondji, C., Blanquet, S., Ebel, J.-P., Boulanger, Y. & Fasiolo, F.
(1991). Interaction of the tRNAPhe Acceptor End with the Synthetase Involves
a Sequence Common to Yeast and Escherichia coli Phenylalanyl-tRNA
Synthetases. Biochemistry, 30, 2448-2453.



Chapter II: Phenylalanyl-tRNA Synthetase Mutants 53

Santi, D. V. & Danenberg, P. V. (1971). Phenylalanyl Transfer Ribonucleic Acid
Synthetase from Escherichia coli. Analysis of the Phenylalanine Binding Site.
Biochemistry, 10, 4813-4820.

Schimmel, P. (1987). Aminoacyl tRNA Synthetases: General Scheme of Structure-
Function Relationships in the Polypeptides and Recognition of Transfer
RNAs. Ann. Rev. Biochem. 56, 125-158.

Schimmel, P. R. & Soll, D. (1979). Aminoacyl-tRNA Synthetases: General
Features and Recognition of Transfer RNAs. Ann. Rev. Biochem. 48, 601-
648.

Schleif, R. F. & Wensink, P. C. (1981). Practical Methods in Molecular Biology,
Springer-Verlag, New York.

Schwartz, |., Klotsky, R.-A., Elseviers, D., Gallagher, P. J., Krauskopf, M., Siddiqui,
M. A. Q., Wong, J. F. H. & Roe, B. A. (1983). Molecular Cloning and
Sequencing of pheU, a Gene for Escherichia coli tRNAPhe_ Nucl. Acids Res.
11, 4379-4389.

Short, J. M., Fernandez, J. M., Sorge, J. A. & Huse, W. D. (1988). A ZAP: a
Bacteriophage A Expression Vector with in Vivo Excision Properties. Nucl.
Acids Res. 16, 7583-7600.

Shyamala, V. & Ames, G. F.-L. (1989). Amplification of Bacterial Genomic DNA by
the Polymerase Chain Reaction and Direct Sequencing after Asymmetric
Amplification: Application to the Study of Periplasmic Proteases. J. Bacteriol.
171, 1602-1608.

Smith, L. M., Sanders, J. Z., Kaiser, R. J., Hughes, P., Dodd, C., Connell, C. R.,
Heiner, C., Kent, S. B. H. & Hood, L. E. (1986). Fluorescence Detection in
Automated DNA Sequence Analysis. Nature (London), 321, 674-679.

Séll, D. & Schimmel, P. R. (1974). Aminoacyl-tRNA Synthetases. In The Enzymes
(Boyer, P. D., ed), vol. 10, pp. 489-538, Academic Press, London.

Southern, E. M. (1975). Detection of Specific Sequences Among DNA Fragments
Separated by Gel Electrophoresis. J. Mol. Biol. 98, 503-517.

Starzyk, R. M., Webster, T. A. & Schimmel, P. (1987). Evidence for Dispensable
Sequences Inserted into a Nucleotide Fold. Science, 237, 1614-1618.



54 Chapter ll: Phenylalanyl-tRNA Synthetase Mutants

Tabor, S. & Richardson, C. C. (1987). DNA Sequence Analysis with a Modified
Bacteriophage T7 DNA Polymerase. Proc. Nat. Acad. Sci., U.S.A. 84, 4767-
4771.

Toth, M. J. & Schimmel, P. (1990a). Deletions in the Large (B) Subunit of a Hetero-
Oligomeric Aminoacyl-tRNA Synthetase. J. Biol. Chem. 265, 1000-1004.

Toth, M. J. & Schimmel, P. (1990b). A Mutation in the Small (o) Subunit of Glycyl-
tRNA Synthetase Affects Amino Acid Activation and Subunit Association
Parameters. J. Biol. Chem. 265, 1005-1009.

Tsang, T. C. & Bentley, D. R. (1988). An Improved Sequencing Method Using
Sequenase™ that Is Independent of Template Concentration. Nucl. Acids
Res. 16, 6238.

Wada, A. & Sako, T. (1987). Primary Structures of and Genes for New Ribosomal
Proteins A and B in Escherichia coli. J. Biochem. 101, 817-820.

Waldrop, M. M. (1989). The Structure of the "Second Genetic Code". Science,
246, 1122.

Webster, T. A., Lathrop, R. H. & Smith, T. F. (1987). Prediction of a Common
Structural Domain in Aminoacyl-tRNA Synthetases through Use of a New
Pattern-Directed Inference System. Biochemistry, 26, 6950-6957.

Weiner, A. M. & Maizels, N. (1987). tRNA-Like Structures Tag the 3' Ends of
Genomic RNA Molecules for Replication: Implications for the Origin of Protein
Synthesis. Proc. Nat. Acad. Sci., U.S.A. 84, 7383-7387.

Wrischnik, L. A., Higuchi, R. G., Stoneking, M., Erlich, H. A., Arnheim, N. & Wilson,
A. C. (1987). Length Mutations in Human Mitochondrial DNA: Direct
Sequencing of Enzymatically Amplified DNA. Nucl. Acids Res. 15, 529-542.

Yanisch-Perron, C., Vieira, J. & Messing, J. (1985). Improved M13 Phage Cloning
Vectors and Host Strains: Nucleotide Sequence of the M13mp18 and pUC19
Vectors. Gene, 33, 103-119.

Zhang, H., Scholl, R., Browse, J. & Somerville, C. (1988). Double Stranded DNA
Sequencing as a Choice for DNA Sequencing. Nucl. Acids Res. 16, 1220.



Chapter lll: Changing Phenylalanyl-tRNA Synthetase Specificity 55

CHAPTER Il

Amino Acid Substrate Specificity of Escherichia
coli Phenylalanyl-tRNA Synthetase Altered by Site-
Directed Mutagenesis

(Submitted to: Journal of Molecular Biology)

Peter Kast, Claudia Wehrli and Hauke Hennecke

Mikrobiologisches Institut, Eidgendssische Technische Hochschule,
Schmelzbergstrasse 7,
CH-8092 Ziirich, Switzerland

Running title: Changing Phenylalanyl-tRNA Synthetase Specificity

Keywords: aromatic binding site / oligonucleotide-directed mutagenesis /
phenylalanine analogues / phenylalanyl-tRNA synthetase /
substrate specificity

Non-standard abbreviations

aa: amino acid; bp: basepair(s); 3-F-Tyr: 3-fluoro-tyrosine; IPTG: isopropyl-B-D-thiogalacto-
pyranoside; kb: kilobasepair(s); p-F-Phe, p-Cl-Phe and p-Br-Phe: para-fluoro-, para-chloro- and
para-bromo-phenylalanines; SDS: sodium dodecylsulfate; XxxRS: aminoacyl-tRNA synthetase for
amino acid Xxx in 3-letter-code.



56 Chapter lll: Changing Phenylalanyl-tRNA Synthetase Specificity

1. Abstract

In the accompanying report, an alanine-to-serine exchange at position 294 in
the a subunit of phenylalanyl-tRNA synthetase (PheRS) was identified which ren-
ders Escherichia coli resistant to p-fluoro-phenylalanine (p-F-Phe). The site af-
fected by mutation, which mapped to motif 3, a region generally conserved in class
Il aminoacyl-tRNA synthetases, was proposed to be part of the phenylalanine
(Phe) binding pocket of PheRS. To test this hypothesis, we replaced the alanine at
position 294 as well as the two flanking phenylalanines (positions 293 and 295) by
a number of selected other amino acids. An expression system was designed to
assay for the mutated gene products at the chromosomal expression level. In vivo
and in vitro results demonstrated that Phe293 and Phe295 are not directly involved
in substrate binding, but replacements of those residues affected PheRS stability.
A glycine at position 295 yielded an enzyme with drastically reduced activity em-
phasizing the importance of conserved motif 3 residues. Exchanges of the amino
acid at position 294 affected binding of Phe as observed by alterations in the ap-
parent Michaelis-Menten constants. In addition, certain mutants showed pro-
nounced changes in specificity towards amino acid substrate analogues. The re-
sults support a model according to which the residue at position 294 determines
substrate specificity by interacting with the para-position of the amino acid's aro-
matic ring. Of particular interest was the Gly294 PheRS in which presumably an
enlarged cavity for the para-position of the aromatic ring allowed an increased
aminoacylation of tRNA with p-F-Phe. Moreover, the larger para-chloro- and para-
bromo- derivatives of Phe could interact with this enzyme in vitro and became
highly toxic in vivo. The possible exploitation of the Gly294 mutant PheRS for the
incorporation of non-proteinogenic amino acids into proteins is discussed.
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2. Introduction

In the preceding paper (Kast & Hennecke, 1991), a mutation was character-
ized that led to resistance of Escherichia coli against p-fluoro-phenylalanine (p-F-
Phe). The mutation was located in pheS, the gene for the o subunit of the tetra-
meric (oxB,) phenylalanyl-tRNA synthetase (PheRS) and consisted of an alanine-
to-serine exchange at amino acid position 294. The mutation (S294) mapped with-
in motif 3, one of three regions sharing significant homology with other class Il
aminoacyl-tRNA synthetases (Eriani et al., 1990a). Based on the specific pheno-
type of the resistance mutation as well as on structural considerations, we pro-
posed that residue 294, and hence motif 3, participate in the formation of the phe-
nylalanine binding site on PheRS (Kast & Hennecke, 1991). This hypothesis was
further tested in the present work.

One aspect in this report deals with the idea that specific aromatic residues in
the enzyme might be involved in the binding of phenylalanine. Although the tertiary
structure of PheRS and the topology of its binding sites are not known, an exa-
mination of the phenylalanine binding site, in particular that for the aromatic ring,
appears possible because the amino acid at position 294 may be in contact with
the para-position of the substrate's aromatic ring (Kast & Hennecke, 1991). The
two amino acids flanking position 294 are phenylalanines (Fig. 1; Fayat et al,
1983). As a working hypothesis we considered a model in which the aromatic rings
of residues 293 and 295 could interact with the aromatic side chain of the sub-
strate phenylalanine. The model implied that residues 293 to 295 form part of a hy-
drophobic pocket for phenylalanine.

Perpendicularly interacting aromatic residues may contribute substantially to
the stabilization of a protein structure (Burley & Petsko, 1985; Singh & Thornton,
1985; Burley & Petsko, 1986). Apart from this, aromatic amino acids are often
found to participate in the formation of a hydrophobic pocket designed to bind an
aromatic substrate (Hangauer et al., 1984). Aromatic binding sites have been de-
termined in carboxypeptidase A (Hartsuck & Lipscomb, 1971), thermolysin (Kester
& Matthews, 1977; Weaver et al., 1977), chymotrypsin (Steitz et al., 1969; Ringe et
al., 1985), subtilisin (Robertus et al., 1972; Estell et al., 1986), Trp repressor
(Zhang et al., 1987) and tyrosyl-tRNA synthetase (Brick & Blow, 1987; Brick et al.,
1989). In all cases, the binding pocket for the aromatic ring is mainly formed by hy-
drophobic amino acids including aromatic residues. The excellent conservation of
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Mutagenized
position
293 294 295
\ 2R 2R |
Escherichia coli 2. |GFAFG
Salmonella typhimurium .. G F A F G
Bacillus subtilis ;.. GFAFG
Yeast mitochondria . GWA FG
Yeast cytoplasm 6. V LGWG
large ‘) k‘ ti
hydrophobic aromatic
small

Figure 1. Consensus features of aligned amino acid sequences of PheRS small subunits
from different organisms around position 294 (E. coli ). Amino acids are written in one-letter-
code. Numbering of sequences and references are as indicated in the preceding paper (Kast &
Hennecke, 1991). Residues of E. coli PheRS mutagenized in this work are specified by arrows.

the region around position 294 in PheRS of other organisms (Fig. 1, Kast &
Hennecke, 1991) further prompted us to investigate the effects that occurred after
replacing the phenylalanines at positions 293 and 295 by other amino acids.

A second aspect in the analysis of the phenylalanine binding site concerned
the substrate specificity. The specificity of an enzyme for a substrate is given by
the structural complementarity of the binding site to that substrate in its transition
state of the enzymatic reaction (Fersht, 1985b). An exchange of amino acid resi-
dues involved in substrate binding may therefore alter the substrate specificity of
that enzyme. Experiments of that kind were performed extensively with serine pro-
teases of known tertiary structure such as trypsin (Craik et al., 1985) and subtilisin
(Estell et al., 1986; Wells et al., 1987a; Wells et al., 1987b). The results confirmed
that optimal and specific fitting of substrates into binding pockets depend on suit-
able electrostatic, hydrophobic and steric interactions as well as on hydrogen
bonding (Fersht, 1985b). Whilst these studies dealt with proteases of comparably
poor specificity (Bosshard, 1976), the fidelity of substrate recognition and specifici-
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ty of aminoacylation in the 20 aminoacyl-tRNA synthetases must be much higher
in order to maintain the accuracy of cellular translation. Moreover, elaborate edit-
ing and proofreading mechanisms have evolved in this enzyme family to avoid fre-
quent misincorporation of amino acids (Fersht, 1985b; Freist, 1989; Jakubowski,
1990). Therefore, it seemed more difficult to alter the substrate specificity of
aminoacyl-tRNA synthetases simply by changing single amino acid residues. Nev-
ertheless, aminoacyl-tRNA synthetase mutants with altered substrate specificity
exist. In the preceding paper (Kast & Hennecke, 1991), a PheRS mutation was de-
scribed that caused exclusion of the substrate analogue p-F-Phe from the enzyma-
tic reaction. In the present work, we wished to test whether the substrate specificity
of PheRS can be changed further by replacing the residue at position 294 with
other amino acids. The results obtained supported the notion that residue 294 is
involved in the Phe binding site, and showed that the mechanism postulated for
discrimination against p-F-Phe (Kast & Hennecke, 1991) could be extended to
other substrates.
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3. Materials and Methods

3.1. Bacterial strains and plasmids

The bacterial strains used in this work and the plasmids pKSB1-W, pKSB1-
M4S, pKSB2-W and the vector pBLS were described in the accompanying paper
(Kast & Hennecke, 1991). Other plasmids constructed in this work are (depending
on the insert orientation) of the types pKSB1-MnZ or pKSB2-MnZ (Fig. 2; analo-
gous to the pKSB1 and pKSB2 -plasmids described by Kast & Hennecke, 1991), in
which n indicates the last digit of the mutagenized position (293, 294 or 295) of the
PheRS o subunit and Z denotes the newly introduced amino acid in one-letter
code. These plasmids are listed in Table 1 together with the oligonucleotides used
to create the mutation.

3.2, Substrates and analogues

The amino acid substrates and phenylalanine analogues used are shown
later in Fig. 7. p-Fluoro-L-phenylalanine (used for data in Table §) and proteino-
genic amino acids were from Fluka Chemie AG (Buchs, Switzerland), and p-fluoro-
D,L-phenylalanine (p-F-Phe) from Sigma Chemicals (St. Louis MO, USA). o- and
m-Fluoro-D,L-phenylalanines, 3-fluoro-D,L-tyrosine and all six di-fluoro substituted
D,L-phenylalanines were kindly provided by P. Babczinski (Bayer AG, Leverkusen,
Germany). p-Deutero-, p-chloro-, m-chloro- and p-bromo- derivatives of L-phenyl-
alanine and B-thien-2-yl-L-alanine were synthesized by Sergio Cantoreggi from D.
Seebach's group (Laboratorium fiir Organische Chemie, ETH Ziirich; Seebach et
al., 1989). 14C-labelled substrates were described by Kast & Hennecke (1991).

3.3. Microbiological and recombinant DNA techniques, and DNA
sequence analysis

The procedures and materials used (e. g. sequencing primers PEKA10 and
PEKA2S) were described by Kast & Hennecke (1991).
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3.4. In vivo plate tests

In vivo tests for complementation of strain KA2 at high temperature and ana-
lysis of Phe-analogue resistance of RR28 strains carrying a pheS gene on a plas-
mid were done as described in the preceding paper (Kast & Hennecke, 1991), un-
less stated otherwise. In the plate tests displayed in Table 5, the L-enantiomers of
the substrates were used at a concentration of 0.55 mM which corresponded to
that of the L-form in the standard test with racemic p-F-Phe (200 ug/ml).

3.5. Oligonucleotide-directed mutagenesis

To change single or multiple codons in wild-type pheS, the oligonucleotide-di-
rected mutagenesis method of Nakamaye & Eckstein (1986) was applied; it makes
use of in vitro selection of the mutagenized strand, synthesized in the presence of
a thionucleotide which renders this strand resistant against degradation by specific
restriction endonucleases. Mutagenic oligonucleotides (Table 1) were synthesized
in an Applied Biosystems DNA Synthesizer model 380B with mixed base addition
at suitable positions to create up to four different mutations in one redundant syn-
thesis run. Purification of oligonucleotides was carried out on a Pharmacia FPLC
device by using a reversed phase column (ProRPC HR 5/10; Pharmacia, Uppsala,
Sweden) and a gradient in 100 mM triethylamine acetate, pH 7.0, from 10 % to ty-
pically 20 % acetonitrile. Under these conditions, the individual oligonucleotides
present in a mixture could usually be separated from each other due to sequence-
specific differences in hydrophobicity. Mutagenesis reactions were carried out with
pools of oligonuclectides or, if needed, with single FPLC fractions by using the kit
(version 1) and detailed protocols from Amersham (UK). As template, single strand
DNA of plasmid pKSB2-W (containing the wild-type pheS gene) was used which
was obtained after helper phage superinfection of plasmid-carrying TG1 cells (Kast
& Hennecke, 1991).

From candidate plasmid clones with mutated pheS genes, single strand DNA
was isolated and analyzed by sequencing the mutagenized region with primer
PEKA10. The average yield of clones containing the desired mutation was slightly
above 50 %. Correctly mutated fragments (174 bp Aafll/BstBl) were excised from
the mutagenized plasmid (pKSB2-type) and inserted into the expression plasmid
(pKSB1-type) as shown in Fig. 2. The absence of secondary mutations that could
have occurred during mutagenesis and cloning was checked by total sequencing
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of the transferred 174 bp fragment using primer PEKA2S.

3.6. Preparation and analysis of protein extracts

Preparation of protein S140 extracts and determination of protein concentra-
tion by the Lowry method were performed as described in the accompanying
paper (Kast & Hennecke, 1991). The content of PheRS B and o subunits was
monitored by Western-blot analysis (Burnette, 1981) after separation of protein
samples on a 10 % polyacrylamide gel containing 0.1 % SDS (Laemmli, 1970).
Proteins were either stained with Coomassie Blue or transferred to a nitrocellulose
membrane (Hybond-C; Amersham, UK). For gel electrophoresis and blotting, the
Mini Protean Il Dual Slab Cell and the corresponding transfer cell from Bio-Rad
(Richmond CA, USA) were employed. As primary antibodies, rabbit antisera (y-im-
munoglobulin fraction) raised against wild-type PheRS or islolated o subunits
(Hennecke et al., 1977) were used. The immunological staining of the membrane
was done essentially as described in the Immun-Blot Assay protocol (1988) from
Bio-Rad (Richmond CA, USA) using goat anti-rabbit IgG/alkaline phosphatase
conjugate as secondary antibody. As standards, a prestained protein size marker
(Bio-Rad; low-range protein standard, No 161-0305) and purified E. coli PheRS
protein (kindly provided by H. Sternbach, Max-Planck-Institut, Géttingen,
Germany) were used. Stained gels and membranes were scanned in a Molecular
Dynamics Computing Densitometer model 300A (Sunnyvale CA, USA).

3.7. Determination of PheRS activity in vitro

The estimated errors of the individual assays described below are indicated
in percent of the normal wild-type value. The standard assay was described by
Kast & Hennecke (1991). Initial velocities of aminoacylation (expressed in nmol
Phe attached to tRNA per min and mg protein) in S140 extracts from KA2 cells
harbouring mutant pheS plasmids were determined at 28°C, and also at 40°C and
45°C (with or without preincubation of extracts at 1 mg/ml protein concentration for
20 min at 45°C). Values of certain thermosensitive mutants (marked in the Figures)
could not be determined accurately (within 5-10 % error) at high temperatures. For
rough approximations of apparent Ky values, Phe concentrations of 4 uM, 20 uM
and 80 pM were used. Each data point was measured twice (incubation for 5 or 10
min at 28°C) and individual backgrounds were subtracted for each Phe concentra-
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tion. The results were analyzed by Lineweaver-Burk plots (Fersht, 1985a); the
error was estimated to be 25 %. From these Ky, data, approximate apparent Kt
values were deduced from the Michaelis-Menten equation

keat=Vi (Knm + [S]) / [E], [S] (Fersht, 1985a)

using initial velocities (v;) at 28°C, phenylalanine concentration [S]=20 uM and a
total enzyme concentration [E], which was estimated by comparison (of the B sub-
unit band) to known PheRS standards on Western blots.

The effect of a change in substrate specificity of mutant PheRSs was asses-
sed by performing the standard assay (5 or 10 min incubation at 28°C) in the pres-
ence of a 50-fold excess (corresponding to 1 mM of the L-enantiomer) of one or
more potentially competing substrates. Differential competition effects of p-
deutero-L-phenylalanine compared to the natural substrate were analyzed by titra-
ting both substances over a concentration range of 0.5 uM to 1 mM. All competi-
tion assays were carried out at least twice. The value of remaining [14C]Phe incor-
poration was compared to the activity in the absence of a potentially competing
substrate (=100 %). Deviations among independent measurements were generally
less than 10-15 % of the value for non-competed incorporation.
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4. Results

4.1. Experimental strategies for oligonucleotide-directed
mutagenesis, and precautions made in the subsequent
analysis of mutants

The purpose was to specifically exchange the amino acids in positions 293,
294 and 295 of the PheRS o subunit, a region suspected to be in close contact
with the aromatic ring of the phenylalanine substrate (see Introduction). The deci-
sion for these amino acid replacements was also based on the similarity in that re-
gion within PheRS sequences from different origins. Figure 1 shows the consen-
sus features of residues at positions 293, 294 and 295, being large hydrophobic,
small, and aromatic, respectively. Consequently, the amino acid replacements in
E. coli PheRS were designed to systematically test and alter this conserved pat-
tern. The strategy for mutagenesis and subsequent analysis of mutant o subunits
is presented in Fig. 2. Mutagenic oligonucleotides (or oligonucleotide mixtures),
the resulting mutant pheS gene plasmids and the exchanged amino acids are
listed in Table 1.

To measure the activity of mutated PheRS in vivo and in vitro, two peculiari-
ties of the protein were taken into account: (i) Since PheRS is an essential en-
zyme, mutant plasmids had to be transformed into a conditional mutant. The ther-
mosensitive E. coli strain KA2 was chosen as it showed no PheRS activity in vitro
even at 28°C (Kast & Hennecke, 1991). (ii) To avoid an interference of the chromo-
somally encoded thermosensitive o subunit of strain KA2 in the assays, the gene
dosage for the proteins to be tested was drastically increased by introducing the
pheS genes on a multicopy plasmid; in addition, the genes were expressed from
an induced /ac promoter. Nevertheless, the plasmidial pheS expression did not af-
fect the amount of PheRS holoenzymes produced because both o and B subunits
were needed to form an active enzyme and the chromosomally encoded B subunit
was limiting (see Discussion).

Specific enzyme activities in the aminoacylation tests were calculated relative
to protein concentrations in the S140 extracts. This was justified on the basis of
the high reproducibility of specific activity values (Kast & Hennecke, 1991) and
was further validated by Western-blot analyses (Fig. 3) which showed that the con-
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Figure 2. Experimental strategy for oligonucleotide-directed mutagenesis of pheS genes
and subsequent analysis of mutant PheRSs. Single strand DNA of pKSB2-W carrying the wild-
type pheS gene was mutagenized using mutagenic oligonucleotides listed in Table 1 (see Materials
and Methods). The resulting plasmids (pKSB2-X; in which X stands for the different mutants in
Table 1) were isolated as single strands from strain TG1 and sequenced to screen for mutations in
the region around codon 294. From plasmids containing the desired mutations, a 174 bp
Aatll/BstB| fragment (marked by a flash arrow) was excised and used to replace the corresponding
fragment in the wild-type pheS plasmid pKSB1-W. Strain RR28 was transformed with the ligation
mixture. The resulting constructs (pKSB1-X) were suited to express the mutant pheS genes from
the lac promoter (P,,) of pBluescript after addition of the inducer IPTG. Plasmids isolated from
strain RR28 were transformed into strain TG1 and subsequently sequenced. In parallel, the
pKSB1-X plasmids were modified by passage through the EcoK modification proficient strain
JM109 and finally introduced into the tester strain KA2 which carries a pheS gene for a thermosen-
sitive PheRS (Kast & Hennecke, 1991). The in vivo phenotypes of RR28 and KA2 cells trans-
formed with pKSB1-X were analyzed on agar plates. Tests in RR28 allowed conclusions about sub-
strate specificity; growth of transformed KA2 at high temperature indicated that the o subunit, en-
coded predominantly by the plasmidial pheS gene, was active (see Results). Western blots and in
vitro assays of mutant PheRS activities were carried out with S140 protein extracts of KA2 trans-
formed with pKSB1-X. An arrow in front of the mutagenized fragment indicates the position of the
sequencing primers. bla, gene for B-lactamase conferring resistance to ampicillin; ts, thermosensi-
tive; ssDNA, single stranded DNA. Only the relevant genotypes/phenotypes for the strains used are
indicated; a complete listing is provided in the preceding paper (Kast & Hennecke, 1991).

centration of (activity limiting) B subunit was essentially the same in all S140 ex-
tracts, irrespective of strain type and presence or absence of (mutant) pheS genes
on plasmids. By correlating the scanned intensities of  bands from S140 extracts
with those of the PheRS standards, a typical concentration of 0.029 nmol
PheRS/mg S140 extract was obtained (M;=248'000; see Kast & Hennecke, 1991).
Based on this and on the determinations of apparent Ky, values (see next section),
the calculated apparent k. for aminoacylation by wild-type PheRS was about
150/min (at 28°C). This value is in good agreement with the previously determined
k.ot for aminoacylation by purified E. coli PheRS of 228/min (at 25°C, analogous
assay conditions; Holler, 1980).

Figure 3 shows examples of S140 extracts, separated on 10 % SDS poly-
acrylamide gels, after Coomassie Blue and immuno-staining. Surprisingly, the a
subunits of PheRS were not present at the expected high level when compared to
controls without plasmid pheS genes. The amount of o subunit varied between 1.1
and 8.3 times the value of the host strain KA2. This phenomenon was observed
with three different antisera raised against the o subunit or the PheRS holoenzyme
(data not shown) and was supposed to be due to degradation of excess free o
subunits. The relative o, subunit levels did neither correlate with the PheRS acti-
vity/thermosensitivity in the S140 extracts nor to the mutation type, e. g. the mutant
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variants Val294 (low activity) and Trp293 (high activity) had overproduction factors
of 8.3 and 1.3, respectively (see Discussion, section 5.1.).

To rule out the presence of significant amounts of hybrid enzymes (contain-
ing one chromosomally and one plasmid encoded a subunit; Hennecke, 1976),
thermoinactivation tests were carried out. Hybrid tetramers containing the PheRS
o subunit of the host strain KA2 were previously shown to be completely inactiva-
ted by preincubation at 45°C prior to the enzyme assay at 28°C (Hennecke, 1976),
whereas the activity of the mutants described in this work was not (data not
shown). Additional substrate competition experiments carried out at 45°C (after
preincubation at that temperature; data not shown) with several of the partially
thermolabile mutants gave results identical to those obtained at 28°C (see below).
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4.2. Replacing phenylalanine at position 293

To test the hypothesis of an aromatic interaction between the presumed
amino acid binding site of PheRS and the side chain of the phenylalanine sub-
strate, Phe293 was exchanged against Gly, Cys, Val, Tyr or Trp. All mutants were
active in complementing the thermosensitive strain KA2 (Fig. 4(a)), and in vitro ac-
tivity at 28°C showed a maximal reduction of 30 % for the Gly293 and Trp2®3 vari-
ants relative to the wild-type Phe293 (Fig. 4(b)).

With a wild-type pheS gene in KA2, we obtained a Ky, value for Phe of 7 uM
which is in excellent agreement with the value of 6.6 uM obtained previously under
similar conditions for a wild-type strain (Grull et al., 1979). This result was further
confirmed with our PheRS wild-type strain HB101 (data not shown). Figure 4(c)
shows that Ky, values for Phe were not significantly affected by the mutations. To-
gether with the other data in Fig. 4, this suggests that Phe293 (or an aromatic re-
sidue at that position) is not important for phenylalanine binding or PheRS activity.

At higher temperature, the reduction of in vitro enzyme activities amounted to
58 % (Gly293), as compared to the wild-type level (Fig. 4(b)). With the exception of
Cys293, there may be a tendency to favour a residue with a surface area compara-
ble to Phe (especially at high temperature). The slightly thermosensitive behaviour
of some mutants was not due to irreversible thermal denaturation, since preincu-
bation of S140 extracts at 45°C (and subsequent cooling to 0°C) did not alter acti-
vity at 28°C (Fig. 4(b)). This feature was also apparent with all mutants analyzed
below.

Figure 4. Phenotypic effects of amino acid exchanges at position 293 of the PheRS o sub-
unit. The amino acid variants are arranged in the order of increasing surface area of the residue at
the corresponding mutated position (Rose et al, 1985). wt, wild type; pBLS, negative control
(vector only). (a) The ability of plasmid borne pheS variants to complement the thermosensitive
strain KA2 was scored from good (++), normal (+), reduced (t), marginal (-) growth to no growth at
all (0). (b) Initial velocities of Phe aminoacylation by S140 extracts from KA2 cells carrying mutant
pheS plasmids. The standard assay was carried out at the temperatures indicated. The values
'28°C, p.i." were obtained with S140 extracts preincubated at 45°C for 20 min and then cooled to
0°C prior to assaying at 28°C. The errors are estimated to be 5-10 % relative to the wild-type val-
ues. (c) Apparent k.; and Ky, values at 28°C calculated as described in Materials and Methods.
For determination of k., the average of initial velocities at 28°C (with and without preincubation)
from (b) was taken. The values represent only rough approximations (estimated errors 25 %).
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4.3. Replacing phenylalanine at position 295

It was also tested, whether the conserved aromatic residue at position 295
(again a phenylalanine; Fig. 1) was essential for PheRS activity. The data in Fig. 5
demonstrate that the effect of point mutations at this position was more pro-
nounced than with Phe293. Mutant Gly29 could not complement strain KA2 (Fig.
5(a)) and showed low PheRS activity in vitro (19 %, 3 % and 0 % of wild-type
values at 28°C, 40°C and 45°C, respectively; Fig. 5(b)). Mutations to Cys2% and
Val295, both non-aromatic residues, allowed the formation of complementing o
subunits and exhibited nearly wild-type activity at 28°C (Fig. 5(a,b)). Exchanging
Phe295 against Trp represents a fully tolerated alternative for E. coli PheRS. The
other aromatic exchange to Tyr295 yielded wild-type activity in vivo and in vitro at
28°C, but showed, like Cys295 and Val29 variants, a strong thermosensitive be-
haviour at 40°C and 45°C (reduction of more than 67 % and 81 %, respectively, re-
lative to wild type; Fig. 5(a,b)). The Ky, values were not changed (Fig. 5(c)). To-
gether with the fact that Phe295 could be replaced by other aromatic or hydropho-
bic residues without loosing enzyme activity (at 28°C), this spoke against a direct
involvement of position 295 in substrate binding.

Insertion of a nonsense codon at position 295 (mutant M5) abolished PheRS
activity completely (Fig. 5(a,b)). The absence of crossreacting material corre-
sponding to this truncated o subunit in the S140 extract (not shown) suggested
that this defective protein was rapidly degraded.

Figure 5. Phenotypic effects of amino acid exchanges at position 295 of the PheRS o sub-
unit. For description of the Figure see legend to Fig. 4. An asterisk next to the replaced amino acid
(in (b)) indicates that initial velocity of aminoacylation at 40°C and 45°C could not be determined
accurately due to thermal denaturation during the assay. In these cases, the remaining amino-
acylation velocity after 2 min was scored.
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(@) In vivo activity: complementation of KA2 at 40°C
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4.4. Replacing both phenylalanines at positions 293 and 295

To rule out the possibility that one of the two aromatic residues alone was
sufficient for binding of the phenylalanine substrate, both Phe293 and Phe295 were
exchanged simultaneously. The data in Fig. 6 confirmed that a glycine at position
295 was not tolerated as already seen in the previous section (of Fig. 5). Activity
values were even more reduced in vitro, when Phe293 was additionally replaced by
Gly or Val (to less than 12 %, 0 % and 0 % at 28°C, 40°C and 45°C, respectively;
Fig. 6(b)). The fact that the double mutants Val293/Val295 and Gly293/Val2% could
complement KA2 (Fig. 6(a)) and were active at 28°C (albeit with reduced rate)
proved that aromatic residues at positions 293 and 295 are not at all required for
PheRS activity and substrate binding. There were no significant alterations in the
apparent Ky values for the double mutants, perhaps with the slight exception of
the Trp293/Trp295 variant (Fig. 6(c)).

Taken together, the results described in this and the previous two sections
make it seem unlikely that Phe293 and Phe29% interact directly with the phenylala-
nine substrate. However, the strongly reduced activities at 40°C and 45°C, also ap-
parent with the double mutants (Fig. 6(b)), point to their role in maintaining and
stabilizing the protein structure (see Discussion). This hypothesis is supported by
the observation that certain mutants exhibited a pronounced decline of amino-
acylation with time (data not shown). This effect appeared exclusively in assays
carried out at high temperatures and was seen for all mutants having Gly or Val at
position 295 as well as for the Trp293/Trp295 double mutant.

Figure 6. Phenotypic effects of simultaneous amino acid exchanges both at position 293
and 295 of the PheRS o subunit. For description of the Figure see legends to Figs. 4 and 5.
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(a) In vivo activity: complementation of KA2 at 40°C
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4.5. Do replacements at positions 293 and 295 change the
substrate specificity?

An independent means to screen for phenylalanine binding site mutants is
the examination of the substrate (or substrate analogue) spectrum of the different
PheRS variants. The plasmids carrying the mutant pheS genes were analyzed in
E. coli strain RR28 for their ability to confer resistance or sensitivity to p-F-Phe
(Table 2A). This in vivo test system was described in detail in the accompanying
report (Kast & Hennecke, 1991); it is based on the fact that RR28 does not incor-
porate this toxic Phe analogue into cellular protein due to its mutant PheRS (muta-
tion Ser294) and therefore grows on p-F-Phe-containing plates. Table 2A shows
that pheS genes encoding the Gly295 mutant form (single or double mutations) or
the truncated M5 variant allowed growth of transformed RR28. This indicated that
those o subunits were inefficient or inactive in RR28, similarly as in strain KA2. On
the other hand, all mutants previously shown to possess a KA2-complementing
pheS gene prevented growth of RR28. It was concluded, therefore, that they be-
have like the wild type with respect to sensitivity to p-F-Phe by accepting the ana-
logue as substrate. Table 2B confirms these results by showing that the ratios of
p-F-[14C]Phe/[14C]Phe incorporation into tRNA corresponded to that for wild-type
PheRS.

Figure 7 shows a selection of phenylalanine analogues and other substrates
that were analyzed in vitro for competition with [14C]Phe incorporation catalysed by
the mutant PheRSs. To limit the number of assays, we pooled substrates believed
to not compete with Phe in the wild-type PheRS reaction (Fig. 7). When a pool ex-
hibited competition with Phe in the test with a particular mutant, individual mem-
bers of this pool were then tested separately. Table 2C shows relative remaining
[14C]Phe incorporation in the presence of a 50-fold excess of the L-enantiomer(s).

The effects of the presence of the different substrates and analogues on wild-
type PheRS activity can be summarized as follows: Among the 19 non-cognate
proteinogenic amino acids, only Tyr showed a slight tendency to compete with Phe

Figure 7. Substrates and substrate analogues tested with PheRS mutant enzymes. Competi-
tion tests were carried out in the presence of a 50-fold excess (i. &. 1 mM) with respect to the rele-
vant L-enantiomer (displayed in the Figure) as described in Materials and Methods. Dashed boxes
group amino acids that did not compete with wild-type PheRS and were therefore tested in pools
(each substance at 1 mM concentration). p-Deutero-phenylalanine was only tested with the wild-
type and the Ser294 mutant enzyme (see text).
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(about 90-95 % remaining Phe incorporation). This is consistent with a previous
report (Gabius et al., 1983a) in which activation and aminoacylation of Tyr by E.
coli PheRS was quantified. Competition by p-F-Phe (a good PheRS substrate as
manifested in Tables 2A & 2B) lowered Phe incorporation drastically to 25-30 %.
m-F-Phe and o-F-Phe caused reductions to 50-60 % and 65-75 %, respectively.
Both values were close to those obtained previously in similar competition experi-
ments (Hennecke & Bdck, 1975). B-Thien-2-ylalanine addition reduced Phe incor-
poration to 55-65 % (Table 2C). This substrate analogue was shown to be reason-
ably well aminoacylated by E. coli PheRS (Gabius et al., 1983a). It was speculated
by Gabius et al. (1983a) that the loss of binding energy due to the reduced ring
size could be compensated partially by increased dispersion forces of the ring
sulphur (Fersht & Dingwall, 1979). The latter four substrate analogues are known
to exert their toxic action in vivo by being incorporated into cellular protein instead
of Phe (Richmond, 1962; Shive & Skinner, 1963; Hortin & Boime, 1983). 3-F-Tyr
and pool group 5 (p-Cl-Phe, m-Cl-Phe, p-Br-Phe) did not compete with the cog-
nate substrate at the concentrations used. The large pool group 6, containing all
di-fluoro substituted phenylalanines, showed a remaining Phe incorporation of
around 80 %. As will be demonstrated later (Table 4) this effect was not due to a
single substance but rather to small contributions of individual components.

The data obtained from the competition tests with the mutant o subunits did
not reveal a significant shift in amino acid substrate specificity (Table 2C). This, to-
gether with the results from Tables 2A & 2B, again confirms that positions 293 and
295 are not directly part of a phenylalanine specificity pocket.
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4.6. Mutating the alanine at position 294 affects Phe binding

In the preceding paper (Kast & Hennecke, 1991), an alanine-to-serine ex-
change at position 294 of a mutant PheRS o subunit was shown to be responsible
for exclusion of the substrate analogue p-F-Phe from the enzymatic reaction. We
therefore proposed the existence of steric interactions of residue 294 with the
para-position of the aromatic ring of the substrate phenylalanine. To test this as-
sumption directly, Ala294 was replaced by smaller or larger amino acids.

Figure 8(a) shows that residues with volumes larger than serine (Cys, Thr,
Val) exhibited reduced KA2 complementation activities. The colonies containing
the mutated gene for the Val?294 enzyme were tiny at 40°C and apparently dead
because, when restreaked, they were unable to grow even at 30°C. /n vitro assays
confirmed the drop in PheRS activity for the mutants Cys294, Thr294 and Val29%4,
which was most pronounced at high temperature (Fig. 8(b)). The values were at
28°C: 25-30 %, at 40°C: 1-8 % and at 45°C: 0-2 % relative to wild type. In addition,
these three mutants showed a sharp decline in aminoacylation with time in vitro,
but only at high temperatures (data not shown). This behaviour, already described
for certain position 295 mutants (section 4.4.), points to reduced protein stability
(see Discussion). In contrast to variants Cys294, Thr294 and Val294, the decrease
of aminoacylation with time was not observed with mutants Gly294 and Ser294
(data not shown). Figure 8(b) shows that both mutants were less active at high
temperatures (40°C and 45°C) but the residual activity was still at least 31 %
(Gly294; 45°C). The activity at 28°C was only reduced to about 75 % of the wild-
type level. It seemed as if those two mutations did not significantly destabilize the
protein.

Significant differences appeared when the kinetic parameters of the position
294 variants were determined at 28°C (Fig. 8(c)). The binding affinity for phenyl-
alanine was lowered in all residue 294 mutants, as indicated by increases in the
apparent Ky values relative to the wild-type Ala294 value (in the following defined
as 100 %). Removing the methyl group of Ala294 resulted in a reduction of the ap-
parent reaction rate k., to 85 %, whereas the apparent Ky, was increased to 164
% (mutant Gly294). An increase in size of the side chain of Ala294 to Ser also
caused an increase in Ky, even by a factor of four. Obviously, for an optimal bind-
ing affinity for Phe, the Ala side chain at position 294 was necessary; a smaller
group (Gly294) proved to be less efficient. The same was true for the larger amino
acid Ser, which may sterically interfere with optimal binding of phenylalanine (see
Discussion). This argument also seemed to be valid for the larger side chain vari-
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ants Cys294, Thr294 and Val294 through which the Ky was increased to 247 %,
179 % and 117 % of the wild-type value, respectively (Fig. 8(c)).

Although k.4 of mutant Ser2% was increased to 142 %, the catalytic efficien-
cy (Keat/ KM) Was reduced to 34 % of the wild-type level. As shown in Fig. 8(c) for
mutants Cys294, Thr294 and Val294, the apparent k., values were lowered to 29
%, 31 % and 18 % yielding catalytic efficiencies of 12 %, 18 % and 16 %, respec-
tively. Obviously, the decrease in k4 became dramatic as soon as a residue with
a volume larger than Ser was inserted. A lower k4 could indicate either a general
distortion of the overall conformation of the catalytic site or possible protein stabili-
ty problems under our assay conditions (see Discussion).

Figure 8. Phenotypic effects of amino acid exchanges at position 294 of the PheRS o subunit. The
amino acid variants are arranged according to increasing volume (Chothia, 1984). For further des-
cription of the Figure see legends to Figs. 4 and 5.
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(a) In vivo activity: complementation of KA2 at 40°C

Postiton204 | pBLS Gly Ala Ser Cys Thr Val

(vector) (wt)
Growth at 40°C: 0 ++ ++ ++ + + +
rich medium;
ampicillin

(b) Initial velocities of aminoacylation at different

temperatures
Aminoacylation activity (nmol Phe / min mg)
6 -
5 4
[ 28°C
4 4
28°C, p.i.
3 4
W 40°C
27 45°C
1
0 4
pBLS, Gly Ala Ser Cys* Thr* Val*
(wt)
(C) Approximate kinetic parameters at 28°C
Apparent kgt (1/min) Ky for Phe (uM)
250 T . - 30
\
200 T § T
X | 2
150 + § Q u kcat
§ § t 15 Kwu

T 10

Gly Ala Ser Cys Thr Val



84 Chapter Ill: Changing Phenylalanyl-tRNA Synthetase Specificity

4.7. Position 294 is a major specificity determinant

The differential effects of position 294 mutants on phenylalanine binding con-
firmed the idea that this residue may be in contact with the amino acid substrate.
To obtain more details about the interactions with the substrate, effects of other
substrates and substrate analogues on activity of residue 294 mutants were
tested. The experiments were carried out with the substances shown in Fig. 7 and
using assays described in section 4.5.

(a) p-F-Phe incorporation and competition

Initial velocities (at 28°C) of incorporation of [14C]Phe and p-F-[14C]Phe into
tRNA were compared for the different position 294 mutants. The ratios of p-F-
[14C]Phe/[14C]Phe incorporation (Fig. 9) revealed the following characteristics: mu-

Ratio p-F-[14C]Phe / {14C]Phe incorporation (®)
and
p-F-Phe competed remaining [14C]Phe incorporation (A)
1 —r—

09 T
08 —+
07 -+
06 T
05 —+
04 —+
03 -1
02 -+

01 T

0
60 70 80 90 100 110 120 130 140 150

Amino acid volume at position 294 [in A3]

Figure 9. Relative p-F-Phe / Phe specificities of position 294 PheRS mutants. The ratios of ini-
tial velocities in independent aminoacylation assays with p-F-[14C]Phe or ['4C]Phe as substrates
are displayed together with the remaining [14C]Phe incorporation in the presence of excess com-
peting, unlabelled p-F-Phe (no competitor added equals 1). The assays were carried out at 28°C.
The values are plotted against the volume of the corresponding position 294 amino acid (Chothia,
1984). The wild-type enzyme (Ala2%4) is underlined.
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tant Gly294 (ratio p-F-Phe/Phe = 0.90) incorporated p-F-Phe essentially as well as
the cognate substrate Phe, in contrast to the wild type (Ala294; ratio = 0.53). As ex-
pected (Kast & Hennecke, 1991), the mutant Ser294 did not incorporate p-F-Phe at
a significant level (ratio < 0.04). Mutants Cys294 and, to a lesser extent, Thr294
showed intermediate ratios (0.34 and 0.40, respectively) that ranged between wild
type (Ala294) and p-F-Phe-excluding (Ser2%94) variants; the differences to the wild
type, however, were at the limit of significance. With a ratio of 0.53, the Vak94 mu-
tant exhibited again wild-type specificity (Fig. 9).

This pattern of relative p-F-Phe/Phe specificity is exactly reflected by compe-
tition experiments in which [14C]Phe incorporation was competed by a 50-fold ex-
cess of p-F-Phe (Fig. 9, Table 3B). The largest competition appeared in the Gly294
mutant which was in the range of the isotope dilution effect, /. e. the value obtained
by adding the same concentration of unlabelled Phe to the assay (Tables 2 and 3).
In the Ser2%4 mutant, p-F-Phe did not significantly compete with Phe. Also for the
other position 294 variants, the values of remaining Phe incorporation correlated
well with the corresponding ratios of p-F-Phe/Phe aminoacylation (Fig. 9).

These results were further confirmed by in vivo experiments (Table 3A). E.
coli strain RR28 (p-F-Phe resistant) showed some marginal growth on p-F-Phe-
containing plates when a wild-type pheS gene (encoding the Ala2%4 variant) was
present on a plasmid. In contrast, the presence of a Gly294 mutant o subunit pre-
vented any trace of growth. This p-F-Phe 'supersensitive' phenotype is explained
by an enhanced detrimental p-F-Phe incorporation as compared to wild-type
PheRS, which paralleled the in vitro results (see above). The intermediate growth
of cells carrying genes encoding the Cys294 and Thr294 mutant forms could be ra-
tionalized by the partial exclusion of p-F-Phe from the enzymatic reaction (Fig. 9;
Table 3B). An alternative explanation is that their PheRSs have essentially wild-
type specificity but at a reduced activity level. This seems to be the case for the
Val294 enzyme (Tables 3A & 3B). A model for the interaction of p-F-Phe with the
residue at position 294 will be discussed later.

(b) Effects of other substrates and substrate analogues

The results of competition experiments with position 294 mutants, using the
substrates and analogues of Fig. 7, are presented in Table 3B. The spectrum of
competition of the proteinogenic amino acids corresponded to wild-type PheRS
(section 4.5.) with two remarkable exceptions. Tyrosine interfered substantially
with aminoacylation by the Gly294 and the Ser294 mutants. The effect of Tyr in mu-
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Table 3:  Effect of substrates and substrate analogues on position 294 mutant
PheRS activities

|Wild type |Position 294 mutant o subunits | Vector

A Invivo growth tests: mutant plasmids in strain RR28 (p-F-Phe resistant)2

A al medium, Na2% | GIy2%  Ser? Cys?%4 Thr24 Val% | pBLS
- p-F-Phe ++ ++ ++ ++ ++ ++ ++
+ p-F-Phe - 0 + + + + +

B /nvitro competition of Phe incorporation by substrate analogues (in %)P

Substance Ala2%4 | GIy2%4 Ser2%4 (Cys294 Thr294 Val29%
Phe¢ 6 % 7% 5% 10% 8% 11%
Tyr 93 % 58% 51% 92% 8% 91%
aa-pool 1 94 % 89% 89% 106% 98% 9%
aa-pool 2 101 % 91% 100% 109% 98% 101%
aa-pool 3 97 % 8% 98% 104% 94% 9%
aa-pool 4 100 % 94% 9%% 107% 101% 94 %
p-F-Phe 26 % 8% 9% 59% 46% 27%
m-F-Phe 53 % 34% 45% 65% 59% 49%
o-F-Phe 71 % 63% 73% 8% T77% 65%
3-F-Tyr 105 % 89% 8% 100% 102% 101%
B-thien-2- 57 % 69% 38% 62% 70% 53%
ylalanine

aa-pool 5 97 % 20% 9% 101% 106% 108%
aa-pool 6 85 % 1% 8% 84% 8% 80%

2 See legend to Table 2. Growth of single colonies is specified from good growth to no growth at all,
inthe order: ++>+>%>->0.

b The competition assay was carried out as described in Materials and Methods with an estimated
error of 10% -15 %.

¢ Isotope dilution effect (positive control) by addition of a 50-fold excess of unlabelled Phe.
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tants Gly294 and Ser294 is paralleled by a slight competition (15-20 %) seen with
3-F-Tyr (Table 3B). These effects may be explained by interactions between the
p-hydroxyl groups of the substrate analogues (Tyr or 3-F-Tyr) with the Ser2%4 or
Gly294 variants (see Discussion).

Other deviations from the wild-type pattern of competition by the individual
substances (see section 4.5.) are observed with B-thien-2-ylalanine in the Ser294
mutant (Table 3B). The increased competition effect could be interpreted to result
from favourable H-bonding of the hydroxyl group with the ring sulfur. Another ex-
planation implies that the reduced ring size of the analogue is accommodated
better in the smaller binding cavity of the Ser294 variant (see Discussion) due to in-
creased van der Waals interactions. In this context, and by considering the marked
differences in p-F-Phe competition between wild-type and Ser2%4 enzymes (Fig. 9;
Table 3), we wished to explore the limits of substrate discrimination in both vari-
ants. The fact that Phe binding is somewhat hampered by the Ser294 mutation
(section 4.6.) prompted us to analyze the marginally smaller p-deutero-L-Phe (a
C-2H bond may be shorter by up to 0.007 A (or 0.6 %) than a C-1H bond; Bartell et
al., 1961; Mitchell & Phillips, 1975). Remaining L-[14C]Phe incorporation was mea-
sured in the presence of varying concentrations of either unlabelled L-Phe or unla-
belled p-deutero-L-Phe. The tests were done in parallel with the wild-type and the
Ser294 enzymes. From the titration curves in these competition assays (not shown)
no differences were found between the two substances with both PheRS variants.
Thus, the enzymes could not discriminate between Phe and p2H-Phe within the
accuracy of the experiment (5 %).

The most striking differential competition effect was found with pool groups 5
and 6 in the case of the Gly294 enzyme (Table 3B). Subsequently, each member
of these pool groups was tested separately for its ability to compete with Phe. The
results are summarized in Table 4. In contrast to the wild-type enzyme, which was
not markedly inhibited by the substrate analogues, the addition of p-Cl-Phe caused
a reduction of Phe incorporation catalysed by the Gly294 PheRS of more than 70
%. Even a Phe derivative with a large bromo-substituent at the para-position could
interact with the mutated binding site (competition effect of more than 50 %; Table
4). Di-fluoro-derivatives, having one substitution at the para-position, showed also
increased competition with the cognate substrate in the Gly294 variant, as com-
pared to the wild-type enzyme. The relaxed specificity of the Gly294 mutant ap-
peared to be directed mainly to the para-position of the amino acid substrate; this
was indicated, for instance, by the missing effect of m-Cl-Phe (Table 4).
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Table 4: Competition effects by individual members of amino acid
pool groups 5 and 6 on PheRS mutant Gly294 and the wild

typed
Competing substrate % Remaining Phe incorporation in PheRS variant:
analogue
Gly294 Ala294 (wild type)
none 100 % 100 %
Phe 7 % 3%
para-chloro-Phe 28 % 105 %
para-bromo-Phe 46 % 104 %
meta-chloro-Phe 99 % 102 %
2,3-di-fluoro-Phe 92 % 99 %
2,4-di-fluoro-Phe 80 % 97 %
2,5-di-fluoro-Phe 98 % 98 %
2,6-di-fluoro-Phe 103 % 102 %
3,4-di-fluoro-Phe 56 % 94 %
3,5-di-fluoro-Phe 93 % 99 %

a The competition tests were carried out as described in Materials and Methods. Each number is
the average of four independent assays incubated for 5 min at 28°C. Deviations were in the
range of 5 %.

(c) In vivo phenotypes of PheRS mutants: growth on different Phe
analogue-containing plates

It became of interest to test whether the ability of certain substrate analogues
to compete with Phe is of significance in vivo. Therefore, the growth of E. coli
strains carrying plasmids with wild-type and mutant pheS genes was analyzed on
different analogue-containing agar plates. The results in the p-F-Phe resistant
strain RR28 are shown in Table 5. An analogous growth pattern was also ob-
served using the thermosensitive PheRS strain KA2 (data not shown).

For the para-halogenated Phe derivatives, the results in vivo (Table 5)
matched exactly those from competition experiments in vitro (Tables 3B & 4). The
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strain carrying wild-type pheS was sensitive only to p-F-Phe, an analogue shown
to be incorporated into tRNAPhe and subsequently into (defective) proteins (Fig. 9;
Richmond, 1962; Fangman & Neidhardt, 1964; Kast & Hennecke, 1991). If the
Gly294 mutant gene was present, the strain showed extreme sensitivity not only to
p-F-Phe but also to the p-CI-Phe and p-Br-Phe analogues (Table 5). This indicated
that a PheRS which contains Gly2%4 mutant o subunits possesses a broadened
substrate range in vivo (see Discussion).

The addition of tyrosine to agar plates showed no growth inhibition, neither in
cells carrying wild-type pheS, nor in those with genes for Gly294 and Ser294 mutant
o subunits (Table 5). Obviously, there was no significant erroneous incorporation
of Tyr instead of Phe into cellular proteins (which would certainly have been
lethal), even though Tyr was found to compete with Phe in vitro in the latter two
PheRS mutants (Table 3B). Explanations for this behaviour will be given in the
Discussion.
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5. Discussion

5.1. A method for assaying mutated genes for essential proteins
at normal cellular levels

(a) The chromosomally encoded B subunit is limiting

The activity of the mutant PheRS o subunits was measured in S140 extracts
of a host strain with a thermosensitive PheRS (KA2: lesion in pheS; Kast &
Hennecke, 1991) which carried the mutated pheS genes on a multicopy expres-
sion vector. The high gene dosage of plasmidial pheS, used to outcompete poten-
tial effects coming from the chromosomal copy, did not influence the PheRS activ-
ity level. PheRS was shown to be active only if both o and B subunits were present
(Hennecke & Boéck, 1975). Therefore, the chromosomally encoded B subunits
should limit the concentration of functional oligomeric enzymes. That this assump-
tion was correct could be demonstrated by comparing PheRS activities of indepen-
dent S140 extracts. Aminoacylation values in protein extracts from three different
strains were identical to the activities obtained with the host strain KA2 that carried
the corresponding pheS genes on plasmids (Kast & Hennecke, 1991).

The synthesis of the activity-limiting B subunit was not influenced by the pheS
gene dosage. This was shown directly by Western-blot analyses which demonstra-
ted a constant relation between S140 protein content and amount of B subunit for
all mutants, irrespective of the presence or absence of pheS plasmids. Analogous
results regarding the expression of the pheST operon have been reported earlier
(Springer et al., 1983; Springer et al., 1985).

(b) Expression of PheRS o subunit variants

The low amount of a subunits seen in Western-blots after overexpression of
plasmid-encoded pheS gene products was unexpected. The observed concentra-
tions ranged from 1.1 to 8.3 times that of the host protein and contrasted with over-
production factors (more than 100 fold) of other proteins using similar systems (e.
g. by Eriani et al., 1990b). An artifact in the Western-blot analyses caused by dif-
ferential binding of anti-wild-type-PheRS antiserum to different mutant o subunits
appeared unlikely since 3 independently obtained antisera showed similar cross-
reactions. Furthermore, even the wild-type o subunit was present in quite a small
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amount (Fig. 3 (a,b)). The low amount of overexpressed pheS gene products in
S140 extracts might rather be exlained by their degradation, once they are not
complexed with B subunits. Free o subunits might be recognized as abnormal cel-
lular components and could induce degradative processes (Goff & Goldberg,
1985). A low amount of PheRS o subunit, when expressed without B, was already
observed in earlier reports (Plumbridge et al., 1980; Plumbridge & Springer, 1982).

That the inactive, truncated mutant form M5 (33 amino acids missing at the
C-terminus) was not visible on Western-blots may also be ascribed to rapid degra-
dation. This could be due to inherent instability of the protein or to its inability to
form a stabilized complex with the B subunit. All other mutants, however, were
shown to be able to compete with the chromosomally encoded o subunit in strain
RR28 to engage with the B subunit in the formation of a holoenzyme (Tables 2A &
3A). A correlation between high aminoacylation activity and relatively high content
of overproduced PheRS o subunit in S140 extracts could not be found (see
Results, section 4.1.). This indicates that the absence of excess free o subunits
does not interfere with the determination of mutant PheRS activities, as long as the
stoichiometric relation of o to B subunits is not below one.

(c) Background activity of the host o. subunit

The host pheS gene products were thought to represent a minority as com-
pared to the plasmid-expressed o subunits. However, the appearance of degrada-
tive processes and the existence of low activity mutants made an examination of
background activities necessary. Host-encoded o,p, homotetramers had no activ-
ity in vitro at 28°C (Kast & Hennecke, 1991). The presence of a considerable per-
centage of hybrid tetramers (containing one chromosome- and one plasmid-en-
coded o subunit) could be ruled out from thermoinactivation tests (as described in
Results, section 4.1.). The results from the p-F-Phe incorporation and competition
studies also argued against significant amounts of hybrid PheRS. Hybrids, contain-
ing one thermosensitive and one p-F-Phe excluding o subunit, were shown to in-
corporate the analogue (Hennecke, 1976). By contrast, p-F-Phe was not a sub-
strate for PheRS in S140 extracts of KA2 host cells which overproduced the p-F-
Phe resistant Ser294 o subunit by a factor of 2 (Fig. 3). Although the influence of
hybrid enzymes in cell extracts with comparably high aminoacylation activities may
be neglected, a contribution to the low values of some thermosensitive mutants (e.
g. those containing Gly29°) cannot be excluded. Thus, the activities obtained in
those cases may be overestimates.
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(d) General applicability of the expression method

The method described for assaying in vitro mutagenized essential genes at
the normal cellular level represents an easy alternative to the chromosomal inte-
gration of these mutant genes. In the approach used here, the resident chromoso-
mal copy is outcompeted by high expression of the mutant gene on a high copy
number replicon. Nevertheless, the activity level appears to stay in the normal cel-
lular range because other subunits, essential for the activity of the enzyme, are
provided by the chromosome, and because the normal regulation is not affected.
This strategy should be applicable to many multisubunit enzymes (essential or
non-essential ones) whose activity is dependent on the presence of all subunits.
The availability of (conditional) mutant strains is an advantage, but the assay could
do without, provided there are means to quantitate background activity.

5.2. The role of the aromatic residues at positions 293 and 295 in
the o subunit

In this work, the two phenylalanine residues flanking position 294 of the
PheRS a subunit were replaced by other amino acids. From in vivo and in vitro re-
sults it became thus clear that aromatic interactions between the substrate phenyl-
alanine and those residues are not essential for activity. Determination of apparent
Ky values and competition studies with substrate analogues suggested that the
side chains of the two residues 293 and 295 are not at all involved in Phe binding.

Residues 293 to 295 are part of motif 3, a generally conserved region of
class Il aminoacyl-tRNA synthetases (Eriani et al., 1990a). Its importance in E. coli
PheRS was clearly demonstrated with the Phe295-to-Gly295 exchange, which
showed a dramatic loss of activity in vitro and in vivo. However, the other mutant o
subunits (excluding the deletion variant M5), were able to complement strain KA2
at high temperature, although some had only low activity in vitro. That those muta-
tions in the rather well conserved PheRS region (Fig. 1) were tolerated in vivo
might be explained by the observation that PheRS is normally synthesized in ex-
cess (Plumbridge & Springer, 1982), and that the applied assay conditions did not
require maximal PheRS activity.

When the enzymes were tested in vitro, a drastic thermosensitive behaviour
was apparent with several PheRS mutants, indicating a general destabilization of
the protein structure (Griitter et al., 1979; Matthews et al., 1987; Menéndez-Arias
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& Argos, 1989; Toth & Schimmel, 1990). At elevated temperatures, the contribu-
tion of residue 295 to the stabilization of the protein structure was clearly more im-
portant than that of position 293. Residue 295 seems to cause stabilization via hy-
drophobic interactions: The hydrophobic Trp could fully replace Phe295, whereas
more polar and/or smaller residues produced only unfavourable interactions. This
agrees very well with the good conservation of this position in different organisms
(Fig. 1), the only deviation from Phe being Trp in yeast cytoplasmic PheRS. The
less conserved position 293 seems to tolerate polar residues (Tyr, Cys). Inter-
estingly, replacing both Phe residues by Trp strongly reduced enzyme stability,
even though each substitution by itself had little detrimental effects. This may point
to an interaction between the two positions 293 and 295. In the double mutant, the
two bulky Trp residues might hinder each other in providing good stabilization to
the enzyme and might even distort the conformation of the substrate binding
pocket. The latter interpretation would explain why the Trp293/Trp295 variant had a
slightly increased Ky value for Phe.

Thermosensitivity of the PheRS from strain NP37 (the parent strain of KA2;
Kast & Hennecke, 1991) was speculated to be due to (reversible) dissociation into
off dimers (Bock, 1968; Comer & Bock, 1976; Kast & Hennecke, 1991). From an
analysis of reversion frequencies of thermosensitive PheRS mutants it was pro-
posed that many sites could be involved in subunit interactions (Béck, 1968). A
model of the quarternary structure of PheRS based on neutron small-angle scat-
tering also proposed extended contact areas between the subunits (Dessen et al.,
1990). Therefore, it may be possible that the reversibly thermosensitive PheRS
mutants constructed in this work are affected in the association parameters of the
subunits, as discussed for other thermosensitive mutant proteins (Jasin et al.,
1985; Collier & Johnson, 1990; Kast & Hennecke, 1991). Residues 293 and 295
might thus be located close to a subunit interface where they could interact with
another subunit.

This would also place residue 294, assumed to be involved in amino acid
substrate binding (see below), near a subunit contact area. Such a model would
be in agreement with biochemical affinity labelling data. Using a Phe affinity label,
Khodyreva et al. (1985) could locate the Phe binding site on the o subunit, which is
consistent with our results. However, when reactive ATP and aminoacyladenylate
analogues were used, both o and B subunits were labelled, indicating that the cor-
responding binding sites were close to the subunit interface. The crosslinking sites
for different reactive derivatives of tRNAPhe were all confined to the B subunit. It
was thus proposed that the active site of E. coli PheRS is located at the af§ subunit
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interface (Khodyreva et al., 1985; Hountondji et al., 1987). For yeast and turkey
liver PheRS, the catalytic site (and especially the Phe binding site) was also sug-
gested to be located at the o contact region (Baltzinger et al., 1979; Renaud et
al., 1982; Fasiolo et al., 1989; Gabius et al., 1983b). Based on an analysis of E.
coli GlyRS o and B subunit mutants, Toth & Schimmel (1990) proposed the in-
volvement of both subunits in the formation of the site for adenylate synthesis.
GlyRS is the other aminoacyl-tRNA synthetase having an a,B, subunit structure,
and was shown to be immunologically related to E. coli PheRS (Nagel et al.,
1988). Interestingly, sequence homologies between both enzymes are restricted to
the presence of motif 3 in the small subunit and, hence, to the region analyzed in
this work.

5.3. Changing the substrate specificity by mutating Ala294

The most interesting effects were obtained, when position 294 was mutage-
nized. From Ky, determinations and competition with substrate analogues it
seemed obvious that the binding of the amino acid substrate was affected. Al-
though variations in apparent Ky, values for the cognate substrate were only within
one order of magnitude, they are comparable to the factor of 2 obtained after mu-
tating one of the specificity-determining residues in TyrRS (Tyr34 to Phe34; Fersht
et al., 1985). With PheRS, wild-type like activity was only obtained, when the small
amino acids Gly, Ala and Ser were present at position 294; Cys, Thr and Val led to
a strong decrease in aminoacylation at 28°C and showed a strong thermosensitive
behaviour at 40°/45°C. A drop in activity was also observed in vivo, when the
amino acid volume at position 294 was larger than Ser. It is possible that a critical
size increase above Ser sterically alters the topology of the binding site and leads
to a (reversible) destabilization of the protein structure, as discussed in the previ-
ous section. In this context it should be recalled that a small amino acid is con-
served at this position in different PheRSs (Fig. 1). Three position 294 mutations
will be discussed in more detail in the following.

(a) Cys at position 294

The mutant Cys294 showed a tendency for exclusion of p-F-Phe. This pheno-
type corroborates that of the structurally similar Ser294 derivative and can be ex-
plained by a mechanism analogous to that proposed in the preceding paper (Kast
& Hennecke, 1991). The introduced Cys residue could become useful for active
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site modifications with reactive substrate analogues (Khodyreva et al., 1985;
Hountondji et al., 1987), especially with respect to proving any direct contacts be-
tween the para-position of the substrate's aromatic ring and residue 294 (see be-
low). An interesting approach for further testing the steric requirements of the Phe
binding site in PheRS could be to covalently attach groups of varying sizes to the
(reactive) Cys294 (Bech & Breddam, 1988). Furthermore, once suitable crystals of
E. coli PheRS are obtained, heavy metal atom derivatives at the Cys294 residue
could greatly aid in the structural determination by X-ray diffraction analysis (Rould
et al., 1989).

(b) Ser at position 294

The Ser2%4 mutation, which we identified in a p-F-Phe resistant strain, is
known to exclude this substrate analogue from the enzymatic reaction. As discus-
sed before (Kast & Hennecke, 1991), this is thought to be due to steric and/or
polar interactions between Ser294 and the fluoro substituent of the Phe analogue.
In a simple model presented in Fig. 10(a) we assume that the hydroxyl group of
Ser294 prevents complete entering of p-F-Phe into the substrate binding pocket.
The Ky, increase for Phe in the Ser294 mutant, as compared to the wild type, is
also consistent with the model: the Ser residue might sterically interfere with opti-
mal binding of phenylalanine. This is in agreement with the interpretation of results
from subtilisin variants with Ala or Ser substitutions in the substrate specificity
pocket (Estell et al., 1986). However, the binding affinity of PheRS for the slightly
smaller p-deutero-Phe was, compared to Phe, not improved in the Ser294 mutant.
This showed up the lower limit of the enzyme's capability to significantly discrimi-
nate between sterically comparable substrates.

In contrast to p-F-Phe, tyrosine significantly competed with the incorporation
of the cognate substrate Phe by the Ser294 enzyme. A possible explanation is that
Tyr forms H-bonds with the hydroxy! group of Ser294, thereby stabilizing the bind-
ing of Tyr in the Phe recognition site (Fig. 10(b)). H-bonding between enzyme resi-
dues and the para-hydroxyl group of Tyr is known to play an essential role in spe-
cific binding and recognition of the cognate substrate (and selection against Phe)
in TyrRS (Fersht et al., 1985; Brick & Blow, 1987, Freist & Sternbach, 1988). In the
case of PheRS, it could be argued that for steric reasons an entering of Tyr into
the binding pocket of the Ser294 variant is incomplete (Fig. 10(b)), thus leading to
non-productive binding. This assumption is in agreement with growth tests on agar
plates containing Tyr. Although the external addition of Tyr raises the cellular Tyr
concentration at least 3 to 5 times that of Phe (Brown, 1970), thereby enhancing
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Figure 10. Hypothetical model for interactions between amino acid substrates and position
294 residues in PheRS o subunit variants. (a) The substrate analogue p-F-Phe is accommoda-
ted best in the binding cavity of the Gly294 variant, whereas Ser2%4 does not allow complete enter-
ing of p-F-Phe into the binding pocket. (b) The para-hydroxyl group of the noncognate amino acid
Tyr prevents binding to the hydrophobic pocket of the wild-type PheRS. However, interactions of
Tyr with the Gly294 and Ser2%4 variants may be possible due to an enlarged binding cavity and the

potential to form H-bonds, respectively.
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the probability of misincorporations, the normal growth on Tyr plates of cells pro-
ducing the Ser294 mutant PheRS suggests that significant misacylation of tRNAPhe
with Tyr does not occur.

Besides a non-productive binding, there is another explanation why the com-
peting substrate Tyr is not incorporated by PheRS. As with other aminoacyl-tRNA
synthetases, the evolution of PheRS has led to intrinsic mechanisms that help dis-
criminate against non-cognate substrates. If the initial recognition of the amino
acid by the binding site fails, hydrolytic proofreading steps come into action and
thus improve the accuracy of aminoacylation (Freist, 1989). The proofreading
system of E. coli PheRS (Gabius et al, 1983a), may be able to cope with en-
hanced Tyr misactivation by the Ser294 mutant, and could therefore account for
the missing growth inhibition on Tyr-containing plates, too.

(c) Gly at position 294

In line with the model proposed in the preceding paper (Kast & Hennecke,
1991), one would predict the formation of an enlarged cavity for accomodating the
para-position of the aromatic ring of the amino acid substrate when Ala2%4 is re-
placed by a Gly residue. In fact, from independent in vitro and in vivo tests it
emerged that, in contrast to the wild type, phenylalanine analogues with para-sub-
stitutions larger than fluorine could interact with the Gly294 enzyme.

As illustrated in Fig. 10(b), a tyrosine substrate will not enter the Phe binding
pocket in wild-type PheRS due to the lack of space for accomodation of the
(possibly hydrated) p-hydroxyl group. A very similar situation of steric repulsion of
Tyr was described by Estell et al. (1986). In the Gly294 variant, however, competi-
tion of Phe aminoacylation by Tyr was strongly enhanced. From this we infer that
Tyr is now accomodated in the large cavity at the bottom of the presumptive bind-
ing pocket as a result of the absence of the methyl group from the former Ala resi-
due. That cells producing the Gly294 mutant exhibited no impaired growth on Tyr-
containing plates could be explained by reasons already given for the Ser2%4 vari-
ant (see above).

Further evidence for an increased cavity for the para-position of the amino
acid substrate in the Gly2%4 enzyme came from p-F-Phe incorporation experi-
ments, and from competition studies with different para-halogenated analogues.
Under our test conditions, the mutant enzyme, as opposed to the wild type, had
lost the ability to distinguish p-F-Phe from the natural substrate. Interestingly, the
yeast cytoplasmic PheRS, which happens to have a Gly residue at the corre-
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sponding sequence position (Fig. 1), also discriminates much poorer against p-F-
Phe than the wild-type E. coli PheRS: the ratio (k.at/Ky)phe 10 (kcat/ KM)p-F-Phe 1S
4.5 times higher for the E. coli enzyme (Gabius et al., 1983a).

The model shown in Fig. 10(a) explains the complete loss of discrimination
between Phe and p-F-Phe again by the larger binding cavity present in the Gly294
enzyme. The absence of the methyl group could now allow an even better entering
of p-F-Phe into the mutant binding pocket as compared to wild-type PheRS. Con-
sistent with this model is the fact that the spectrum of substrates for the Gly294
variant was extended to Phe analogues with para-substitutents larger than fluorine
(van der Waals radius: 1.47 A; Bondi, 1964): Unlike the wild type, mutant Gly294
allowed p-Cl-Phe and p-Br-Phe (van der Waals radii: Cl, 1.77 A; Br, 1.92 A) to con-
siderably compete with Phe. In addition, those substances, like the para-fluorina-
ted Phe, completely prevented growth of strains carrying the gene for mutant
Gly294, It was clear that the Ala294-to-Gly294 exchange in the PheRS o subunit
alone must be responsible for the observed hypersensitive phenotypes. Therefore,
the para-halogenated Phe analogues have to exert their toxicity in vivo by inter-
acting with the Gly294 mutant PheRS, an interaction already shown to occur in
vitro (Table 4). For reasons of analogy to p-F-Phe and parallelism to other systems
(e. g. incorporation of furanomycin by lleRS; Kohno et al.,, 1990), it seems highly
probable that the growth inhibition by p-CI-Phe and p-Br-Phe was caused by a de-
trimental incorporation of those analogues into cellular protein. However, protein
incorporation studies in vivo (Fangman & Neidhardt, 1964; Sykes et al., 1974;
Koide et al., 1988) or in vitro (Kohno et al., 1990) will be necessary to support this
contention (Hortin & Boime, 1983). Furthermore, radiolabelled analogues (as in the
case of p-F-Phe) and purified Gly294 PheRS will be useful tools in future work to
definitively prove the incorporation of those analogues into tRNAPhe (Igloi et al.,
1979).

A change in substrate specificity created by protein engineering and/or chem-
ical modification was achieved for the proteases subtilisin (Estell et al., 1986),
trypsin (Craik, et al., 1985) and carboxypeptidase Y (Bech & Breddam, 1988). Sim-
ilar to the position 294 PheRS mutants, it emerged from these studies, that sub-
strate specificity was largely determined by steric complementarity. In particular,
the example of subtilisin resembled the findings from our own work. Replacing the
Gly residue at the bottom of subtilisin's substrate binding pocket by bigger amino
acids resulted in a change in specificity towards smaller substrates (Estell et al.,
1986). Even in the 'superspecific' aminoacyl-tRNA synthetases (as opposed to
proteases; Bosshard, 1976), amino acid specificity could be altered by exchanging
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binding pocket residues. In TyrRS, Fersht et al. (1985) substituted one of the two
amino acids that determine specificity for Tyr through hydrogen bonding to the
substrate's para-hydroxyl group (Brick & Blow, 1987). The mutation lowered the
discrimination of Phe relative to Tyr in the activation reaction by one order of mag-
nitude; yet the biological effect may be small because the relative specificity for
activation of the cognate substrate Tyr compared to Phe was still higher (by a
factor of 104) in the mutant enzyme. In addition, Tyr specificity might be further en-
hanced in the transfer reaction to tRNATYr by proofreading mechanisms (Freist &
Sternbach, 1988; Freist, 1989). The substrate specificity mutant Gly294 of PheRS
(and also Ser294), however, showed a very distinct phenotype with some non-pro-
teinogenic substrate analogues in the in vivo growth tests. Apparently, the proof-
reading system of PheRS (see above) did not prevent incorporation of those sub-
stances. This was in agreement with the idea that proofreading mechanisms were
optimized solely to discriminate against noncognate substrates that occur naturally
in the cell, but may tolerate incorporation of xenobiotic analogues under experi-
mental conditions (Wilson & Hatfield, 1984).

Due to the enlarged binding cavity, the Gly294 enzyme tolerates para-substi-
tuents at the Phe analogues that are at least as big as bromine. This opens up a
new perspective for the in vivo synthesis of polypeptides containing non-proteino-
genic amino acids. The Gly2%4 mutant PheRS, for instance, may be used to incor-
porate a variety of Phe analogues into proteins of pharmaceutical interest such as
polypeptide growth factors (James & Bradshaw, 1984) or endocrine peptide hor-
mones (Douglass et al., 1984; Lynch & Snyder, 1986). The resulting artificial poly-
peptides could have novel pharmacologically interesting properties. We are cur-
rently exploring ways to establish an in vivo system for the incorporation of amino
acid analogues into target proteins with the help of our PheRS mutants. Different
approaches for incorporating non-proteinogenic amino acids into protein were
tested out previously with varying yields of analogue substitution (Morris &
Schlesinger, 1972; Sykes et al., 1974; Lu et al., 1976; Pines et al., 1981; Koide et
al., 1988; Kohno et al., 1990). However, these authors worked with wild-type en-
zymes that use only a limited spectrum of amino acid analogues as substrates
(Hortin & Boime, 1983). Our examples with the PheRS mutants Ser294 and Gly294
demonstrated that aminoacyl-tRNA synthetases can be specifically 'tailored' by
mutation to use substrates of interest.
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5.4. Summing up

With the set of amino acid exchanges introduced at positions 293, 294 and
295 of the o subunit of E. coli PheRS, we obtained a survey on the importance of
these residues in a well conserved region. From mutations that negatively affected
enzyme activity (especially at position 295) it emerged that this region is essential
for aminoacylation by E. coli PheRS and implicated the importance of the generally
conserved sequence motif 3 of class Il aminoacyl-tRNA synthetases (Eriani et al.,
1990a). In the preceding report (Kast & Hennecke, 1991) we proposed a general
participation of motif 3 in amino acid substrate binding. Although it was shown here
that residues 293 and 295 of PheRS were not directly involved in binding of
phenylalanine, they were important for protein stability, which may thus be another
possible role of motif 3. However, replacements at position 294 and their effects on
the use of various substrates strongly suggested that this position is involved in
determining substrate specificity. In addition, it was demonstrated that even an
aminoacyl-tRNA synthetase, normally designed for very strict substrate discrimina-
tion, can be manipulated by single amino acid replacements to use a wider sub-
strate spectrum.

We are greatly indebted to S. Cantoreggi and D. Seebach for the chemical
synthesis of several Phe analogues used in this work and for the suggestion to test
p-deutero-Phe. We also wish to thank P. Babczinski for sending us other Phe deri-
vatives, H. Sternbach for providing purified PheRS, T. Schmidheini for FPLC purifi-
cation of oligonucleotides, and K. Girgenrath and L. Dirselen for scintillation
counting. This work was supported by a grant from the Federal Institute of
Technology Ziirich.
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CHAPTER IV

Design of Systems for the Incorporation of
Non-Proteinogenic Amino Acids into Proteins

1. Introduction

1.1. PheRS mutant Gly2%94, an enzyme with relaxed substrate
specificity

In Chapter lll, a mutant phenylalanyl-tRNA synthetase (PheRS) gene con-
structed in vitro was described whose product deviated from the Escherichia coli
wild-type enzyme by a glycine residue at position 294 instead of alanine. The mu-
tant PheRS (referred to as Gly294 variant) showed enhanced aminoacylation of
tRNA with the substrate analogue para-fluoro-phenylalanine (p-F-Phe) as com-
pared to the wild-type enzyme. In fact, the analogue was used as efficiently as the
cognate substrate phenylalanine (Phe). In addition, other substrate analogues like
the para-substituted chloro- and bromo- derivatives of Phe, 3,4-di-fluoro-Phe and
even the proteinogenic amino acid tyrosine were able to drastically compete with
Phe incorporation by the Gly294 enzyme. From these results and from the toxic ef-
fects of these compounds in vivo it was concluded that the absence of the methyl
group at position 294 enlarged the binding cavity for the para-position of the aro-
matic amino acid substrate, thereby broadening the substrate spectrum of the en-
zyme (Chapter llI). It seems reasonable to assume that the Gly294 variant may
also attach other para-substituted Phe analogues to tRNAPhe, Once aminoacyla-
ted, the substrate analogues will end up with a high probability in cellular proteins

Non-standard abbreviations

Amp: ampicillin; bp: basepair(s); Cam: chloramphenicol; goi: gene of interest; IFN-02: human in-
terferon-02; IPTG: isopropyl-B-D-thiogalactopyranoside; kb: kilobasepair(s); p-Cl-Phe: p-chloro-
phenylalanine; p-F-Phe: p-fluoro-phenylalanine; ts: thermosensitive; XxxRS: aminoacyl-tRNA syn-
thetase for amino acid Xxx in three-letter-code.
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(Hortin & Boime, 1983; Kohno et al., 1990).

These features provide an excellent basis for the use of the Gly294 PheRS, in
an appropriate genetic constellation, to deliberately incorporate various Phe ana-
logues into polypeptides in vivo. This, in turn, opens up a perspective for the pro-
duction of artificial proteins possessing a variety of new constituents and proper-
ties. In this Chapter | will outline the theoretical possibilities and strategies for Phe
analogue incorporation into protein by making use of mutant Gly294. Possible ap-
plications will also be discussed.

1.2. Previous work on amino acid analogue incorporation into
proteins

It is well known that many amino acid analogues exert their toxicity due to the
formation of defective cellular proteins which contain those analogues instead of
the cognate amino acid (Richmond, 1962; Shive & Skinner, 1963; Fowden et al.,
1967; Hortin & Boime, 1983; Wilson & Hatfield, 1984; Kohno et al., 1990). This fact
was utilized in a variety of protein structure-function studies (Hortin & Boime,
1983): Analogue incorporation into proteins has been applied for the analysis of
proteolytic processing events, including viral polypeptide maturation and cleavage
of signal sequences (Wilson & Hatfield, 1984). Substitution of tyrosine by 3-fluoro-
tyrosine allowed an investigation into the chemical environment at the individual
substitution sites by 19F nuclear magnetic resonance spectroscopy. Such studies,
carried out with E. coli alkaline phosphatase (Sykes et al., 1974) and lac repressor
(Lu et al., 1976; Jarema et al., 1981), were also suited to uncover specific confor-
mational changes upon ligand binding. Other reports dealt with effects on enzyme
function and subunit assembly caused by replacement of amino acid residues with
analogues (Richmond, 1962; Fowden et al., 1967). Examples of enzymes studied
are alkaline phosphatase (Schlesinger et al., 1969; Morris & Schlesinger, 1972)
and aspartate transcarbamylase (Gueguen et al., 1980) from E. coli.

In some studies, the incorporation of amino acid analogues was accom-
plished simply by adding the analogue to the growth medium (Richmond, 1962;
Richmond, 1963; Fangman & Neidhardt, 1964; Koide et al., 1988). A more elabo-
rate methodology made use of bacterial strains that were auxotrophic for the natu-
ral amino acid to be replaced, thereby increasing the substitution yield: The cells
were first grown in a medium containing the required amino acid. In the second
stage, the incubation was continued in a medium in which the natural amino acid
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was replaced by its analogue. This procedure led to a depletion of the endogenous
pool of the natural, competing amino acid. If at the same time the synthesis of the
protein of interest was induced, it was expected that mainly protein containing the
analogue would be formed (Schlesinger et al., 1969). By using this strategy, re-
placement efficiencies of 50 % to 80 % were reported (Gueguen et al., 1980). To
circumvent the necessity of changing the growth medium, Sykes et al. (1974) ad-
justed the concentration of the supplementing natural amino acid such that it was
depleted by the time of induction of the synthesis of the protein into which the ana-
logue was to be incorporated. At the same time, the analogue (3-fluorotyrosine)
was added, too. The substitution yield in that system was 73 %. Another system
proposed by Lu et al. (1976) was based on the fact that the cellular aromatic
amino acid biosynthetic pathway can be repressed and feedback-inhibited by its
end products (see also Fig. 1). The endogenous synthesis of Tyr was down-regu-
lated by adding Phe and Trp to the growth medium and, at a later stage, 3-fluoro-
tyrosine, the analogue to be incorporated into the /ac repressor. At the time of ana-
logue addition, the synthesis of the /ac repressor was drastically enhanced by heat
induction of a prophage carrying the corresponding /ac/ gene. In contrast to the
system designed by Sykes et al. (1974), this strategy allowed the use of a prototro-
phic strain (Tyr*) without having the disadvantage of substantial endogenous syn-
thesis of the natural competitor Tyr. The efficiency of substitution by the analogue
reached 90 %; in addition, an increased absolute yield of the synthesized target
protein was obtained (Lu et al., 1976).

Incorporation studies with the help of chemically aminoacylated tRNAs have
allowed the in vitro synthesis of (tiny amounts of) proteins containing a wide variety
of amino acid analogues (Bain et al., 1991; Robertson et al., 1991). In contrast, the
spectrum of amino acid analogues that could be incorporated into proteins in vivo
was up to now restricted to those tolerated as substrates by wild-type aminoacyl-
tRNA synthetases (Hortin & Boime, 1983; Kohno et al., 1990). The proposed ex-
ploitation of the PheRS mutant Gly294 in a suitable system will perhaps demon-
strate that a genetically engineered aminoacyl-tRNA synthetase can be used to
extend the range of in vivo incorporated amino acid analogues.
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2. General strategies in the design of phenylalanine
analogue incorporation systems

2.1. Test experiments

Before making extensive efforts towards the construction of sophisticated
amino acid analogue incorporation systems, two types of alternative test experi-
ments ought to be carried out first. (i) Purified Gly294 PheRS will be needed to
prove the incorporation of individual Phe analogues into tRNA in vitro, an important
prerequisite for the later insertion into protein. (ii) More directly, a simplified in vivo
incorporation system should be established to test whether analogue-containing
proteins can be synthesized by means of the relaxed specificity of the Gly294
PheRS variant. In the following, a concrete example for such a system will be de-
scribed which will quickly lead to results without asking for high yields of analogue
substitution.

(a) Choice of the Phe analogue

The Phe analogue that will be chosen for incorporation is p-Cl-Phe. There is
evidence (Chapter IlI) that this amino acid is incorporated only by the Gly294 en-
zyme and not by the wild-type PheRS (which will be used as a control). The pro-
posed incorporation system follows the strategy by Lu et al. (1976) which makes
use of a Phe prototrophic E. coli strain (see Introduction). Endogenous Phe bio-

Figure 1. Pathway for the biosynthesis of aromatic amino acids and its regulation in E. coli.
Each bold face arrow designates an enzymatic reaction in the anabolism of aromatic amino acids.
The arrows between chorismate and aromatic vitamins, however, stand for multiple steps not fur-
ther considered here. Thin lines and arrows point to enzymes which are feedback-inhibited by the
end products of the pathways. Dotted lines indicate regulation by repression of genes for biosyn-
thetic enzymes. The effector(s) which associate(s) with the repressor proteins TyrR or TrpR are in-
dicated. Recently it was discovered that the PheR gene does not encode a repressor protein, but is
identical to one of the two cellular tRNAPhe genes (Gavini & Davidson, 1990; Pittard et al., 1990).
This suggests that attenuation is the exclusive type of regulation of pheA (Pittard, 1987). Regula-
tion of gene expression by attenuation (concerned genes are marked by an asterisk) was also ob-
served for the trp operon (mediated by tRNAT®), in addition to repression. Shikimate kinase | is
constitutively expressed. Only the regulated key enzymes are shown by name. DAHP, 3-deoxy-D-
arabino-heptulosonate 7-phosphate; (Xxx)S denotes the DAHP synthase isoenzyme sensitive to
amino acid Xxx (three-letter-code). The data in this Figure come from reviews by Herrmann (1983),
Garner & Herrmann (1983), Camakaris & Pittard (1983), Somerville (1983) and Pittard (1987).
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synthesis can be suppressed by adding Tyr and Trp to the growth medium. These
aromatic amino acids should repress and feedback-inhibit various enzymes in the
aromatic amino acid biosynthetic pathway which are also used for Phe production.
Furthermore, the later addition of the Phe analogue p-Cl-Phe may directly inhibit
the Phe sensitive enzymes of this pathway and, therefore, further lower the
amount of endogenous Phe, which would otherwise compete with incorporation of
the analogue. The regulation of the aromatic amino acid biosynthetic pathway by
its endproducts is illustrated in Fig. 1.

(b) Choice of the target protein

Human interferon-o2 (IFN-c:2) will be chosen as the protein into which the
analogue is to be incorporated. Interferon is the designation of members of a large
family of structurally related proteins produced by vertebrate cells e. g. after virus
infection (Hiscott et al., 1984; Weissmann & Weber, 1986). One of the various cel-
lular processes modulated by interferons is the interference with virus proliferation
(Stewart, 1981). Several features make IFN-a2 suitable for our test system: (i) The
(mature) protein with its 165 amino acid residues (Streuli et al., 1980) is in the size
range of proteins such as human epidermal growth factor with 49 amino acids
(Gregory, 1975) and E. coli alkaline phosphatase with 471 amino acids (Chang et
al., 1986) that were already used for detailed analogue incorporation studies by
Koide et al. (1988) and Sykes et al. (1974), respectively. (ii) The IFN-o2 gene con-
tains 10 Phe codons which could direct Phe analogue incorporation. (i) IFN-o2
belongs to the class of pharmaceutically interesting proteins which could become
the primary targets for analogue incorporation by the systems proposed in this
Chapter. (iv) The activity of the natural and of analogue-containing IFN-o2 can be
compared with the help of a well established biological assay (Nagata et al., 1980;
Weber et al., 1987). (v) IFN-02 has successfully been overexpressed, and purifica-
tion procedures are available (Palva et al., 1983; Valenzuela et al., 1985; Thatcher
& Panayotatos, 1986; Schein & Noteborn, 1988).

(c) Elements of the test system

Figure 2 displays the characteristic elements of the proposed test system.
The E. coli strain KA2 (carrying the pheS allele for the production of a thermosen-
sitive PheRS o subunit; see Chapter il) is used as host for two different compatible
plasmids.

The plasmid pHE3-M4G (P15A origin of replication) carries the pheS gene for
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Figure 2. A simple Phe analogue incorporation test system. The functional elements of this test
system are described in detail in the text. Key restriction sites used to construct the plasmids are
included. pheSts and pheSY4G encode the thermosensitive and relaxed-specificity o subunits of
PheRS, respectively. The types of replication origins (ori ) are indicated. Resistance against chlor-
amphenicol (CamR) and ampicillin (AmpR) are mediated by chloramphenicol acetyltransferase and
B-lactamase, encoded by cat and bla, respectively. Plasmid pPtacT702 contains the Cop™ muta-
tion, the efficient T7 gene 1.1 ribosomal binding site (RBS) and the IFN-02 gene of pPIT702
(Thatcher & Panayotatos; 1986) allowing for high expression of IFN-a2. The interferon gene is ex-
pressed from a tac promoter which can be blocked (in the absence of the inducer substance IPTG)
at the operator site (lacO) by constitutively expressed lac repressor (encoded by lachd).

the Gly294 variant. It can be constructed easily by replacing the 951 bp
Aatll/BamHI fragment of pHE3 (Hennecke et al., 1982) by the 326 bp Aatil/BamHl|
fragment from the pheS expression plasmid pKSB1-M4G (see Chapter Il and Fig.
2 in Chapter Il). A similar construct (termed 'pHE3-W') which carries the wild-type
pheS gene will be obtained by using the corresponding Aatll/BamHI fragment from
plasmid pKSB1-W (Chapter Il). Although not always mentioned explicitly, all tests
should be done with the wild-type pheS plasmid (pHE3-W) in parallel as negative
control (i. e. no p-Cl-Phe incorporation).

The second plasmid pPtacT702 is a ColE1 derivative and expresses IFN-a2.
Unfortunately, the plasmid used earlier for high expression of IFN-02 (pPIT702;
Thatcher & Panayotatos, 1986; Schein & Noteborn, 1988) does not allow an indu-
cible production of the target protein. However, inducibility is required for efficient
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incorporation of analogues into proteins, since the analogue has to be added at a
late stage of bacterial growth. Therefore, the constitutive promoter of pPIT7a2 (PI
of pBR322; Panayotatos et al., 1983; Thatcher & Panayotatos, 1986) should be re-
placed by an inducible one. This will be achieved easily by replacing the 0.26 kb
EcoRl fragment of pPIT702, carrying Pl (H. Weber, personal communication), by
the 1.54 kb EcoRI/Nrul fragment from the vector pJF118EH (Flrste et al., 1986),
after providing the latter with EcoRl linkers. The fragment from pJF118EH contains
the IPTG-inducible, strong tac promoter (Amann et al., 1983) and a constitutively
expressed /ac repressor gene (laci) allowing for a tight repression of the system,
when IPTG is absent.

The last cloning steps in these constructions should be done in strain JM109
(HsdR"M™, see Chapter Il) to obtain EcoK-modified DNA before transforming KA2
(HsdR*MT) with the plasmids.

(d) Strategy for Phe analogue incorporation

The following protocol is a recommendation how incorporation of p-Cl-Phe
into IFN-02 might be achieved. In stage |, the host strain KA2 harbouring both
plasmids is grown at 40°C in the glucose-minimal medium (Chapter Il) containing
in addition 1 mM Trp, 1 mM Tyr, 5 ug/ml thiamine-HCI, 150 pg/ml ampicillin and 20
ug/ml chloramphenicol. When an optical density (Asgq) of about 1.0 is reached, the
Phe analogue p-Cl-Phe is added (e. g. at 2 mM final concentration of the L-form)
and the IFN-a2 gene is induced by addition of IPTG at 2 mM (stage Il). The
PheRS molecules present in the cell should now contain predominantly the o sub-
units of the Gly294 type due the multicopy effect of the plasmidial pheS gene.
PheRS containing two chromosomally-encoded thermosensitive o subunits is in-
active at 40°C (see Chapters Il and lll). This ensures that charging of tRNAPhe s
mainly achieved by the Gly294 variant which recognizes p-Cl-Phe as a substrate.
After further incubation at 40°C for 3-6 h, the cells are harvested and the IFN-02 is
isolated and purified (stage lll) using established protocols (e. g. by Valenzuela et
al., 1985). The analogue substitution grade (see below) as well as the biological
activity can now be determined (Nagata et al., 1980; Weber et al., 1987).

2.2. Verification of analogue incorporation into proteins

There are several possibilities to check whether an analogue has been incor-
porated into protein (Hortin & Boime, 1983). However, it should be mentioned here



Chapter IV: Design of Amino Acid Analogue Incorporation Systems 119

that some of the procedures described will only provide indirect evidences for a
successful incorporation.

(a) Amino acid analysis

The most direct approach consists of analyzing the content of individual
amino acids after hydrolysis of the purified protein. This procedure gives direct in-
formation about the substitution yield (ratio of detected analogue / [analogue + na-
tural amino acid]). This method was applied to determine analogue incorporation in
a variety of studies (Sykes et al., 1974; Lu et al., 1976; Gueguen et al., 1980;
Pines et al., 1981; Koide et al., 1988). Amino acid analyses can be carried out with
amounts as low as 0.1 to 5 pg of a 25 kDa protein (corresponding to 4 to 200
pMol; Ozols, 1990).

(b) Radiolabelled amino acid analogues

Another strategy could be applied if the analogue is available in a radio-
labelled form. This allows a direct demonstration of the incorporation into total pro-
tein (Fangman & Neidhardt, 1964; Lu et al., 1976) and may even permit the ana-
lysis of analogue incorporation into a specifically induced protein without the need
to purify it (Morris & Schlesinger, 1972). The latter strategy involves a simple sepa-
ration of a crude protein extract on a polyacrylamide gel and subsequent auto-
radiography (perhaps in conjunction with a Western blot to immunologically identify
the correct band). However, it cannot be ruled out a priori that the analogue was
metabolized in vivo into another amino acid which, when incorporated, would also
give rise to labelled protein. To solve this uncertainty, Hortin & Boime (1983) sug-
gested to hydrolyse the labelled total protein and to confirm that the original radio-
labelled amino acid analogue was still present, as exemplified, for instance, by
Pines et al. (1981). However, in the test system proposed here this control may not
be necessary: if the label was incorporated only in cells having the Gly294 PheRS
but not in cells having the wild-type enzyme (negative control) metabolic con-
version of the analogue into other natural amino acids did probably not occur. The
main disadvantage of this very fast method is that it does not give information on
the substitution yield.

(c) Radiolabelled phenylalanine

If the radiolabelled analogue is not available, incorporation experiments sim-
ilar to those just mentioned may also be carried out with trace amounts of labelled
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phenylalanine. This approach, however, is rather indirect, because it takes the re-
duced Phe incorporation as a measure to determine analogue incorporation.
Again, the comparison of assays with the Gly2%4 mutant and the wild-type PheRS
would be useful. To exclude a general diminution of protein synthesis under condi-
tions of analogue incorporation, control experiments with a labelled amino acid
other than Phe should also be carried out (Gale & Folkes, 1953).

(d) Analysis of incorporation in vitro

If analogue incorporation into a specified protein fails in vivo, it may be of in-
terest to carry out in vitro incorporation studies. This can be done by using a pro-
karyotic in vitro transcription/transiation system. In the presence of excess Gly294
or wild-type PheRS, different in vitro experiments will then be carried out, in which
the amino acid Phe is (A) missing, (B) present or (C) replaced by the analogue
(Kohno et al., 1990). The DNA template-directed proteins synthesized in vitro
(labelled with [35S]methionine) can then be analyzed on polyacrylamide gels.

2.3. Some complications and potential pitfalls

The application of an amino acid analogue to a growing bacterial cell may
produce several unpredicted and undesired effects, e. g. a low absolute yield of
target protein compared to the yield without the analogue or low substitution ratios.
The causes of some of these effects are discussed in the following, and possible
counter-measures are proposed.

(a) Uptake of the amino acid analogue into the cell may be insufficient

The yield of substitution of a natural amino acid by its analogues may be low
because the analogue is not efficiently transported into the cell. This problem could
be due to the repression of the uptake system by amino acids present in the
growth medium. In the example of the aforementioned test system, the aromatic
amino acids Trp and Tyr were proposed to be added to the medium to inhibit and
repress the Phe biosynthetic enzymes. However, these amino acids could also im-
pair the activity of the aroP-encoded general aromatic amino acid uptake system
by competitive inhibition (Brown, 1970) and repression (Whipp & Pittard, 1977;
Camakaris & Pittard, 1983). Cells grown in the absence of exogenous amino acids
have the capacity to import 80-90 % of added aromatic amino acids via this trans-
port system (Brown, 1970), which is also largely responsible for the uptake of aro-
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matic amino acid analogues (e. g. p-F-Phe and B-thien-2-ylalanine; Brown, 1970).
The use of a constitutively derepressed aroP operator mutant strain (Pittard, 1987)
should improve the uptake rates. However, it may already be sufficient to omit the
aromatic amino acids from the medium. In this case, alternative ways to diminish
the endogenous Phe production could be applied, if required (see section 3).

(b) Vital cellular proteins may be inactivated after analogue incor-
poration

After addition to the culture, the analogue will not only be incorporated into
the target protein, whose synthesis is induced simultaneously, but also into other
cellular proteins that are still produced. If functions essential for protein biosynthe-
sis are impaired by this process, the yield of the desired product might be low
(Sykes et al., 1974; Koide et al., 1988). The problem might be overcome by lower-
ing the analogue concentration to a non-toxic level; however, this could also result
in a reduction of the substitution yield. Alternatively, one might think of establishing
conditions that prevent any incorporation of the analogue into proteins other than
the desired target protein (see strategies presented in section 3).

(c) Analogue-substituted proteins may induce a heat shock-like
response

It is known that accumulation of abnormal polypeptides in the cytoplasm of an
E. coli cell may lead to induction of heat-shock genes (Goff & Goldberg, 1985). As
a consequence of this stress response, transcription of genes with non-heat-shock
promoters is depressed (Lindquist, 1986). One of the synthesized heat-shock pro-
teins, the Lon protease (also termed 'La', encoded by the lon gene; Phillips et al.,
1984), leads to increased degradation of abnormal proteins (Goff & Goldberg,
1985; Lindquist, 1986). These heat-shock effects may reduce the yield of ana-
logue-substituted target proteins (Koide et al., 1988). Furthermore, a generally in-
creased proteolysis in the cell (Mizusawa & Gottesman, 1983) would replete the
pool of natural amino acids. The endogenous amino acid could then again compe-
te with the analogue for being incorporated into tRNA (Gueguen et al., 1980).

To prevent the unfavourable induction of the heat-shock response, the in vivo
incorporation could be carried out in mutant strains with a defective heat-shock
system (e. g. in an rpoH (hptR) mutant; Grossman et al., 1984). Such strains show
a decreased proteolytic activity (Goff et al, 1984; Maurizi et al., 1985); however,
they are thermosensitive and preclude the use of systems inducible by a tempera-
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ture upshift (Gottesman, 1990). Other solutions rely on mutations that knock out
the heat-shock induced proteases (e. g. in lon and dnaJ; Gottesman, 1990). Alter-
natively, precautions could be taken to avoid the accumulation of aberrant poly-
peptides in the cell. This can be achieved (i) if the analogue-substituted protein is
secreted immediately after its synthesis, and (ii) if transcription of other genes is
repressed. Secretion of the target protein protects it from general degradation by
cytoplasmic proteases and may also simplify the purification procedure (see sec-
tion 3.5.). In addition, rapid secretion may reduce potential cytotoxic effects of cer-
tain target proteins. Koide et al. (1988) described a strategy for avoiding the heat
shock-like response by making use of the regulation and secretion system of the
phoA gene product. Another strategy to escape from the unfavourable heat-shock
conditions will be described in section 3 and is based on applying the specific T7
RNA polymerase transcription system.
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3. Proposals for phenylalanine analogue incorporation
systems in vivo: Four variations on a theme

In this section, four alternative systems for the production of analogue-substi-
tuted target protein are described. The strategies are designed for high substitution
yields, i. e. a nearly complete substitution of Phe by Phe analogues. This would
simplify purification, especially in cases in which the proteins are encoded by
genes that have more than one Phe codon. In addition, the overall yield of the pro-
tein should be high. In the proposed systems, some of the possible difficulties
mentioned in the previous section (2.3.) are considered. While it is clear that the
results and experiences from the prior test experiments (described in section 2.1.)
must be awaited first, the strategies presented in the following may nevertheless
be regarded as useful guidelines towards the development of an optimal system.
The necessary constructions of the individual strains and plasmids will not be de-
scribed in detail.

3.1. Version A

(a) Description of the functional elements of the system (Fig. 3)

Plasmid 1 (contains the target gene)

The gene of interest (goi ) is under the control of a T7 promoter and resides
on a multicopy plasmid (ColE1 derivative) containing restriction sites (MCS) suit-
able for cloning (Fig. 3). In addition, transcription is controlled by the /ac repressor
system (see below). Expression vectors with the T7 promoter and a highly efficient
ribosome binding site (from T7 gene 70; Olins & Rangwala, 1989; Olins &
Rangwala, 1990) have been described which could serve as a basis for construc-
tion of plasmid 1 (Rosenberg et al., 1987; Studier et al., 1990). To facilitate easy
purification of the goi gene product, goi could be fused to the coding region of a
peptide which allows secretion and/or isolation of the fusion protein by affinity me-
thods (e. g. antibody precipitations or ligand affinity columns; see also section
3.5.).
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Figure 3. A sophisticated Phe analogue incorporation system, version A. The system is de-
scribed in detail in the text and in Table 1. arots encodes a thermosensitive enzyme of the aromatic
amino acid biosynthetic pathway. pheSM4G encodes the PheRS o subunit which confers relaxed
substrate specificity. The origin of replication (ori ) of each plasmid is indicated. bla and cat encode
B-lactamase and chloramphenicol acetyltransferase conferring resistance to ampicillin (AmpR) and
chloramphenicol (CamR), respectively. lacO shows the location of the /ac operators; t indicates a
transcription terminator structure for the bacterial RNA polymerase. Locations and orientations of
the T7 and /ac promoters (P17 and P,,.) are shown as well as of the genes lac/d (encoding the
constitutively high expressed lac repressor), goi (encoding the 'gene of interest') and the gene en-
coding T7 RNA polymerase. To facilitate purification, one could express goi as a fusion protein, if it
is inserted into the multiple cloning site (MCS) in frame with a suitable coding region. RBS, riboso-
mal binding site.

Broken lines show some interactions between functional elements on the plasmids. In the repres-
sed state, /ac repressor blocks the /ac and T7 promoters. This repression is relieved after induction
with IPTG, and T7 RNA polymerase starts transcribing goi.
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Plasmid 2

The system contains a second plasmid (e. g. a P15A derivative; Chang &
Cohen, 1978) compatible with plasmid 1. It carries the genes for the T7 RNA poly-
merase (Tabor & Richardson, 1985) and a highly and constitutively expressed lac
repressor (/aclq; Calos, 1978; or even /aclH7; Beyreuther, 1978). The RNA poly-
merase of bacteriophage T7 specifically transcribes genes (here goi) controlled by
a phage T7 promoter (Tabor & Richardson, 1985; Studier ef al., 1990). This trans-
cription proceeds even in the presence of rifampicin, which binds to the B subunit
of the host bacterial RNA polymerase and thereby inhibits it (Scaite, 1976; Wehrli
et al., 1976). Hence, addition of Rifampicin after synthesis of the T7 RNA polymer-
ase guarantees the exclusive transcription of goi from plasmid 1 (Tabor &
Richardson, 1985).

In the absence of the analogue, goi ought not to be expressed. The /ac re-
pressor/operator system takes care of regulating goi expression. Transcription can
then be induced by addition of the inducer substance IPTG which, by binding to
the lac repressor, prevents it from occupying the lac operator site(s) near the pro-
moter (Beckwith, 1987). In the uninduced state, goi expression is prevented due to
occlusion of the promoters of the T7 RNA polymerase gene and of goi by lac re-
pressor molecules binding to /ac operator sites (/acO) (Fig. 3). This 'double repres-
sion' of goi expression is recommended since it is known that basal (uninduced)
levels of T7 RNA polymerase can lead to considerable (occasionally lethal) tran-
scription from a T7 promoter (Tabor & Richardson, 1985; Studier et al., 1990). Re-
pression mediated by the /ac repressor/operator system has already been applied
successfully to modulate transcription from a T7 promoter (Studier et al., 1990). An
optimal relative position of the /ac operator to the transcription start site may be
useful for maximum repression of the promoter (Elledge & Davis, 1989). In the
case presented here, the /ac operators are designed to occur in tandem (Fig. 3).
This should further improve repression efficiency, since it is known that the /ac re-
pressor acts cooperatively at appropriately spaced operators (Besse et al., 1986;
Mossing & Record, 1986; Kramer ef al., 1987; Kramer et al., 1988; Gralla, 1990). A
transcription terminator (for the host bacterial RNA polymerase) in front of the T7
RNA polymerase promoter should further prevent undesirable basal transcription.

Host strain

Both plasmids are harboured by a host strain which provides the relaxed sub-
strate-specificity PheRS variant Gly294 whose o subunit is encoded by the chro-
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mosomal pheSM4G gene. In addition, this strain carries a mutation in pheA leading
to a thermosensitive Phe biosynthesis (see Fig. 1). Raising the cultivation temper-
ature will cause an interruption of Phe biosynthesis and thus lead to drainage of
the endogenous Phe pool. This decreases the intracellular ratio of Phe to Phe ana-
logue (added externally) and therefore favours analogue incorporation.

Other useful phenotypes of the host strain include the RecA™ marker to avoid
homologous recombination events and the absence of a host-specific restriction
endonuclease system (HsdR") to facilitate cloning. Mutations in lon, cipA, dnaJ
and ompT may help decrease proteolytic activity and stabilize the target protein
during synthesis and purification (Grodberg & Dunn, 1988; Gottesman, 1990;
Studier et al., 1990). Practical solutions for the construction of suitable E. coli host
strains with diminished protease activities are given by Gottesman (1990).

(b) Successive steps in the incorporation system, version A

These are listed in Table 1. For additional information consult Fig. 3.

(c) Comments to version A

Two features of the proposed incorporation system potentially induce a heat-
shock response: (i) the accumulation of abnormal polypeptides in the cell and (ii)
the temperature upshift used for shutting down Phe biosynthesis (Lindquist, 1986).
However, the strategy employed here to specifically express goi should circumvent
some of the disturbances caused by the heat-shock response (discussed in
section 2.3.c.): The use of the T7 RNA polymerase for target gene expression
compensates for a general decrease in transcription activity from normal promo-
ters as observed for the host RNA polymerase (Lindquist, 1986). Furthermore, the
addition of rifampicin blocks the expression of heat-shock genes. The use of heat-
shock protease deficient host strains (lon, dnaJ; Gottesman, 1990) should help eli-
minate undesired degradation of the target protein.

The main drawback of this system may be the incorporation of Phe ana-
logues into T7 RNA polymerase. Substitution of most or all of the 37 Phe residues
(Moftatt et al., 1984) by the analogue might lead to impaired transcription efficiency
or accuracy. The following alternative versions are designed to reduce analogue
incorporation into T7 RNA polymerase. Another problem might arise, if the expres-
sion of this enzyme is not sufficiently repressed by the /ac repressor/operator sys-
tem, thus causing uncontrolled goi expression. This could further lead to plasmid
loss and even cell death (Studier et al,, 1990). The versions proposed below may
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solve this problem since they use different means of controlling T7 RNA poly-
merase activity.

3.2. Version B

(a) Description of the functional elements of the system (Fig. 4)

Plasmid 1 (contains the target gene)

Version B (Fig. 4) is designed to further reduce the basal level of goi tran-
scription in the uninduced state. Most features of plasmid 1 are as described in
section 3.1.a. (Fig. 3). What differs from the previous system is the presence on
plasmid 1 of the /ac/d gene and, additionally, the strong and inducible A P pro-
moter (see below). This promoter is orientated in such a way that, if induced, goi
antisense mRNA will be produced.

Antisense RNA was found to play a key role in some regulation systems
(Green et al., 1986; Simons, 1988). Inhibition of gene expression by antisense
RNA was observed both at the transcriptional and translational levels. An example
for the latter case is the masking of the ribosome binding site on IS 70 transposase
mRNA by an antisense transcript, thereby preventing translation (Simons &
Kleckner, 1983; Simons & Kleckner, 1988). These natural antisense systems,
however, contain specialized secondary structural features which seem to be es-
sential for antisense inhibition (Simons, 1988). Whether or not a given artificial an-
tisense RNA will function by those mechanisms is difficult to predict (Inouye,
1988). Nevertheless, it has been possible to demonstrate inhibition of target gene
expression by artificial antisense RNAs, at least in cases in which the antisense
RNA was in large excess over the target RNA (Coleman et al., 1984, Pestka et al.,
1984; Green et al., 1986; van der Krol et al., 1988; Héléne & Toulmé, 1990). In ad-
dition to inhibitory effects of transcribed antisense RNA, convergent transcription
per se may interfere with gene expression. The causes of this phenomenon, refer-
red to as ‘transcriptional interference’, are probably collisions of transcribing poly-
merases (Elliedge & Davis, 1989). An antisense promoter has already been ap-
plied successfully to reduce the basal expression levels from a repressed T7 pro-
moter (Studier et al., 1990).

But why should one reduce goi expression by antisense transcription? The
rationale behind this concept is to allow for a time period during which T7 RNA
polymerase is synthesized in the absence of the Phe analogue. During that phase,
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goi expression should still be repressed, since synthesis of phenylalanine-contain-
ing target protein must be avoided. This is achieved in version B by the onset of
antisense RNA transcription from the A P promoter and in parallel by repression
of the T7 promoter with /ac repressor (Fig. 4). After addition of the amino acid ana-
logue, goi expression is induced by adding IPTG as well as rifampicin (which then
blocks antisense transcription).

Plasmid 2

The second plasmid is based on the same vector and T7 RNA polymerase
gene as plasmid 2 in the preceding version A (section 3.1.a). Deviating from that
system is, however, the regulation of T7 RNA polymerase gene expression. To
hold down the T7 RNA polymerase levels, the very tightly repressible lambda P
regulation system is used (Denhardt & Colasanti, 1988; Brosius, 1988). The func-
tion of the A P| promoter region (available from Pharmacia, Uppsala, Sweden) was
described by Friedman & Gottesman (1983). The antitermination modules (nutL, N
and 1, 1) have been analyzed by Drahos & Szybalski (1981).

The A P| promoter is repressed at low temperatures by the plasmid-encoded
A cl857 repressor (Tsurimoto et al, 1982) which is provided from a constitutive
promoter (e. g. the lacld promoter or P, Calos (1978) and Deuschle et al.
(1986), respectively). This thermosensitive repressor binds to the A operator site(s)
(0L), thereby preventing transcription of gene N and the T7 RNA polymerase gene.
A transcription terminator upstream of the A P|_ promoter also reduces background
transcription activity originating outside of A P . Occasional transcription starting at
the repressed A P| promoter is terminated with 80-90 % efficiency (Drahos &
Szybalski, 1981) at the rho-dependent f 4 terminator in front of the polymerase
gene. Thus, both terminators serve to further lower the basal T7 RNA polymerase
expression level.

Induction of the A P|_ promoter by raising the temperature to 42°C leads to ex-
pression of gene N while transcription still terminates at f 1. Gene N encodes an
antiterminator protein. As soon as a certain cellular level of antiterminator is avail-
able, it enables the host RNA polymerase to read through the transcription termi-
nators (as f; 1) downstream of nutL (Friedman & Gottesman, 1983; Roberts, 1988).
This allows full expression of the T7 RNA polymerase after a delay of a few min-
utes (Luzzati, 1970; Kourilsky et al., 1971; Court et al., 1980).
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Figure 4. A sophisticated Phe analogue incorporation system, version B. The system is de-
scribed in detail in the text and in Table 2. In the repressed state (at low temperature), the constitu-
tively produced thermosensitive A repressor cl857 (A clts) blocks transcription from the A promoters
(A P)). This prevents transcription of the genes for the antiterminator protein (encoded by N) and
T7 RNA polymerase. Background transcription from A P in front of N is terminated with high fre-
quency at the terminator f 4. Induction by a temperature upshift inactivates A clts and therefore
causes transcription at the A promoters. This leads to production of the antiterminator which
enables the host RNA polymerase, after passing nutlL (N-utilization site), to read through {4,
causing transcription of the T7 RNA polymerase gene. At the same time, antisense transcription
designed to interfere with goi expression starts from the A P, promoter on plasmid 1. Repression of
the T7 promoter by /ac repressor further prevents expression of goi until IPTG and rifampicin are
added together with the Phe analogue. Symbols and features not explained here are described in
the legend to Fig. 3.
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Host strain

The host strain for version B is identical to the strain described for version A
(section 3.1.a.).

(b) Successive steps in the incorporation system, version B

These are listed in Table 2. For additional information consult Fig. 4.

(c) Comments to version B

The system of version B is an improvement over version A in that more care
is taken to avoid basal transcription of goi in the uninduced state. In addition, ana-
logue incorporation into T7 RNA polymerase will be diminished by allowing a
phase during which its gene is expressed in the absence of the analogue. At the
same time goi expression is inhibited by repression (/ac repressor) and convergent
antisense transcription. Finally, target protein synthesis is fully induced in the pres-
ence of the amino acid analogue by addition of rifampicin and IPTG. The antisense
promoter is designed here to be induced together with the expression of the T7
RNA polymerase gene. This has the advantage that there may be no deleterious
influence of massive transcription from the antisense promoter on bacterial growth
or plasmid stability during phase | (Table 2). If it turns out that the uninduced level
of goi expression is still too high, a replacement of the antisense A P|_ promoter by
a constitutive strong promoter could be considered (e. g. by Pa4; Deuschle et al.,
1986). This should further lower the basal goi expression levels by maintaining
constant antisense transcription inhibition. Any interference with plasmid replica-
tion may be circumvented by placing a transcription terminator between promoter
and origin of replication (Gentz et al., 1981; Stueber & Bujard, 1982; Brown et al.,
1990).

The crucial point of this (and the other) proposed system(s) is a precise tim-
ing at which one stage is switched to the next. For instance, it seems important
that T7 RNA polymerase synthesis is induced as long as there is still sufficient Phe
in the cell. Systematic empirical tests and subsequent analyses of intermediates
(e. g. the amount of goi mRNA) will be needed to work out an optimal timing.
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3.3. Version C

(a) Description of the functional elements of the system (Fig. 5)

Plasmid 1 (contains the target gene)

The plasmid containing the target gene goi is identical to that described in
version B (section 3.2.a.)

Plasmid 2

As version C uses a host with a pheS!S mutation on the chromosome, the
pheS allele pheSM4G (providing relaxed substrate specificity to PheRS) has to re-
side on the plasmid. Previous experiments (see Chapter lll) have shown that ex-
pression of pheS alone may not lead to strong overexpression of PheRS o sub-
units. To make sure that most PheRS molecules contain phe SM4G-encoded o sub-
units by the time of Phe analogue addition, the pheT gene (encoding the PheRS f
subunit) is present as well (Fig. 5). Coexpression of pheS and pheT should lead to
considerable PheRS synthesis (Plumbridge & Springer, 1982; Fayat ef al., 1983).
To avoid deleterious effects of overproduced PheRS (with relaxed specificity) on
growth of the cells, the plasmidial pheST operon is expressed just before Phe ana-
logue incorporation starts. This is achieved by placing the genes under the control
of the inducible A P|_ promoter. The other features of plasmid 2 are identical to the
corresponding plasmid described for version B in section 3.2.a. Expression of the
T7 RNA polymerase gene by temperature upshift will at the same time lead to the
synthesis of relaxed-specificity PheRS (Fig. 5; Table 3).

Host strain

In contrast to versions A and B, the host strain for version C does not need to
contain a chromosomal pheSM4G mutant gene responsible for the relaxed-specifi-
city PheRS. Instead, it carries the pheS mutation D98 from strain NP37 (or KA2)
leading to a thermosensitive enzyme (see Chapter Il). By raising the cultivation
temperature, the PheRS enzymes encoded by the chromosomal pheST genes are
inactivated (as discussed in Chapter lil). Charging of tRNAPhe will then be accom-
plished by the plasmid-encoded PheRS. Other suitable markers of the host strain
are as described for version A (section 3.1.a.).
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Figure 5. A sophisticated Phe analogue incorporation system, version C. The system is de-
scribed in detail in the text and in Table 3. The individual elements of this Figure are essentially as
specified in the legend to Fig. 4, except that the gene for the PheRS o subunit causing relaxed sub-
strate specificity does not reside on the host chromosome. Instead, a PheRS thermosensitive strain
(pheS?®) is used which carries the mutation D98. Shortly before Phe analogue incorporation is re-
quired, the PheRS genes pheSM4G (encoding the o subunit variant Gly294) and pheT (for the B
subunit) on plasmid 2 are induced by a temperature upshift. At the same time, the chromosomally-
encoded PheRS is thermoinactivated. Therefore, tRNAPhe is now predominantly charged by the
relaxed-specificity PheRS variant Gly294, leading to Phe analogue incorporation into the target pro-
tein encoded by goi.
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(b) Successive steps in the incorporation system, version C

These are listed in Table 3. For additional information consult Fig. 5.

(c) Comments to version C

Version C differs from version B by the fact that the relaxed-specificity
PheRS is encoded by plasmid 2 instead of by the host chromosome. This has on
one hand the advantage of simplifying strain constructions in that the pheSY4G al-
lele needs not to be integrated at the corresponding chromosomal pheS locus
whilst a pheS!'s mutation is already present on the chromosome. On the other
hand, the presence of pheST on the plasmid complicates the system. It may also
be more difficult to construct or handle plasmid 2. Other features of version C are
as discussed in section 3.2.c.

3.4. Version D

(a) Description of the functional elements of the system (Fig. 6)

Plasmid 1 (contains the target gene)

The plasmid carrying goi is a simplified version of plasmid 1 described in
section 3.1.a. (version A). It contains the same signals to express goi but the T7
promoter is not repressible.

Plasmid 2

The second plasmid is similar to the one described for version C (see section
3.3.a.). In this case, however, it is of primary importance that the basal (repressed)
level of transcription of the genes controlled by the A P promoters is extremely
low. A tight repression may be brought about by inserting transcription terminators
in front of the promoters to avoid transcription originating from upstream se-
quences. Another possibility is the construction of highly efficient artificial operator
sites in A P (Gussin et al., 1983). Once induced by a temperature upshift, the
plasmidial pheSM4GpheT genes are expressed from the first A P promoter. Tran-
scription originating from the second A promoter proceeds through gene N and
halts at efficient terminators in front of the T7 RNA polymerase gene. Only when
enough antiterminator has accumulated, this termination is overcome and the poly-
merase can be synthesized which in turn starts transcribing goi. The delay in T7
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RNA polymerase synthesis is a crucial feature of this system (see below).

Host strain

The host strain matches with the criteria given for the strain described in ver-
sion A (section 3.1.a.) except that it carries a pheS allele conferring resistance to
the Phe analogue used. In a first stage, this allows growth of host cells in the pres-
ence of the analogue. When p-Cl-Phe is used as an analogue, for instance, the
wild-type o subunit variant (Ala294) would be sufficient to prevent incorporation of
this analogue (Chapter lll). In case of p-F-Phe being the analogue, the Ser294 mu-
tant o subunit (encoded by pheS with mutation S294; see Chapter Il) has to be
present. In both cases, it would be an advantage if the corresponding pheS-en-
coded o subunits happened to be thermosensitive as well. This would allow ther-
moinactivation of the chromosomally-encoded PheRS at the stage during which
Phe analogues have to be incorporated into the target protein (see below). When
p-Cl-Phe is the analogue, the already existing chromosomal pheSs allele carrying
mutation D98 (described in section 3.3.a.) could be used. In the case of p-F-Phe, a
strain carrying the pheS allele with mutations D98 and S294 would have to be con-
structed.

(b) Successive steps in the incorporation system, version D

These are listed in Table 4. For additional information consult Fig. 6.

(c) Comments to version D

Although the substrate analogue is meant to be incorporated into the target
protein only, it is present during all growth stages. This characteristic feature of
version D may be an advantage if the Phe analogue has a poor solubility in water,
as is often the case for aromatic amino acids. In order to allow growth of cells in
the presence of the analogue, conditions must be established preventing a detri-
mental incorporation into cellular protein in stage |. This can be achieved by using
a PheRS variant which excludes the amino acid analogue from the enzymatic re-
action. In some cases the wild-type enzyme having a more narrow substrate range
than mutant Gly294 will suffice. For p-F-Phe incorporation, the enzyme of choice is
the PheRS variant containing the o subunit encoded by the pheS allele with muta-
tion S294 (Chapter Il).
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Figure 6. A sophisticated Phe analogue incorporation system, version D. The system is de-
scribed in detail in the text and in Table 4. The elements in this Figure are explained in the legends
to Figs. 4 and 5. Instead of preventing background transcription from the T7 promoter directly by
repression and antisense transcription, more effort is put into lowering T7 RNA polymerase synthe-
sis in the uninduced state. This is accomplished by inserting more transcription terminators in front
of the polymerase gene, which have to be overcome with the help of the antiterminator (N gene
product).

The peculiarity of this system is the shift in substrate specificity of PheRS, allowing growth of the
cells in the presence of the Phe analogue. At the beginning of cell growth, only the chromosomally-
encoded PheRS is expressed, which prevents deleterious incorporation of the analogue into cellu-
lar protein. In case that p-F-Phe is to be incorporated into the target protein, a pheS allele carrying
mutation S294 (p-F-Phe resistance phenotype) ought to be used. Raising the temperature leads to
expression of the genes for the relaxed-specificity PheRS variant Gly2%4 and to inactivation of chro-
mosomally-encoded thermosensitive PheRS. In addition, the cellular Phe pool becomes ex-
hausted. After a delay of a few minutes, the newly formed antiterminator permits transcription of the
T7 RNA polymerase gene and leads to goi expression. Since tRNAPhe is now charged with the pre-
vailing Phe analogue (by the Gly2%4 variant PheRS), the analogue will be incorporated into the tar-
get protein instead of Phe.
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At the time of expression of goj, the analogue-excluding PheRS has to be re-
placed by the relaxed-specificity enzyme which is encoded by the plasmid (as in
version C). To ensure that the specificity switch in PheRS activity occurs before
goi is expressed, transcription of the T7 RNA polymerase gene is delayed relative
to the plasmidial pheSM4GpheT expression. This is accomplished by the termina-
tion-antitermination mechanism involving gene N as described above. During the
resulting lag of goi expression, tRNAPhe can be charged with the Phe analogue to
obtain maximal analogue substitution yields.

3.5. Isolation and purification of the target protein

For the purification of the analogue-substituted proteins out of a bacterial cul-
ture, a high absolute yield is of great advantage. Although the systems described
above are designed for high overproduction, one should be aware of the fact that a
variety of factors determine the final yield. Apart from the genetic constellation of
the system (plasmids and host strains), these include effects of the individual tar-
get proteins on the cells as well as of specific fermentation conditions (Balbas &
Bolivar, 1990). Therefore, it may pay off to optimize at least the cultivation parame-
ters, before one invests much effort in isolating proteins of poor yield.

It is, of course, not possible to give a general scheme for the isolation and pu-
rification of the target proteins. Each protein has to be treated individually, accord-
ing to its characteristic physico-chemical and biological properties. Certain general
strategies might simplify the isolation and purification procedures such as the se-
cretion of the target protein (Stader & Silhavy, 1990) or the fusion of it to other
easily purifiable proteins (Josephson & Bishop, 1988; Smith & Johnson, 1988;
Nilsson & Abrahmsén, 1990; Uhlén & Moks, 1990).
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4. Applications

The analogue incorporation systems proposed in section 3 are of interest in
two respects. First, new experience will be gained concerning the assembly of indi-
vidual control elements for gene expression. It will be examined, if and how dif-
ferent regulatory circuits can act together in more complex systems. The results of
these experiments could thus have an impact on the 'genetic engineering' of other
gene expression systems.

Second, a principal aspect of the designed strategies is to put efficient ana-
logue incorporation to work in vivo. Amino acid analogue-containing proteins are of
interest both for research purposes as well as for potential pharmaceutical applica-
tion. Examples for the use of amino acid analogues in proteins for structure-func-
tion studies and as reporter groups for nuclear magnetic resonance spectroscopy
have been listed in section 1.2. Besides these rather analytical applications, one
can exploit the potential to incorporate amino acid analogues in order to intention-
ally produce novel proteins. It seems reasonable to speculate that the replacement
of one type of the 20 naturally encoded amino acids (plus Se-Cys; Leinfelder et al.,
1988; Soll, 1988; Bock et al, 1991) by an analogue may create proteins with
uniquely modified functions.

4.1. Potential target proteins of pharmaceutical interest

Proteins and small peptides of pharmaceutical interest are among the pri-
mary targets for amino acid analogue incorporation by the types of systems de-
scribed in this Chapter. Substitution of natural amino acid residues by analogues
could result in altered biological and physiological properties: The turnover rate of
a peptide drug could be different in the analogue substituted variant due to in-
creased or decreased resistance towards proteolytic degradation (Wilson &
Hatfield, 1984). The modification in the protein structure could alter the receptor re-
cognition. This may lead to a narrowed or broadened target range of action for a
peptide pharmaceutical.

Examples of target proteins suitable for analogue incorporation can be found
among polypeptide growth factors (James & Bradshaw, 1984) and endocrine pep-
tide hormones (Douglass et al, 1984; Lynch & Snyder, 1986). The activities of
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analogue-substituted peptide hormones may be altered, as exemplified for
p-F-Phe-containing angiotensin Il or bradykinin (Vine et al., 1973). Koide et al.
(1988) compared the biological activities of a native and an analogue-substituted
form of human epidermal growth factor. Many other proteins of these classes,
which can be produced by recombinant DNA technology in bacteria (Josephson &
Bishop, 1988; Uhlén & Moks, 1990), should also be suitable as targets in an ana-
logue incorporation system.

4.2. Further perspectives

The incorporation systems described in section 3 are designed to incorporate
Phe analogues, because of the availability of the relaxed-specificity PheRS variant
Gly294, Therefore, the native target proteins have to contain at least one Phe re-
sidue in order to allow production of novel polypeptide variants. Slightly modified
versions of these systems, however, could be used for incorporation of analogues
of other amino acids. In such cases, one could make use of the natural misincor-
poration spectrum of some aminoacyl-tRNA synthetases (Hortin & Boime, 1983).
Alternatively, it could also be attempted to find broad specificity mutants of those
enzymes and utilize them in a similar manner as proposed here for the PheRS
mutant Gly294,
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CHAPTER YV

Cloning of pheS Genes from Thermus
thermophilus and Salmonella typhimurium

1. Introduction

In Chapter Il, two different PheRS mutations were analyzed and the resulting
amino acid exchanges were localized in the primary structure of the PheRS a sub-
unit. As deduced from their phenotypes, both mutations were assumed to alter the
structure of the Phe binding site. For one of these mutations this hypothesis was
largely confirmed by the results of site-directed mutagenesis experiments de-
scribed in Chapter Ill. The most interesting mutation (Ala—Gly294) changed sub-
strate specificity in a way that was predicted from a model for the putative Phe
binding site.

A different and independent approach to localize functionally important re-
gions consists of comparing the primary sequences of PheRS enzymes from as
many different origins as possible (see below). It is clear, however, that the ulti-
mate elucidation of the topology of a substrate binding site must await the determi-
nation of the three-dimensional structure.

1.1. Phylogenetically conserved sequences may identify func-
tionally important regions

As pointed out in Chapter Il, both amino acid exchanges responsible for al-
tered amino acid substrate binding properties of PheRS variants mapped to two

Non-standard abbreviations

bp: basepair(s); EDTA: ethylenediaminetetraacetate; kb: kilobasepair(s); SDS: sodium dodecylsul-
fate; Tris: tris-(hydroxymethyl)-aminomethane; ts: thermosensitive; XxxRS: aminoacyl-tRNA syn-
thetase for amino acid Xxx in three-letter-code.
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generally conserved sequence motifs. The presence of these two consensus se-
quences (motifs 2 and 3), together with another sequence (motif 1), is characteris-
tic for members of class Il aminoacyl-tRNA synthetases (Eriani et al., 1990). The
fact that motifs 2 and 3 were affected by the mutations could be interpreted to
mean that those motifs are involved in building the amino acid binding site in each
individual class Il member (Chapter 1l). While the binding sites for different amino
acids in various class Il enzymes may share common features, this should even
more be true for aminoacyl-tRNA synthetases with specificity for the same amino
acid, regardless of the organismic origin. In fact, as emphasized in Chapter |l, the
amino acid sequence around the motif 3 residue hit by mutation S294 showed a
particularly good conservation in all compared PheRS o subunits of different
origin.

Apart from the PheRS « subunit of Escherichia coli (Fayat et al., 1983), the
sequences of the Bacillus subtilis (Brakhage et al, 1990) and Saccharomyces
cerevisiae cytoplasmic (Sanni et al., 1988) and mitochondrial (Koerner et al., 1987)
PheRS small subunits were known. To make more sequences available for com-
parisons, two additional organisms were chosen for cloning and sequencing of
their pheS genes. One choice was the enterobacterium Salmonella typhimurium
because this organism is very closely related to E. coli (Fig. 1). Therefore, it was
rationalized that amino acid differences in the PheRS o subunits of these two or-
ganisms might identify residues that are not essential for PheRS function. The
second species chosen for the isolation of its PheRS genes was Thermus thermo-
philus. T. thermophilus is a Gram-negative, nonsporulating aerobic rod. Growth of
this extremely thermophilic eubacterium is optimal at temperatures between 65°C
and 72°C, but can continue up to 85°C (Oshima & Imahori, 1974). T. thermophilus
is only distantly related to E. coli. In fact, based on 16S rRNA comparisons, the
genus Thermus was placed within the second deepest eubacterial branching
known so far (Fig. 1; Hartmann et al., 1989). Therefore, it was assumed that the
amino acid sequence would show considerable differences in regions not essential
for PheRS function whereas invariant residues would be indicative of functionally
important sequences. Moreover, the Thermus enzyme was expected to have been
optimized for thermostability and thus to contain additional amino acid replace-
ments that reflect this property (Argos et al, 1979; Menéndez-Arias & Argos,
1989).
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Figure 1. Phylogenetic relationship of prokaryotic organisms used for PheRS comparisons.
Only the relevant branches and qualitative phylogenetic distances are shown in this tree. Organ-
isms relevant for the PheRS comparisons treated in this Chapter are typed in bold face letters. (a)
Simplified phylogenetic tree of eubacteria based on comparisons of complete 16S rRNA se-
quences. Data were taken from Hartmann et al. (1989). (b) Phylogenetic relationships among en-
terobacteria. The tree is based on 16S rRNA oligonucleotide cataloguing data and on features of
the aromatic amino acid biosynthetic pathways (Ahmad et al., 1990; simplified version).

1.2. Thermus thermophilus PheRS crystals suitable for X-ray
analysis are available

The second and principal reason for cloning the PheRS genes from T. ther-
mophilus was the availability of PheRS crystals from this organism. These crystals
are suitable for X-ray diffraction analysis (Chernaya et al., 1987; Ankilova et al.,
1988) at a resolution of at least 3 A (M. Chernaya, personal communication). The
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T. thermophilus enzyme is the only PheRS which has been crystallized up to now,
whereas attempts to obtain crystals from the E. coli enzyme have failed (Ankilova
et al., 1988). It is known that proteins from thermophilic bacteria tend to crystallize
more readily than those from mesophiles (Chernaya et al., 1987). In line with this
experience, it was recently possible to crystallize the T. thermophilus SerRS
(Garber et al., 1990a) and ThrRS (Garber et al., 1990b), aminoacyl-tRNA synthe-
tases of class Il (Eriani et al., 1990). The crystals diffract to at least 2.0 A and 2.4
A, respectively, and seem appropriate for determination of the tertiary structure by
X-ray diffraction analysis. The three-dimensional structure has already been deter-
mined for the class | enzyme TyrRS from the thermophilic Bacillus stearothermo-
philus (Brick et al., 1989). The other crystallized aminoacyl-tRNA synthetases with
resolved structure include MetRS (class I; Brunie et al, 1990), GInRS (class |;
Rould et al., 1989) and SerRS (class Il; Cusack et al., 1990) from E. coli (see also
Chapter 11). The structure of yeast AspRS (class Il), whose crystals diffract to 2.7
A, may soon become published (Ruff et al., 1988).

A clear limitation for the resolution of the tertiary structure of the T. thermo-
philus PheRS is the total lack of knowledge about the primary structure. Therefore,
the cloning and sequencing of the T. thermophilus pheS and pheT genes encoding
the o and B subunits of PheRS, respectively, would be a major leap towards the
first three-dimensional structure, at high resolution, known for an aminoacyl-tRNA
synthetase of the a,B, type. Finally, co-crystallization of PheRS with the bound
substrate phenylalanine may elucidate the definitive location and structure of the
Phe binding site.
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2. Materials and Methods

Several aspects of this section have been described in more detail by Keller
(1990a, 1990b).

2.1. Bacterial strains and DNA

All Escherichia coli strains used here have been described in Chapter Il.
Salmonella typhimurium DB21 is a LT2 (wild-type) derivative which is cured from
one of the two cryptic prophages; it was obtained from H. Schmieger (University of
Munich, Germany). The type strain Thermus thermophilus HB8 (Oshima &
Imahori, 1974) was received from L. Reshetnikova (Institute of Molecular Biology,
Moscow, USSR). Plasmids pKSB1-W and pHWO have been described (Chapter
I1). The vectors used for plasmid constructions were pUC19 and pBLS (pBluescript
KS(+)), both described in Chapter Il, and pUC18 (ampicillin resistant; Norrander et
al., 1983; purchased from Pharmacia, Uppsala, Sweden). Plasmids constructed in
this work are described in the Results section. Oligonucleotides used only for se-
quencing were PEKA10 and M13u (listed in Chapter Il), and PEKA2 (5'-
GCGTAACCACAGTTC-3'; corresponding to the PEKA2S position, Chapter II).
The T. thermophilus-specific oligonucleotides (TTH1-TTHS5; synthesized by A.
Savioz with an Applied Biosystems DNA synthesizer model 380B) are presented in
detail later (Fig. 5). A-DNA size markers were from Biofinex (Praroman, Switzer-
land).

2.2. Media and bacterial growth conditions

The growth conditions for E. coli strains were as described in Chapter Il. S.
typhimurium was grown in LB medium at 37°C under identical conditions as E. coli.
Single colonies of T. thermophilus were obtained on 'Th-0 agar plates' containing
0.8 % Bacto-Peptone, 0.4 % yeast extract (both from Oxoid; Basingstoke, UK), 0.3
% NaCl (medium adjusted to pH 7.5 (at 20°C) with 1 N NaOH), and finally 2 %
agar (Oshima & Imahori, 1974). Incubation was done at 60°C in a humid chamber
for about 40 h. For liquid cultivation, 'Th-A medium' (0.5 % Bacto-Peptone, 0.2 %
yeast extract, 0.2 % NaCl; pH 7.0 - 7.2) was inoculated with a single colony, and
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overnight incubation was done at 75°C under vigorous shaking.

2.3. Isolation of chromosomal DNA

Chromosomal DNA from E. coli strains was isolated from a 100 ml culture
grown to stationary phase. The cells were sedimented by centrifugation (4'000 x g,
5 min, 4°C) and resuspended in 10 ml of 50 mM Tris-HCI, pH 8.0, 25 mM EDTA
(0°C). Cells were lysed by addition of lysozyme (Sigma Chemicals, St Louis MO,
USA) to 1 mg/ml final concentration. After 10 min at room temperature, RNAse A
(Sigma Chemicals; preincubated for 10 min at 100°C at a concentration of 10
mg/ml in H,O) was added to 100 pg/ml final concentration and incubation was
continued for 30 min at 37°C. Then, proteinase K (Boehringer, Mannheim,
Germany; 20 mg/ml in H,O, freshly preincubated for 30 min at 37°C) and SDS
were added to 1 mg/ml and 0.3 % final concentrations, respectively, and the lysate
was further incubated for 30 min at 37°C. After addition of NaCl to 100 mM, two
phenol/chloroform (equilibrated in 50 mM Tris-HCI, pH 8.0) extractions and subse-
quent phase separations by centrifugation (8'000 x g, 5 min, 4°C) were carried out.
Then the aqueous phase was extracted twice with chloroform. The DNA was preci-
pitated with 2.2 volumes of 100 % ethanol (10 min 0°C; centrifugation at 8'000 x g,
20 min, 4°C), washed with 70 % ethanol, dried and finally dissolved carefully in 1
ml of 10 mM Tris-HCI, pH 8.0.

For S. typhimurium and T. thermophilus DNA isolations, the conditions for the
RNAse A incubation were modified to 15 min at 30°C.

2.4. Hybridizations with oligonucleotides and heterologous DNA

For Southern blot analyses (Southern, 1975), 2 ug of restriction enzyme-di-
gested chromosomal DNA was transferred onto Hybond-N membranes
(Amersham, UK) as described by Sambrook et al. (1989) and crosslinked by UV
light for 3 min. The prehybridization solution corresponded to the prehybridization
fluid described by Maniatis et al. (1982), except that salmon sperm DNA was re-
placed by low fat milk powder (0.4 % final concentration) and sodium phosphate
(pH of a 1 M stock solution adjusted to 6.5) was present at 20 mM. The hybridiza-
tion step was carried out with a fresh aliquot of this solution that also contained the
radiolabelled DNA probe. Conditions and manipulations for prehybridization and
hybridization were as described previously (Maniatis et al., 1982), except that the
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temperature was varied (see below). Oligonucleotides were labelled at their 5'-
ends by a polynucleotide kinase reaction (Sambrook et al., 1989). The method of
'random priming' by Feinberg & Vogelstein (1984) was used to label double
stranded DNA restriction fragments. Radiolabelled mononucleotides were pur-
chased from Amersham (UK).

All washing steps were carried out in 0.1 % SDS, 6 x SSC (1 x SSC is 0.15 M
NaCl, 15 mM NagCitrate, pH 7.0). For the primary washing steps, the hybridized
membranes were immersed once in 100 ml (1 min) and one to three times in 500
ml (for 1 h each time), partially dried and exposed to an X-ray film (Diagnostic Film
XAR2; Kodak, Rochester NY, USA) with an amplifying screen. The temperatures
were identical in the prehybridization, hybridization and primary washing steps.
The optimal temperature was dependent on the G+C-content and the degree of
homology of the probe. For oligonucleotides, the first approximation of the hybridi-
zation temperature (T},) was based on melting point (T,,,) calculations:

Th=Tyh-12°C; T,=0C+(AT)x2°C+(G/C)x4C (Sambrook et al., 1989)

The actual temperatures used are indicated in the concrete examples shown in the
Results section. If the hybridization appeared too unspecific after the first ex-
posure, more washing steps at higher temperatures were performed (see Results).

To re-hybridize the same membrane with another DNA probe, the previous
probe was washed off by incubation at 45°C for 30 min in 500 ml each of 0.4 M
NaOH and then 6 x SSC, 0.1 % SDS, 0.2 M Tris-HClI, pH 7.5.

In order to detect E. coli transformants with T. thermophilus pheS clones, a
colony hybridization was performed with the oligonucleotide TTH1. The transfer of
DNA to Hybond-N membranes was done as described in the protocol ‘Membrane
Transfer and Detection Methods' from Amersham (1986). The hybridization was
carried out at 31°C, followed by two washing steps at 34° and 37°C. Radiolabelling
of TTH1 and other hybridization and washing conditions were as specified above
for Southern blottings.

2.5. Recombinant DNA techniques and DNA sequence analysis

Plasmid isolation, gel electrophoresis, enzymatic DNA modifications, cloning,
transformation, purification of oligonucleotides and single and double stranded
DNA sequencing were carried out essentially as described or referenced in
Chapter Il. Computer-assisted sequence analyses (restriction maps, codon usage
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calculations, sequence searches and alignments) were done using programs of
the University of Wisconsin Genetics Computer Group (UWGCG; sequence analy-
sis software package release 6.2; Madison Wi, USA).
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3. Results

3.1. Detection of pheS- and pheT-like genes by Southern blot
hybridization

(a) Heterologous hybridizations with E. coli pheS and pheT fragments

In order to find restriction fragments suitable for cloning of new PheRS
genes, Southern blot analyses were carried out with chromosomal DNA from Sal-
monella typhimurium DB21, Thermus thermophilus HB8 and, as a positive control,
Escherichia coli NP37. The choice of restriction enzymes was influenced by the
expected average size of the chromosomal fragments and by their usefulness for
the intended cloning in the vector pUC19: fragments which possibly contained both
PheRS genes were expected to be in the size range of at least 3.5 kb as judged,
for instance, from the known pheST genes of E. coli (see Fig. 2).

Suitable restriction fragments from the E. coli pheST operon were taken as
hybridization probes (see Fig. 2). The ‘pheS’ probe (a 506 bp BstEll/BstBI frag-

E Sm Ell BID H
N 1

pheS probe, 506 bp | b= | !

| | 1
o ,
| 1
| |

pheT probe, 2306 bp

pheST probe, 3522 bp

Figure 2. Probes used for heterologous hybridization. The genes on the 10.25 kb EcoRI/Hindll|
fragment from E. coli have been described in Fig. 1 of Chapter Il. The fragments used as heterolo-
gous hybridization probes are shown as horizontal bars below the genes. Relevant restriction sites
are abbreviated as follows: E, EcoRIl; Sm, Smal; Ell; BstEll; Bl, BstBl; D, Dralll; H, Hindlll.



162 Chapter V: pheS from T. thermophilus and S. typhimurium

ment from plasmid pKSB1-W) approximately consisted of the 3'-half of pheS. This
region was found to be quite well conserved among the pheS genes encoding E.
coli (Fayat et al., 1983), yeast cytoplasmic (Sanni et al., 1988) and yeast mitochon-
drial (Koerner et al., 1987) PheRS o (small) subunits (DNA sequence alignment
not shown). The ‘pheST' and ‘pheT’ probes were the 3522 bp Smal/Hindill and
2306 bp Dralll/Hindlll fragments, respectively, from plasmid pHWO (Fig. 2).

(i) Hybridizations with the E. coli pheS probe

The results of a Southern blot hybridization with the pheS probe are shown in
Fig. 3(a,b). Hybridization to restriction enzyme-digested chromosomal DNA from T.
thermophilus (Fig. 3(a)) gave signals only if it was carried out under low stringency
conditions. Knowing the difference in G+C-content between E. coli (48-52 %;
Qrskov, 1984) and T. thermophilus (69 %, Oshima & Imahori, 1974), it was not
surprising to see that the hybridization signals were not very specific. For example,
there was considerable hybridization of the A-DNA size standard (Fig. 3(a)).
Nevertheless, various hybridizing fragments appeared in the T. thermophilus DNA
digests. As will be shown later (section 3.1.b.) the fragments containing the T. ther-
mophilus pheS gene were actually among them.

Under more stringent conditions, specific hybridization of the heterologous
pheS probe was observed with S. typhimurium DNA (Fig. 3(b)). The signals were
nearly as strong as those obtained with the homologous E. coli controls (lanes 1
and 8). The sizes of the hybridizing fragments (one fragment per digestion) varied
from 3.9 to about 20 kb (lanes 3 to 7).

(ii) Hybridizations with the E. coli pheST and pheT probes

To identify fragments that contained also the pheT gene in addition to pheS,
the same membranes as used above were freed from the pheS label and hybri-
dized a second time to the pheT and pheST probes described in Fig. 2. T. thermo-
philus DNA did not show clear hybridization signals, whereas very clear bands
were obtained again with digested chromosomal DNA from S. typhimurium (data
shown by Keller, 1990a); it turned out that the digestions with Sal and Sacl
yielded fragments (10.5 kb and 20 kb, respectively) that contained both the pheS
and pheT genes. This was deduced from the fact that the same, single fragment in
each of these digestions hybridized with the pheS, pheT and the pheST probes.
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Figure 3. Heterologous hybridizations with the pheS probe. The autoradiograms of the blot hy-
bridization with the 506 bp pheS probe (carried out at 45°C) are shown. In lane 2 each of (a) and
(b), a size standard was loaded (A-DNA digested with EcoRI/HindIll and with Hindlil; bands hand-
drawn in lane 2); the fragment sizes (in bp) are given on the left margin. (a) Hybridization of E. coli
pheS to T. thermophilus DNA. The membrane was washed at 51°C. The chromosomal DNA was
digested with Sphl/Hindlll (lane 1), Sphi/Xbal (lane 3), Xbal/Kpnl (lane 4), Kpnl (lane 5),
Kpnl/Hindlll (lane 6), Hindlll (lane 7), Xbal/Hindlll (lane 8) and Xbal (lane 9). Bands labelied with
an arrowhead are mentioned in section 3.1.b. of the text: they will appear again in Fig. 6. (b) Hybri-
dization of E. coli pheSto S. typhimurium DNA. Washing of the membrane was done at 58°C. Lane
1 (E. coli NP37 chromosomal DNA cut with EcoRl and Hind!ll) and lane 8 (linearized plasmid
pKSB1-W, diluted) were used for homologous control hybridizations. Chromosomal S. typhimurium
DNA was digested with EcoRl/Kpnl (lane 3), Kpnl (lane 4), Sphl (lane 5), Sacl (lane 6) and Sal
(lane 7).



164 Chapter V: pheS from T. thermophilus and S. typhimurium

(b) Hybridizations with oligonucleotides

(i) Design of oligonucleotides to identify T. thermophilus pheS

In order to detect the T. thermophilus pheS gene more clearly, five specific
oligonucleotides were synthesized. The oligonucleotides matched the following
criteria:

(1) They were designed to hybridize to strongly conserved regions within pheS
genes from different origins. The choice of these regions was based on DNA
sequence alignments (not shown) as well as on amino acid sequence align-
ments (Fig. 4) of the three pheS genes or gene products, respectively, which
were known at the time when the experiment was initiated.

(2) The oligonucleotides were adapted to the extremely biased codon usage of
T. thermophilus (Table 1) resulting from the high G+C-content (overall 69 %,
and third base up to 96 %; Oshima & Imahori (1974) and Nureki et al. (1991),
respectively). A codon usage table was established by using the UWGCG
program CODONFREQUENCY and all T. thermophilus HB8 genes known at
that time (Table 1). This table was also in agreement with the codon usage in
genes of other Thermus species, like mdh (T. flavus; Nishiyama et al., 1986),
the lactate dehydrogenase gene (T. caldophilus; Kunai et al., 1986) and sucD
(T. aquaticus; Nicholls et al., 1988).

(3) The recognition site TCGA for the restriction endonucleases produced by the
Thermus species T. thermophilus HB8 (TthHB8I) and T. aquaticus YT-1
(Taql) is almost absent in Thermus DNA (Kunai et al., 1986; Kushiro et al.,
1987). The oligonucleotides were therefore designed such as to avoid this
sequence.

Figure 4 shows the four conserved regions in the PheRS o subunits selected
for construction of five corresponding oligonucleotide probes TTH1 to TTH5
(Fig. 5).

Figure 4. Alignment of PheRS o subunits used to design the oligonucleotide hybridization
probes. The sequences for the PheRS o subunits from yeast mitochondria (Koerner et al., 1987),
E. coli (Fayat et al., 1983; as corrected in Chapter 1) and yeast cytoplasm (Sanni et al., 1988) were
aligned using UWGCG sequence alignment programs. Identical amino acids (in one-letter-code)
are boxed; hatched bars below the sequences indicate the conserved regions chosen for the con-
struction of oligonucleotides TTH1 to TTH5.
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Table 1: Codon usage table of Thermus thermophilus genes?2
Aa Codon Numberd Fractionc Aa Codon Number® Fractiont
Gly GGG 105.00 0.59 Trp TGG 10.00 1.00
Gly GGA 13.00 0.07 End TGA 3.00 0.60
Gly GGT 10.00 0.06 Cys TGT 0.00 0.00
Gly GGC 49.00 0.28 Cys TGC 4.00 1.00
Glu GAG 146.00 0.91 End TAG 0.00 0.00
Glu GAA 15.00 0.09 End TAA 2.00 0.40
Asp GAT 4.00 0.04 Tyr TAT 4.00 0.08
Asp GAC 87.00 0.96 Tyr TAC 46.00 0.92
Val GTG 129.00 0.68 Leu TITG 28.00 0.15
Val GTA 1.00 0.01 Leu TTA 1.00 0.01
Val GTT 5.00 0.03 Phe TTT 20.00 0.30
Val GTC 54.00 0.29 Phe TTC 47.00 0.70
Ala GCG 69.00 0.39 Ser TCG 11.00 0.17
Ala GCA 1.00 0.01 Ser TCA 0.00 0.00
Ala GCT 9.00 0.05 Ser TCT 2.00 0.03
Ala GCC 100.00 0.56 Ser TCC 26.00 0.39
Arg  AGG 36.00 0.24 Arg CGG 63.00 0.43
Arg AGA 1.00 0.01 Arg CGA 4.00 0.03
Ser AGT 1.00 0.02 Arg CGT 7.00 0.05
Ser AGC 26.00 0.39 Arg CGC 37.00 0.25
Lys AAG 67.00 0.94 Gin CAG 20.00 0.87
Lys AAA 4.00 0.06 Gin  CAA 3.00 0.13
Asn AAT 2.00 0.06 His CAT 0.00 0.00
Asn AAC 31.00 0.94 His CAC 42.00 1.00
Met ATG 37.00 1.00 Leu CTG 63.00 0.33
lle  ATA 3.00 0.05 Leu CTA 3.00 0.02
lle ATT 16.00 0.29 Leu CTT 22.00 0.11
lle ATC 37.00 0.66 Leu CTC 75.00 0.39
Thr  ACG 43.00 0.56 Pro CCG 41.00 0.32
Thr ACA 0.00 0.00 Pro CCA 4.00 0.03
Thr  ACT 0.00 0.00 Pro CCT 14.00 0.11
Thr ACC 34.00 0.44 Pro CCC 69.00 0.54

a This codon usage table is based on 5 sequenced T. thermophilus HB8 genes,
i. e. leuB (Kagawa et al., 1984), tuft (Seidler et al., 1987), trpE and trpG (Sato
et al., 1988) and the gene for phosphoglycerate kinase (PGK; Bowen, et al.,
1988). Aa, amino acid.

b Total number of codons of the respective type scored in the included genes.

¢ Fraction of the abundance of an individual codon compared to that of the sum of
all possible codons for the corresponding amino acid.



Chapter V: pheS from T. thermophilus and S. typhimurium

167

[S]
TTH1 Forpeptide NFDAL
Probable codons: 2)(2) (2) (4)(6) in general
M2 (1) @24 for T. thermophilus
E. colisequence: AAC TTC GAT GCT CTG
- T G Tmo
Thermus variants: AAC TTC GAC GCC cTT
L~ 47 C
Taql site A
TTH1 15mer  AAC TTT GAC Icg CTG (2 variants, 50 % GC)
[Vl
TTH2/3 Forpeptide FHQMEG
Probable codons: 2)(2) (2) (1)(2) (4) in general
(1) (1) (1)) (2) for T. thermophilus
E. colisequence: TTC CAT CAG ATG GAA GGT
Thermus variants: TTG CAC CAG ATq cac GG
T (2 variants,
TTH2 17-mer TTC CAC CAG‘ ATG GAG GG 53-59% GC)
TTH3 1smer  ScC CTC GAC CTG GTG GAA (4 varianis,
(scomplement of: TTC CAC CAG GI¢ GAG G )
NI (W] [A]
TTH4 Forpeptide YFPFTEP
Probable codons: (2) (2)(4) [(sﬂ (4) (2)(4) in general
(1)(2)(2) [(4)(2) (1)(2) for T. thermophilus
E. colisequence: TAC TTC CCG TTT ACC GAA CCT
Thermus variants: TAC TT CCG T{%ﬂ ACG G CCG
Aac “°c Tad A¢c Sg ¢
TTH4 20mer TAC TTC cc§ TII Ac GAG cC (4 variats,
[Q][E] [V]
TTH5 Forpeptide GKWLE
Probable codons: 4 2 (1) (6) (2 in general

for T. thermophilus

GAA
GAG

(2 (A @M
E. colisequence: GGT AAA TGG CTG

. G C
Thermus variants: g%c gAG TGG gkg
TTH5 crc $aG cca CT:

C GCC (8 variants, 67-73 % GC)
(=complement of:

cC

15-mer

A G
68 Aac TGe CTE GAG)




168 Chapter V: pheS from T. thermophilus and S. typhimurium

Figure 5. Oligonucleotides constructed as hybridization probes to detect T. thermophilus
pheS DNA. The amino acids of the E. coli pheS gene product that are covered by the oligonucleo-
tides are indicated in one-letter-code. Alternative amino acids encountered in the o subunits from
yeast cytoplasmic and mitochondrial PheRS (and corresponding nucleotides) are indicated in
brackets. The 'probable’ codons for T. thermophilus were defined as those which make up more
than 85 % of the possible codons ('general)) for a given amino acid according to Table 1. Nucleo-
tides in the E. coli pheS sequence conserved in all three examined pheS genes are underlined.
Deoxyinosine (1) with the capacity to pair with the bases in the order C > A >> G > T (Kawase et al.,
1986) was used at suitable ambiguity positions. TTH2 and TTH3 are alternative variants to the
same sequence. All nucleotide sequences are written in the 5'-to-3' direction.

(ii) Hybridizations with oligonucleotides TTH1 to TTHS

The blots probed previously with the E. coli pheS and pheT fragments (see
section 3.1.a.) were now sequentially hybridized with oligonucleotides TTH1 (at
30°C), TTH2 (at 36°C), TTH3 (at 48°C), TTH4 (at 41°C) and TTH5 (at 34°C). The
probes did not hybridize to the E. coli and presumptive S. typhimurium pheS
bands, whereas various signals appeared with T. thermophilus DNA. The strong-
est bands were obtained with TTH1 as probe (Fig. 6). The TTH1 signals marked
by an arrowhead in Fig. 6 were also visible when the other oligonucleotides were
used as hybridization probes (except with TTH3 which is an alternative to TTH2)
(data not shown). Furthermore, these bands had been present even in the hetero-
logous hybridization with the E. coli pheS probe (marked in Fig. 3(a)). There were
no other common signals among the hybridizations with the different oligonucleo-
tides and/or between hybridizations with the oligonucleotides and the pheS probe.

The results of the Southern blot analyses allowed us to establish a prelimi-
nary partial restriction map of the pheS region of T. thermophilus as shown in
Figure 7.
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Figure 6. Hybridization of T.
thermophilus DNA with oligo-
nucleotide TTH1 as probe. The
autoradiogram shows the blot hy-
bridized with radiolabelled TTH1
at 30°C and subsequent washing
at 34°C. Lane 2 contains the
bands from the size strandard (as
in Fig. 3), with the fragment sizes
(in bp) indicated on the left mar-
gin. Chromosomal DNA from T.

23'130/21°226

9416 thermophilus was digested with

6557 Sphl/Hindlil (lane 1), Sphl/Xbal

(lane 8), Xbal/Kpnl (lane 4), Kpni

5148/ 4’973 (lane 5), Kpnl/Hindlll (lane 6),
4'361/4'268 Hindlll (lane 7), Xbal/Hindlll (lane

o 8) and Xbal (lane 9). Arrowheads

3530 | = p : point to hybridizing bands (the

? F’” strongest signals on this blot)

which were already visible in Fig.

2'322 — : 3(a); these bands are described
in more detail in the text.

Figure 7. Preliminary restriction map of the pheS region in T. thermophilus chromosomal
DNA as deduced from Southern blot analyses. The hybridizing fragments used to establish this
partial map are indicated by bold lines. The relevant restriction sites are X, Xbal; H, Hindlli, K, Kpnl
and S, Sphl.
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3.2. Cloning of pheS and pheT from Salmonella typhimurium

(a) Cloning strategy

The strategy was analogous to the one described in Chapter Il for cloning the
pheS genes from E. coli mutant strains. The S. typhimurium 10.5 kb Saf fragment,
identified in hybridization analyses (section 3.1.a.) to contain both the pheS and
pheT genes, was chosen for cloning. Sal-digested S. typhimurium DNA from the
10-11 kb size range was cloned into Sal-linearized pUC19 and introduced into E.
coli strain JM109 (HsdR~, HsdM*) to obtain EcoK-modified plasmid DNA. The
plasmids from the pool of transformed JM109 cells were isolated and then intro-
duced into the E. coli strain KA2, whose pheS gene encodes a thermosensitive
PheRS o subunit (see Chapter 11). Transformed KA2 cells able to grow at 40°C
(the non-permissive temperature for KA2) were analyzed and shown to contain the
pUC19-based plasmid with a 10.5 kb Sall fragment (named 'pKSC-S1').

(b) Identification of the S. typhimurium pheS gene and evidence for the
presence of pheT and thrS

The presence of pheS on the cloned 10.5 kb S. typhimurium Sall DNA frag-
ment of pKSC-S1 was verified by three independent means:

(1) Transformation of the E. coli strain KA2 (pheS!s) with plasmid pKSC-S1 al-
ways resulted in a thermoresistant phenotype, indicating that the plasmid car-
ried a functional pheS gene.

(2) The restriction map of the 10.5 kb Sall fragment (Fig. 8) was consistent with
the bands seen in the previous Southern blots (section 3.1.a.; e. g. the pres-
ence of Kpnl and Sphl sites in the middle of the pheST region).

(3) Small sections of plasmid pKSC-S1 were sequenced by applying the oligonu-
cleotide primers PEKA2 and PEKA10 that were used previously for the E. coli
pheS gene (Chapter Il). These two primers were chosen because they al-
lowed sequencing of the region encoding motif 3 (i. e. part of the presumed
Phe binding site) on both DNA strands. The sequence obtained (Fig. 9)
showed an extremely high similarity to the E. coli pheS gene (90.2 % and
98.0 % identity on the nucleotide and amino acid sequence levels, respec-
tively).
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Figure 8. Restriction map of the pheS gene region from S. typhimurium. Plasmid pKSC-S1
was mapped with Sall (Sa), Pstt (P), EcoRl (E), Hindill (H), Clal (C), Kpnl (K) and Sphl (S). The
thick line indicates the vector part (pUC19). Open arrowheads show the position and orientation of
the sequencing primers (from left to right): M13u, PEKA10 and PEKA2. bla stands for the gene
encoding B-lactamase; the other genes are described in the text.
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Figure 9. Comparison of partial pheS DNA and derived amino acid sequences between S. ty-
phimurium and E. coli. The nucleotide sequence of pheS from S. typhimurium (S t.) obtained with
primers PEKA2 and PEKA10 is shown. The corresponding E. coli (E.c.) pheS gene region (Fayat
et al., 1983) is aligned. Identical nucleotides are connected by vertical lines. The only deviating
amino acid between the two derived protein sequences (above and below the corresponding nu-
cleotide sequence) is highlighted in bold italic. Numbers to the right of the E. coli sequences indi-
cate sequence positions according to Fayat et al. (1983).
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These experiments proved that the cloning of the pheS gene from S. typhi-
murium was successful. Also, it was possible to determine the position and orien-
tation of pheS on the plasmid pKSC-S1 restriction map (Fig. 8). Moreover, hybridi-
zation data suggested that the entire pheT gene was present immediately down-
stream of pheS (Fig. 8).

Double stranded sequencing with the univeral primer M13u across the
pUC19 polylinker into the Sall insert (Fig. 8) yielded a sequence (Keller, 1990b)
which showed strong similarity to the E. coli thrS gene for threonyl-tRNA synthe-
tase (identity 87.7 %). The amino acid sequence derived from the determined DNA
sequence was identical to residues 187 to 261 of the E. coli threonyl-tRNA synthe-
tase (Mayaux et al, 1983), except that a His residue was present instead of
Arg195. (The codon for an amino acid that corresponds to E. coli ThrRS residue
207 could not be determined unambiguously.) The 5-end of thrS was not con-
tained on plasmid pKSC-S1. The 3'-end of thrS was found at about the same dis-
tance from pheS as in E. coli (Fig. 8 and Fig. 2).

3.3. Cloning of pheS- and pheT-like regions from Thermus
thermophilus

(a) Cloning strategy

For the cloning of the T. thermophilus pheS gene, two of the genomic restric-
tion fragments identified by Southern blot hybridization to carry pheS-like se-
quences (section 3.1.b.) were chosen. The fragments of around 3.2 kb of Kpnl-di-
gested T. thermophilus DNA and of about 5.5 kb in Sphl/Xbal double digestions
(see Figs. 6 & 7) were excised from a low-melting agarose gel. The isolated DNA
was ligated with analogously digested pUC18 and pUC19 vectors and then used
to transform E. coli strain JM109.

It was first attempted to clone the T. thermophilus pheS gene by complemen-
tation of the thermosensitive E. coli strain KA2, as described for the cloning of
pheS from S. typhimurium (section 3.2.a.). Transformation of the plasmid pool iso-
lated from the JM109 cells, however, did not yield KA2 colonies able to grow at
high temperature (40°C).

The following approach turned out to be successful. The transformed JM109
cells were screened for the presence of cloned T. thermophilus pheS sequences
by colony hybridization. The radiolabelled oligonucleotide TTH1 was used as the
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hybridization probe because it showed the strongest hybridization to the presump-
tive T. thermophilus pheS bands (section 3.1.b.; Fig. 6). TTH1 did not hybridize to
E. coli pheS DNA (see above) and the background hybridization to untransformed
JM109 colonies (negative control) was indeed clearly lower than to T. thermophilus
colonies (positive control; data not shown). Moreover, it was expected that a plas-
midial pheS gene should yield much stronger hybridization signals due to the mul-
ticopy effect. In fact, strongly hybridizing colonies were found among JM109 cells
transformed with both Kpnl and Sphl/Xbal fragment-carrying plasmids.

(b) Identification of the T. thermophilus pheS-/ike gene

The plasmid DNA of some of the positive clones was isolated and examined
by restriction analysis. One clone of each type containing either a 3.2 kb Kpnl frag-
ment in pUC19 (pKST-K19U) or a 5.5 kb Sphl/Xbal insertion in pUC18 (pKST-
SX18U) or pUC19 (pKST-SX19U) was selected for further restriction mappings
(Fig. 10). All three T. thermophilus DNA inserts contained internal restriction sites
that were expected from the preliminary map based on the Southern blot results
(Fig. 7); i. e. an Sphl site in pKST-K19U and a Kpnl and a Hindlll site each in
pKST-SX18U and pKST-SX19U. Using other restriction endonucleases, it became
clear that the cloned fragments overlapped (Fig. 10), as predicted from Fig. 7. The
results from the restriction mapping confirmed that the cloned fragments corre-
sponded to those that appeared in the previous Southern hybridizations.

The plasmids pKST-K19U, pKST-SX18U and pKST-SX19U were partially se-
quenced (in double stranded form) using the oligonucleotide TTH1 as primer (Fig.
10). In all cases, the same DNA sequence was obtained (shown by Keller, 1990b).
The total G+C-content of the readable 201 nucleotide stretch was 69 %, and even
90 % for the third position in codons, as is typical for 7. thermophilus genes. The
derived amino acid sequence showed a clear similarity (37 % identity) to the E. coli
PheRS o subunit (positions 147 to 211; Fayat et al., 1983). Furthermore, the simi-
larity was most pronounced in regions already known to be well conserved among
PheRS a subunits from different origins (preliminary sequence alignments shown
by Keller, 1990b). It was thus likely that at least part of the pheS gene from T. ther-
mophilus had been cloned. The determined nucleotide sequence allowed us to
locate the pheS gene on the cloned fragments with the help of the Pvull site also
encountered in the restriction map of Fig. 10. From the position and presumptive
size of the gene (1.1 kb; deduced from M,=40'000 for the o subunit; Ankilova et al.,
1988), it became evident that the entire pheS gene must be present on all three
cloned fragments (Fig. 10).
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1 kb
|
Xh B K Xh
X NI|St StXh Xh B HB SthiSt’SthN Xh S Xh K
N DA A} I Y |

pheS :
: M13u b TTHT b . K PKST-K19U
X S pKST-SX18U
' TTH1 b —Misu pKST-SX19U
M13u [\H pKST-NXB2

Figure 10. Restriction map of the cloned pheS gene region from T. thermophilus. The over-
lapping T. thermophilus DNA fragments from plasmids pKST-K19U, pKST-SX18U and pKST-
SX19U were mapped with Xbal (X), Ncol (N), Xhol (Xh), Stul (St), BamHI (B), Hindlll (H), Kpnl (K),
Pvull (Pv) and Sphl (S). Plasmids pKST-SX18U and pKST-SX19U are distinguished only by the
orientation of the polylinker. The locations of pheS and the incomplete pheT gene are shown, as
determined by sequencing (tiny arrows) using the indicated primers (open arrowheads).

In order to determine more of the pheS sequence, in particular the region
supposed to encode part of the Phe binding site (see Introduction), a suitable re-
striction fragment was subcloned into pBLS (Keller, 1990b); this vector allowed the
production of single stranded DNA for sequencing (see Chapter Il). The DNA se-
quence (305 readable nucleotides; Keller, 1990b) obtained from the resulting
plasmid pKST-NXB2 (Fig. 10) showed again the strong G+C-bias typical for T.
thermophilus DNA. The deduced amino acid sequence showed 48 % identity to
positions 220 to 311 in the E. coli PheRS o subunit (Fayat et al., 1983). Those
parts of the preliminary T. thermophilus sequence relevant for this work will be dis-
cussed later in Figs. 12 and 13; more sequence information is given by Keller
(1990b).

(c) Identification of part of a T. thermophilus pheT-like gene

It was of interest to find out whether the pheT gene encoding the PheRS
subunit was also present on the cloned T. thermophilus fragments. Double
stranded sequence determinations were carried out using the universal primer
(M13u) and plasmids pKST-K19U and pKST-SX18U. The results from sequencing



Chapter V: pheS from T. thermophilus and S. typhimurium 175

of pKST-K19U (~200 bases, not shown) from the Kpnl site into the pheS upstream
region (Fig. 10) did not reveal significant similarities to the pheST regions from E.
coli (Fayat et al., 1983; Mechulam et al., 1985) and Bacillus subtilis (Brakhage et
al., 1990). However, the sequence of about 180 nuclectides (Keller, 1990b) deter-
mined from plasmid pKST-SX18U (reading from the Sphl site towards the 3'-end of
pheS; Fig. 10) allowed us to identify the pheT-like gene ot T. thermophilus. This
was achieved through comparisons of the deduced (preliminary) amino acid se-
quence (Keller, 1990b) with the PheRS B subunits from other organisms. As
shown in Fig. 11 for the best-matching T. thermophilus fragment, there was a clear
similarity of the T. thermophilus sequence to a region well conserved between E.
coli and B. subtilis B subunits; in contrast, the three sequences showed low simila-
rity to the corresponding segment of PheRS from yeast cytoplasm (alignment
according to Brakhage et al., 1990). The approximate position of pheT on the map
in Fig 10, as determined from these sequencing data, corresponded quite well to
the pheST gene arrangements in E. coli and B. subtilis (Fayat et al, 1983;
Brakhage et al,, 1990). Assuming a size of 2.5 kb for pheT (M,=92'000 for the
subunit; Ankilova et al., 1988), it emerged that the gene was not completely con-
tained on the cloned plasmids; the 3'-end of pheT must lie at about 0.8 kb down-
stream of the pheT-internal Kpnl site in pKST-K18U (Fig. 10).

r. thermophilus LHLHFXLKVEDRRxXFENTLAYX - ddLrflLRPspLw] . . .

E. coli LEIT--VERPEALPRY-LG INWVKAFTPLW]| . . .233
B. subtilis E;ISVK—— DREANPL{YTf- AK I IRNVTTLRAPSPLW] . . . 241
Yeast cytoplasm [f-----~- S Gﬂ—————FH—YﬁALPPKDIK —————— ...168

Figure 11. Alignment of partial amino acid sequences of PheRS 3 subunits derived from
pheT genes from different origins. Identical amino acid residues (in one-letter-code) are boxed.
The preliminary partial amino acid sequence of the Thermus thermophilus PheRS 3 subunit shown
here still contains undetermined positions (denoted by 'X’). The alignment of sequences from
Escherichia coli, Bacillus subtilis and yeast cytoplasm was taken from Brakhage et al. (1990). Num-
bers to the right of the published sequences identify residue positions within the respective PheRS
B subunits.
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4. Discussion

4.1. Cloning of the pheS and pheT genes from Salmonella
typhimurium

The cloning of the genes for S. typhimurium PheRS was achieved by the se-
lection of plasmid clones able to complement the thermosensitive E. coli PheRS o
subunit mutant KA2. In a similar way, Brakhage et al. (1989) cloned the pheS and
pheT genes from B. subtilis (which is far more distantly related to E. colithan S. ty-
phimurium; Fig. 1). The cloned 10.5 kb Sall fragment from S. typhimurium DNA
that complemented KA2 was shown by hybridization analysis to contain both pheS
and pheT sequences. From restriction mapping, sequence determinations and
comparisons to the E. coli pheST region it can be assumed that both genes are
entirely present on the cloned fragment. /n vitro and in vivo subunit mixing experi-
ments (Hennecke & Bock, 1975; Hennecke, 1976; Hennecke et al., 1977) can now
be carried out to elucidate whether hybrid enzymes consisting of PheRS o and B
subunits originating from S. typhimurium and E. coli genes will be functional. For
example, as suggested by Keller (1990b), it could be tested whether the presence
of the S. typhimurium pheS gene alone (e. g. the 3.4 kb Hindlll fragment in Fig. 8)
can complement strain KA2.

The hybridizations of S. typhimurium DNA with the E. coli probes resulted in
clear signals that were only slightly weaker than those observed in homologous
control hybridizations. This already reflected a strong similarity of the pheST genes
from both organisms which was further confirmed by partial sequence analysis of
S. typhimurium pheS. The high level of nucleic acid sequence identity (90.2 %)
even allowed the use of sequencing primers originally designed for E. coli. Similar
high degrees of sequence conservation between S. typhimurium and E. coli genes
were reported earlier (e. g. by Yanofsky & vanCleemput, 1982; Higgins & Hillyard,
1988; Smith et al., 1990). The same was found in this work for the compared parts
of the thrS genes from both organisms (87.7 % identity).

Li et al. (1989) determined the S. typhimurium himA nucleotide sequence to
be 95.7 % identical to the E. coli himA gene. Furthermore, these authors noticed
that the gene order pheT-himA was conserved in both organism. In the present
work it was discovered that the S. typhimurium thrS gene is located on the 5'-side
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of the pheST genes, at the same distance and in the same orientation as in E. coli
(Fayat et al., 1983). This confirmed the idea that the gene organization in the re-
gion around the pheST operon is highly conserved in both organisms.

4.2. Cloning of the pheS gene from Thermus thermophilus

(a) How good were the hybridization probes?

The restriction fragments of T. thermophilus DNA identified by Southern blot
analyses (the only common bands hybridizing with different probes) were subse-
quently shown by partial sequencing of the cloned fragments to contain the pheS
gene. These pheS-carrying fragments hybridized (albeit very weakly) to the
heterologous E. coli pheS probe and, with varying strenghts, to four of the five
oligonucleotides. By adapting the oligonucleotide sequence to the codon usage of
T. thermophilus, a switch in hybridization specificity towards the T. thermophilus
pheS gene was obtained. This was clearly reflected by the lack of hybridization to
the pheS DNA from E. coli and S. typhimurium.

At the beginning of this work, neither pheS gene nor PheRS protein se-
quence information was available for T. thermophilus. Therefore, the oligonucleo-
tides had to be designed solely on the basis of conserved regions in three other
known PheRS small subunit sequences (Fig. 4). With the recent publication of the
PheRS sequence from B. subtilis (Brakhage et al., 1990) it became evident that its
o subunit sequences corresponding to oligonucleotides TTH1 to TTH4 were quite
well conserved, too. Moreover, it turned out later that TTH1 and TTH2/3 mapped
to motifs 1 and 2, respectively, which represent two of the three class Il aminoacyl-
tRNA synthetase signature sequences (Eriani et al., 1990).

Having cloned and partially sequenced the T. thermophilus pheS-like gene, it
was of interest now to examine how close prediction and reality came in the case
of the designed oligonucleotide probes. While the primer annealing site for oligo-
nucleotide TTH1 was not determined, the strong and nearly exclusive hybridization
of TTH1 to the T. thermophilus pheS DNA and its success as a pheS-specific se-
qguencing primer justified its choice as a probe. The sites covered by TTH2 to
TTH5 have been sequenced. It turned out (Fig. 12) that there was a perfect match
for one out of the eight variants of TTH5. The better one of the two TTH2 variants
contained only one mismatch. At least one mispaired base and two mismatches
were apparent for the best of the four TTH3 and TTH4 variants, respectively. The
much clearer results in hybridizations with TTH2 as compared to TTH3 (each con-
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Oligonucleotide and T. thermophilus Encoded amino
DNA sequences acid sequence
TTH2 5'-TTE CAC CAG ATG GAG GG FHQMEG
T T Y I O N I O FEr 1
T.th. pheS 5'-TTC CAC CAG CTG GAG GGN FHQLEG
3'-AAG GTG GTC GAC CTC CCN O
T T T Y I O A B N A
TTH3 3'-AAG GTG GTC CAZ CTC cCg FHQVEG
g
TTH4 5'-TAC TTC CCE TII ACg GAG CC YFPFTEP
T T T T A DL RN
T.th. pheS 5'-TAC TTC CCC TTC GTG GAG CC YFPFVEP
T.th. pheS 5'-GGG AAG TGG CTG GAG GKWLE
3'-CCC TTC ACC GAC CTC '
I RN
TTH5 3'-ccg Itc acc Ga& cre GEWLE

Figure 12. Comparisons of oligonucleotide sequences with the corresponding annealing
sites in T. thermophilus pheS DNA. The oligonucleotides TTH2 to TTH5 were described in Fig.
5. The T. thermophilus pheS sequences (Keller, 1990b) were determined as explained in the text.
Identical bases and amino acids (in one-letter-code) are connected with vertical lines. An exclama-
tion mark relates to positions where other variants occur besides the perfect match. Asterisks indi-
cate pairings with inosine (l); N denotes a still undetermined nucleotide.

taining one mismatch at the same position) might either be explained by the fewer
imperfect TTH2 variants or by the one still undetermined nucleotide in that region
of the T. thermophilus pheS sequence (Fig. 12). Perhaps there are also conforma-
tional differences between the two groups of oligonucleotide variants which might
contribute to the observed differential behaviour.

As demonstrated in Fig. 12, almost all of the amino acids derived from the
established T. thermophilus pheS sequences at the positions of oligonucleotides
TTH2 to TTH5 corresponded to the predictions made from the alignment of three
known PheRS a subunits (Fig. 4). A posteriori, this fully validated the strategy
used to design the hybridization probes.
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(b) Some features of the preliminary T. thermophilus pheS and pheT
sequences

The partial sequence analysis of the cloned T. thermophilus DNA fragments
suggested the presence of pheS and a part of pheT. The codon usage and high
G+C-content in all determined sequences (Keller, 1990b) corresponded to that of
typical T. thermophilus genes (Table 1; Oshima & Imahori, 1974; Nureki et al.,
1991). The few derived amino acid sequences for the PheRS o subunit were
shown to be 37 % to 48 % identical to that of the E. coli protein. This is higher than
the amino acid sequence identity of 27 % between MetRS from T. thermophilus
and the corresponding enzyme of E. coli (Nureki et al., 1991). However, amino
acid identities of up to 72 % between proteins from these two organisms may
occur (e. g. in elongation factor Tu; Seidler et al., 1987).

As pointed out by Keller (1990b), the preliminary sequence comparisons
between the E. coli and T. thermophilus PheRS o subunits revealed characteristic
amino acid differences typically found between mesophilic and thermophilic pro-
teins. A main contribution to stabilization of thermophilic proteins seems to stem
from an increased hydrophobicity and a decreased flexibility in a-helical regions
(Menéndez-Arias & Argos, 1989). As deduced from studies with homologous
mesophilic and thermophilic enzymes, this can be achieved by specific exchanges
of single amino acids (e. g. Ser-to-Ala) at different parts of the polypeptide chain
(Argos et al., 1979; Menéndez-Arias & Argos, 1989). In fact, the few derived pro-
tein sequences in the T. thermophilus pheS gene product contained at least 17
amino acid exchanges of the types listed by Argos et al. (1979) and Menéndez-
Arias & Argos (1989), when compared to the mesophilic E. coli counterpart (Keller,
1990b). It is noteworthy that the only Cys residue of the E. coli PheRS a subunit
(Cys272) was replaced by alanine in the T. thermophilus enzyme (Keller, 1990b). A
drastically lowered content of cysteines has been observed in many Thermus pro-
teins when compared to the mesophilic homologs (e. g. by Kagawa et al., 1984;
Kushiro et al., 1987; Sato et al., 1988; Koyama & Furukawa, 1990; Nureki et al.,
1991). It was speculated that the absence of the easily oxidizable thiol groups may
increase thermostability of proteins (Mozhaev & Martinek, 1984). Other amino acid
differences may be caused by the higher G+C-content in T. thermophilus genes
which implies the preferred use of G+C-rich codons (Kagawa et al., 1984; Kushiro
et al., 1987; Bowen et al., 1988).

The fact that the Cys272 residue of the E. coli PheRS o subunit was not con-
served in the corresponding proteins from T. thermophilus, Bacillus subtilis and
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yeast cytoplasm (Brakhage et al., 1990) suggests that this residue is not essential
for PheRS function. This could be exploited when the Cys294 PheRS mutant o
subunit is chemically derivatized at the reactive SH group to probe for further
changes in substrate specificity (Chapter Ill). For such experiments, it might be ad-
vantageous to remove the inherent Cys residue at position 272.

(c) Perspectives of further work on the T. thermophilus pheS/pheT
genes

The complete sequencing of pheS and pheT of T. thermophilus requires the
cloning of the missing part of the pheT gene. The first step towards this goal will
involve the identification of a suitable restriction fragment carrying the whole pheT
gene by Southern blot hybridization, using part of the already cloned pheST region
(Fig. 10) as homologous probe. These experiments are currently underway.

The subsequent cloning can be achieved via colony hybridization or - if both
pheS and pheT are present on the sought fragment - perhaps by complementation
of the E. coli strain KA2. The latter approach failed to give colonies in the attempts
made in this work. However, this may be explained by the fact that the fragments
to be cloned did not contain both complete PheRS genes, and functional hybrid
enzymes containing the E. coli PheRS B subunits may not have been formed or
active.

Complementation of E. coli mutants by Thermus genes, however, is principal-
ly possible as demonstrated with trpE (Sato et al., 1988), trpA and trpB (Koyama &
Furukawa, 1990) and leuB, leuC and leuD (Croft et al., 1987). This was probably
successful owing to the similarity of gene expression signals between both or-
ganisms. Some T. thermophilus genes were shown to carry potential promoter se-
quences similar to the E. coli -35/-10 consensus (Croft et al., 1987; Sato et al,,
1988; Yakhnin et al., 1990), and (weak) gene expression from putative T. thermo-
philus promoters in E. coli was observed (Croft et al., 1987; Seidler et al., 1987;
Nureki et al, 1991). In addition, E. col-like Shine-Dalgarno sequences (Shine &
Dalgarno, 1974) were encountered in front of virtually all sequenced Thermus
genes (e. g. Nishiyama et al, 1986; Seidler et al., 1987, Bowen et al., 1988;
Nicholls et al., 1988; Nicholls et al., 1990; Nureki et al., 1991). The significance of
this sequence in Thermus is accentuated by the fact that that part of the E. coli
16S rRNA 3'-end, which interacts with the ribosome binding site on mRNA, is
identical in T. thermophilus (Hartmann et al., 1989).

Complementation tests with cloned T. thermophilus pheST or pheT genes
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may be carried out with E. coli strains possessing pheS or pheT mutations that de-
termine thermosensitive PheRSs (Hennecke et al., 1977). Furthermore, in vitro
enzyme assays with protein extracts of E. coli cells producing T. thermophilus
PheRS should reveal thermoresistant Phe aminoacylation activity (Ankilova et al.,
1988). Overproduction of PheRS from T. thermophilus in a suitable expression sy-
stem in E. coli (Nureki et al., 1991) may finally yield large amounts of enzyme for
structural analyses (see below).

Up to now, only one other aminoacyl-tRNA synthetase gene from the genus
Thermus has been cloned. The recently published sequence of T. thermophilus
MetRS (Nureki et al., 1991) revealed that the regulation of gene expression
(probably by attenuation) is different to E. coli MetRS expression. The complete
sequencing of the T. thermophilus PheRS gene region should help elucidate
whether these genes also constitute an operon controlled by attenuation as in E.
coli (Fayat et al., 1983; Springer et al., 1983; Springer et al., 1985). Gene expres-
sion by attenuation has already been postulated for other T. thermophilus genes
(Croft et al., 1987; Sato et al., 1988). In this context it should be mentioned, how-
ever, that the pheST genes from B. subtilis are not regulated by the classical atte-
nuation mechanism (Brakhage et al, 1990). The regulation of T. thermophilus
pheST expression may even be analyzed in the homologous background, since
transformation of T. thermophilus is possible (Koyama & Furukawa, 1990) and
plasmid vectors for this organism have recently been developed (Koyama et al.,
1990a,b).

The major incentive to cloning the T. thermophilus PheRS genes was the
prospect that the protein sequence will then become available which in turn will
allow an elaboration of the three-dimensional structure of this enzyme. Until now,
only low resolution structural analyses were possible with E. coli PheRS which led
to a tentative model of relative subunit arrangements (Dessen et al., 1990; Chapter
I1). A much better three-dimensional structure can be expected from the combina-
tion of data from X-ray diffraction analysis of T. thermophilus PheRS crystals
(Ankilova et al., 1988) with the amino acid sequence information of PheRS o and B
subunits provided by our laboratory. Moreover, Cys residues, introduced by protein
engineering into T. thermophilus PheRS, may serve to create heavy atom deriva-
tives (Rould et al.,, 1989) and thus facilitate structural analyses. The approach with
T. thermophilus PheRS may finally permit the determination of the first high resolu-
tion structure of an o, aminoacyl-tRNA synthetase.



182 Chapter V: pheS from T. thermophilus and S. typhimurium

4.3. The PheRS sequence that determines phenylalanine specifi-
city is well conserved in S. typhimurium and T. thermophilus

Another rationale for the cloning of pheS genes from S. typhimurium and T.
thermophilus was the idea that a comparative sequence analysis of PheRS o sub-
units from different organisms would identify functionally important regions. Of spe-
cial interest was the section of the o subunit thought to be involved in the binding
of phenylalanine (Chapter lil). Therefore, the preliminary sequence analyses of the
two pheS genes cloned here aimed at that region. Figure 13 shows an alignment
of PheRS a subunit sequences from different origins around the presumptive Phe
binding site, which coincides with the generally conserved motif 3 of class Il
aminoacyl-tRNA synthetases (Eriani et al., 1990). The similarity of the E. coli se-
quence to the S. typhimurium region was so strong that the latter sequence was of
little help in identifying less conserved and thereby less important residues. How-
ever, a close inspection of conserved amino acids within the corresponding se-
quence from T. thermophilus in Fig. 13 revealed a perfect conservation of the
F-A-F sequence analyzed previously by mutagenesis (see Chapter lil). This pro-
vides an independent support for the hypothesis that the analyzed region is an im-
portant, PheRS-specific site which may determine specificity for phenylalanine
(Chapter Ill).

’Phe binding region’

Escherichia coli 286..[D P E| Vv

Salmonella typhimurium . |p » _J |

Thermus thermophilus .. r|P}T G

Bacillus subtilis a00..[D P %

Yeast mitochondria  32s.. k| P| s A

Yeast cytoplasm as1..- |P|KJD L R 472

Motif 3 consensus

Figure 13. Alignment of PheRS small subunit sequences in a region which presumably
interacts with phenylalanine. The Figure contains PheRS sequences corresponding to the region
around the E. coli o subunit residue Ala2%4 (marked by an arrow) which was shown to be involved
in Phe binding (Chapters Il and ). The PheRS sequences for the two organisms described in this
Chapter (S. typhimurium and T. thermophilus; species names underlined) were taken from Fig. 9
and from Keller (1990b), respectively. References to the other sequences, the criteria for
establishing the alignment and the used symbols were detailed in the legend to Fig. 8 of Chapter Ii.
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Abstract

The enzyme phenyalanyl-tRNA synthetase (PheRS) catalyses the covalent
coupling of the amino acid phenylalanine to the corresponding tRNAPhe. Neither
the tertiary structure nor the topology of the substrate binding sites are known for
PheRS. In this work, it was attempted, by molecular-genetic means, to character-
ize the phenylalanine binding site of PheRS from the bacterium Escherichia coll.

To localize amino acid residues in PheRS which interact with phenylalanine,
two types of PheRS mutants with altered substrate binding properties were ana-
lyzed. Since both mutations mapped to pheS (the gene encoding the o subunit of
PheRS), the mutated pheS genes were cloned and sequenced. One of the muta-
tions, causing a lowered affinity for phenylalanine in PheRS, resulted in an amino
acid exchange in motif 2, a generally conserved sequence of class Il aminoacyl-
tRNA synthetases to which PheRS belongs. The second mutation affected motif 3,
another class lI-specific sequence. The resulting amino acid exchange (alanine-to-
serine at position 294 of the PheRS o subunit) was responsible for the resistance
of the E. coli mutant strain against the substrate analogue para-fluoro-phenylala-
nine (p-F-Phe). The exclusion of p-F-Phe from the enzymatic reaction by the mu-
tant PheRS (in contrast to the wild-type enzyme) may now be explained by altera-
tions of steric interactions.

The sequence around position 294 (Gly292-Phe293-Ala294-Phe295-Gly29) is
also well conserved in Bacillus subtilis and yeast cytoplasmic and mitochondrial
PheRSs. To enlarge the number of sequences for comparisons, the pheS genes
from Salmonella typhimurium and Thermus thermophilus were cloned and partially
sequenced. The sequence data confirmed that amino acid residue 294 was loca-
ted in a PheRS-specific site. The choice of T. thermophilus was influenced by the
fact that its PheRS had been crystallized; the availability of amino acid sequence
information will therefore greatly help elucidate the tertiary structure.

Replacement of the phenylalanines at positions 293 and 295 by selected
other amino acids revealed that these residues do not directly interact with the
amino acid substrate, but seem to affect PheRS stability. Replacements at position
294 showed that this residue contacts the para-position of the substrate's aromatic
ring. The most interesting exchange, alanine-to-glycine, generated an enzyme with
relaxed substrate specificity for para-substituted phenylalanine analogues. This
mutant can possibly be exploited in an in vivo system for the incorporation of non-
proteinogenic amino acids into proteins of pharmaceutical relevance.
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Kurzfassung

Das Enzym Phenylalanyl-tRNA Synthetase (PheRS) katalysiert die kovalente
Kopplung der Aminosdure Phenylalanin an die zugehorige tRNAPhe Von der
PheRS sind weder Tertidrstruktur noch Topologie der Substratbindungsstellen be-
kannt. In dieser Arbeit sollte versucht werden, mit molekulargenetischen Methoden
die Bindungsstelle fiir Phenylalanin in der PheRS des Bakteriums Escherichia coli
zu charakterisieren.

Fur die Lokalisierung von PheRS-Aminosauren, die mit Phenylalanin inter-
agieren, wurden zwei Typen von PheRS-Mutanten mit beeintréchtigter Substrat-
bindung untersucht. Da die Mutationen in pheS, dem Gen fiir die PheRS a-Unter-
einheit kartierten, wurden die mutierten pheS-Gene kioniert und sequenziert. Eine
Mutation, die zu einer erniedrigten Affinitat des Enzyms fiir Phenylalanin fuhrte, er-
gab einen Aminosaureaustausch in Motiv 2, einer generell konservierten Sequenz
der sogenannten Klasse Il-Aminoacyl-tRNA Synthetasen, zu denen PheRS gehort.
Die zweite Mutation betraf das ebenfalls fiir Klasse Il spezifische Sequenz-Motiv 3.
Der resultierende Aminosdure-Austausch (Alanin zu Serin an Position 294 der
PheRS a-Untereinheit) war verantwortlich fiir die Resistenz eines entsprechenden
E. coli Mutanten-Stamms gegen das Substrat-Analog p-Fluor-Phenylalanin (p-F-
Phe). Der Ausschluss von p-F-Phe von der Reaktion der Mutanten-PheRS (im Ge-
gensatz zum Wildtyp-Enzym) konnte mit verénderten sterischen Interaktionen er-
klart werden.

Die Region unmittelbar um Position 294 (Gly292-Phe293-Ala2%4-Phe295-
Gly29) ist gut konserviert in PheRS von Bacillus subtilis und Hefe (aus Cyto-
plasma und Mitochondrien). Um weitere Sequenzvergleiche anstellen zu kénnen,
wurden die pheS-Gene aus Salmonella typhimurium und Thermus thermophilus
kloniert und teilweise sequenziert. Die Sequenzierungsresultate bestatigten, dass
Aminosaure 294 in einer fir PheRS spezifischen Region liegt. Die Wahl von T.
thermophilus erfolgte auch deshalb, weil T. thermophilus PheRS-Kristalle vorhan-
den sind, die es spater erlauben sollten, mit Hilfe der Aminoséuresequenz die drei-
dimensionale Struktur zu ermitteln.

Ein gezielter Ersatz der Phenylalanine 293 und 295 durch ausgewahlte an-
dere Aminoséuren zeigte, dass diese Positionen nicht direkt mit dem Aminosaure-
Substrat interagieren, jedoch fiir die PheRS-Stabilitt wichtig sind. Austausche an
Position 294 bestatigten hingegen, dass hier Interaktionen mit der para-Position
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des aromatischen Rings des Substrats stattfinden. Der interessanteste Austausch,
Alanin zu Glycin, ergab ein Enzym mit relaxierter Spezifitat fur para-substituierte
Phenylalanin-Analoga. Dieses Mutanten-Enzym lasst sich md&glicherweise in
einem in vivo Produktionssystem fiir den Einbau von nicht-proteinogenen Amino-
sauren in pharmazeutisch relevante Proteine einsetzen.



Seite Leer /
Blank leaf




Curriculum Vitae 193

Curriculum Vitae

Born on June 12, 1961 in Wetzikon (ZH), Switzerland

1968 - 1976 Primary and secondary education in Wetzikon (ZH)

1976 - 1980 Gymnasium, Kantonsschule Zircher Oberland in
Wetzikon; final examination: Matura type C

1981 - 1986 Studies in Biotechnology at the Swiss Federal Institute of
Technology (ETH) in Zurich; Diploma in Natural Sciences

1986 Diploma Thesis at the Institute of Molecular Biology |,
University of Zrich.
1986 - 1991 Assistant researcher at the Institute of Microbiology ETH

Zurich; Ph. D. Thesis



