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Chapter I: Synopsis of the Work

CHAPTERI

Synopsis of the Work

1. Introduction:the importanceof phenylalanyl-tRNA
synthetasein cellular metabolism

Every living cell uses a similar basic equipment for the accuratetransmission
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 beforethe ribosomalstep, however, is at least as crucial. The 'true trans-

lation' of the genetic code, /. 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-tRNAsynthe-
tases which couple the amino acids to a tRNA molecule that possessesthe corre¬

sponding amino acid-specificanticodon (Hershey, 1987; Schimmel, 1987). Typi-
cally, a (bacterial) cell has 20 aminoacyl-tRNA synthetases, one for eachtriplet-en-
coded amino acid. Recently, however, examples for the existenceof two enzymes
per amino acid were discovered (Leveque 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; Soll, 1990).

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

Abbreviations

ATP, adenosinetriphosphate; DNA, deoxyribonucleicacid; /CM, Michaelis Menten constant, indica-
tive for Substrate affinity; mRNA, messenger ribonucleic acid; p-F-Phe, para-fluoro-phenylalanine;
Phe, Phenylalanine; PheRS, phenylalanyl-tRNA synthetase; tRNA(phe), transfer ribonucleic acid
(specificfor Phe).
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Escherichiacoli. The enzyme catalyses the attachment of Phenylalanine(Phe) to

its cognate tRNAPne;the reaction is driven by the hydrolysis of ATP. PheRS is one

of the largest enzymesin the very heterogeneous class of aminoacyl-tRNAsynthe-
tases and possesses an a2ß2 quarternary structure. The primary structure of E.

coliPheRS is known from the sequence analysis of pheS and pheT, the genes en-

coding the a (small) and ß (large) subunits, respectively. The presence of three

Short consensussequence motifs identifies PheRSas a member of class II 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 referencessee
Introductionto Chapter II).

2. Approachesto elucidate the Phenylalanine binding
site of E. coliphenylalanyl-tRNAsynthetase

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 subdividedinto three levels, as follows.

Level 1: Localizationof a presumptivePhe binding site in E. coli PheRS

(ChapterII)

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;/>F-Phe) were even at-

tached to tRNAPne (Santi & Danenberg, 1971; Gabius et al., 1983). Hennecke &

Bock (1975) describedtwo E. coliPheRSmutant strains which were resistant to p-
F-Phe due to the production of altered PheRSa 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 a subunit defect leading to an increased K^ for Phe (/. e. a

lowered Phe affinity; Grüll 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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Figure 1. Cloning of mutant pheS genes by complementation of a thermosensitiveE. coli
strain. The chromosomal DNA from three £ coli mutant strains was isolated and digested with the
indicated restrictionenzymes. The presenceof the fragment carrying the pheSTgenes (described
in Chapter II) was verified by Southern blot analysis. DNAfragments of the appropriatesize were

cut out of a preparativeagarosegel and ligated to a plasmid vector (pUC19), previouslydigested
with the same enzymes. The ligation mixture was introduced into a thermosensitive (ts) E. coli
strain (the mutation in pheS leadingto thermosensitivity is characterizedin Chapter II). Selectionat
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 Hind\\\, respectively; bla, gene
for ß-lactamase conferring ampicillin resistance.
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thermoresistanceof an E. coli strain normally unable to grow at elevatedtempera-
tures because it possessesa thermosensitive PheRS a subunit (Fig. 1). The nu¬

cleotide sequence analysis revealed that the mutation responsible for the K^ in¬

crease resulted in a glycine-to-asparticacid exchange at position 191 of the a sub¬
unit. Interestingly, this mutation mapped to motif 2, one the conserved class II

aminoacyl-tRNAsynthetase 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 a subunit, preciselywithin motif 3, another typical class II tRNA

synthetase sequence. It seemed reasonable to suggest, therefore, that the

mutations identified the conserved motifs2 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 II aminoacyl-tRNAsynthetases(Chapter II).

Level 2: Comparative analysis of PheRSsfrom different origins
(ChaptersII and V)

By comparingthe PheRSa subunit sequence of E. coli with the homologous
sequences of Bacillus subtilisand yeastcytoplasmicand mitochondrial PheRSs, a

particularly good conservationof the region around position294 of the E. coli pro¬
tein became apparent (Chapter II). It is generally accepted that conservationof pri-
mary structuremotifs is an indication for a functionalor structural importance of the

corresponding residues. The alignment of PheRS sequences around position 294
revealed a much more pronouncedconservation in this region than in the imme-

diately adjacent, overlappingmotif 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 conservationwithin the

motif 3 region. In Chapter V, the cloning and partial sequencing of the pheSgene
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 pfteS-homologous gene was Thermus thermophiluswhich is only very distantly
relatedto E. coli (ChapterV). 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 (ChapterV).

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

Position294 of the E. coli PheRSa subunit is well conserved among PheRSs from
different origins. Such a PheRS-specificsite might well be (part of) the Phe binding
site on the enzyme.

Escherichia coli 286...

Salmonella typhimurium ...

Thermus thermophilus ... r|p

Bacillus subtilis 300...[d p

Yeast mitochondria 325... k
Yeast cytoplasm 451...-

Motif 3 consensus

D P E

D P E
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0K E

S E

'PheRS-specific site'
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Figure 2. Alignment of PheRS small subunitsequencesin a region affected by the p-F-Phe
resistance mutation. The Figure contains PheRS sequences corresponding to the region around
the E. colia subunit residue 294 (marked by an arrow). The PheRS sequences from S. typhimuri¬
umand T. thermophilus (species names underlined) were determined in ChapterV. Identical amino
acids (in one-letter-code) are boxed; related residues are connectedby thin lines; O in the motif 3

consensus (adapted from Eriani et al., 1990) Stands for hydrophobic amino acids. Moredetails and
referencesto the sequences are given in Chapter II.

Level 3: Mutational analysis of a potential Phe binding site in E. coli
PheRS (Chapterlll)
As stated above (level 1), the sequencing of pheS alleles revealed a point

mutation leading to an alanine-to-serineexchange at position294 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 süghtly bigger Substrate analogue p-F-Phe into the binding pocket
of PheRS (Fig. 3). Taking into account the conservation of amino acids aroundpo¬
sition 294 (see level 2), a working model for the presumptive aromatic binding site
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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 formedby residue 294 (contacting the para-position) and the two Phenylalanines 293 and
295. The discrimination againstp-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-substituentof this Sub¬
strate analogue. This may prevent productivebinding of the analoguein the Phe bindingpocket.

in PheRS was proposed (Chapter lll). This working hypothesisanticipated 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 Systemof 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 mutationswere analyzed in vitro by measuringPheRS acti-
vity in strains carrying the mutated pheS genes or by a complementation assay in

vivo (Chapter lll). In contrast to the predictionsmade from the working model (Fig.
3), it turned out that the replacement of Phe293 and Phe295 by selected other
amino acids did not directly affect Phe binding. However, PheRS stabilityseemed
to be dependenton the nature of those residues. As drawn in Fig. 4 and discussed
in Chapter lll, the aromatic residues at positions293 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 enzymesfor Phenylalanine
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Figure 4. Hypothetical schemeof the Phe bindingsite in PheRS. The model summarizes the
interpretation of results from amino acid exchanges at positions 293, 294 and 295 of the oc subunit
(cf. Chapter lll). Residue 294 is assumed to be in contact with the para-positionof 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 ß subunit. As discussed in Chapter lll, the catalytic site of PheRS may be at the ot/ß subunit
interface.

and by the pronouncedshifts in the spectrum of Substrate analoguesable to inter-
act with mutant PheRSs, as compared to the wild-type enzyme. The most interest¬
ing mutationwas the exchange of alanine by the smaller glycine. The resulting mu¬

tant PheRS Gly294 showed a much better aminoacylationof the Phe analoguep-
F-Phe than the wild-type enzyme. Furthermore,as one might have predicted from
the working model in Fig. 3, the Gly294 variant allowed interactionseven with the

larger p-chloro and p-bromo derivativesof 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 -bromosubstituents.

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 formedby this motif 3 residue

in the enzyme of E. coli and perhaps also of other organisms.

3. Furtherperspectives

Exploitationof a PheRS mutant with relaxed Substrate specificity
(ChapterIV)
One major result of the mutagenesis experiments described in Chapter lll is

the finding that position 294 of the PheRS <x 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 Systemsand the potential applica¬
tions to production of analogue-substituted, pharmaceuticallyinteresting target
proteins are discussed.

Towards the determination of the PheRStertiary structure(ChapterV)
As mentionedabove, the pheS gene from T. thermophiluswas cloned to ob¬

tain a sequence for comparisons among PheRS oc subunits from different origins.
Another important reason for chosing this organism was the availabilityof 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-tRNAsynthetaseof the cc2ß2 type (ChapterV). 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 II tRNA synthetases.
In an attempt to detect the Phenylalaninebinding site, three Escherichiacoli mu¬
tant strains producing a PheRSwith altered Substrate binding properties were ana-

lyzed genetically. The mutations were previously shown to map in pheS, the gene

encoding the (small) a subunit of the tetrameric PheRS (0^2 structure). The mu¬

tant pheS genes were cloned by complementation of the thermosensitivestrain
NP37 (PheRSts), and the deviations from the wild-type gene were determined by
sequence analysis. The point mutation leading to a decreasedaffinity for Phenyl¬
alanine in PheRS from strain G1 resulted in a Gly191 to Asp191 exchange within
motif 2, one of three conserved sequence motifs in class II aminoacyl-tRNAsyn¬
thetases. The mutation causing resistance to p-fluoro-phenylalanine led to an

Ala294 to Ser294 exchange in the a subunits from two independent analogueresi-
stant strains (AB1360-12 and K10-F6). This alteration (S294) mapped in the well
conserved C-terminal part of the a subunit, preciselywithin motif 3, another typical
class II 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 structureof SerRS, another class II 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¬

sponsiblefor the thermosensitivePheRS 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 (Gly98 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-tRNAsynthe¬
tases catalyze key reactions in translating the genetic code. Aminoacyl-tRNAsyn¬
thetasesresponsible 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 &

Soll, 1979; Schimmel, 1987). To know the reason for this diversity might help un-

ravel the origin of the genetic code. The dissimilarity could partiy 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-tRNAsynthetaseswere classified into two non-re-

lated groups, according to the presence or absence of typical Short consensus se¬

quences (Burbaum et ai, 1990; Eriani et al., 1990a). For three class I members,
the three-dimensionalstructures derived from X-ray analyses are available: TyrRS
from Bacillus stearothermophilus(Brick etai., 1989), GlnRS 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 synthetasesare composedof 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 participates in the N-terminal section of a structurally con¬

served nucleotide binding fold ('Rossmann fold1; Rossmann et al., 1974) for the

binding of ATP (Blow etai., 1983; Leatherbarrowet al., 1985; Webster et al., 1987;
Burbaum et al., 1990). Another sequence ('KMSKS') maps near the C-terminal end

ofthe Rossmann fold (Burbaum et al., 1990). It was originally identified by affinity
labelling experiments (Hountondji etai., 1985) and is thought to be close to the 3'-

end of the bound tRNA Substrate (Hountondji et al., 1986; Starzyk et al., 1987;
Meinnel etai., 1990) and seems to interact with ATP (Fersht et al., 1988; Rould et



14 Chapter II: Phenylalanyl-tRNASynthetase Mutants

al., 1989; Hountondjiet al., 1990).
To date, the crystal structure of only one enzyme belonging to the class II

aminoacyl-tRNAsynthetases 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 conformationalbasis by demonstratingthe absence of the characteristic
'Rossmann fold' of class I enzymes.The SerRS Substrates could not be co-crystal-
lized; therefore,their binding sites have not yet been determined and relatedto the
class II consensus motifs.

Besides structural analyses, extensive investigationsat 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-

cemed 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-tRNAsynthetase (PheRS) of E.

coli. This enzyme is among the largest aminoacyl-tRNAsynthetases known and

displays an oc2ß2 quarternarystructure (Fayat et al., 1974; Hanke et al., 1974;
Schimmel, 1987). Recently, the relativetopologyof its 4 subunits was investigated
by neutron small-angle scattering (Dessen et al., 1990). Both types of subunits are

required for enzyme activity (Hennecke & Bock, 1975). The PheRS genes pheS
and pr)e7"(encodingthe a and ß 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 consensussequence elements, PheRS
belongs to the less well characterized class II tRNA synthetases (Eriani et al.,
1990a). Neither the tertiary structureof PheRSnor the location of the binding sites
for Phe or ATP within the primary sequence are known. Affinity labelling experi¬
ments implied the large ß subunit to contain tRNAPne binding sites (Khodyreva et

al., 1985), and Hountondjiet al. (1987) identified sequences in the N-terminal re¬

gion of the ß subunit to be near the binding site of the 3'-end of tRNAPne.Some of
the analogousexperiments carried out with yeast cytoplasmicPheRS 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 etai., 1982;
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(a)

iikb i

thrS infC rpIT pheS pheT himA'

I rpml i IEcoRI M.t-i | Hindi»

a-subunit ß-subunit
(326 aa) (795 aa)

a2ß2
U, = 248'155

(b) Enzyme reactions:

Mg2 +

1 F + Php + ATP [E- Phe~AMP] + PPj

2. [E.Phe~AMP]+tRNAPhe- E + AMP +|Phe-tRNAPhe

[protein biosynthesis

Figure 1. GeneOrganisation and enzymatic reaction of PheRS. (a) The genes pheS and pheT
(encoding PheRS a and ß subunits, respectively) are arranged in an Operon at min 37 of the E. coli

linkage map (Bachmann, 1990). Besides pheSand pheT the 10.25 kb fcoRI/H/ndlll fragment con¬

tains the genes encoding threonyl-tRNA synthetase (thrS), initiation factor IF3 (infC), ribosomal
proteins A (or L35; encoded by rpml) and L20 (rpIT), and the N-terminalend of the a subunit of in¬

tegration host factor {himA) (Fayat et al., 1983; Mechulam et al., 1985; Wada & Sako, 1987).
PheRS is drawn as suggestedby Dessen etai. (1990). aa, amino acids. (b) The aminoacylation of
tRNAPhe proceeds (simplified)via a two-step reaction mechanism (Soll & Schimmel, 1974; Fasiolo
& Fersht, 1978; Baltzinger & Holler, 1982). In the first step, the amino acid (Phe) is activated with
ATP to formthe enzyme-bound aminoacyl adenylate.Then, the amino acid is transferred to its cog¬
nate tRNA by releasing AMP. E, PheRS enzyme; PPj, 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 <x2ß2 subunit structure (Schimmel, 1987; Toth &

Schimmel, 1990a). Other Substrate crosslinking studies suggested that the active
site might be at the aß interface in PheRS of E. coli (Khodyreva et al., 1985) and

yeast (Baltzinger et al., 1979). Such a hypothesiswas also discussed for GlyRS,
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which is immunologically related to PheRS (Nagel et al., 1988), based on an

analysis of a and ß chain mutants (Toth & Schimmel, 19906).
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 Kj^ of PheRS for this Substrate

(Grüll 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 mutationswere mapped to pheS(Hennecke &
Bock, 1975; Grüll 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 süghtly bigger Sub¬
strate analogue, should point directly to the Phe binding site.
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3. Materials and Methods

3.1. Bacterial strains, phagesand DNA

The bacterial strains, vectors and Plasmids used in this work are listed in

Table 1. A phage P1kc lysatefrom 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. pfreS-specificdye-
primers for automated DNA sequencing were kindly provided by G. Zon (Applied
Biosystems, Foster City CA, USA). Dye-primer -36M13 was purchasedfrom the

same Company. X-DNA was from Biofinex (Praroman, Switzerland).

3.2. Microbiologicaltechniques

E. coli strains were usually grown in LB-medium (Miller, 1972) at the permis-
sive temperature.The antibiotics used were ampicillin at 150 u.g/ml, tetracyclin at

15 ng/ml or streptomycinat 100 u.g/ml. Construction of the recA" strain KA2 was

accomplished by generalizedtransduction (Masters, 1985). A P1kc lysate from the
recA' deletion strain JC10289/pKY102 (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.

Multiplicityof 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).



COcCOCDCOCO
•I—»

CDcCO3
*
cJG.cCDCDQ
.

CO
-
C
O

(6860
7*1*

Waiqures
!(6960xjossna-pueiinoy

9
J9Äog

fcHlS

ZEdN
io

lueionpsuBJ}|.d^JOM
siu.}

yiei
'.V09U'SjSy9U.d

(9Z60W8«J9iuoo:(z960
jpjBLjpieN

*>|0Qa'-(9960
P
B
M
P
P
N
S

3!IP!3
sjSUQMd

uflS
'si^WB9M

'(eqd JO|w)/
pesBejoujijjjm

(6Z60
7*

je
IIQJÖ

SUQMd)ojLjdojjoxnB
9i]d

(28607Bjee)joeuu9H

(9Z60wa,S9^9uu9H

(9Z60^a'?9>|09UU9H

yflS
'.W-ÜPSH

'.V09U'u94d-d-rf

u©4d-d-rf

yJlS'u9Md-d-c'

.Y 'wweYöZ-JJSJ OZTSd/'ppBdns
'g-lAx'1-ruj'PL-BJB'zxfeö'i\ye\'(.guj.aj)
OZSPSu'Zioid'9-ndj 't-iui'ewoai'j

'z\)\

0W-90e{VO9J-yiJS)v
UZ1

'm
'2ZVWI

'u-iBi
'SSdyd'(hibaboJjjh

'Ol»

y21 'M
'
Z
W
m

'l-W'SSW*'(!I|Babo)jih'(H»

.Y'mi
'6-Jls'p-pi

'ppvojd'ih6ib'06WSUJ'p-sdd'9LS^d' j
'si.>|

'5-/Xx
'/-/ju;>/-e/b£>//efi'j/ob/'(.9lu.9j)

OcTSPSt/ 'zt/ojc/'g-ne/'i-\m'yodj'^set/d' j
'Sl.»

US1 '«/J'£c7twoj7-/ej'eisend'(!||Babq)jjh 'OW

Jjs'."^'iPPBdns'6Z-xsi'g-\Ax'/-flu/ 'DfleS'//ob/
'qqojb'j^ojaf>s/i/'egfi/B'/-/ifl'z/seycf'j

'su>!

K
H
8
H

2V>i

zedNio

82yy

9d-(H>l

zi-osemv

uoiiBOjidde
pue

ujßuo
jo

eouejejey
edAjoueu.djueAeiey

edAjoueo
$ukx\s1100-3

CÖ
ßj/jo/n s/t/j

1//pasnspiwseidpue
suibjis

üoo
-3

:1.eiqei



OiCOCDCOCOSS"cCO<DC¦l—•

">^c
JOcCDCDQ.CO
s
z
O

(U9p6MS'B|BSddn) BIOBIUJBLJd
W0J}

peseqojnd1(9860 Wtd
uonsd-ijosjueA

(VSfl
'VO 0ß9!0

UBS)9U9ßB}BJJS
wojjpgsBipjnd:(8860

'
&
&
Voijs

(8Z60u8MOQ«ßuBMO

j9>jui|Ä|od
b

l|}imszeygd
jo

gAijBAuep
b:udwv

6LOnd

U9ßBL|d
JOUOjßgj0|U9ßj9}UI

9L|JPUBJ9^U||A|0d
(SiatH

b
ßuiÄjJBO

6l-Ondjo
aAljBAljgp

b:ydwv
(+)

SM;duosen|gd

V9t-dP!LUSB|dJO
9AIJBAÜ9P

BJy^l'yLUBQ

mßuo
jo

eouejejey
seiuadojduieAeiey

(»fl)
LUBLJSJ9LUV

LUOJJ
UOp|OSI

VNO
PUBJJS

pgsEipjnd
:(68601B

J9
^oojquiBS

-9|ßuisjojjsol)'.w.ypsH

ßuiuop
(9860

TB
Je

uOJJ9d-ups!UBA
JOj}soi|'+l^_ypsH

'.V09y

uo|}B|OS!VNO
(9860

'/£ Je
uojjed-MOSiuBA

puB4S-8|ßuisjojisou,

'9£flßfl]d'(3VOJd-OBi)v 'idns
'«/j'gypsu'zw

'bioei'tfVOJd 'gea&iU
'(gvoJd-oei)?'my

'iy/a/
'wgdfos'z/ypsi/

'im'96VJtö'IVPUd'.V09J
'Zl)\

fc/WVZ»/
'tiaei

'ßVOJd
'geamU

'lav°-id-oei)v';<//'^dns
'gl.»

WOAOVd

sjoioeA

101

m
m
?

l
o
m
r



V)COCDCOCO
*
-
»

CD
s
z-t—*

cCOCC•*—»lcjoJ3>%cCD

ü_CD
+
-
•

Q
.

CO
x
:
O

U!|0X0BJiej!}91:upÄLU0}d9J}S'JJS!|O0IU9L|dUJBJO|L)0
'lubqluinioidujB'doiy'(0660

uuBWLpBg
0}ßuipjoooB

9jbsioqwÄs9U9Q-sgigiiBsat/d
luaja^jp

jo gougsgjd9U,}sgiBOipw(J
>jsu9}sb

uy
B

90U9nb9S
edÄjp

p
Äqp90B|d9J

t^öSS:>1J0Ms!Ml

M-iaS^d
P9Z!U9ßB}nai o/j/a

ui:>|J0M
silji.

(X-OS^d99s)
suojiBiAgjqqB

uibj;sjojspuBis
,x-,'.{z'ß!d)

W
*

SIL]}

(X-OS^d99s)
suoi}BiA9jqqB

UjBJJSJOJSpUBJS
,X-,'.{Z'ß|d)

>|JOAASIL|}

(OMHdxa'M-) edÄj
pijmpuB(0-)

^
'(v-)

3l-09eiaV'(>!-) 9d-0W
SUjBJlS

LUOJJ S9U9ß
gatyc/jojspußjs

,x-,'¦{l'ßy)>iJ0M
SNl

[(0860'/BJeeßp!Jqiun|d
U!Lgd=]:(2860'/eje}pJBL||3

(2860'/Bje9>|09uu9H

(+)
s»

}düOS9n|gd

(+)s»
jduosgnigd

(+)
s»jduosgnigd

(+)
s»

iduosonigd

6iond

zzeygd

t>8LOAOVd

s£9ijd
suiBiuoo:»-i.gs>|dujojj

D9AU9p
860-LaS»d

fr6SS
uoijBjnw

Sat/du9Ljd-d-d suibjuoo!m-|.gs>|d luojj
pgAljgp

St^l/M"igs>id

(j9}0UJ0Jd
OB/

LUOJJp9SS9JdX9
JOU)

U0IJBJU9U0ejjsoddo
uifsdud jnq

'x-Lgs»d
sb

X-ZaSMd

jgjoujojd
ob/

qjiM gsBud
ujtsdud

:uop}U9uo:x-OS>|dßuipuodsgjjoo
luojjju9luBbjj

\\puiH/\BLUSdq
L8U

uo,sat/dßuiuiBjuoo:ydujv
X-l-aS>|d

suibjjs
juBjnujSdydjioo-3

luojjlugiußBJj
nipu/H/iyoog

q>|92'OLuo_/a(/d
'„Sat/d'±\di'imdj'ojui

'SM
ßuiujBjuoo:ydwv

X-OS>|d

}U9luBbjj
nipu/H/iyoog

qv|
ggoi

uoiat/d'ssud
'l\di'iLudj'Qiui

'sjlr ijoo
-3ßuiuiBjuoo

:yj9i'ydLuv
OMHd

(9dAjpiim)Sdyd'ulubo
£3Hd

mBuo
jo

eouejejey
jopeA

saiuadojdjueAeiey
spjiuseid

oCM



Chapter II: Phenylalanyl-tRNA Synthetase Mutants 21

o

CD
c:
CD
C35
¦S
=3

c:
c3
c:

CD
CO

CD

CO

1̂>
-3?
o
=3
c:
o
.5»

CM

.52
CO

c
.0
co
.0
¦5.
CL
<

8>
Q>

c
o

"co
o

CD
O

CD

CD
CO

CD
N

CD
E
CO
z

Q- Q_ Q_ Q_ Q_ Q_ Q_
I— t— I— I— I— h- I—
<<<<<<<
T3 TS y> T3 T3 T=> T3

Ü_ Q_ GL Q_ D_ Q_ D_
CM CJ CJ CJ CM CM CM
co co co co co co co

¦ 1 1 1 1 1 t

Ä Ä ^ Ä & Ä Ä
xr.czjcz-cz_cz.iz.iz

5 5 S 5 5 5 5
CT) CT) CT) CT) CT) CT) CT)

CT) CT)
CZ CZ
O "o

CZ
CD

_

er
"o "o
er «z
CD CD
=3 ZJ
CT
CD
CO

er
'ü

CT"
CD

CT"
CD

CD
ZJ
er

o
er
CD CD
ZJ ZJ
CT

O -£_

CD
ZJ
ct
CD
CO CO

CD

CT) CT)

O O
cz

—

CD

8"
CD
ZJ

CT- CT"
CD CD
CO CO

"8 ¦CT
CD

"CT
CD

CO CO
CD CD CD CD
CO CO CO CO

co co
E E

Z> ZJ
CO CO

CO CO
E E
o o

-•—• +—.

ZJ ZJ
CO CO

CT) CT>
tz cz
"o "o
CZ cz
CD CD
ZJ ZJ
er cr
CD CD
CO CO

¦CT
a>
CO

E E
o o
¦*—» +—.

ZJ ZJ
CO CO

"8
CO

CO
"co
CD
cz
CD
CT)
B
ZJ
E
XJ
CD
¦4—*

0
CD

¦

B
"cö

-9.
o
o
CD
> OJ

1— OO CO -i— uo
oj oj co co r^-
oj oj -3- r~~ ot

B o

_co
co
CD

¦*£.
o

8
>
o000 J2oooo

co r~- 1— oj r- o
CO CS -i— LO -i— CO

¦ CM cm ¦* N cn

cz
co

jo
co
CD
cz
cz
CO

o co ot -<3-
O LO CZ) lo ,—
1- r- lo oj ¦

B B B
(D s 00 n cn
CJ N N S '"

o r-~ lo oj

o

00

CD
>
"cz

ZJ <
CO ist.
t- LU
^ Q_

o

"cd
O ü

CD
"

^s
CD
>¦.
X>

o o

CD CD
ü

CD

"CT "CT T3

-£-- O 1-

OO OO OJ 1— T—

.2 .2 _*- .*- 1*.
lll lll lll lll lll
Q_ Q_ D_ D_ Q_

CO
CO CO CO CO CO
OJ CO -^1- LO CO
<

„
_ .*.

co in in
Ol. Q_

< < co

cz
o

o
CO
CD

cz
o

"o
co
CD

cz
COco

xz
o
CD
CO
CO

__

CD CD
E E
o o
CL Q.

CD
CO
CO

OJ
00
co
o o

CO
LO gco Ei

CO ¦*
LO -*

1 es

cp cp
-

- io n - -o CD CD
co n v,' \' co co 00

- ch cb & & ch «£ <. cd

°? CD Fo<<CD<CDoP
h^coüco-co o < o cdo 3 £ oP
< 3 ö S2 6 g cd iz^<<<< g £ <

o 8 cd5 o cd < üFoo<P t ^oü < ^ < 5? o rf O CD fcl CD O 5 h <o

o 1- u o " h 5 o ü t- < ü < i£i oo
< ^ 5 CD P ü h <OüOü< fc- ^^i
O (3 S O ^ Ü ü ÜÜ<H-C30 F ^nn < C-) fn cj i_ c5 l_ <c O O ci o — C3Cj? S h P ö t g o<üh^ 5 < o

< < CD 5 (5 ü h ü CD CD CD t 5 J=! <ü5<Ü(5Ü<CD oÜOCDPp o CDCD
PCDCD h CDÜÜ ü CD < ü CD F I- CD ü
CDOCDOOCDCD h ü CD CD ü CD O CD I-

¦ 1 1 1 ¦ ¦ 1 1 1 1 1 1 1 1 __i __i
^LbLOLbLOLOLO LOLOLOLOLOLO LO LOLO

CDCDCDCDCDCDCD CD CD CD CD CD CD CD CD CD
EEEEEEE EEEEEE E EE
r^LOLOcoLOLOco coooocz>c3 o ojoj
•^- t- t- t- t- t— t— -i-OJOJOJOJOJ OJ OJOJ

co D_ Ü_ GL

< INI

< co co
2 Q- Q_

1^
co
OJ

CO

-1= CD

o

CO
CD

CO
co
OJ

CD iS
*- CO

CO CO
U_ CD

LO «

CO "*

co &
CT) CO
u- E
CD O
CD J=
^2, co

E ^
£ co
2 cp
CT) "O

¦o
CO

CO

CD CO

c^ B

CD

cz
o
o
cö"
CO
OT

co

CD
x:

E
co^
CO

CD

Lo

¦CT
CD
sz
o
co
3=:
co
CO
CD

CD er» O
-}- LO O
U

ofthe ufrom nt
fluo pgonp

co CD 0

don ffer intr

tartco pBLS: vingd tation
in co ^j

CD
O -£Z E

c- \ CO 1
-

-*-j CD cr

< lylink 3LUUC e
poi

CD 8 l c-
.C CD ^—•

O "0 "CT
CO
CD

CO LO
'sT s

CD "cö O ¦CT
CD CD CD

CO
CZ

in
c
c CD

CD CO CO CT

tid CO CO O

ucleo 9LUIJC U9S9J 9|onu
cz

CO CD "8
0 T k—

CT

CT) z> CD rli
cz

rsal b
rfl

CD
¦CT

CD cz CZ
JU a> x:

0
ZJ

E > CD
ZJ cz CO c-
Z =D UJ H-
cö JD 0 T3



22 Chapter II: Phenylalanyl-tRNASynthetase Mutants

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 füll expression of plasmid genes from the lac promoter was re¬

quired, IPTG was added to 0.5 mM final concentration. Plate tests for the analysis
of Phe-analogueresistance were done on minimal medium plates containing 100

mM KH2P04, 50 mM Na2HP04, 12 mM (NH4)2S04, 1 mM MgS04, 0.1 mM CaCI2
and 0.4 % D-glucose in 1.5 % agar. The mediumwas supplementedwith thiamine-
HCI (5 Lig/ml) and, when required, with amino acids (50 Lig/ml), other Vitamins (5
Lig/ml), ampicillin (150 ug/ml) and IPTG (0.25 mM). D,L-p-F-Phe (Sigma Chemi¬

cals, St. Louis MO, USA) was present at 200 Lig/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. RecombinantDNAtechniques

Restriction endonucleasesand DNA modifying enzymes were purchased
from Boehringer (Mannheim, Germany) or Pharmacia (Uppsala, Sweden) and

used as recommended by the supplier. [cc-32P]dATP (3000 Ci/mmol) was from
Amersham (UK). Cloning, transformation, plasmid isolation and nick-translation
were performed using Standard procedures (Maniatis et al., 1982; Sambrooket al.,
1989). For Southem-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 radiolabelledprobe was nick-translated

Plasmid pHE3; 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 % Polyacrylamidegel as described

(Sambrook et al., 1989). Dye-primerswere further chromatographedon 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

accompanyingpaper (Käst etai., 1991).
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3.5. Cloningof mutant pheSgenes

ChromosomalDNA 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 H/ndlll. The presenceof the

10.25 kb EcoRI/H/ndlll fragment carrying pheS (see Fig. 1(a)) was verified by
Southern blot hybridizationwith the radiolabelledpheS 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 EcoRI and H/ndlll. Aftertransformation of the

thermosensitiveE. coli strain NP37 (pheS*3), selection at high temperature (40°C)
on ampicillin plates allowed only growth of cells containing pheS on Plasmids
(PlasmidspKSC-X; see Table 1).

3.6. DNAsequenceanalysis

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

PolymeraseI (Pharmacia, Uppsala, Sweden) or Sequenase™(a modifiedT7 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

[a-32P]dATP (3000 Ci/mmol; Amersham, UK) by the conventional methods de¬
scribed in Sambrooketai., (1989), which were improved by the method of uniform

labelling by Tsang & Bentley(1988). For the opposite Strand,pfteS-specific5'-end-
labelled dye-primerswere usedthat allowed automatized sequencing (Smith etai.,
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-strandedDNA sequencing, 1 pmol of purified plasmid DNA was denatured
and subsequently sequenced with [oc-32P]dATP 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; MadisonWl, USA).

3.7. Polymerasechain 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 & Arnes, 1989) by using different concentra¬

tions of the primers flankingthe complete pheS gene (Table 2; see later in Fig. 6).
The reaction mixture contained50 ng of bacterial chromosomal DNA as template,
50 mM KCl, 10 mM Tris-HCI, pH 8.5, 2 mM MgCI2, 100 Lig/ml gelatine and 200 liM

each of dATP, dCTP, dGTP and dTTP in a volume of 50 ul. 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-ElmerCetus, Norwalk CT,

USA) and then 70 ui mineral oil (Sigma Chemicals, St Louis MO, USA) were

added. Amplificationwas performed by 35 cycles of denaturation (1 min at 94°C),
primerannealing (2 min at 67°C) and primer extension (1 min at 72°C), the last ex-

tension step lasting 10 min. The PCR productswere analysed on conventional1.5

% 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. Preparationof protein extracts

The procedure used was essentially that described by Grüll 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 rieh 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 ml

PRS buffer (0°C; 20 mM Tris-HCI, pH 7.5, 0.2 mM EDTA, 6 mM ß-mercapto-
ethanol, 30 mM NH4CI, 10 mM MgCI2), centrifuged again (5'000 x g, 20 min, 4°C)
and resuspended in 8 ml PRS buffer containing 1 Lig/ml DNAse I (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 (O'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 S140 ex-

tract was adjustedto 50 % glyceroland 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 assayswere repeated
several times and the calculated values (hyperbolic calibration curve; Peterson,

1983) typically had a Standard deviationof 5 % or less.

3.9. Determination of PheRS activity in vitro

The PheRS assaywas based on the methods given by Kosakowski& Bock

(1970) and Corner & Bock (1976). Enzymatic activitywas measured by attachment

of L-[14C]Phe to tRNA. The reaction mixture contained (in a total volume of 250 llI)
100 mM Tris-HCI, pH 7.5, 10 mM KCl, 10 mM MgCI2, 2 mM reduced glutathione,2
mM adenosine triphosphate, 2.4 mg/ml E. coli tRNA (from strain MRE600;

Boehringer, Mannheim, Germany) and 20 llM L-phenyl-[1-14C]alanine (20
mCi/mmol;Amersham,UK). After addition of S140 protein extract (usually 4-8 Lig,

suitably diluted in 20 mM Tris-HCI, pH 7.5, 0.2 mM EDTA, 6 mM ß-mercapto-
ethanol, 50 ug/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 washedwith 2 x 5 ml of the trichloroacetic acid Solutionand 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 llM 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 graphicallyfrom at least 5 independent data points taken

from 0 to 10 min; backgroundslopes (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. Cloningof mutant pheSgenes

To determine the mutations responsible for the altered Substrate binding phe-
notypes of PheRS, the mutant pheS gene regions (10.25 kb EcoRI/H/ndlll frag-
ments, Fig. 1(a); Fayat etai., 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-mutagenizedPhe 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/H/ndlll fragment from

Plasmid pHWO (Table 1) into the vector pUC19 in analogy to the procedure for the

mutant genes.

4.2. Identificationof pointmutationsin the clonedpheS genes

As shown in Fig. 2, the pfteS-containing SmaVHindU 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 designationsas above) allowed the production of single-strand
DNA from the coding Strand. In addition, expression of the corresponding pheS
genes from the lac 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 pfteS-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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Sma I /HindU

pheS
ATG

TAA

Sma HindW

R*lac

pKSB2 X
(4 kb)38

bla

Sma\

l
strong expression of pheS

Figure 2. Subcloning of pheS genes. The pKSC-X plasmids obtained after cloning of the chro¬
mosomalpheSTregion were digested with Smal and HindW and the 1181 bp blunt-end pheS frag¬
ment was isolated and ligated to a Smal-IinearizedpBluescript KS (+) vector (pBLS). Both insert

orientations (pKSB1 -X and pKSB2-X) were required to allow the isolation of both pheS single
Strands. The pKSBl-X plasmid type could be utilised for high expression of pheS from the lac Pro¬
moter (Plac) when fully induced with IPTG. AatW and ßamHI 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 ß-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 publishedwild-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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Orientation1:[a-32P] dATP

PEKA10 >

PEKA11 > ?

_—, »

PEKA8>—
PEKA9 >

»

».

PEKA7 > ?

M13u> ?

Sma\ pheS HindW/Sma\

ATG TAA
+ 1 +982

< -36M13
-4 < PEKA2S

< —¦< PEKA3S
¦4— < PEKA4S

< < PEKA5S
« < PEKA6S

100 bp
Orientation2: DNA sequencer I I

Figure 3. Sequencingstrategy. 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

sequencingof mutantand wild-type genes in parallel. The ränge of each readable sequence is indi-

cated. The plasmids used are described in Fig. 2 and Table 1. Single-strandDNA from pKSB1-X
(orientationl) was sequenced with radiolabelled nucleotides, pKSB2-X (orientation 2) with fluores-

cent primers and automateddetection. 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 nucleotide572 deter¬

mined by automated sequencing. The individualbases 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¬

spondingexchange in the coding Strand was a G to A transition representingmutation D191 which

is responsiblefor the increase of the KM for Phe in PheRS of strain G1. (b) Autoradiogramshowing
the sequences around nucleotideposition 880. All sequencingreactions for the samebase 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 sequencingpatterns. Mutation S294, consisting of a G to T exchange, is

clearly visible in p/jeSfromthe two p-F-PheR strains (K and A).
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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 a 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 auxotrophicphenotypeof strain G1.

nine codon was due to an error in the previous sequence determination (C/G-
switch at nucleotide positions220/221). 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 PEKA8, 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 primerextensionStarts) 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-asparticacid exchange at

position 191 in the a subunit. It causes the Phe auxotrophicphenotypeby increas¬

ing the KM for Phe in PheRS (Grüll 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 thermosensitivestrain KA2 at 37°C or 40°C, unless pheT was also present on
the plasmid. These data confirmedthat pKSB1-G expressed an cc subunit that was

inefficientand/or thermosensitive; both phenomenawere demonstrated previously
by Grüll et al. (1979) for G1 PheRS in vitro and in vivo. We did not further examine
this mutation for reasons discussed below.

The mutationfound in both pheS genes from the independentlyisolated 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-serineexchange at amino acid

Position 294. This mutation, termed 'S294', which resided at the C-terminus of the

a 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 consequencesof this Gly-to-Aspreplacement (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-dimensionalstructure 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 investigationson position294.

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 unambiguouslythat 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 oligonucleotide-directed
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mutagenesisyielding plasmid pKSB1-M4S (the mutagenesis is described in detail

in the accompanyingpaper by Käst etai., 1991).
Initial attempts to assaythe pheS plasmids in the NP37host (PheRSts) were

not successful because of a high background due to recombinationwith the chro¬

mosomal gene. Therefore, strain KA2, a RecA" variant of NP37, was constructed

by generalizedP1 transduction. The pKSB1 plasmids were transformed into KA2,
in which the pheS genes were fully expressed by addition of IPTG, and the PheRS

phenotypewas 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 sensitiveto 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 transformedRR28 on p-F-Phe-containingplates, there¬

fore, is an indication for a wild-typepheS gene presenton the plasmid. (Use of this

feature was madepreviously in the development of a cloning System allowing 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-PheRparental strains AB1360-12 and K10-F6 on Phe-analogue
plates (/'. e. growth) and in the PheRSassay (/. 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: althoughthe cc subunit was over-

produced, the PheRS activities showed chromosomal levels due to a limiting
amount of ß subunit that was apparently expressed normallyfrom the chromoso¬

mal pheTgene. This was confirmed in the accompanyingpaper (Käst 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

permissivetemperature for growth (Table 3). This had already been observedpre¬
viously for NP37 (Eidlic & Neidhardt, 1965) and was ascribed to decreasedstabili¬

ty of the mutant enzyme under in vitro conditions (Neidhardt, 1966; Bock, 1968).
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Table 3: PheRS activityofpheS mutants tested in vivo andin vitro3

A
Strains carrying In vivo growth testsb PheRS activity0
chromosomal pheS Rieh medium (LB)

30*C 40'C

MMc, 28'C

only -p-F-Phe + pF-Phe [14C]Phe pF-[14C]Phe

HB101 (wild type) 4+ ++ +c 0 3.08 1.53

AB1360-12(p-F-PheR) ++ ±° ++ ++c 2.54 <0.03

K10-F6 (pF-PheR) -H- -H- ++ + 2.48 <0.09

RR28 (p-F-PheR) ++ ++ -H- + n.t.e n.t.e

KA2 (PheRSts) ++ 0 n.t.e n.t.e <0.10 <0.08

B
Plasmids carrying pheS In vivo growth testsb PheRS

in plasmid-bea

activity
in strain KA2 in strain RR28 ring KA2 straind

(expected phenotype) (PheRSts) (p-F-PheR, recessive)
LB, Amp,IPTG MM^Amp, IPTG; 37°C

30°C 40'C -p-F-Phe + p-F-Phe [14C]Phe pF-[14C]Phe

pBLS (vector) ++ 0 ++ + <0.02 0.00

pKSB1-W (wild type) -H- -H- ++ 3.20 1.71

pKSB1-A (pF-PheR) -H- ++ ++ + 2.48 <0.09

pKSB1-M4S(pF-PheR) ++ ++ ++ + 2.49 <0.13

pKSB1-K (pF-PheR) ++ 0 -H- ± £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.

c The minimal medium (MM) of each strain was supplementedaccording to its requirements (Table 1).
Individualstrains may behave differently in vivo due to their dissimilargeneticbackgrounds.

d Activity is in nmol Phe or pF-Phe attached to tRNA per min and mg protein in S140 extracts at 28°C.
e n.t.: not tested.
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Whilst the wild-type and mutant S294 pheS genes could complement KA2,
this was surprisinglynot 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 exchangeat position 98 of the PheRS oc sub¬
unit is responsible for the thermosensitivityof 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 >4ai1l/ßa/7?HI 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-
Phe8 phenotypeby preventing any growth of transformedRR28 on p-F-Pheplates
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 a 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 thermosensitiveand p-F-Phes
oc subunit.

The inability of pKSB1-K to complement a PheRSts strain apparentlycontra-
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) showeda süghtly 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 PheRSts strain, probably due to the si¬
multaneouspresence 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 associatedwith the pheSgene 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-mediatedamplificationof the chromo¬
somal pheSgenes 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 (Wrischniketai., 1987).

Sma\

PSCA

ur

Mutation
D98

100bp

ATG

PEKA8N

—r
\

HindW

pheS
TM PSCZ

1100 bp,

Figure 6. Strategy for the directsequencing of the region aroundpheScodon 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

possessedmutation D98 (Fig. 7).

(a)
PCR-DNA

A A H K N 0 A
Sequencing

€»f»l»«S3

L n

dsDNA
1100 bp

ss DNA
1100 nt

(b)
AB1360-12 K10-F6 NP37 HB101

(p-F-PheR)(p-F-PheR) (PheRS,s) (Wild type)
TCGATCGA TCGA TCGA

p'-- ja^»
=¦

*

<

GGTGGT GGT GAT

* ** *
9898 98 98 GlyGly AspGly

= D98

Figure 7. Sequencingof 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-strandedDNA 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 X indicate the
size marker (^-DNA digested with EcoRI and HindlW). nt, nucleotides. (b) Sequencing ladders ob¬
tained from single-strandedPCR products (see (a)) that were sequenced with PEKA8N as primer.
The codons corresponding to amino acid position 98 of the PheRS a subunitare 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 thermosensitivityin NP37

The PheRSts 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 possesseshigh recombinationacti¬

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 RecA+ strains, pheS mutations were efficiently
transferred to F1 plasmids carrying the correspondinggenomic regions (homogeno-
tization).

The experiences from cloning the pheS*1* mutation D98 on plasmid pKSC-K
showedthat it should be possible in general to clone a varietyof 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 ß subunit of PheRS (Grüll et al., 1979).
Similarly, the amplificationof the genes for an unstable MetRS (from a methionine

auxotrophicyeast mutant; Chatton et al., 1987) or a thermosensitiveAlaRS (Jasin
& Schimmel, 1984) allowedto 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 aß dimer
was found (Bock, 1968; Corner & 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 aß 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 residueshas been observed in TyrRS (Jones etai., 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 'oligomerizationdomain' (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 PheRSa 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 a 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 K^ 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 KM of the NP37 PheRSwas thus

either a consequence of the aforementioned,weakenedsubunit 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 mechanismas described above. So far, affinity labelling experiments did

not help to identify amino acid residues in the E. coli PheRSa subunit involved in

tRNA binding (Hountondji et al., 1987; Khodyreva, et al., 1985).

5.2. From PheRS mutationsto 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 thermosensitivityof 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-tRNAsynthetases, examples of

KM 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 K^ 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 I aminoacyl-tRNAsynthetases (Burbaum
et al., 1990). In a yeast MetRS mutant, Chatton et al. (1987) found the cause for
an elevated K^ for methionine and for thermosensitivityto 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 I 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-Aspexchange, as it is
the case with mutation D191 in PheRSof strain G1.

As a member of class II aminoacyl-tRNA synthetases, the PheRS a subunit
contains all three conserved sequence motifs which define this group (Eriani et al.,
1990a), but none of the typical sequences for class I enzymes. It was proposed
that the three motifs are part of a super-secondary structureand constitutea func-
tional domain analogous to the nucleotide binding fold in class I synthetases
(Eriani et al., 1990a). Interestingly, the K^ mutation D191 (Gly-to-Asp) maps within
motif 2, only 4 residues away from a totallyconserved arginine. In eight out of 17

aligned wild-type sequences, a Gly is present at that position, whereas the yeast
cytoplasmicPheRS has an Asp residue there (Eriani etai., 1990a). In this context

it is worth mentioning that the yeast enzyme displays a five-fold higher r^ for Phe
as compared to the E. colienzyme (Gabius et al., 1983). The increase of the /^ in
the D191 mutant PheRS (from strain G1) was 15-fold relative to the wild type
(Grüll et al., 1979). It is temptingto 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 II synthetases. This is supported by the crystal structure of SerRS

(Cusacket al., 1990), the only class II 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 PheRSa subunit residues adjacentto position 191, form one

insidewall of this cavityand may well be involved in Substrate binding.
S294, the PheRSa 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 PheRSa subunit pre¬

cisely within motif 3, another conserved region in class II synthetases (Fig. 8;
Eriani et al., 1990a). A closer inspection of motif 3 around position294 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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'Phe binding region'

Escherichia coli 285

Salmonella typhimurium .

307

Bacillus subtilis

Yeast mitochondria 324...y k

Yeast cytoplasm 450...l -

Motif 3 consensus

294

I D P Eevysgfafgmgmerltmlry

eiysgfafgmgmer l t m l r y

k e yJn gfafgmgveri a| m l 0Jy
sIeIt I GIW A F gIlIg IlTdIr I AML L F

D P

..321299... F D P

E 346

kk]d P [T ML R V L G W L E R K Y ...471

gd>gd>gOe R H H $

Figure 8. Alignment of PheRSsmall subunitsequencesencoded by the pheSregion around
the position of mutation S294. The pheS gene products from E. coli (Fayat et al., 1983), B. sub¬
tilis (Brakhageet 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 derivedfrom a partial pheS sequence of S.
typhimurium (B. Keller and P. Käst, unpublished work). Numbers indicate the first and the last resi¬
dues shown here for the respectivesequences. 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 ai, 1983), rescaled as indicated in the
UWGCG sequence analysisSoftware package, release 6.2. In addition, the motif 3 consensus se¬

quence of class II synthetases is aligned(adapted from Eriani er 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. Käst, 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 accompanyingpaper (Käst 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 II aminoacyl-tRNAsynthetases.
Again, this proposal is in agreement with the topology of the homologous se¬

quence in the structureof SerRS (Cusack etai, 1990). The position corresponding
to the motif 3 residue 294 of the PheRS a subunit participatesin a ß-sheet buüding
the bottom of the putative active site. Both positionscorrespondingto the PheRS a
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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 II synthetases as it was found

among class I members (Burbaum et al., 1990). The completion of the crystal
structure of class II 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 ß
subunit (which shows no homology to other synthetases) seems to be involved in

tRNA binding in E. coli (Khodyreva et al., 1985; Hountondjietai., 1987) and yeast
(Sanni et al., 1991) and might contribute to an active site located at the aß
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 etai., 1990a; Eriani et al., 1990c),
in E. coli AsnRS (Anselme & Härtlein, 1991) and in yeast PheRS (Sanni et al.,
1990) which dramatically impairedenzyme activity.

From an increasedKM value for ATP in AsnRSmutated in motif 3, it was re-

cently proposed that motif 3 might participate in ATP binding in class II synthe¬
tases (Anselme & Härtlein, 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 etai., 1989).

5.3. A model for the mechanism of p-F-Pheresistance

The fact, that in p-F-PheR strains the süghtly bigger Substrate analoguep-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 PheRSa subunit makes direct con¬

tact with the para-position of the aromatic ring of Phe. In wild-type PheRS, the
Ala294 would thus allow tight fitting of the analogue (and the natural Substrate) into
the binding pocket (Fig. 9, left side). By contrast, Ser294 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 Substrateanaloguecan enter the Phe binding pocket. In a
strain resistant to the analogue, the mutation leading to the replacement of Ala294 by Ser294 (on the
right) prevents p-F-Phe from productivebinding, 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 Ä) and F (1.47 Ä) 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
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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 determiningamino acid specificity in the PheRS hydrophobic pocket
(Santi & Danenberg, 1971). If, as suggested, Ala294 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-directedmutagenesis experiments presented in the accompa¬
nying paper (Käst et al., 1991) provide evidence in favourof our model for the ba-
sis of p-F-Phe resistance, but speak against the involvementof 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 thermophilusPheRS (Chernaya et al., 1987; Ankilova et al.,
1988) suitable for X-ray structural analysiswas a promisingstep towards this goal,
and, therefore, we are currentlyengaged in determiningthe nucleotide sequence
ofthe T. thermophiluspheSTgenes.
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1. Abstract

In the accompanying report, an alanine-to-serineexchange at position 294 in

the a subunit of phenylalanyl-tRNAsynthetase (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
II aminoacyl-tRNAsynthetases, was proposed to be part of the Phenylalanine
(Phe) binding pocket of PheRS. To test this hypothesis, we replacedthe alanine at

position 294 as well as the two flanking Phenylalanines(positions293 and 295) by
a number of selected other amino acids. An expression System was designed to

assayfor 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 enzymewith 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 alterationsin 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

aminoacylationof 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-proteinogenicamino acids into proteins is discussed.
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2. Introduction

In the preceding paper (Käst & 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 a subunit of the tetra-

meric (a2ß2) phenylalanyl-tRNAsynthetase (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 II

aminoacyl-tRNAsynthetases (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 (Käst & Hennecke, 1991). This hypothesis was
further tested in the presentwork.

One aspect in this reportdeals 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 Phenylalaninebinding 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 (Käst & Hennecke, 1991). The
two amino acids flanking position 294 are Phenylalanines(Fig. 1; Fayat et al.,
1983). As a working hypothesiswe considereda 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 substantiallyto
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 (Hangaueret al., 1984). Aromatic binding sites have been de¬
termined in carboxypeptidaseA (Hartsuck & Lipscomb, 1971), thermolysin (Kester
& Matthews, 1977; Weaver et al., 1977), chymotrypsin (Steitz etai., 1969; Ringe et

al., 1985), subtilisin (Robertus et al., 1972; Estell et al., 1986), Trp repressor
(Zhang et al., 1987) and tyrosyl-tRNAsynthetase(Brick & Blow, 1987; Brick etai.,
1989). In all cases,the binding pocket for the aromaticring is mainly formed by hy¬
drophobic amino acids including aromatic residues. The excellent conservationof
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Mutagenized
position

293 294 295
* * 4

Escherichia coli 292... G F A F G
Salmonellatyphimurium
Bacillus subtilis

Yeast mitochondria

Yeast cytoplasm

G F A F G
306.. G F A F G
33,... GWA FG
466. V L G WG

large * *
..

hydrophobic J aromatic

small

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

the region around position 294 in PheRS of other organisms (Fig. 1; Käst &

Hennecke,1991) further prompted us to investigatethe effects that occurred after

replacing the Phenylalaninesat positions293 and 295 by other amino acids.

A second aspect in the analysis of the Phenylalaninebinding 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 structuresuch as trypsin (Craik et al., 1985) and subtilisin

(Estell etai., 1986; Wells etai, 1987a; Wells etai, 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, 19856). 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 proofreadingmechanisms have evolved in this enzymefamily 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-tRNAsynthetases simplyby changing Single amino acid residues. Nev¬

ertheless, aminoacyl-tRNAsynthetase mutants with altered Substrate specificity
exist. In the preceding paper (Käst & Hennecke, 1991), a PheRS mutationwas de¬
scribed that caused exclusion of the Substrate analogue p-F-Phefrom the enzyma-
tic reaction. In the presentwork, 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 mechanismpostulated for
discrimination against p-F-Phe (Käst & 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
(Käst & 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-

gousto the pKSB1 and pKSB2 -plasmids described by Käst & Hennecke,1991), in

which n indicates the last digit of the mutagenized position (293, 294 or 295) of the

PheRS a 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 5) and proteino-
genic amino acids were from Fluka ChemieAG (Buchs, Switzerland), and p-fluoro-
D,L-phenylalanine(p-F-Phe) from Sigma Chemicals (St. Louis MO, USA), o- and

rr;-Fluoro-D,L-phenylalanines,3-fluoro-D,L-tyrosineand all six di-fluoro substituted

D,L-phenylalanineswere kindlyprovided by P. Babczinski (Bayer AG, Leverkusen,
Germany).p-Deutero-, p-chloro-, m-chloro- and p-bromo- derivatives of L-phenyl-
alanine and ß-thien-2-yl-L-alaninewere synthesizedby Sergio Cantoreggi from D.

Seebach's group (Laboratoriumfür Organische Chemie, ETH Zürich; Seebach et

al., 1989). 14C-labelled Substrates were described by Käst & Hennecke (1991).

3.3. Microbiologicaland recombinantDNAtechniques, and DNA
sequenceanalysis

The procedures and materials used (e. g. sequencing primers PEKA10 and

PEKA2S) were described by Käst & 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-analogueresistance of RR28 strains carrying a pheS gene on a plas¬
mid were done as described in the preceding paper (Käst & 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-directedmutagenesis

To change Single or multiplecodons in wild-type pheS, the oligonucleotide-di¬
rected mutagenesismethod of Nakamaye & Eckstein (1986) was applied; it makes

use of in vitro selection of the mutagenized Strand, synthesized in the presenceof

a thionucleotide which renders this Strand resistant against degradation by specific
restriction endonucleases. Mutagenic oligonucleotides (Table 1) were synthesized
in an Applied Biosystems DNA Synthesizermodel 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 triethylamineacetate, 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 oligonucleotides 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 (containingthe wild-type pheS gene) was used which

was obtained after helper phage superinfectionof plasmid-carrying TG1 cells (Käst
& Hennecke,1991).

From candidate plasmid ebnes with mutated pheS genes, single Strand DNA
was isolated and analyzed by sequencing the mutagenized region with primer
PEKA10. The averageyield of clones containing the desired mutation was süghtly
above 50 %. Correctly mutated fragments (174 bp AaÜ\/Bs1B\) were excised from

the mutagenizedplasmid (pKSB2-type) and inserted into the expression plasmid
(pKSB1-type) as shown in Fig. 2. The absence of secondary mutations that could

have oecurred 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 analysisof protein extracts

Preparation of protein S140 extractsand determination of protein concentra¬
tion by the Lowry method were performed as described in the accompanying
paper (Käst & Hennecke, 1991). The content of PheRS ß and a subunits was

monitored by Western-blot analysis (Burnette, 1981) after Separation of protein
samples on a 10 % Polyacrylamidegel containing 0.1 % SDS (Laemmli, 1970).
Proteins were eitherstained with Coomassie Blue or transferredto a nitrocellulose

membrane (Hybond-C; Amersham,UK). For gel electrophoresis and blotting, the
Mini Protean II Dual Slab Cell and the corresponding transfer cell from Bio-Rad

(Richmond CA, USA) were employed. As primaryantibodies, rabbit antisera (y-im-
munoglobulin fraction) raised against wild-type PheRS or islolated oc subunits

(Hennecke et al., 1977) were used. The immunological staining of the membrane

was done essentiallyas described in the Immun-Blot Assay protocol (1988) from
Bio-Rad (Richmond CA, USA) using goat anti-rabbit IgG/alkaline Phosphatase
conjugate as secondaryantibody. 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, Göttingen,
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
Käst & Hennecke (1991). Initial velocities of aminoacylation (expressed in nmol

Phe attached to tRNA per min and mg protein) in S140 extracts from KA2 cells

harbouringmutant 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 /<m values, Phe concentrations of 4 uR 20 u,M

and 80 uM 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 K"M data, approximate apparent /c^t
values were deduced from the Michaelis-Mentenequation

*cat=Vi (Km + [S]) / [Elo [S] (Fersht, 1985a)

using initial velocities (vj) at 28°C, Phenylalanine concentration [S]=20 |iM and a

total enzyme concentration [E]0 which was estimated by comparison(of the ß sub¬

unit band) to knownPheRSStandards on Western blots.

The effect of a change in Substrate specificity of mutant PheRSs was asses-

sed by performingthe Standardassay (5 or 10 min incubation at 28°C) in the pres¬
ence of a 50-fold excess (correspondingto 1 mM of the L-enantiomer)of one or

more potentially competing Substrates. Differential competition effects of p-

deutero-L-phenylalaninecompared to the natural Substrate were analyzed by titra-

ting both substances over a concentration ränge of 0.5 uM to 1 mM. All competi¬
tion assayswere 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-competedincorporation.
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4. Results

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

The purpose was to specifically exchange the amino acids in positions 293,
294 and 295 of the PheRS a 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 oc 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 showedno PheRS activity in vitro

even at 28°C (Käst & Hennecke,1991). (ii) To avoid an interference ofthe chromo-

somally encoded thermosensitiveoc 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 lac promoter.Nevertheless, the plasmidial pheS expression did not af-

fect the amount of PheRS holoenzymesproduced because both oc and ß subunits

were needed to form an active enzymeand the chromosomallyencoded ß subunit

was limiting (see Discussion).

Specificenzyme activities in the aminoacylationtests were calculated relative

to protein concentrations in the S140 extracts. This was justified on the basis of

the high reproducibility of specific activity values (Käst & Hennecke, 1991) and

was furthervalidated by Western-blotanalyses (Fig. 3) which showedthat the con-
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Figure 2. Experimental strategy for oligonucleotide-directed mutagenesis of pheS genes
and subsequentanalysis of mutant PheRSs. Single Strand DNA of pKSB2-W carrying the wild-

type pheS gene was mutagenizedusing 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 Strandsfrom strain TG1 and sequenced to screen for mutations in

the region around codon 294. From plasmids containing the desired mutations, a 174 bp
AalH/Bsß\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 mutantpheS genes from

the lac promoter (P/ac) 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 (Käst & Hennecke, 1991). The in vivo phenotypes of RR28 and KA2 cells trans¬

formed with pKSB1-X were analyzed on agar plates. Tests in RR28allowed conclusions about Sub¬

strate specificity; growth of transformed KA2 at high temperature indicated that the oc 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 mutagenizedfragment indicates the position of the

sequencingprimers. bla, gene for ß-lactamase conferring resistanceto ampicillin; ts, thermosensi¬

tive; ssDNA, Single stranded DNA. Only the relevant genotypes/phenotypes for the strains used are

indicated; a completelisting is provided in the preceding paper(Käst & Hennecke, 1991).

centration of (activity limiting) ß subunit was essentiallythe same in all S140 ex¬

tracts, irrespectiveof strain type and presence or absence of (mutant) pheSgenes
on plasmids. By correlatingthe scanned intensities of ß bands from S140 extracts

with those of the PheRS Standards, a typical concentration of 0.029 nmol

PheRS/mg S140 extractwas obtained (Mr=248'000;see Käst & Hennecke, 1991).
Based on this and on the determinations of apparent K^ 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 agreementwith the previously determined

kcaX for aminoacylationby 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 oc

subunits of PheRS were not present at the expected high level when compared to

controls without plasmid pheS genes. The amount of oc subunit varied between 1.1

and 8.3 times the value of the host strain KA2. This phenomenonwas observed

with three different antisera raised against the oc subunit or the PheRSholoenzyme

(data not shown) and was supposed to be due to degradation of excess free oc

subunits. The relative oc subunit levels did neither correlate with the PheRS acti-

vity/thermosensitivityin the S140 extracts nor to the mutationtype, e. g. the mutant
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variants Val294 (low activity) and Trp293 (high activity) had overproductionfactors
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 chromosomallyand one plasmid encoded oc subunit; Hennecke, 1976),
thermoinactivation tests were carried out. Hybrid tetramers containing the PheRS
oc 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 obtainedat 28°C (see below).
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4.2. ReplacingPhenylalanine 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 PhenylalanineSub¬
strate, Phe293 was exchanged against Gly, Cys, Val, Tyr or Trp. All mutants were

active in complementingthe thermosensitive strain KA2 (Fig. 4(a)), and in vitro ac¬

tivity at 28°C showed a maximalreduction of 30 % for the Gly293 and Trp293 vari-

ants relative to the wild-type Phe293(Fig. 4(b)).
With a wild-type pheS gene in KA2, we obtaineda K^ value for Phe of 7 uM

which is in excellent agreementwith the value of 6.6 |iM obtained previously under
similar conditions for a wild-type strain (Grüll et al., 1979). This result was further
confirmed with our PheRS wild-type strain HB101 (data not shown). Figure 4(c)
shows that KM 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 Phenylalaninebinding 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 exceptionof
Cys293,there may be a tendency to favour a residue with a surface area compara¬
ble to Phe (especiallyat high temperature). The süghtly thermosensitivebehaviour
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 exchangesat position 293 of the PheRS oc sub¬
unit. The amino acid variants are arranged in the order of increasing surface area of the residue at

the corresponding mutated position (Rose er 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(±), 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^ and KM values at 28°C calculated as described in Materialsand Methods.
For determination of Zc-^, 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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(d) In vivo activity:complementationof KA2 at 40°C

Postition 293 pBLS
(vector)

Gly Cys Val Phe

(wt)
Tyr Trp

Growth at 40 °C: 0 ++ ++ ++ + + ++ ++

rieh medium;
ampicillin

(b) Initial velocitiesof aminoacylation at different
temperatures

Aminoacylation activity (nmol Phe / min mg)
6 T
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(wt)

(c) Approximate kinetic parametersat 28C
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4.3. ReplacingPhenylalanine 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 Gly295 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 Cys295 and

Val295, both non-aromatic residues, allowed the formation of complementing a
subunits and exhibited nearly wild-type activity at 28°C (Fig. 5(a,b)). Exchanging
Phe295 against Trp representsa 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 Val295 variants, a strong thermosensitivebe¬
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 KM 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

involvementof position295 in Substrate binding.
Insertion of a nonsense codon at position 295 (mutant M5) abolishedPheRS

activity completely (Fig. 5(a,b)). The absence of crossreacting material corre¬

sponding to this truncated oc subunit in the S140 extract (not shown) suggested
that this defective protein was rapidly degraded.

Figure 5. Phenotypic effects of amino acid exchangesat position 295 of the PheRS oc 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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(a) In vivo activity:complementationof KA2 at 40°C

Postition 295 pBLS Gly Cys Val Phe Tyr Trp stop
(vector) (wt) (M5)

Growth at 40°C 0 - ++ ++ ++ ++ ++ o

rieh medium;
ampicillin

(b) Initial velocitiesof aminoacylation at different

temperatures
Aminoacylation activity (nmol Phe / min mg)
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4.4. Replacingboth Phenylalanines at positions293 and 295

To rule out the possibility that one of the two aromatic residues alone was

sufficient for binding of the PhenylalanineSubstrate, 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 additionallyreplacedby
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 Val293A/al295 and Gly293A/al295 could

complement KA2 (Fig. 6(a)) and were active at 28°C (albeit with reduced rate)
proved that aromatic residues at positions293 and 295 are not at all required for
PheRS activity and Substrate binding. There were no significant alterations in the

apparent KM values for the double mutants, perhaps with the slight exception of

the Trp293/Trp295variant (Fig. 6(c)).
Taken together, the results described in this and the previous two sections

make it seem unlikely that Phe293 and Phe295 interact directly with the Phenylala¬
nine Substrate. However,the strongly reduced activitiesat 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 Trp^/Trp295 double mutant.

Figure 6. Phenotypic effects of simultaneous amino acid exchanges both at position 293
and 295 of the PheRS oc subunit. For description of the Figuresee legends to Figs. 4 and 5.
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(a) In vivo activity:complementationof KA2 at 40°C

Position 293/295 pBLS Gly/Gly Val/Gly Gly/Val
(vector)

Val/Val Phe
(wt)

Trp/Trp

Growth at 40 °C:

rieh medium;
ampicillin

0 - - + + ++ + + ++

(b) Initial velocitiesof aminoacylation at different
temperatures

Aminoacylation activity (nmol Phe / min mg)
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(c) Approximate kinetic parametersat 28C
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4.5. Do replacementsat positions293 and 295 change the
Substrate specificity?

An independent means to screen for Phenylalaninebinding 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 (Käst & 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-containingplates. Table 2A shows
that pheSgenes encoding the Gly295 mutant form (single or double mutations) or

the truncatedM5 variant allowed growth of transformed RR28. This indicated that

those oc subunits were inefficientor 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 acceptingthe ana¬
logue as Substrate. Table 2B confirms these results by showing that the ratios of

p-F-[14C]Phe/[14C]Pheincorporation into tRNA corresponded to that for wild-type
PheRS.

Figure 7 shows a selection of Phenylalanineanalogues and other Substrates
that were analyzed in vitroior competition with [14C]Phe incorporation catalysedby
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 showeda slight tendencyto compete with Phe

Figure 7. Substratesand Substrate analogues tested with PheRS mutant enzymes.Competi¬
tion tests were carried out in the presenceof a 50-fold excess (/. e. 1 mM) with respect to the rele¬
vant L-enantiomer (displayedin the Figure) as described in Materials and Methods. Dashedboxes

group amino acids that did not compete with wild-type PheRS and were therefore tested in pools
(each substanceat 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 aminoacylationof 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 & Bock, 1975). ß-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. coliPheRS (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-CI-Phe, m-CI-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 contributionsof individual components.
The data obtained from the competition tests with the mutant oc subunits did

not reveal a significant shift in amino acid Substrate specificity (Table 2C). This, to¬

getherwith the results from Tables 2A & 2B, again confirms that positions293 and

295 are not directly part of a Phenylalaninespecificity pocket.
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4.6. Mutating the alanineat position 294 affects Phe binding

In the preceding paper (Käst & Hennecke, 1991), an alanine-to-serine ex¬

change at position294 of a mutant PheRSex 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,Ala294was 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 Val294 enzyme were tiny at 40°C and apparentlydead
because, when restreaked, they were unable to grow even at 30°C. In vitro assays
confirmed the drop in PheRS activity for the mutants Cys294, Thr294 and Val294,
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 aminoacylationwith time in vitro,
but only at high temperatures (data not shown). This behaviour, alreadydescribed
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 mutationsdid not significantly destabilizethe

protein.

Significant differences appearedwhen 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 KM 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 K^ was increased to 164
% (mutant Gly294). An increase in size of the side chain of Ala294 to Ser also

caused an increase in KM, 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 largeramino
acid Ser, which may sterically interfere with optimal binding of Phenylalanine(see
Discussion). This argument also seemed to be valid for the largerside chain vari-
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ants Cys294, Thr294 and Val294 through which the KM was increased to 247 %,
179 % and 117 % of the wild-type value, respectively(Fig. 8(c)).

Although kcat of mutant Ser294 was increasedto 142 %, the catalytic efficien-

cy {kcat/KM) was reduced to 34 % of the wild-type level. As shown in Fig. 8(c) for
mutants Cys294, Thr294 and Val294, the apparent A^ values were lowered to 29

%, 31 % and 18 % yielding catalytic efficiencies of 12 %, 18 % and 16 %, respec¬

tively. Obviously, the decrease in A^ becamedramatic as soon as a residue with

a volume largerthan Ser was inserted. A lower /c^ could indicate either a general
distortion of the overall conformationof 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 oc 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:complementationof KA2 at 40°C

Postition 294 pBLS Gly
(vector)

Ala

(wt)
Ser Cys Thr Val

Growth at 40°C: 0 ++ ++ ++ + + ±

rieh medium;
ampicillin

(b) Initial velocitiesof aminoacylation at different
temperatures

Aminoacylationactivity (nmol Phe/ min mg)
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(c) Approximate kinetic parametersat 28°C
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4.7. Position294 is a major specificity determinant

The differential effects of position 294 mutants on Phenylalaninebinding 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 carriedout with the substances shown in Fig. 7 and

using assaysdescribed in section 4.5.

(a) p-F-Phe incorporation andcompetition

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]Pheincorporation (Fig. 9) revealed the followingcharacteristics: mu-

Ratio pF-[14C]Phe/[14C]Pheincorporation (?)
and

p-F-Phecompeted remaining [14C]Phe incorporation (A)
1 -

0.9 -

0.8 - . Gly\ / \

0.7 -

0.6 -

/ \

/ \

0.5 -

0.4 -

Ala

A Cyl— Thr
0.3 - -a\ j ^A
0.2 -

^
-^

0.1 -

0 - 1 1
? Ser

H 1 1— 1 H 1 1

60 70 80 90 100 110 120 130 140 150

Amino acid volume at position 294 [in Ä3]

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 [14C]Phe as Substrates
are displayed together with the remaining [14C]Phe incorporation in the presence of excess com¬

peting, unlabelledp-F-Phe (no competitor added equals 1). The assays were carried out at 28°C.
The values are plotted againstthe volume of the corresponding position 294 amino acid (Chothia,
1984). The wild-type enzyme (Ala294) is underlined.
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tant Gly294 (ratio p-F-Phe/Phe= 0.90) incorporated p-F-Phe essentiallyas well as

the cognate Substrate Phe, in contrast to the wild type (Ala294; ratio = 0.53). As ex¬

pected (Käst & 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-exeluding(Ser294) variants; the differences to the wild

type, however, were at the limit of significance. With a ratio of 0.53, the Val294 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 incorporationwas 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 ränge of the isotope dilution effect, /'. e. the value obtained

by adding the sameconcentration of unlabelled Phe to the assay (Tables 2 and 3).
In the Ser294 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 correspondingratios 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 Ala294 variant) was

present on a plasmid. In contrast, the presence of a Gly294 mutant a subunit pre-
vented any trace of growth. This p-F-Phe 'supersensitive1 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 andSubstrate 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 aminoacylationby the Gly294 and the Ser294 mutants. The effect of Tyr in mu-
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Table 3: Effect of SubstratesandSubstrateanalogueson position 294 mutant
PheRS activities

| Wild type Position 294 mutant oc subunits Vector

A In vivo growth tests: mutant plasmids in strain RR28 (p-F-Phe resistant)3

Minimal medium,
37°C Ala294 Gly294 Ser294 Cys294 Thr294 Val294 pBLS

- p-F-Phe

+ p-F-Phe

+ + + +

0

+ +

+

++

±

++

±

++

±

+ +

+

B In vitro competitionof Phe incorporation by Substrate analogues (in %)b

Substance Ala294 Gly294 Ser294 Cys294 Thr294 Val294

Phec 6% 7% 5% 10% 8% 11%

Tyr 93% 53% 51% 92% 89% 91%

aa-pool 1 94% 89% 89% 106 % 98% 95%

aa-pool2 101 % 91% 100% 109% 98% 101 %

aa-pool3 97% 88% 98% 104 % 94% 96%

aa-pool4 100% 94% 96% 107 % 101 % 94%

p-F-Phe 26% 8% 90% 59% 46% 27%

m-F-Phe 53% 34% 45% 65% 59% 49%
o-F-Phe 71% 63% 73% 85% 77% 65%

3-F-Tyr 105 % 89% 88% 100 % 102 % 101 %
ß-thien-2- 57% 69% 38% 62% 70% 53%
ylalanine
aa-pool 5 97% 20% 96% 101 % 106% 108 %

aa-pool 6 85% 41% 82% 84% 86% 80%

a See legend to Table 2. Growth of Single colonies is specified from good growth to no growth at all,
in the order: ++> + >±>->0.

b The competitionassaywas carried out as described in Materials and Methods with an estimated
errorof10%-15%.

c Isotopedilution effect (positivecontrol) by addition of a 50-fold excessof 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 interactionsbetween the

p-hydroxyl groups of the Substrate analogues (Tyr or 3-F-Tyr) with the Ser294 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 ß-thien-2-ylalaninein the Ser294
mutant (Table 3B). The increased competition effect could be interpreted to result
from favourableH-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 Ser294 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 Ä (or 0.6 %) than a C-1 H bond; Bartell et

al., 1961; Mitchell & Phillips, 1975). RemainingL-[14C]Phe incorporationwas 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 p^H-Phe within the

accuracy of the experiment (±5 %).
The most striking differentialcompetition 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-CI-Phe caused
a reduction of Phe incorporation catalysed by the Gly294 PheRS of more than 70

%. Even a Phe derivativewith 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, showedalso

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-CI-Phe (Table 4).



88 Chapter lll: ChangingPhenylalanyl-tRNASynthetase Specificity

Table 4: Competitioneffectsby individualmembers of amino acid
pool groups 5 and6 on PheRS mutant Gly294and the wild

type*

Competing Substrate

analogue
% RemainingPhe incorporation in PheRS variant:

Gly294 Ala294 (wild type)

none

Phe

para-chloro-Phe
para-bromo-Phe
mefa-chloro-Phe

2,3-di-fluoro-Phe
2,4-di-fluoro-Phe
2,5-di-fluoro-Phe
2,6-di-fluoro-Phe
3,4-di-fluoro-Phe
3,5-di-fluoro-Phe

100%

7%

28%

46%

99%

92%

80%

98%
103%

56%

93%

100%

3%

105%

104%

102%

99%

97%

98%

102%

94%

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

ränge of 5 %.

(c) In vivo phenotypesofPheRSmutants:growth on different Phe

analogue-containingplates

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-containingagar 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 thermosensitivePheRS 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 sensitiveonly to p-F-Phe, an analogueshown
to be incorporated into tRNAPne and subsequently into (defective) proteins (Fig. 9;
Richmond, 1962; Fangman & Neidhardt, 1964; Käst & Hennecke, 1991). If the

Gly294 mutant gene was present, the strain showed extreme sensitivity not only to

p-F-Phebut also to the p-CI-Phe and p-Br-Phe analogues (Table 5). This indicated

that a PheRS which contains Gly294 mutant oc subunits possesses a broadened

Substrate ränge in vivo (see Discussion).
The addition of tyrosine to agar plates showedno growth inhibition,neither in

cells carrying wild-type pheS, nor in those with genes for Gly294 and Ser294 mutant
a 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 assayingmutated genes for essential proteins
at normal cellular levels

(a) The chromosomal êncodedß subunitis limiting

The activity of the mutant PheRSa subunits was measured in S140 extracts

of a host strain with a thermosensitive PheRS (KA2: lesion in pheS; Käst &

Hennecke, 1991) which carried the mutated pheS genes on a multicopyexpres¬
sion vector. The high gene dosage of plasmidial pheS, used to outcompete poten¬
tial effectsComing from the chromosomal copy, did not influencethe PheRS activ¬

ity level. PheRSwas shown to be active only if both a and ß subunits were present
(Hennecke & Bock, 1975). Therefore, the chromosomallyencoded ß 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. Aminoacylationvalues in protein extracts from three different
strains were identical to the activitiesobtained with the host strain KA2 that carried

the corresponding pheS genes on plasmids (Käst & Hennecke,1991).
The synthesis of the activity-limitingß subunit was not influenced by the pheS

gene dosage. This was shown directly by Western-blotanalyses which demonstra¬
ted a constant relation between S140 protein content and amount of ß subunit for
all mutants, irrespectiveof the presence or absence of pheS plasmids. Analogous
results regarding the expression of the pheSTOperon have been reported earlier

(Springer etai, 1983; Springer etai., 1985).

(b) Expression of PheRS oc subunitvariants

The low amount of oc subunits seen in Western-blotsafter overexpression of

plasmid-encoded pheS gene products was unexpected. The observedconcentra¬

tions ranged from 1.1 to 8.3 timesthat of the host protein and contrastedwith over-

production factors (more than 100 fold) of other proteins using similar Systems (e.
g. by Eriani et ai, 19906). An artifact in the Western-blotanalyses caused by dif¬
ferential binding of anti-wild-type-PheRS antiserum to different mutant oc subunits

appeared unlikely since 3 independentlyobtained antisera showed similar cross-

reactions. Furthermore,even the wild-type oc 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 ß subunits. Free oc subunits might be recognized as abnormalcel¬

lular components and could induce degradative processes (Goff & Goldberg,
1985). A low amount of PheRS ex subunit, when expressed without ß, was already
observed in earlier reports (Plumbridgeetai., 1980; Plumbridge & Springer, 1982).

That the inactive, truncated mutant form M5 (33 amino acids missing at the

C-terminus)was not visible on Western-blotsmay 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 ß subunit. All other mutants, however, were

shown to be able to compete with the chromosomallyencoded oc subunit in strain

RR28 to engage with the ß subunit in the formation of a holoenzyme (Tables 2A &
3A). A correlationbetween high aminoacylation activity and relatively high content

of overproduced PheRS oc subunit in S140 extracts could not be found (see
Results, section 4.1.). This indicates that the absence of excess free oc subunits

does not interfere with the determination of mutant PheRS activities, as long as the

stoiehiometricrelation of oc to ß subunits is not below one.

(c) Backgroundactivity of the hostoc subunit

The host pheS gene productswere thought to represent a minority as com¬

pared to the plasmid-expressed oc subunits. However, the appearanceof degrada¬
tive processes and the existence of low activity mutants made an examination of

backgroundactivities necessary. Host-encoded 0^2 homotetramershad no activ¬

ity in vitro at 28°C (Käst & Hennecke, 1991). The presence of a considerableper¬

centage of hybrid tetramers (containing one chromosome- and one plasmid-en-
coded oc 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 thermosensitiveand one p-F-Phe exeluding oc subunit, were shown to in-

corporatethe 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 oc subunit by a factor of 2 (Fig. 3). Although the influence of

hybrid enzymes in cell extracts with comparably high aminoacylationactivities may
be neglected, a contributionto the low values of some thermosensitivemutants (e.
g. those containing Gly295) cannot be excluded. Thus, the activities obtained in

those casesmay be overestimates.
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(d) Generalapplicability of the expressionmethod

The method described for assaying in vitro mutagenizedessential 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 outcompetedby high expression of the mutant gene on a high copy
number replicon. Nevertheless, the activity level appears to stay in the normal cel¬

lular ränge 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 dependenton the presence of all subunits.
The availability of (conditional) mutant strains is an advantage, but the assay could
do without, providedthere are means to quantitate backgroundactivity.

5.2. The role of the aromatic residues at positions293 and 295 in
the et subunit

In this work, the two Phenylalanine residues flanking position 294 of the
PheRS oc 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 essentialfor activity. Determinationof apparent
KM 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 II aminoacyl-tRNAsynthetases(Eriani etai., 1990a). Its importance in E. coli

PheRS was clearly demonstrated with the Phe295-to-Gly295exchange, which
showeda dramatic loss of activity in vitro and in vivo. However, the other mutant oc

subunits (exeluding 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 normallysynthesized in ex¬

cess (Plumbridge& Springer, 1982), and that the applied assay conditions did not

require maximal PheRS activity.
When the enzymeswere tested in vitro, a drastic thermosensitivebehaviour

was apparent with several PheRS mutants, indicating a general destabilizationof
the protein structure (Grütter et al., 1979; Matthews et al., 1987; Menendez-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 structurewas 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 unfavourableinteractions. 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 positions293 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 Trp^/Trp295 variant had a

süghtly increasedKM value for Phe.

Thermosensitivity of the PheRSfrom strain NP37 (the parent strain of KA2;
Käst & Hennecke, 1991) was speculatedto be due to (reversible) dissociation into

aß dimers (Bock, 1968; Corner & Bock, 1976; Käst & Hennecke, 1991). From an

analysis of reversion frequenciesof thermosensitive PheRS mutants it was pro¬

posed that many sites could be involved in subunit interactions(Bock, 1968). A

model of the quarternary structure of PheRS based on neutron small-anglescat-
tering also proposedextended contact areas between the subunits (Dessen et al.,
1990). Therefore, it may be possible that the reversibly thermosensitivePheRS
mutants constructedin 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; Käst & 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 biochemicalaffinity labelling data. Using a Phe affinity label,
Khodyrevaet al. (1985) could locatethe Phe binding site on the oc subunit, which is
consistent with our results. However, when reactive ATP and aminoacyladenylate
analogues were used, both oc and ß subunits were labelled, indicating that the cor¬

responding binding sites were close to the subunit interface. The crosslinkingsites
for different reactive derivatives of tRNAPhe were all confined to the ß subunit. It

was thus proposedthat the active site of E. coliPheRS is located at the aß 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 aß contact region (Baltzinger et al., 1979; Renaud er

al., 1982; Fasiolo et al., 1989; Gabius et al., 1983b). Based on an analysis of E.

coli GlyRS a and ß 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-tRNAsynthetase having an 02ß2 subunit structure,
and was shown to be immunologicallyrelated to E. coli PheRS (Nagel et al.,
1988). Interestingly, sequence homologies between both enzymesare restricted to

the presenceof motif 3 in the small subunit and, hence, to the region analyzed in

this work.

5.3. Changingthe Substratespecificity by mutating Ala294

The most interesting effects were obtained, when position 294 was mutage¬
nized. From KM determinations and competition with Substrate analogues it

seemed obvious that the binding of the amino acid Substrate was affected. Al¬

though variations in apparent KM valuesfor the cognate Substrate were only within

one order of magnitude, they are comparableto the factor of 2 obtained after mu¬

tating one of the specificity-determiningresidues in TyrRS (Tyr34 to Phe34; Fersht

et al., 1985). With PheRS, wild-type like activitywas only obtained, when the small
amino acids Gly, Ala and Ser were present at position 294; Cys, Thr and Val led to

a strong decreasein aminoacylationat 28°C and showeda strong thermosensitive
behaviour at 40745°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 topologyof 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 atposition 294

The mutant Cys294showeda tendency for exclusion of p-F-Phe. This pheno¬
type corroboratesthat of the structurally similar Ser294 derivative and can be ex-

plained by a mechanismanalogous to that proposed in the preceding paper (Käst
& 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'saromatic ring and residue 294 (see be¬

low). An interesting approachfor 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
etai., 1989).

(b) Ser atposition 294

The Ser294 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 (Käst & Hennecke, 1991), this is thought to be due to steric and/or

polar interactionsbetween 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 KM 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 agreementwith 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 süghtly
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 comparableSubstrates.

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 hydroxyl 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-productivebinding. This assumption is in agreementwith 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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ĈH

7s Va

yA z

K H !
VX /

294Gly

+NH,^ ^COO"

CH

ZX
CH

V
>. H /

Ala294
(Wild type)

+NH^ ^COO

>S
CH

5?

ZI
pH2 H

vWV
Ser294

Figure 10. Hypothetical model for interactionsbetween amino acid Substratesand position
294 residues in PheRS oc subunitvariants. (a) The Substrateanaloguep-F-Phe is accommoda-
ted best in the binding cavity of the Gly294 variant, whereas Ser294 does not allow completeenter¬
ing of p-F-Phe into the binding pocket. (b) The para-hydroxylgroup 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 Ser294 variants may be possibledue 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 PheRSsuggests that significant misacylation of tRNAPhe
with Tyr does not occur.

Besides a non-productivebinding, there is another explanation why the com¬

peting Substrate Tyr is not incorporated by PheRS. As with other aminoacyl-tRNA
synthetases, the evolution of PheRShas led to intrinsic mechanismsthat 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 (Käst & Hennecke,
1991), one would predictthe formation of an enlarged cavity for accomodatingthe
para-position of the aromatic ring of the amino acid Substrate when Ala294 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, Phenylalanineanalogues 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 aminoacylationby 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 Ser294 vari¬
ant (see above).

Further evidence for an increased cavity for the para-position of the amino

acid Substrate in the Gly294 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 distinguishp-F-Phe from the natural Substrate. Interestingly, the

yeast cytoplasmic PheRS, which happens to have a Gly residue at the corre-



Chapter lll: Changing Phenylalanyl-tRNASynthetase Specificity 99

sponding sequence position (Fig. 1), also discriminates much poorer against p-F-
Phe than the wild-type E. coli PheRS: the ratio (^cat/^ivl)phet0 (^cat^M)p-F-Phe is

4.5 times higher for the E. colienzyme(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 betterentering
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
variantwas extended to Phe analogues with para-substitutents largerthan fluorine

(van der Waals radius: 1.47 Ä; Bondi, 1964): Unlike the wild type, mutant Gly294
allowed p-CI-Phe and p-Br-Phe (van der Waals radii: CI, 1.77 Ä; Br, 1.92 Ä) 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 a 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 (Table4). For reasons of analogy to p-F-Phe and parallelismto other Systems
(e. g. incorporation of furanomycin by MeRS; 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 supportthis
contention (Hortin & Boime, 1983). Furthermore, radiolabelledanalogues(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 proteinengineeringand/or Chem¬
ical modification was achieved for the proteases subtilisin (Estell et al., 1986),
trypsin (Craik, et al., 1985) and carboxypeptidaseY (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 tRNATvr 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 agreementwith the idea that proofreading mechanismswere

optimizedsolely to discriminate against noncognateSubstrates 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 toleratespara-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 Gly294 mutant PheRS, for instance, may be used to incor-

porate a variety of Phe analogues into proteins of pharmaceuticalinterest such as

Polypeptide growth factors (James & Bradshaw, 1984) or endocrine peptide hor-

mones (Douglass etai., 1984; Lynch & Snyder, 1986). The resulting artificial Poly¬
peptides could have novel pharmacologically interesting properties. We are cur¬

rency 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 etai., 1974; Lu etai., 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 PheRSmutants Ser294 and Gly294
demonstrated that aminoacyl-tRNAsynthetases can be specifically 'tailored' by
mutationto use Substrates of interest.
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5.4. Summingup

With the set of amino acid exchanges introduced at positions 293, 294 and

295 of the a subunit of E. coli PheRS, we obtaineda survey on the importance of
these residuesin a well conserved region. From mutationsthat negatively affected

enzyme activity (especiallyat position 295) it emerged that this region is essential

for aminoacylationby E. coliPheRSand implicated the importance of the generally
conserved sequence motif 3 of class II aminoacyl-tRNA synthetases (Eriani et al.,
1990a). In the preceding report (Käst & Hennecke, 1991) we proposeda 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 effectson
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-tRNAsynthetase, 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 workand for the Suggestionto 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 Dürselen for scintillation

counting. This work was supported by a grant from the Federal Institute of

TechnologyZürich.
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CHAPTER IV

Design of Systems for the Incorporation of
Non-ProteinogenicAmino Acids into Proteins

1. Introduction

1.1. PheRS mutant Gly294, an enzyme with relaxed Substrate
specificity

In Chapter lll, a mutant phenylalanyl-tRNAsynthetase (PheRS) gene con-

structed in vitro was described whose product deviated from the Escherichiacoli

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 efficientlyas 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 lll). 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;gor. gene of interest; IFN-a2: human in-
terferon-oc2; IPTG: isopropyl-ß-D-thiogalactopyranoside;kb: kilobasepair(s); p-CI-Phe: p-chloro-
phenylalanine;p-F-Phe: p-fluoro-phenylalanine; ts: thermosensitive;XxxRS: aminoacyl-tRNAsyn¬
thetase for amino acid Xxx in three-letter-code.
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(Hortin & Boime, 1983; Kohno etai., 1990).
These features provide an excellentbasis for the use of the Gly294 PheRS, in

an appropriate genetic constellation, to deliberatelyincorporate various Phe ana¬

logues into Polypeptidesin 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 I will outline the theoretical possibilitiesand 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 manyamino 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, includingviral Polypeptide maturation and cleavage
of signal sequences (Wilson & Hatfield, 1984). Substitutionof 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 assemblycaused by replacement of amino acid residueswith

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 etai., 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 methodologymade use of bacterial strains that were auxotrophicfor 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 replacedby 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 analogueto be incorporated into the lac repressor. At the time of ana¬

logue addition, the synthesis of the lac repressor was drastically enhanced by heat

induction of a prophage carrying the corresponding lad gene. In contrast to the

system designed by Sykes etai. (1974), this strategy allowed the use of a prototro-
phic strain (Tyr+) without having the disadvantage of substantialendogenous syn¬
thesis of the natural competitorTyr. 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 etai., 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 ränge of in vivo incorporated amino acid analogues.
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2. Generalstrategies 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 intotRNA in vitro, an important
prerequisitefor 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 concreteexample 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 analoguethat will be chosenfor incorporation is p-CI-Phe. There is

evidence (Chapter lll) 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 biosynthesisof aromaticamino acids and its regulation in E. coli.
Each bold face arrow designates an enzymatic reaction in the anabolism of aromatic amino acids.
The arrowsbetween chorismate and aromatic Vitamins, however, stand for multiple steps not fur¬
ther considered here. Thin lines and arrows point to enzymeswhich are feedback-inhibitedby 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 cellulartRNAPhe genes (Gavini & Davidson, 1990; Pittard et ai, 1990).
This suggeststhat attenuationis the exclusivetype 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 tRNATrP), in addition to repression. Shikimate kinase I is

constitutively expressed. Onlythe regulated key enzymesare shown by name. DAHP, 3-deoxy-D-
arab/no-heptulosonate 7-phosphate; (Xxx)s denotes the DAHP synthase isoenzyme sensitive to

amino acid Xxx (three-letter-code). The data in this Figurecome from reviews by Herrmann (1983),
Garner& Herrmann (1983), Camakaris & Pittard (1983), Somerville (1983) and Pittard (1987).
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synthesis can be suppressedby adding Tyr and Trp to the growth medium. These
aromatic amino acids should repress and feedback-inhibitvarious enzymes in the

aromatic amino acid biosynthetic pathwaywhich are also used for Phe production.
Furthermore, the later addition of the Phe analogue p-CI-Phe may directly inhibit

the Phe sensitive enzymes of this pathway and, therefore, further lower the

amount of endogenous Phe, which would otherwisecompete with incorporation of
the analogue. The regulation of the aromatic amino acid biosynthetic pathway by
its endproducts is illustrated in Fig. 1.

(b) Choice ofthe targetprotein

Human interferon-a2 (IFN-a2) 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 ofthe various cel¬
lular processes modulated by interferons is the interferencewith virus proliferation
(Stewart, 1981). Several features make IFN-a2 suitablefor our test system: (i) The
(mature) protein with its 165 amino acid residues (Streuli etai., 1980) is in the size

ränge 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 etai. (1988) and Sykes etai. (1974), respectively. (ii) The IFN-a2 gene con¬

tains 10 Phe codons which could direct Phe analogue incorporation. (iii) IFN-oc2

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-containingIFN-cc2 can be
compared with the help of a well established biological assay (Nagata et al., 1980;
Weber et al., 1987). (v) IFN-a2 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 (carryingthe pheS allele for the production of a thermosen¬
sitive PheRSa subunit; see Chapter II) 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. Thefunctional elementsof this test

system are described in detail in the text. Key restriction sites used to constructthe plasmids are

included. pheSts and pheSM4G encode the thermosensitive and relaxed-specificity oc subunits of
PheRS, respectively. The types of replication origins (ori) are indicated. Resistance against chlor-

amphenicol(CamR) and ampicillin (AmpR) are mediated by chloramphenicol acetyltransferaseand
ß-lactamase, encoded by cat and bla, respectively. Plasmid pPtacT7oc2 contains the Cop" muta¬

tion, the efficient T7 gene 1.1 ribosomal binding site (RBS) and the IFN-a2 gene of pPIT7oc2
(Thatcher & Panayotatos; 1986) allowingfor high expression of IFN-ct2. The interferon gene is ex¬

pressed from a tac promoter which can be blocked (in the absence of the inducersubstanceIPTG)
at the Operator site (lacö) by constitutivelyexpressed lac repressor (encoded by lacty.

the Gly294 variant. It can be constructed easily by replacing the 951 bp
Aafi\/BamH\ fragment of pHE3 (Henneckeet al., 1982) by the 326 bp Aarll/ßamHI

fragment from the pr>eS expression plasmidpKSB1-M4G(see Chapter lll and Fig.
2 in Chapter II). A similar construct (termed 'pHE3-W') which carries the wild-type
pr?eSgene will be obtained by using the correspondingAal\\/BamH\ fragment from
Plasmid pKSB1-W (Chapter II). Although not always mentioned explicitly, all tests

should be done with the wild-type pheS plasmid (pHE3-W) in parallel as negative
control (/'. e. no p-CI-Phe incorporation).

The second plasmid pPtacT7a2 is a ColE1 derivativeand expresses IFN-a2.

Unfortunately, the plasmid used earlier for high expression of IFN-oc2 (pPIT7oc2;
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 pPIT7oc2 (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

EcoRI fragment of pPIT7a2, carrying PI (H. Weber, personal communication), by
the 1.54 kb EcoR\INru\ fragment from the vector pJF118EH (Fürste et ai, 1986),
after providing the latter with EcoR\ linkers. The fragment from pJF118EH contains
the IPTG-inducible, strong tac promoter (Amann et al., 1983) and a constitutively
expressed lac repressorgene (lacl0) 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 II) to obtain EcoK-modified DNA before transformingKA2
(HsdR+M+)with the plasmids.

(d) Strategy for Phe analogue incorporation

The following protocol is a recommendationhow incorporation of p-CI-Phe
into IFN-a2 might be achieved. In stage I, the host strain KA2 harbouring both

Plasmids is grown at 40°C in the glucose-minimalmedium (Chapter II) containing
in addition 1 mM Trp, 1 mM Tyr, 5 ug/ml thiamine-HCI, 150 u.g/ml ampicillin and 20

u,g/ml chloramphenicol.When an optical density (A550) of about 1.0 is reached, the
Phe analoguep-CI-Phe is added (e. g. at 2 mM final concentration of the L-form)
and the IFN-cc2 gene is induced by addition of IPTG at 2 mM (stage II). The

PheRSmolecules present in the cell should now contain predominantlythe a sub¬

units of the Gly294 type due the multicopy effect of the plasmidial pheS gene.
PheRS containing two chromosomally-encodedthermosensitivea subunits is in-

active at 40°C (see Chapters II and lll). This ensures that charging of tRNAPhe is

mainly achieved by the Gly294 variant which recognizesp-CI-Phe as a Substrate.

After further incubation at 40°C for 3-6 h, the cells are harvested and the IFN-oc2 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
activitycan now be determined (Nagata etai., 1980; Weber etai., 1987).

2.2. Verificationof analogue incorporationinto proteins

There are several possibilitiesto check whether an analogue has been incor¬

porated into protein (Hortin & Boime, 1983). However, it should be mentionedhere
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that some of the procedures described will only provide indirect evidences for a

successful incorporation.

(a) Aminoacidanalysis

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 detectedanalogue / [analogue + na¬

tural amino acid]). This method was applied to determine analogueincorporation in

a variety of studies (Sykes et al., 1974; Lu et al., 1976; Gueguen et al., 1980;
Pines etai., 1981; Koide etai., 1988). Amino acid analyses can be carried out with

amounts as low as 0.1 to 5 u.g of a 25 kDa protein (correspondingto 4 to 200

pMol; Ozols, 1990).

(b) Radiolabelled amino acidanalogues

Another strategy could be applied if the analogue is available in a radio-

labelled form. This allows a direct demonstrationof the incorporation into total pro¬
tein (Fangman& Neidhardt, 1964; Lu et al., 1976) and may even permit the ana¬

lysis of analogueincorporation 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 Polyacrylamidegel and subsequent auto-

radiography(perhaps in conjunction with a Western blot to immunologicallyidentify
the correct band). However, it cannot be ruled out a priori that the analoguewas
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 hydrolysethe 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 Substitutionyield.

(c) Radiolabelled Phenylalanine

If the radiolabelled analogue is not available, incorporation experiments sim¬

ilar to those just mentioned may also be carriedout 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 comparisonof assays with the Gly294 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) Analysisof 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/translation 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 Polyacrylamidegels.

2.3. Somecomplications and potentialpitfalls

The application of an amino acid analogue to a growing bacterial cell may
produce several unpredictedand undesired effects, e. g. a low absolute yield of

targetprotein compared to the yield without the analogue or low Substitutionratios.

The causes of some of these effects are discussed in the following, and possible
counter-measures are proposed.

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

The yield of Substitution of a natural amino acid by its analoguesmay be low

because the analogueis not efficientlytransported 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-encodedgeneral 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 ß-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 maybe inactivatedafter 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 etai., 1974; Koide et al., 1988). The problem might be overcome by lower-

ing the analogueconcentration to a non-toxic level; however, this could also result

in a reduction of the Substitution yield. Altematively, one might think of establishing
conditions that prevent any incorporation of the analogue into proteins other than

the desired target protein (see strategiespresented in section 3).

(c) Analogue-substitutedproteinsmayinduce a heatshock-like
response

It is knownthat accumulation of abnormal Polypeptides in the cytoplasm of an
E. coli cell may lead to induction of heat-shockgenes (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 synthesizedheat-shock pro¬
teins, the Lon protease (also termed 'La1, encoded by the Ion 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 analoguefor being incorporated intotRNA (Gueguen et al., 1980).

To preventthe unfavourableinductionofthe 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; Grossmanet al., 1984). Such strains show

a decreasedproteolytic activity (Goff et al., 1984; Maurizi et al., 1985); however,
they are thermosensitiveand 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 Ion 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 Polymerasetranscription system.
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3. Proposaisfor Phenylalanineanalogue incorporation
Systems in vivo: Four variationson a theme

In this section, four alternative Systems for the production of analogue-substi-
tuted target protein are described. The strategiesare designed for high Substitution

yields, /'. 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 developmentof an optimal system.
The necessary constructions of the individual strains and plasmids will not be de¬

scribed in detail.

3.1. VersionA

(a) Description of the functionalelements of the system(Fig. 3)

Plasmid 1 (contains the targetgene)
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 lac repressor

system (see below). Expression vectors with the T7 promoter and a highly efficient
ribosome binding site (from T7 gene IQ, Olins & Rangwala, 1989; Olins &

Rangwala, 1990) have been describedwhich could serve as a basis for construc¬

tion of plasmid 1 (Rosenberget 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, VersionA. The system is de¬
scribed in detail in the text and in Table 1. arots encodes a thermosensitiveenzyme of the aromatic
amino acid biosynthetic pathway. pheSM4G encodes the PheRS a subunit which confers relaxed
Substrate specificity. The origin of replication [ori) of each plasmid is indicated. bla and cat encode

ß-lactamase and chloramphenicol acetyltransferase conferring resistanceto ampicillin (AmpR) and

chloramphenicol (CamR), respectively. lacOshows the location of the lac Operators; f indicates a

transcription terminatorstructure for the bacterial RNA Polymerase. Locations and orientations of
the T7 and lac Promoters (P77 and P/ac) are shown as well as of the genes lacfi (encoding the

constitutively high expressedlac 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, lac repressor blocks the lac and T7 promoters. This repression is relieved after induction
with IPTG, and T7 RNAPolymeraseStarts 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 (lacla; Calos, 1978; or even lacP1; Beyreuther, 1978). The RNA Poly¬
merase of bacteriophage T7 specifically transcribes genes (here goi) controlled by
a phage T7 promoter (Tabor & Richardson,1985; Studier et al., 1990). This trans¬

cription proceedseven in the presence of rifampicin, which binds to the ß subunit
of the host bacterial RNA Polymerase and thereby inhibits it (Scaife, 1976; Wehrli
etai, 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 lac re-

pressor/operator system takes care of regulating goiexpression. 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 expressionis prevented due to

occlusion of the Promoters of the T7 RNA Polymerase gene and of goi by lac re¬

pressor molecules binding to lac Operator sites (lacO) (Fig. 3). This 'double repres¬
sion' of goi expression is recommendedsince it is known that basal (uninduced)
levels of T7 RNA Polymerasecan lead to considerable(occasionally lethal) tran¬

scription from a T7 promoter (Tabor & Richardson, 1985; Studier etai., 1990). Re¬

pression mediated by the lac 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 lac Operator to the transcription Start site may be
useful for maximum repression of the promoter (Elledge & Davis, 1989). In the
case presented here, the lac Operators are designed to occur in tandem (Fig. 3).
This should further improve repression efficiency, since it is known that the lac re¬

pressor acts cooperatively at appropriately spaced Operators (Besse et al., 1986;
Mossing& Record, 1986; Krämer et al., 1987; Krämer etai., 1988; Gralla, 1990). A
transcription terminator (for the host bacterial RNA Polymerase) in front of the T7

RNA Polymerasepromoter should further prevent undesirable basal transcription.

Host strain

Both plasmids are harboured by a host strain which providesthe relaxed sub-

strate-specificity PheRS variant Gly294 whose oc subunit is encoded by the chro-
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mosomalpheSM4G gene. In addition, this strain carries a mutation in pheA leading
to a thermosensitivePhe 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 (addedexternally) and therefore favours analogue incorporation.
Other useful phenotypesof the host strain include the RecA" markerto avoid

homologous recombination events and the absence of a host-specific restriction
endonucleasesystem (HsdR") to facilitate cloning. Mutations in Ion, clpA, dnaJ
and ompTmay help decrease proteolytic activity and stabilize the target protein
during synthesis and purification (Grodberg & Dünn, 1988; Gottesman, 1990;
Studier et al., 1990). Practical Solutionsfor the construction of suitable E. coli host
strains with diminishedproteaseactivitiesare given by Gottesman (1990).

(b)Successive stepsin the incorporation system,version A

Theseare listed in Table 1. For additional information consult Fig. 3.

(c) Comments to version A

Two features of the proposedincorporation system potentially induce a heat-
shock response: (i) the accumulation of abnormal Polypeptides in the cell and (ii)
the temperature upshift used for shuttingdown 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 observedfor the host RNA Polymerase (Lindquist, 1986). Furthermore,the
addition of rifampicinblocks the expressionof heat-shock genes. The use of heat-
shock protease deficient host strains (ton, dnaJ; Gottesman, 1990) should help eli-
minate undesired degradationof the target protein.

The main drawback of this system may be the incorporation of Phe ana¬

logues into T7 RNA Polymerase. Substitutionof most or all of the 37 Phe residues
(Moffatt etai., 1984) by the analogue might lead to impairedtranscriptionefficiency
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 lac 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 belowmay
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solve this problem since they use different means of Controlling T7 RNA Poly¬
merase activity.

3.2. VersionB

(a) Description of the functionalelements 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 lacFi gene and, additionally, the strong and inducible X P|_ Pro¬
moter (see below). This promoter is orientated in such a way that, if induced, goi
antisensemRNA 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 observedboth at the transcriptional and translational levels. An example
for the latter case is the masking of the ribosome binding site on IS70transposase
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 excessover the target RNA (Coleman et al., 1984; Pestka et al.,
1984; Green etai., 1986; van der Krol et al., 1988; Helene & Toulme, 1990). In ad¬
dition to inhibitory effects of transcribed antisense RNA, convergent transcription
persemay interfere with gene expression. The causesof this phenomenon, refer-
red to as 'transcriptional interference', are probably collisions of transcribing poly-
merases (Elledge & Davis, 1989). An antisense promoter has already been ap¬
plied successfully to reduce the basal expression levels from a repressed T7 pro¬
moter (Studier etai., 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

Polymeraseis 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

antisenseRNA transcription from the X PL promoter and in parallel by repression
of the T7 promoter with lac 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 antisensetranscription).

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 PL
regulation system is used (Denhardt & Colasanti, 1988; Brosius, 1988). The func¬

tion of the X PL promoter region (available from Pharmacia, Uppsala, Sweden) was

described by Friedman& Gottesman (1983). The antiterminationmodules {nutL, N
and f|_-|) have been analyzed by Drahos& Szybalski (1981).

The X PL promoter is repressed at low temperatures by the plasmid-encoded
Ä. cl857 repressor (Tsurimoto et al., 1982) which is provided from a constitutive

Promoter (e. g. the lacla promoter or Pcon; Calos (1978) and Deuschle et al.

(1986), respectively). This thermosensitive repressor binds to the X Operatorsite(s)
(oL), thereby preventing transcription of gene A/and the T7 RNA Polymerasegene.
A transcriptionterminator upstream of the X PL promoter also reduces background
transcriptionactivity originating outside of X PL. Occasional transcriptionstarting at

the repressed X PL promoter is terminated with 80-90 % efficiency (Drahos &

Szybalski, 1981) at the rho-dependent fL1 terminator in front of the Polymerase
gene. Thus, both terminators serve to further lower the basal T7 RNA Polymerase
expression level.

Induction of the X PL promoter by raising the temperature to 42°C leads to ex¬

pression of gene N while transcription still terminates at /j_-|. 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 transcriptiontermi¬
nators (as fLi) downstream of nutL (Friedman & Gottesman, 1983; Roberts, 1988).
This allows füll expression of the T7 RNA Polymerase after a delay of a few min¬

utes (Luzzati, 1970; Kourilsky etai., 1971; Court etai., 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 X repressor cl857 (X clts) blocks transcription from the X Promoters
(X P[). This prevents transcription of the genes for the antiterminator protein (encoded by N) and
T7 RNA Polymerase. Background transcription from X PL in front of N is terminated with high fre¬

quency at the terminator fL1. Induction by a temperature upshift inactivates X dts and therefore
causes transcription at the X Promoters. This leads to production of the antiterminator which
enables the host RNA Polymerase, after passing nutL (AV-utilization site), to read through fL1,
causing transcription of the T7 RNA Polymerasegene. At the same time, antisense transcription
designedto interfere with goi expression startsfrom the X PL promoter on plasmid 1. Repression of
the T7 promoterby lac 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

Theseare 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 goiexpression is inhibited by repression {lac repressor) and convergent
antisensetranscription. Finally, target protein synthesis is fully induced in the pres¬
ence of the amino acid analogue by additionof rifampicin and IPTG. The antisense

promoter is designed here to be induced together with the expression of the T7
RNA Polymerasegene. This has the advantage that there may be no deleterious
influence of massivetranscription from the antisensepromoter on bacterial growth
or plasmid stability during phase I (Table 2). If it turns out that the uninduced level

of goi expression is still too high, a replacement of the antisenseX PL promoter by
a constitutive strong promoter could be considered {e. g. by PA1; Deuschleet 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 etai, 1981; Stueber & Bujard, 1982; Brown et ai,
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 Polymerasesynthesis 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 o/o/mRNA)will be needed to work out an optimal timing.



Chapter IV: Design of AminoAcid AnalogueIncorporation Systems 133

3.3. VersionC

(a) Description of the functionalelements of the system (Fig. 5)

Plasmid 1 (contains the targetgene)
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*1* 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 oc sub¬

units. To make sure that most PheRSmolecules contain pheS^G-encoded oc sub¬

units bythe time of Phe analogue addition, the pheT gene (encoding the PheRS ß
subunit) is presentas well (Fig. 5). Coexpression of pheS and pheTshould lead to

considerablePheRS synthesis (Plumbridge & Springer, 1982; Fayat et al., 1983).
To avoid deleterious effects of overproduced PheRS (with relaxed specificity) on
growth of the cells, the plasmidial pheSTOperonis expressed just beforePhe ana¬

logue incorporation Starts. This is achieved by placing the genes under the control

of the inducible X PL promoter. The other features of plasmid 2 are identical to the

corresponding plasmid describedfor version B in section 3.2.a. Expression of the

T7 RNA Polymerasegene 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 thermosensitiveenzyme (see Chapter II). By raising the cultivation

temperature,the PheRSenzymesencoded by the chromosomal pheSTgenes are

inactivated(as discussed in Chapter lll). Charging of tRNAPhe will then be accom-

plished by the plasmid-encoded PheRS. Other suitable markers of the host strain
are as describedfor 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 elementsof this Figure are essentially as

specified in the legend to Fig. 4, except that the gene for the PheRS oc subunitcausing relaxedSub¬
strate specificitydoes not reside on the host chromosome. Instead, a PheRSthermosensitive strain

(pheSts) is used which carries the mutation D98. Shortly before Phe analogue incorporation is re¬

quired, the PheRS genes pheSM4G (encoding the a subunit variant Gly294) and pheT (for the ß
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 analogueincorporation into the target pro¬
tein encoded by goi.
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(b) Successive stepsin the incorporation system,version C

Theseare 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 advantageof simplifying strain constructions in that the pheS^1413 al-
lele needs not to be integrated at the corresponding chromosomal pheS locus

whilst a pheS113 mutation is already present on the chromosome. On the other

hand, the presence of pheSTon the plasmid complicatesthe 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. VersionD

(a) Description of the functionalelements of the system (Fig. 6)

Plasmid 1 (contains the targetgene)
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 describedfor 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 X P|_ Promoters is extremely
low. A tight repression may be broughtabout by inserting transcriptionterminators
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 X PL (Gussin et al., 1983). Once induced by a temperature upshift, the

plasmidial pheSM4GpheTgenes are expressed from the first X PL promoter. Tran¬
scription originating from the second X 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 transcribinggoi. The delay in T7
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RNA Polymerasesynthesis 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 analogueused. In a first stage, this allows growth of host cells in the pres¬
ence of the analogue. When p-CI-Phe is used as an analogue, for instance, the

wild-type oc 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 oc subunit (encoded by pheS with mutation S294; see Chapter II) has to be

present. In both cases, it would be an advantage if the corresponding pheS-en-
coded oc subunits happened to be thermosensitive as well. This would allow ther-

moinactivation of the chromosomally-encodedPheRS at the stage during which
Phe analogueshave to be incorporated into the target protein (see below). When
p-CI-Phe is the analogue, the already existing chromosomal pheSfs 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 mutationsD98 and S294 would have to be con-

structed.

(b) Successive stepsin 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 characteristicfeature of
version D may be an advantageif 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 presenceof the analogue, conditions must be established preventing a detri-
mental incorporation into cellular protein in stage I. 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-typeenzymehaving a more narrow Substrate ränge
than mutant Gly294 will suffice. For p-F-Phe incorporation,the enzyme of choice is

the PheRS variant containing the oc subunit encoded by the pheSallele with muta¬

tion S294 (Chapter II).
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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 backgroundtranscription from the T7 promoterdirectly by
repressionand antisense transcription, more effort is put into loweringT7 RNA Polymerasesynthe¬
sis in the uninducedState. This is accomplishedby inserting more transcription terminatorsin 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 Substratespecificity 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 incorporatedinto the target protein, a pheS allele carrying
mutation S294 (p-F-Phe resistancephenotype) ought to be used. Raisingthe temperature leads to

expression of the genes for the relaxed-specificity PheRS variant Gly294 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 Polymerasegene and leads to goi expression.Since tRNAPhe is now chargedwith the pre-
vailing Phe analogue (by the Gly294 variant PheRS),the analoguewill be incorporated into the tar¬

get protein instead of Phe.
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At the time of expression of goi, the analogue-excludingPheRS 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-antiterminationmechanism involving gene N as described above. During the

resulting lag of goi expression, tRNAPhe can be charged with the Phe analogueto
obtain maximalanalogueSubstitution yields.

3.5. Isolation and purificationof 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, beforeone 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 characteristicphysico-chemicaland 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 & Abrahmsen, 1990; Uhlen & Moks, 1990).
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4. Applications

The analogueincorporation Systems proposed in section 3 are of interest in

two respects. First, new experiencewill be gained concerningthe assemblyof indi¬

vidual control elements for gene expression. It will be examined, if and how dif¬
ferent regulatory circuits can act together in more complexSystems. 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-containingproteins are of
interest both for research purposes as well as for potential pharmaceuticalapplica-
tion. Examples for the use of amino acid analogues in proteins for structure-func-
tion studies and as reporter groups for nuclear magnetic resonancespectroscopy
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 reasonableto speculatethat 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 modifiedfunctions.

4.1. Potential target proteinsof 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 structurecould alter the receptor re¬

cognition. This may lead to a narrowed or broadenedtarget ränge 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-substitutedpeptide hormones may be altered, as exemplified for

p-F-Phe-containingangiotensin II 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 producedby recombinant DNA technology in bacteria (Josephson &

Bishop, 1988; Uhlen & Moks, 1990), should also be suitable as targets in an ana¬

logue incorporation system.

4.2. Further perspectives

The incorporation Systemsdescribedin section 3 are designed to incorporate
Phe analogues, because of the availabilityof 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. Süghtly 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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CHAPTERV

Cloning of pheSGenesfrom Thermus
thermophilusand Salmonella typhimurium

1. Introduction

In Chapter II, two different PheRSmutationswere analyzed and the resulting
amino acid exchanges were localized in the primary structureof the PheRSa sub¬
unit. As deduced from their phenotypes, both mutationswere 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 lll. 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 topologyof a Substrate binding site must await the determi¬

nation of the three-dimensionalstructure.

1.1. Phylogenetically conserved sequences may identify func¬
tionallyimportant regions

As pointed out in Chapter II, 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 II 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 buüding the amino acid binding site in each

individual class II member (Chapter II). While the binding sites for different amino
acids in various class II enzymesmay share common features, this should even

more be true for aminoacyl-tRNAsynthetaseswith specificity for the same amino

acid, regardless of the organismicorigin. In fact, as emphasized in Chapter II, the
amino acid sequence around the motif 3 residue hit by mutation S294 showed a

particularly good conservation in all compared PheRS a subunits of different

origin.
Apart from the PheRS oc subunit of Escherichia coli (Fayat et al., 1983), the

sequences of the Bacillus subtilis (Brakhage et al., 1990) and Saccharomyces
cerevisiaecytoplasmic(Sanni etai., 1988) and mitochondrial (Koerner etai., 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

rationalizedthat amino acid differences in the PheRS oc 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 PheRSgenes was Thermus thermo¬

philus. T. thermophilusis 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 enzymewas expected to have been

optimized for thermostability and thus to contain additional amino acid replace¬
ments that reflect this property (Argos et ai, 1979; Menendez-Arias& Argos,
1989).
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Figure 1. Phylogeneticrelationship of prokaryotic organisms used for PheRS comparisons.
Only the relevant branches and qualitative phylogeneticdistances are shown in this tree. Organ¬
isms relevant for the PheRS comparisonstreated in this Chapterare 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 etai. (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 etai., 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 availabilityof 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 Ä (M. Chernaya, personal communication). The
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T. thermophilusenzyme is the only PheRSwhich 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 readilythan 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., 19906), aminoacyl-tRNAsynthe¬
tases of class II (Eriani et al., 1990). The crystals diffract to at least 2.0 Ä and 2.4

Ä, respectively,and seem appropriate for determination of the tertiary structure by
X-ray diffraction analysis.The three-dimensional structure has alreadybeen deter¬

mined for the class I enzyme TyrRS from the thermophilic Bacillus stearothermo-

philus (Brick et al., 1989). The other crystallized aminoacyl-tRNAsynthetases with
resolved structure include MetRS (class I; Brunie et al., 1990), GlnRS (class I;
Rould etai., 1989) and SerRS (class II; Cusack etai, 1990) from E. coli (see also

Chapter II). The structure of yeast AspRS (class II), whose crystals diffract to 2.7

Ä, 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 knowledgeabout the primary structure. Therefore,
the cloning and sequencing of the T. thermophiluspheS and pr»e7"genesencoding
the oc and ß subunits of PheRS, respectively, would be a major leap towards the

first three-dimensionalstructure, at high resolution, known for an aminoacyl-tRNA
synthetase of the o^fc type. Finally, co-crystallization of PheRS with the bound

Substrate Phenylalaninemay 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, 1990Ö).

2.1. Bacterial strains and DNA

All Escherichia coli strains used here have been described in Chapter II.

Salmonella typhimurium DB21 is a LT2 (wild-type) derivativewhich is cured from

one of the two cryptic prophages; it was obtainedfrom H. Schmieger(University of
Munich, Germany). The type strain Thermus thermophilus HB8 (Oshima &

Imahori, 1974) was received from L. Reshetnikova (Instituteof Molecular Biology,
Moscow, USSR). Plasmids pKSB1-W and pHWO have been described (Chapter
II). The vectors used for plasmid constructions were pUC19and pBLS (pBluescript
KS(+)), both described in Chapter II, and pUC18 (ampicillin resistant; Norrander et

al., 1983; purchasedfrom Pharmacia, Uppsala, Sweden). Plasmids constructedin

this work are described in the Results section. Oligonucleotides used only for se¬

quencing were PEKA10 and M13u (listed in Chapter II), and PEKA2 (5'-
GCGTAACCACAGTTC-3';corresponding to the PEKA2S position, Chapter II).
The T thermophilus-speclücoligonucleotides (TTH1-TTH5; 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. Mediaand bacterialgrowth conditions

The growth conditions for E. coli strains were as described in Chapter II. S.

typhimurium was grown in LB mediumat 37°C under identical conditions as E. coli.

Single colonies of T. thermophiluswere obtained on 'Th-0 agar plates' containing
0.8 % Bacto-Peptone, 0.4 % yeast extract (both from Oxoid; Basingstoke,UK), 0.3

% NaCI (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 % NaCI; 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

ChromosomalDNA 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 resuspendedin 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 H20) was added to 100 u,g/ml final concentration and incubation was

continued for 30 min at 37°C. Then, Proteinase K (Boehringer, Mannheim,

Germany; 20 mg/ml in H20, freshly preincubatedfor 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 NaCI to 100 mM, two

phenol/chloroform(equilibrated in 50 mM Tris-HCI, pH 8.0) extractions and subse¬

quent phase separationsby 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; centrifugationat 8'000 x g,
20 min, 4°C), washed with 70 % ethanol, dried and finally dissolved carefully in 1

mlof 10 mM Tris-HCI, pH 8.0.

For S. typhimurium and 7". thermophilusDNA isolations, the conditions for the
RNAseA incubation were modified to 15 min at 30°C.

2.4. Hybridizationswith oligonucleotidesand heterologousDNA

For Southern blot analyses (Southern, 1975), 2 u,g 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 manipulationsfor prehybridization and
hybridizationwere 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 washingsteps were carriedout in 0.1 % SDS, 6 x SSC (1 x SSC is 0.15 M

NaCI, 15 mM Na3Citrate, 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), partiallydried 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 dependenton the G+C-contentand the degree of

homology of the probe. For oligonucleotides,the first approximationof the hybridi¬
zation temperature (Th) was based on melting point (Tm) calculations:

Th = Tm -12°C; Tm = 0°C + (A/T) x 2°C + (G/C) x 4°C (Sambrook et al., 1989)
The actual temperatures used are indicated in the concreteexamples shown in the
Results section. If the hybridization appeared too unspecific after the first ex-

posure, more washingsteps at higher temperatureswere 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-HCI, pH 7.5.

In order to detect E. coli transformants with T. thermophiluspheS clones, a

colony hybridizationwas 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. RecombinantDNAtechniquesand DNAsequenceanalysis

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 II. Computer-assisted sequence analyses (restrictionmaps, 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; MadisonWl, USA).
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3. Results

3.1. Detection of pheS-anö pheT-Wke genesby Southern blot

hybridization

(a) Heterologoushybridizationswith E. coli pheS andpheT 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 thermophilusHB8 and, as a positivecontrol,
Escherichia coli NP37. The choice of restriction enzymes was influenced by the

expected average size of the chromosomal fragments and by their usefulnessfor
the intended cloning in the vector pUC19: fragments which possibly contained both
PheRS genes were expected to be in the size ränge of at least 3.5 kb as judged,
for instance, from the known pr»eS7genesof E. coli (see Fig. 2).

Suitable restriction fragments from the E. coli pheSTOperon were taken as

hybridization probes (see Fig. 2). The 'pheS' probe (a 506 bp BstE\\/Bsß\ frag-

1 kb
i i

thrS infC rpIT pheS pheT himA'
^¦¦MBJ

rpml

pheS probe, 506 bp

pheT probe, 2306 bp

pheSTprobe, 3522 bp

Sm Ell BID H
I I I I I

i

Figure 2. Probesused for heterologoushybridization.The genes on the 10.25 kb EcoRI/H/ndlll
fragment from E. coli have been described in Fig. 1 of Chapter II. The fragments used as heterolo¬

gous hybridization probes are shown as horizontal bars belowthe genes. Relevant restriction sites
are abbreviated as follows: E, EcoRI; Sm, Smal; Ell; SsrEII; BI, ßsfBl; D, Dralll; H, Hind\\\.
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ment from plasmid pKSB1-W) approximatelyconsisted of the 3'-half of pheS. This

region was found to be quite well conserved among the pheS genes encoding E.

coli (Fayat etai., 1983), yeast cytoplasmic(Sanni etai., 1988) and yeast mitochon¬
drial (Koerner et al., 1987) PheRS oc (small) subunits (DNA sequence alignment
not shown). The pheSTand 'pheT probes were the 3522 bp Smal/H/ndlll and

2306 bp Dralll//-//Pdlll fragments, respectively, from plasmidpHWO (Fig. 2).

(0 Hybridizations with the E. colipheSprobe
The results of a Southern blot hybridizationwith the pheS probe are shown in

Fig. 3(a,b). Hybridization to restrictionenzyme-digested chromosomal DNA from 7".

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 %;
0rskov, 1984) and T. thermophilus(69 %, Oshima& Imahori, 1974), it was not

surprisingto see that the hybridizationsignals were not very specific. For example,
there was considerable hybridization of the X-DNA size Standard (Fig. 3(a)).
Nevertheless, various hybridizingfragments appeared in the 7". thermophilusDNA
digests. As will be shown later (section 3.1.b.) the fragments containing the T ther¬

mophilus pheS gene were actuallyamong 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 hybridizingfragments (one fragment per digestion) varied
from 3.9 to about 20 kb (lanes 3 to 7).

(ii) Hybridizations with the E. colipheSTand pheT probes
To identify fragments that containedalso 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 pheTand pheSTprobesdescribed 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 tumed out that the digestions with Sa/I and Sacl

yielded fragments (10.5 kb and 20 kb, respectively)that contained both the pheS
and pheTgenes. This was deduced from the fact that the same, Single fragment in

each of these digestions hybridized with the pheS, pheTand the pheSTprobes.
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23'130/21'226

9'416

6'557

5'148/4'973
4'361 / 4'268

3'530

2'322

a

4*4
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s*t

*

••
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Figure 3. Heterologous hybridizations with the pheSprobe. 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/H/ndlll and with H/ndlll; bands hand-

drawn in lane 2); the fragment sizes (in bp) are given on the left margin. (a) Hybridization of E coli

pheSXo T thermophilus DNA. The membrane was washedat 51 °C. The chromosomal DNA was

digested with SphVHind\\\ (lane 1), Sph\IXba\ (lane 3), Xba\IKpn\ (lane 4), Kpn\ (lane 5),

Kpnl/H/ndlll (lane 6), H/ndlll (lane 7), Xba\/Hind\\\ (lane 8) and Xbal (lane 9). Bands labelled 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 colipheSXo S. typhimurium DNA. Washing of the membrane was done at 58°C. Lane

1 (E coli NP37 chromosomal DNA cut with EcoRI and H/ndlll) and lane 8 (linearized plasmid
pKSB1-W, diluted) were used for homologous control hybridizations. ChromosomalS. typhimurium
DNA was digested with EcoRI/Kpnl (lane 3), Kpn\ (lane 4), Sph\ (lane 5), Sacl (lane 6) and Sa/I

(lane 7).
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(b) Hybridizations with oligonucleotides
(\) Desian of oligonucleotides to identify T. thermophilusPheS

In order to detect the T thermophiluspheS 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 upto 96 %; Oshima& Imahori (1974) and Nureki etai. (1991),
respectively). A codon usage table was established by using the UWGCG

program CODONFREQUENCYand all T. thermophilusHB8 genes known at

that time (Table 1). This table was also in agreementwith the codon usage in

genes of other Thermusspecies,like mdh (T flavus; Nishiyamaetai, 1986),
the lactate dehydrogenasegene (T. caldophilus;Kunai etai, 1986) and sucD

(T. aquaticus; Nicholls etai., 1988).

(3) The recognition site TCGA for the restriction endonucleasesproducedby the

Thermus species T. thermophilusHB8 (7fr/HB8l) and T aquaticus YT-1

(Taq\) 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 oc subunits selected
for construction of five corresponding oligonucleotide probes TTH1 to TTH5

(Fig. 5).

Figure 4. Alignment of PheRS a subunits used to design the oligonucleotide hybridization
probes.The sequences for the PheRS a subunits from yeast mitochondria (Koerner er al., 1987),
E. coli (Fayat et al., 1983; as corrected in Chapter II) 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 conservedregionschosen for the con¬

struction of oligonucleotidesTTH1 to TTH5.
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Table 1: Codon usage table ofThermus thermophilus genes3-

Aa Codon Number0 Fraction0 Aa Codon Numberb Fraction0

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 TTG 28.00 0.15
Val GTA 1.00 0.01 Leu TTA 1.00 0.01
Val GTT 5.00 0.03 Phe I I I 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
He 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

This codon usage table is based on 5 sequenced T thermophilusHB8 genes,
/'. e. leuB (Kagawa et ai, 1984), Wf1 (Seidler et ai, 1987), trpE and trpG (Sato
et al., 1988) and the gene for phosphoglycerate kinase (PGK; Bowen, et al.,
1988). Aa, amino acid.

Total numberof codonsof 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 correspondingamino acid.
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TTH1 For peptide
Probable codons:

[S]
NFDAL
(2) (2) (2) (4) (6)
(1)(2)(1)(2)(4)

in general
for T. thermophilus

E. coli sequence: AAC TTC GAT GCT CTG

Thermusvariants: AAC Tt£ GAC GC § Jj;TT
Taq\ site

T
AI

TTH1 15-mer AAC TTT GAC ICg CTG (2 variants, 50 % GC)

TTH2/3 For peptide
Probable codons:

E. coli sequence:

Thermus variants:

TTH2 17-mer

TTH3 18-mer

(=complement of:

[V]
FHQMEG
(2) (2) (2) (1)(2) (4) in general
(2)(1) (1) (1)(1) (2) for T. thermophilus

TTC CAT CAG ATG GAA GGT

TT?, CAC CAG ATG GAG GG§c ui c

Tt£ CAC CAG ATG GAG GG

§CC CTC pjAC CTG GTG GAA

TTC CAC CAG Gig GAG GGg )

(2 variants,
53-59% GC)

(4 variants,
67 % GC)

TTH4 For peptide
[N] [J3 [A]
YFPFTEP

Probable codons: (2) (2) (4) (5) (4) (2) (4) in general
(1)(2)(2)L(4)|(2)(1)(2) for T. thermophilus

E. coli sequence: TAC TTC CCG TTT ACC GAA CCT
TGGl

Thermusvariants: TAC TTjE CC^ TTT ACX GAG
AQ ^ PQ

CC

TTH4 20 mer TAC TTC CCS TU AcS GAG CC (4 variants,
V- l~ 61 % GC)

TTH5 For peptide
Probable codons:

E. coli sequence:

Thermusvariants:

TTH5 15 mer

(=complement of:

[Q][E] [V]
GKWLE
(4) (2) (1) (6) (2)
(2) (1) (1) (4) (1)

in general
for T. thermophilus

GGT AAA TGG CTG GAA

GAGSS?G AAG TGG
°

C

CTC ^AG CCA CT^ ^CC
GGg AAG TGG CTG GAG)

(8 variants, 67-73% GC)
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Figure 5. Oligonucleotidesconstructed as hybridization probes to detect T. thermophilus
pheSDNA. 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 oc 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 (I) with the capacityto pair with the bases in the order C > A» G > T (Kawase etai.,
1986) was used at suitable ambiguity positions. TTH2 and TTH3 are alternative variants to the

same sequence. All nucleotidesequences are written in the 5'-to-3' direction.

(ii) Hybridizations with oligonucleotidesTTH1 to TTH5

The blots probed previously with the E. coli pheS and pheTfragments (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 appearedwith T. thermophilusDNA. The streng¬
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 alternativeto TTH2)
(data not shown). Furthermore,these bands had been presenteven in the hetero¬

logous hybridization with the E. colipheS probe (marked in Fig. 3(a)). There were
no other common signals among the hybridizationswith the different oligonucleo¬
tides and/or between hybridizationswith the oligonucleotidesand 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 7.

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.

thermophilus was digested with

Sph\/Hind\\\ (lane 1), SphVXbal
(lane 3), Xba\/Kpn\ (lane 4), Kpn\
(lane 5), Kpn\/Hind\\\ (lane 6),
H/ndlll (lane 7), Xba\/Hind\\\ (lane
8) and Xbal (lane 9). Arrowheads
point to hybridizing bands (the
strengest signals on this blot)
which were already visible in Fig.
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, Xba\; H, Hind\\\, K, Kpn\
and S, Sph\.
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3.2. Cloningof pheSanä pheTfrom Salmonellatyphimurium

(a) Cloningstrategy

The strategy was analogous to the one described in Chapter II for cloning the

pheS genes from E. coli mutant strains. The S. typhimurium 10.5 kb Sau fragment,
identified in hybridization analyses (section 3.1.a.) to contain both the pheS and

pheTgenes, was chosen for cloning. Safl-digested S. typhimurium DNA from the
10-11 kb size ränge was cloned into Safl-Iinearized 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 a subunit (see Chapter II). Transformed KA2 cells able to grow at 40°C

(the non-permissivetemperature for KA2) were analyzed and shown to contain the

pUC19-based plasmid with a 10.5 kb SaH fragment (named 'pKSC-S1').

(b) Identification of the S. typhimurium pheS gene andevidence for the

presenceofpheTandthrS

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

(1) Transformation of the E. coli strain KA2 (phe^) with plasmid pKSC-S1 al¬

ways resulted in a thermoresistant phenotype, indicating that the plasmid car¬
ried a functionalpheS gene.

(2) The restriction map of the 10.5 kb SaH 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 Sph\ sites in the middleof the pheSTregion).

(3) Small sections of plasmid pKSC-S1 were sequenced by applying the oligonu¬
cleotide primersPEKA2and PEKA10that were used previously for the E. coli

pheS gene (Chapter II). These two primers were chosen because they al¬
lowed sequencing of the region encoding motif 3 (/'. 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 pheSgene region from S. typhimurium. Plasmid pKSC-SI
was mapped with Sal\ (Sa), Psti (P), EcoRI (E), H/ndill (H), C/al (C), Kpnl (K) and Sph\ (S). The
thick line indicates the vector part (pUC19). Open arrowheadsshow the position and orientation of
the sequencingprimers (from left to right): M13u, PEKA10 and PEKA2. bla Stands for the gene
encoding ß-lactamase; the other genes are described in the text.
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LEVLGCGMVHPNVLRNV
CTGGAAGTGCTGGGCTGCGGGATGGTGCATCCGAATGTGCTGCGTAATGTC

I I I I I I I I I I I I II II I I I I I I I I I I I I I I I I I I I lll I I I I I II II
CTGGAAGTGCTGGGCTGCGGGATGGTGCATCCGAACGTGTTGCGTAACGTT 849
LEVLGCGMVHPNVLRNV283

70 90

S.t. GIDPEJYSGFAFGMGME
S.t. GGTATCGATCCGGAAATCTATTCTGGCTTCGCTTTTGGTATGGGGATGGAA

II I I I I I I I I I I I I II I I I I I I II I I II II IIIIIIIIIII
E.c. GGCATCGACCCGGAAGTTTACTCTGGTTTCGCCTTCGGGATGGGGATGGAG 900
E.c. GIDPEVYSGFAFGMGME300

110 130 150

S.t. RLTMLRYGVTDLRSFFE
S.t. CGTCTGACCATGTTGCGTTACGGCGTCACCGACCTGCGTTCATTCTTCGAA

I I I I I I II I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I
E.c. CGTCTGACTATGTTGCGTTACGGCGTCACCGACCTGCGTTCATTCTTCGAA 951
E.C. RLTMLRYGVTDLRSFFE317

Figure 9. Comparisonof partial pheSDNA and derived amino acid sequencesbetweenS. ty¬
phimuriumand E. coli. The nucleotide sequence of pheS from S. typhimurium (S.t.) obtained with

primers PEKA2 and PEKA10is shown. The corresponding E. coli (E.c.) pheS gene region (Fayat
et al., 1983) is aligned. Identical nucleotidesare connectedby vertical lines. The only deviating
amino acid between the two derived protein sequences (aboveand below the corresponding nu¬

cleotide sequence) is highlighted in bold italic. Numbersto the right of the £ colisequences 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 Sa/I insert (Fig. 8) yielded a sequence (Keller, 19906)
which showed strong similarity to the E. coli thrS gene for threonyl-tRNA synthe¬
tase (identity 87.7 %). The amino acid sequencederived 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-Wke regions from Thermus

thermophilus

(a) Cloningstrategy

For the cloning of the 7". thermophiluspheS gene, two of the genomic restric¬
tion fragments identified by Southern blot hybridization to carry pheS-Wke se¬

quences (section 3.1.b.) were chosen. The fragments of around 3.2 kb of Kpnl-di-
gested T thermophilusDNA and of about 5.5 kb in Sph\/Xba\ double digestions
(see Figs. 6 & 7) were excised from a low-melting agarose gel. The isolated DNA
was ligated with analogously digested pUC18and pUC19 vectors and then used

to transform E. coli strain JM109.

It was first attempted to ebne the 7". thermophiluspheS gene by complemen¬
tation of the thermosensitiveE. coli strain KA2, as described for the cloning of

prjeSfrom S. typhimurium (section 3.2.a.). Transformationofthe plasmid pool iso¬
lated from the JM109 cells, however, did not yield KA2 colonies able to grow at

high temperature (40°C).
The following approachtumed out to be successful. The transformed JM109

cells were screened for the presence of cloned T. thermophiluspheS sequences
by colony hybridization. The radiolabelledoligonucleotide TTH1 was used as the
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hybridization probe because it showed the strongest hybridizationto the presump-
tive T thermophiluspheS bands (section 3.1.b.; Fig. 6). TTH1 did not hybridize to
E. coli pheS DNA (see above) and the background hybridizationto untransformed
JM109 colonies (negative control) was indeed clearly lowerthan to T thermophilus
colonies (positive control; data not shown). Moreover, it was expected that a plas-
midial pheSgene should yield much stronger hybridizationsignals due to the mul-

ticopy effect. In fact, strongly hybridizingcolonies were found among JM109 cells
transformedwith both Kpn\ and Sph\IXba\ fragment-carrying plasmids.

(b) Identification of the T. thermophiluspheS-//7re gene

The plasmid DNA of some of the positive clones was isolatedand examined

by restriction analysis.One clone of each type containing either a 3.2 kb Kpn\ frag¬
ment in pUC19 (pKST-K19U) or a 5.5 kb Sph\IXba\ insertion in pUC18 (pKST-
SX18U) or pUC19 (pKST-SX19U) was selected for further restriction mappings
(Fig. 10). All three T thermophilusDNA inserts contained internal restriction sites

that were expected from the preliminary map based on the Southern blot results

(Fig. 7); /'. e. an Sph\ site in pKST-K19U and a Kpnl and a H/r?dlll 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 appearedin the previous Southern hybridizations.
The plasmids pKST-K19U, pKST-SX18U and pKST-SX19U were partiallyse¬

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, 1990c).
The total G+C-contentof the readable201 nucleotide Stretch was 69 %, and even

90 % for the third position in codons, as is typical for T. thermophilusgenes. The
derived amino acid sequence showed a clear similarity (37 % identity) to the E. coli
PheRSa subunit (positions 147 to 211; Fayat et ai, 1983). Furthermore,the simi¬

larity was most pronouncedin regions already known to be well conserved among
PheRS oc subunits from different origins (preliminarysequence alignments shown
by Keller, 1990b). It was thus likely that at least part of the pheSgene from T. ther¬

mophilus had been cloned. The determined nucleotide sequence allowed us to

locate the pheSgene on the cloned fragments with the help of the PvuW site also

encountered in the restriction map of Fig. 10. From the position and presumptive
size of the gene (1.1 kb; deduced from Mr=40'000 for the a subunit; Ankilovaet al.,
1988), it became evident that the entire pheS gene must be present on all three

cloned fragments (Fig. 10).
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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-
SX19Uwere mapped with Xba\ (X), Nco\ (N), Xho\ (Xh), Stu\ (St), BamH\ (B), Hind\\\ (H), Kpn\ (K),
Pvull (Pv) and Sph\ (S). Plasmids pKST-SX18U and pKST-SX19U are distinguishedonly by the
orientation of the polylinker. The locations of pheS and the incomplete pheTgene 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¬

strictionfragment was subcloned into pBLS (Keller, 1990b); this vector allowed the

production of Single stranded DNA for sequencing (see Chapter II). 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 oc subunit (Fayat et al., 1983). Those

parts of the preliminary 7". thermophilussequence relevant for this work will be dis¬
cussed later in Figs. 12 and 13; more sequence information is given by Keller

(1990b).

(c) Identification ofpart ofal. thermophiluspheT-likegene
It was of interest to find out whether the pheT gene encoding the PheRS ß

subunit was also present on the cloned 7". 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
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of pKST-K19U (-200 bases, not shown) from the Kpnl site into the pheSupstream
region (Fig. 10) did not reveal significant similaritiesto 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 nucleotides (Keller, 1990b) deter¬

mined from plasmid pKST-SX18U (reading from the Spnl site towards the 3'-end of

pheS; Fig. 10) allowed us to identify the phe7-like gene of T. thermophilus. This

was achieved through comparisons of the deduced (preliminary) amino acid se¬

quence (Keller, 1990b) with the PheRS ß subunits from other organisms. As

shown in Fig. 11 for the best-matching T. thermophilusfragment, there was a clear

similarity of the T thermophilussequence to a region well conserved between E.

coli and B. subtilisß subunits; in contrast, the three sequencesshowed low simila¬

rity to the corresponding segment of PheRS from yeast cytoplasm (alignment
according to Brakhage etai, 1990). The approximate positionof pheTon 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(Mr=92'000 for the ß
subunit; Ankilova et al., 1988), it emerged that the gene was not completely con¬
tained on the cloned plasmids; the 3'-end of pne 7" must Ne at about 0.8 kb down-

stream ofthe pne/"-internalKpnl site in pKST-K18U (Fig. 10).
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Figure 11. Alignment of partial amino acid sequencesof PheRS ß subunits derived from

pheTgenes from different origins. Identicalamino acid residues (in one-letter-code) are boxed.
The preliminary partial amino acid sequence of the Thermus thermophilus PheRS ß subunit shown
here still contains undeterminedpositions (denoted by 'X'). The alignment of sequences from
Escherichia coli, Bacillus subtilis and yeast cytoplasm was taken from Brakhage etai. (1990). Num¬
bers to the right of the published sequences identify residue positions within the respective PheRS
ß subunits.
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4. Discussion

4.1. Cloning of the p/?eSand pheTgenesfrom Salmonella
typhimurium

The cloning of the genes for S. typhimuriumPheRSwas achieved by the se¬

lection of plasmid ebnes able to complement the thermosensitiveE. coli PheRS oc

subunit mutant KA2. In a similar way, Brakhageetai. (1989) cloned the pheS and

pneTgenes from B. subtilis (which is far more distantly relatedto E. colixhan S. ty¬
phimurium; Fig. 1). The cloned 10.5 kb SaH fragment from S. typhimurium DNA
that complemented KA2 was shown by hybridizationanalysis to contain both pheS
and pheT sequences. From restriction mapping, sequence determinationsand

comparisonsto the E. coli pheSTregion it can be assumed that both genes are

entirely present on the cloned fragment. In vitro and in vivo subunit mixing experi¬
ments (Hennecke & Bock, 1975; Hennecke, 1976; Hennecke etai., 1977) can now
be carried out to elueidate whether hybrid enzymesconsisting of PheRS oc and ß
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 H/ndlll fragment in Fig. 8)
can complement strain KA2.

The hybridizationsof S. typhimuriumDNA with the E. coli probes resulted in

clear signals that were only süghtly weaker than those observed in homologous
control hybridizations.This already reflected a strong similarity of the pheSTgenes
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 pheSTgenes, at the same distance and in the same orientationas in E coli

(Fayat et al., 1983). This confirmed the idea that the gene Organization in the re¬

gion aroundthe pheSTOperon is highlyconserved in both organisms.

4.2. Cloningof the pheSgenefrom Thermus thermophilus

(a) Howgoodwere the hybridizationprobes?

The restriction fragments of 7". thermophilusDNA identified by Southern blot

analyses (the only common bands hybridizingwith different probes) were subse-

quently shown by partial sequencing of the cloned fragments to contain the pheS
gene. These pneS-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 hybridizationto
the pheS DNA from E coliand 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
PheRSsequence from B. subtilis(Brakhage etai., 1990) it became evident that its

oc subunit sequences corresponding to oligonucleotides TTH1 to TTH4 were quite
well conserved, too. Moreover, it tumed out later that TTH1 and TTH2/3 mapped
to motifs 1 and 2, respectively, which represent two of the three class II aminoacyl-
tRNA synthetase signature sequences(Eriani et al., 1990).

Having cloned and partiallysequenced the T thermophiluspneS-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. thermophiluspheS DNA and its success as a pneS-specificse¬
quencing primer justified its choice as a probe. The sites covered by TTH2 to

TTH5 have been sequenced. It tumedout (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 hybridizationswith TTH2 as compared to TTH3 (each con-
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Figure 12. Comparisons of oligonucleotide sequences with the corresponding annealing
sites in T. thermophilus pheSDNA. 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 connectedwith vertical lines. An exclama-
tion mark relates to positions where other variants occur besides the perfect match. Asterisks indi¬
cate pairings with inosine (I); N denotesa 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. thermophiluspheS sequence (Fig. 12). Perhapsthere are also conforma-
tional differences between the two groups of oligonucleotide variants which might
contribute to the observed differentialbehaviour.

As demonstrated in Fig. 12, almost all of the amino acids derived from the
established T thermophiluspheS sequences at the positions of oligonucleotides
TTH2 to TTH5 corresponded to the predictions made from the alignment of three

known PheRS oc subunits (Fig. 4). A posteriori, this fully validated the strategy
usedto design the hybridizationprobes.
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(b) Some features ofthe preliminaryT. thermophiluspheS andpheT
sequences

The partial sequence analysis of the cloned T. thermophilusDNA fragments
suggested the presence of pheS and a part of pheT. The codon usage and high
G+C-contentin 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 oc 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 ai, 1991). However, amino
acid identities of up to 72 % between proteins from these two organisms may
occur (e. g. in elongation factor Tu; Seidler etai, 1987).

As pointed out by Keller (1990b), the preliminary sequence comparisons
between the E coli and T thermophilusPheRS oc subunits revealed characteristic
amino acid differences typically found between mesophilic and thermophilic pro¬
teins. A main contributionto stabilization of thermophilic proteins seems to stem

from an increased hydrophobicity and a decreased flexibility in oc-helical regions
(Menendez-Arias & Argos, 1989). As deduced from studies with homologous
mesophilicand 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 er ai, 1979; Menendez-Arias& Argos, 1989). In fact, the few derived pro¬
tein sequences in the T thermophiluspheS gene product contained at least 17

amino acid exchanges of the types listed by Argos et al. (1979) and Menendez-
Arias & Argos (1989), when compared to the mesophilicE coli counterpart (Keller,
1990b). It is noteworthy that the only Cys residue of the E. coli PheRS oc subunit

(Cys272) was replacedby alanine in the 7". thermophilusenzyme (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 ai, 1984;
Kushiro et al., 1987; Sato etai, 1988; Koyama & Furukawa, 1990; Nureki et ai,
1991). It was speculated that the absence of the easilyoxidizable thiol groups may
increase thermostabilityof 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
etai, 1987; Bowen etai, 1988).

The fact that the Cys272 residue of the E coli PheRS oc 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 oc

subunit is chemically derivatized at the reactive SH group to probe for further

changes in Substrate specificity (Chapterlll). For such experiments,it might be ad-

vantageousto remove the inherent Cys residue at position 272.

(c) Perspectivesof further workon the T. thermophiluspheS/pheT
genes

The complete sequencing of pheS and pne 7" 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 wholepheT
gene by Southern blot hybridization, using part of the already cloned pheSTregion
(Fig. 10) as homologous probe. These experiments are currentlyunderway.

The subsequentcloning can be achieved via colony hybridization or - if both

pheS and pheTare 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 explainedby the fact that the fragments
to be cloned did not contain both complete PheRS genes, and functional hybrid
enzymes containing the E coli PheRS ß subunits may not have been formed or

active.

Complementationof E coli mutants by Thermus genes, however, is principal-
ly possible as demonstrated with trpE (Sato etai., 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 thermophilusgenes were shown to carry potential promoter se¬

quences similar to the E coli -35/-10 consensus (Croft et ai, 1987; Sato er ai,
1988; Yakhnin et ai, 1990), and (weak) gene expression from putative T thermo¬

philus Promoters in E coli was observed (Croft et ai, 1987; Seidler et ai, 1987;
Nureki et ai, 1991). In addition, E co/Alike Shine-Dalgamosequences (Shine &
Dalgarno, 1974) were encountered in front of virtually all sequenced Thermus

genes (e. g. Nishiyama et ai, 1986; Seidler et al., 1987; Bowen et ai, 1988;
Nicholls etai, 1988; Nicholls etai, 1990; Nureki etai, 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 etai, 1989).

Complementationtests with cloned T thermophiluspheST or pheTgenes
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may be carried out with E coli strains possessing pheS or pne/"mutations that de¬

termine thermosensitivePheRSs (Hennecke et al., 1977). Furthermore, in vitro

enzyme assays with protein extracts of E coli cells producing T thermophilus
PheRS should reveal thermoresistant Phe aminoacylationactivity (Ankilova et al.,
1988). Overproduction of PheRSfrom T thermophilusin 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 constitutean Operon controlled by attenuation as in E

coli (Fayat et ai, 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 ai, 1987; Sato etai, 1988). In this context it should be mentioned, how¬

ever, that the pheSTgenes from B. subtilis are not regulated by the classical atte¬

nuation mechanism (Brakhage et ai, 1990). The regulation of T. thermophilus
pheSTexpression may even be analyzed in the homologous background, since
transformation of 7". thermophilusis possible (Koyama & Furukawa, 1990) and

plasmid vectors for this organism have recently been developed (Koyama et ai,
1990a,b).

The major incentive to cloning the T thermophilusPheRS genes was the

prospect that the protein sequence will then become available which in turn will

allow an elaboration of the three-dimensional structureof this enzyme. Until now,

only low resolution structural analyses were possible with E coliPheRS which led

to a tentativemodel of relative subunit arrangements (Dessen etai., 1990; Chapter
II). A much betterthree-dimensional structurecan be expected from the combina-
tion of data from X-ray diffraction analysis of T. thermophilus PheRS crystals
(Ankilova et ai, 1988) with the amino acid sequence information of PheRS oc and ß
subunits provided by our laboratory. Moreover, Cys residues, introduced by protein
engineeringinto T. thermophilusPheRS, may serve to create heavy atom deriva¬
tives (Rould etai, 1989) and thus facilitate structural analyses. The approachwith
T. thermophilusPheRS mayfinally permit the determination of the first high resolu¬
tion structure of an oc2ß2 aminoacyl-tRNA synthetase.
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4.3. The PheRS sequence that determinesPhenylalanine specifi¬
city is well conserved in 5. typhimuriumand T. thermophilus

Another rationale for the cloning of pheS genes from S. typhimurium and T

thermophiluswas the idea that a comparative sequence analysis of PheRS oc sub¬

units from different organisms would identify functionally important regions. Of spe¬
cial interest was the section of the oc subunit thought to be involved in the binding
of Phenylalanine(Chapter lll). Therefore, the preliminarysequence analyses of the
two pheSgenes cloned here aimed at that region. Figure 13 showsan alignment
of PheRS oc subunit sequencesfrom different origins around the presumptive Phe
binding site, which coincides with the generally conserved motif 3 of class II

aminoacyl-tRNAsynthetases (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 lll). This pro¬
vides an independent supportfor the hypothesisthat the analyzed region is an im¬

portant, PheRS-specific site which may determine specificity for Phenylalanine
(Chapter lll).
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Figure 13. Alignment of PheRS small subunit sequences in a region which presumably
interactswith Phenylalanine. The FigurecontainsPheRS sequences corresponding to the region
around the E. coli oc subunit residueAla294 (marked by an arrow) which was shown to be involved
in Phe binding (Chapters II and lll). The PheRS sequences for the two organismsdescribed 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 Symbolswere 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 Phenylalanineto 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 Phenylalaninebinding site of PheRSfrom the bacterium Escherichiacoli

To localize amino acid residues in PheRSwhich 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 oc 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 II aminoacyl-
tRNA synthetases to which PheRS belongs. The second mutation affected motif 3,
another class ll-specificsequence. The resulting amino acid exchange (alanine-to-
serine at position 294 of the PheRS oc 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-typeenzyme) may now be explained by altera-
tions of steric interactions.

The sequence around position 294 (Gly292-Phe293-Ala294-Phe295-Gly296)is
also well conserved in Bacillus subtilis and yeast cytoplasmic and mitochondrial
PheRSs. To enlarge the number of sequencesfor comparisons, the pheS genes
from Salmonella typhimurium and Thermus thermophiluswere 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. thermophiluswas influenced by the

fact that its PheRS had been crystallized; the availabilityof amino acid sequence
information will therefore greatlyhelp elucidatethe tertiary structure.

Replacement of the Phenylalaninesat 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. Replacementsat 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 enzymewith
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 pharmaceuticalrelevance.
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Kurzfassung

Das Enzym Phenylalanyl-tRNA Synthetase (PheRS) katalysiert die kovalente

Kopplung der Aminosäure Phenylalanin an die zugehörige tRNAPhe. Von der

PheRS sind weder Tertiärstruktur noch Topologie der Substratbindungsstellen be¬

kannt. In dieser Arbeit sollte versucht werden, mit molekulargenetischenMethoden
die Bindungsstelle für Phenylalaninin der PheRSdes Bakteriums Escherichiacoli

zu charakterisieren.

Für die Lokalisierung von PheRS-Aminosäuren,die mit Phenylalanin inter-

agieren, wurden zwei Typen von PheRS-Mutanten mit beeinträchtigterSubstrat¬
bindung untersucht. Da die Mutationen in pheS, dem Gen für die PheRS cc-Unter-

einheit kartierten, wurden die mutierten pneS-Genekloniert und sequenziert. Eine

Mutation, die zu einer erniedrigtenAffinität des Enzyms für Phenylalaninführte, er¬

gab einen Aminosäureaustauschin Motiv 2, einer generell konservierten Sequenz
der sogenanntenKlasse H-Aminoacyl-tRNA Synthetasen,zu denen PheRS gehört.
Die zweite Mutation betrafdas ebenfalls für Klasse II spezifische Sequenz-Motiv3.
Der resultierende Aminosäure-Austausch (Alanin zu Serin an Position 294 der

PheRS oc-Untereinheit) war verantwortlichfür die Resistenz eines entsprechenden
E coli Mutanten-Stamms gegen das Substrat-Analogp-Fluor-Phenylalanin (p-F-
Phe). Der Ausschluss von p-F-Phe von der Reaktionder Mutanten-PheRS (im Ge¬

gensatz zum Wildtyp-Enzym) konnte mit veränderten sterischen Interaktionen er¬

klärt werden.

Die Region unmittelbar um Position 294 (Gly^-Phe^-Ala^-Phe295-
Giy296) jSt gUt konserviert in PheRS von Bacillus subtilis und Hefe (aus Cyto-
plasma und Mitochondrien). Um weitere Sequenzvergleiche anstellen zu können,
wurden die pneS-Gene aus Salmonella typhimurium und Thermus thermophilus
kloniert und teilweise sequenziert. Die Sequenzierungsresultatebestätigten, dass
Aminosäure 294 in einer für PheRS spezifischen Region liegt. Die Wahl von T.

thermophiluserfolgte auch deshalb, weil T thermophilusPheRS-Kristallevorhan¬
den sind, die es später erlauben sollten, mit Hilfe der Aminosäuresequenzdie drei¬

dimensionale Struktur zu ermitteln.

Ein gezielter Ersatz der Phenylalanine293 und 295 durch ausgewählte an¬

dere Aminosäuren zeigte, dass diese Positionen nicht direkt mit dem Aminosäure-

Substrat interagieren,jedoch für die PheRS-Stabilität wichtig sind. Austauschean

Position 294 bestätigten 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 Spezifität für para-substituierte
Phenylalanin-Analoga. Dieses Mutanten-Enzym lässt sich möglicherweise in

einem in vivo Produktionssystem für den Einbau von nicht-proteinogenen Amino¬

säuren in pharmazeutisch relevante Proteine einsetzen.
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