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Impaired affinity for phenylalanine in Escherichia coli
phenylalanyl-tRNA synthetase mutant caused by Gly-to-Asp exchange in
motif 2 of class II tRINA synthetases
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Phenylalanyl-tRNA synthetase (PheRS: a8, subunit structure) is a member of class Il of tRNA synthetases. We report here the genetic analysis
of an Escherichia coli mutant strain which is auxotrophic for phenylalanine becausc it has a PheRS with a decreased affinity for phenylalanine.
The mutant pheS gene enceding the PheRS & subunit was cloned and sequenced, and the deviation from the wild-type gene was found to result

in a Gly'"'-to-Asp'™' cxchange. This alteration is located within iagiif 2

. unie of 3 conserved sequence motifs characteristic for class 1f aminoacyl-

tRNA synthetases. Motif 2 may thus participate in the formation of the phenylalanine binding site in PheRS.

Amino acid binding site: Class I aminoacyl-tRNA synthetase: K,, mutant: Phenylalanine auxotrophy: Phenylalanyl-tRNA synthetase: pheS
gene mutation

1. INTRODUCTION

Aminoacyl-tRNA synthetases catalyze the coupling
of amino acids to their corresponding tRNAs, a key
reaction in the transmission of the genetic information
[1]. Recently, all aminoacyl-tRNA synthetases were
subdivided into 2 non-related classes [2,3] based on sets
of characteristic consensus sequence motifs [4,5 (class
D; 2.6 (class I1)]. The class I tRNA synthetase consensus
sequences (HIGH [7] and KMSKS [8]) are known to
carry the catalytic and the substrate binding sites, as
deduced from analyses of mutants [4,9] and from the
available tertiary structures of MetRS [10], TyrRS {11]
and GInRS [12]. Of the class Il tRNA synthetases, 2
crystal structures were published recently (Escherichiu
coli SerRS [13] and yeast AspRS {14]). The comparison
of these 2 structures revealed the presence of a common
active site domain [14] which is unrelated to the corre-
sponding catalytic domain of class I tRNA synthetases
[4.12), and which contains the 3 conserved class [l
tRNA synthetase consensus motifs discovered before
[6,14]. However, since co-crystals of SerRS or AspRS
with their amino acid substrates were not available for
X-ray analyses, a structure-function correlation be-

Abbreviations: bo. basepair(s) IPTG. isopropyl-8-D-thiogalactopyra-
noside; kb, kilobascpair(s); K,. Michaelis-Menten constant; ts, ther-
mosensitive: XxxRS, aminoacyl-tRNA synthetase for amino acid Xxx
in 3-letter-code.
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tween amino acid binding and conserved motifs of class
IT tRNA synthetases remains to be established.

The approach used in our laboratory to localize pos-
sible determinants of the Phe binding site in E. coli
phenylalanyl-tRNA synthetase (PheRS, a class Il en-
zyme) consists of the analysis of PheRS mutants with
altered substrate binding properties. In a previous re-
port, we deduced from the analysis of a PheRS muta-
tion leading to p-fluoro-phenylalanine resistance that
the class II tRNA synthetase consensus motif 3 is invol-
ved in Phe binding {15]. In the present work, a PheRS
mutant with an increased K,, for Phe was examined. The
mutation caused Phe auxotrophy and slight thermosen-
sitivity of E. coli mutant strain Gl [16]. The mutation
was previously [16] mapped to pheS, the gene encoding
the (small) & subunit of PheRS. Therefore. we cloned
and sequenced the mutant phieS gene of strain Gl to
identify the resulting amino acid exchange.

2. EXPERIMENTAL

2.1. Bucterial strains, vectors and plasmids

The E. coli PheRS mutant strains used were: the ethylmethanesul-
fonate-mutagenized Phe auxotrophic striain G1 (p/heS76 [16]) possess-
ing a slightly thermosensitive PheRS with an increased K, for Phe; the
PheRS" mutant strain NP37 (pheSS5 [17-19]): and strain KA2, a tetra-
cyclin-resistant and RecA™ derivative of NP37 constructed by Pl
transduction [15]). Strains JM109 and JM101 [20] served as hosts for
cloning and single-strand DNA isolation. respectively. Allstrains were
usually grown in LB-medium [21]. The vectors pUCI9 [20] and
pBluescript KS(+) (=pBLS [22]) were purchased from Pharmacia
(Uppsala, Sweden) and Stratagene (San Diego, CA, USA), respec-
tively, Plasmids pKSC-W, pKSB1-W and pKSB2-W have been de-
scribed in detail [15]: they all contain pheS genes from a wild-type E.
coli strain.
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2.2, Cloning of the mutant pheS gene

The mutant phieS gene from E. celi strain G1 was cloned ona 10.25
kb EcoRI/HindIll fragment carrying the genes thrS. infC, rpmli, rpiT,
pheS and pheT [15,23] by applying the procedure described recently
[15). Briefly, chromosomal DNA from strain Gl was digested with
EcoRI and Hindlll and checked by Southern-blot analysis for the
presence of the 10.25 kb ZcoR1/HindIl fragment carrying phieS. Then,
DNA fragments of the 10 kb size range were isolated from a prepara-
tive agarose gel and ligated to pUCI9 vector digested with EcoR1 and
Hindlll. After transformation of the thermosensitive £. coli strain
NP37 (pheS™) with these pUC19-based plasmids, incubation at high
temperature (40°C) selected for NP37 cells that contained a plasmid
(pKSC-G) carrying the PheRS genes of strain G1.

2.3, Subcloning and sequencing strategy

The mutant pheS gene from plasmid pKSC-G was subcloned by
inserting the pheS-containing 1181 bp Smal/Hindll fragment of
pKSC-G in both orientations into the Smal sitc of the single-strand
sequencing vector pBluescript KS(+) [15]. The resulting constructs
pKSBI1-G and pKSB2-G allowed the overlapping sequencing of the
mutant pheS gene from strain G1 in parallel with that of the wild type
(on the plasmids pKSB1-W and pKSB2-W) on both strands by using
pheS-specific oligonucleotide primers. The sequencing strategy and
methods employed were detailed elsewhere [15.24].

2.4. Plate tests: in vivo phenotypic analysis

In vivo plate tests for complementation of strain KA2 were per-
formed by streaking out single colonies on LB-agar plates containing
ampicillin at 150 gg/ml. IPTG (Bachem AG. Switzerland) was present
at 0.5 mM to fully express pheS on plasmids pKSB1-G and pKSB1-W
(pheS in phase with the /uc promoter). Growth was recorded after 24
and 48 h of incubation at 30°C, 36°C or 40°C. All tests were per-
formed in duplicate and repeated at least once.

3. RESULTS AND DISCUSSION

3.1. Cloning and sequencing of pheS from strain G1

To determine the mutation responsible for the in-
creased K, of PheRS in the Phe auxotrophic E. coli
strain G1, the mutant pheS gene was cloned, subcloned
and sequenced as detailed in sections 2.2. and 2.3. The
only deviation between pheS of strain G1 and the wild-
type sequence [15,23] consisted of a G-to-A transition
at nucleotide position 572 (Fig. 1) leading to a Gly-to-
Asp exchange at position 191 in the @ subunit (mutation
D191). This alteration is obviously responsible for the
reported phenotypes of strain G1 [16].

Table |
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3.2. In vivo phenotype of the cloned pheS mutant gene in
a thermosensitive (pheS*) host strain

To verify that the cloned pheS gene mutation corre-
sponds to that of strain G1, we analyzed the phenotype
caused by the pheS expression plasmid pKSB1-G. Con-
sistent with the slight thermosensitivity of strain G1
[16], expression of pheS from plasmid pKSB1-G com-
plemented the thermosensitive strain KA2 (pheS™) only
marginally on non-supplemented LB medium (Table I).
It was observed previously with several thermosensitive
aminoacyl-tRNA synthetase mutants having impaired
substrate interactions that the thermosensitive pheno-
type could be (partially) rescued by increasing the corre-
sponding substrate concentrations [25,26]. Similarly,
Phe supplementation completely reversed the thermo-
sensitive trait of strain G1 (data not shown) and par-
tially that of strain KA2 harbouring pKSBI1-G (Table
). This was further proof that the cloned pheS gene
originated from the Phe auxotrophic strain GI.

Although pieS from strain G1 could not complement
strain KA2 (pheS™) at 40°C (Table I), the G! allele was
initially cloned by complementation of the same pheS*
mutation. The apparent paradox is explained by an
increased copy number of the rather inefficient PheRS
of strain G1, due to the simultaneous presence of both
PheRS subunit genes p/ieS and pheT on the initial plas-
mid pKSC-G. In vivo tests with pKSC-G and pKSC-W
(carrying wild-type pheST) showed that both plasmids
were indistinguishable in their ability to complement the
thermosensitivity of strain KA2 (data not shown).
Other examples in which an increase in the copy number
of a defective aminoacyl-tRNA synthetase reversed a
thermosensitive phenotype have been described
{16,27,28].

3.3. Muration DI91 lies within a conserved sequence
motif of class I tRNA synthetases

As a member of class 11 aminoacyl-tRNA syntheta-
ses. the PheRS o subunit contains at least 2 of the 3
conserved sequence motifs which define this group [2].
The presence of motif | assumed to be involved in the
subunit interface in the dimeric (a,) class II tRNA syn-
thetases [13,14] has been questioned recently for the

In vivo phenotype of the cloned pheS gene from strain Gl

Presence of PheRS
dllele on plasmid®

Strain/plasmid

Growth on agar plates”

LB, ampicillin. IPTG

LB. ampicillin, IPTG+L-Phe (3 mg/ml)

jo°C 36°C 40°C 30°C 36°C 40°C
KA2/pBLS - ++ 0 0 o+ 0 0
KA2/pKSBI-W phes 4 +4 A +4 +4- 4+
KA2/pKSBI1-G pheS76 ++ 0 i

"Growth of single colonies is specified from good growth to no (or only marginal) growth, in the order; ++>+>.>0
bpheS and pheS76 encode the o subunits of PheRS from the wild type and strain G1, respectively
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Sequencing
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Fig. 1. The point mutation identified in pheS from strain Gl. The

autoradiogram shows the sequences around nucleotide position 572.

The sequencing reactions for the same base specificity were loaded in

adjacent lanes in order to directly compare wild-type (W) and G1 (G)

pheS sequencing patterns. Mutation D191 in strain Gl. consisting of
a G-to-A exchange, is indicated.

tetrameric PheRS [6]. Interestingly, the K, mutation
D191 (Gly-to-Asp} maps within motif 2, only 4 residues
away from a universally conserved Arg [2]. Fig. 2 dis-
plays an alignment of the relevant known PheRS se-
quences and the motif 2 consensus. As shown in [6], a
Gly is present at the position corresponding to the loca-
tion of the mutation D191 in 9 out of 20 aligned class
IT tRNA synthetase wild-type sequences, whereas the
yeast cytoplasmic PheRS (Fig. 2) happens to have an
Asp residue there. In this context it is worth mentioning
that the yeast enzyme displays a 5-fold higher K, for
Phe as compared to the E. coli enzyme [29]. The increase
of K,, in D191 mutant PheRS (from strain Gl) was
15-fold relative to the wild type [16]. Since an impaired
Phe binding might be indicative for a mutation in the

191
D
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Phe binding site, it is tempting to propose, therefore,
that mutation D191 identifies motif 2 as participating
in the amino acid binding site in PheRS, and more
generally in class I synthetases. This hypothesis is sup-
ported by several functional and structural considera-
tions:

(i) Some functional evidence can be derived from mu-
tagenesis experiments done with E. coli and yeast
AspRS, which demonstrated the crucial importance of
motif 2 residues for class II tRNA synthetase activity
[2.30]. Of special interest is the proposed active site
residue His** in molif 2 of the yeast AspRS. which is
13 amino acids distant from the position corresponding
to the PheRS mutation analyzed in this work; its repla-
cement by the neutral amino acid Gln caused (among
other effects) a 6-fold increase in the K, for Asp.
whereas an exchange against the more positively
charged Arg resulted in a decrease of the K, by a factor
of 14 [30]. One explanation may be that residue 334 of
yeast AspRS interacts with the negatively charged car-
boxyl group of the amino acid substrate.

That K, mutaiions may actually reflect alterations in
the corresponding substrate binding sites was already
found for other aminoacyl-tRNA synthetase mutants
[1.31-33]. An alteration in the probable amino acid
binding site [10-12] was the cause for an elevated K, for
the cognate amino acid substrate and for thermosensiti-
vity in a yeast MetRS mutant [27]. As shown here with
a mutation responsible for a similar phenotype in
PheRS, the identified amino acid replacement consisted
of a Gly-to-Asp exchange. Thermosensitivity could re-
sult from decreased protein stability or from impaired
interactions between the enzyme and its substrate; e.g.
due to increased electrostatic repulsion as a conse-
quence of the additional negative charge introduced by
the amino acid exchange.

(it) The possible involvement of motif 2 in amino acid
substrate binding is further supported from a structural
point of view. The active site domain found in both the

Escherichia coli 185.. IR | JAlPGRVYRN D]y .
Bacillus subtilis <g7..V K{1 ijclp clklv Y R

of HipmMFramee iV DT[N
NDID A T His H alMa[T]E 6 L|v|v DJK'N

Yeast mitochondria 1s0..s GF L1 s A Djv Y R§RDJE O] H[Y[AVIFH QM EGla T 1| WK|R
Yeast cytoplasm 350...TL Fs I D[RV[FlRNJEAVIDA T HIL A E|FH QMEGVLAYE

Motif 2 consensus @00 o

tR o

®0 ot 0 oo

Fig. 2. Alignment of PheRS small suibunit sequences encoded by the pheS region around the position of mutation D191, The region corresponding
to the motif 2 consensus sequence [2] of the p/ieS gene products from £, coli [23), B. subtilis {35], yeast mitochondria [36] and yeast cytoplasm [37]
are aligned. Numbers indicate the first residues shown here for the respective sequences, The one-letter code for amino acids is used. Identical
residucs are boxed. In addition, the motif 2 consensus sequence of class 11 synthetases as given in [2] is aligned. Lower case letters denote
predominantly occurring residues: the boxed R, argininc, is completely conserved: @, hydrophobic amino acids: + and -, correspondingly charged
residues, Detitiled sequence alignments in the motif 2 region of mare class 1T aminoacyl-IRNA synthetascs are shown elsewhere [2.6).
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SerRS [13] and AspRS [14] crystal structures, and which
contains the conserved class II tRNA synthetase-speci-
fic sequence motifs, consists of a large central antiparal-
lel f-sheet rimmed by loops [6,13,14]. It seems reasona-
ble to assume that this super-secondary structure is the
scaffold of the active site domain in all class II tRNA
synthetases (including PheRS), as indicated by the pres-
ence of the conserved sequence motifs [6,14]. A clear
assignment of general functions in catalysis and sub-
strate binding to the individual class II motifs was only
possible for @ central loop within motif 2 which seems
to recognize and bind the acceptor stem and the 3’-end
of the bound tRNA, as deduced from the crystallized
AspRS-tRNAA* complex [14]. Since the tRNA 3’-end
must react with the carboxyl group of the amino acid
substrate, a simultaneous involvement of motif 2 resi-
dues in binding the amino acid appears possible. For the
residues corresponding to the PheRS ¢ subunit around
position 191, such a role would be compatible with their
location in the first antiparallel strand of the large f§-
sheet [6.13.14].

In a previous report. we had proposed that residue
294 of the PheRS ¢ subunit (within motif 3) might be
a specificity determinant in the Phe binding site of
PheRS [15]. Some of the mutants constructed in that
work showed not only changes in the substrate specifi-
city but also variations in the K, values for Phe. We
now suggest that residues from both motif 2 and motif
3 together might contribute to the amino acid substrate
binding site in class II aminoacyl-tRNA synthetases.
Again. this proposal is in agreement with the topology
of the homologous sequences in the tertiary structures
of SerRS [13] and AspRS [14]. The positions corre-
sponding to residues 191 (motif 2) and 294 (motif 3) of
the PheRS ¢ subunit participate in individual S-strands
at the bottom of the active site. Their relative topology
and that of the afore-mentioned position 334 of AspRS
(motif 2) seem to make possible a potential cooperation
in amino acid binding [6,13.14]. Based on extensive se-
quence comparisons within class II tRNA synthetases,
Cusack et al. [6] have proposed that the f-strand of
motif 3 and 2 other, immediately adjacent B-strands, are
involved in the specific binding of the amino acid sub-
strate’s side chain [6,34]. However, as already discussed
previously [15]. the situation in PheRS may be more
complex because of the possible participation of the
additional f subunit in the active site of PheRS.

An analysis of the recently obtained crystals of SerRS
in the presence of ATP and serine [34] will perhaps help
to elucidate the true topology of an amino acid binding
site in a class [T tRNA synthetase.
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