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ABSTRACT. The specific formylation of initiator methionyl-tRNA by methionyl-tRNA formyltransferase
(MTF) is important for the initiation of protein synthesis in eubacteria sudbsaberichia coliln addition

to the determinants for formylation present in the initiator tRNA, the nature of the amino acid attached
to the tRNA is also important for formylation. We showed previously that a mutant tRNA aminoacylated

with lysine was an extremely poor substrate for formylation. As a consequence, it was essentially inactive
in initiation of protein synthesis i&. coli. In contrast, the same tRNA, when aminoacylated with methionine,
was a good substrate for formylation and was, consequently, quite active in initiation. Here, we report on
the isolation of suppressor mutations in MTF which compensate for the formylation defect of the mutant
tRNA aminoacylated with lysine. The suppressor mutant has glycine 178 changed to glutamic acid. Mutants
with glycine 178 of MTF changed to aspartic acid, lysine, and leucine were generated and were found to
be progressively weaker suppressors. Studies on allele specificity of suppression using different mutant
tRNAs as substrates suggest that the Gly178 to Glu mutation compensates for the nature of the amino
acid attached to the tRNA. We discuss these results in the framework of the crystal structure of the

MTF-fMet-tRNA complex published recently.

Two species of methionine tRNA are found in all
organisms studied to daté&)( One of these, the initiator, is
used specifically for the initiation of protein synthesis

assessment of the activity of mutant tRNAs in initiation in
E. coli by measuring the levels of chloramphenicol acetyl-
transferase (CAT) activity from a reporter CAT gene carrying

whereas the other, the elongator, is used to insert methionindUAG as the initiation codon. Using this strategy, we

internally into a polypeptide chain2{-4). In eubacteria,
mitochondria, and chloroplasts, the initiator tRNA is used
as formylmethionyl-tRNA (fMet-tRNAY. The formylation
reaction, catalyzed by methionyl-tRNA (Met-tRNA) formyl-
transferase (MTF), is important for the initiation of protein
synthesis in eubacteria suchB&scoli and is highly specific
(5). The enzyme formylates the initiator tRNA but no other
tRNA including the elongator Met-tRNAGJ. The most
important determinants in the tRNA used by MTF to
distinguish the initiator tRNA from other tRNAs are clustered
in the acceptor stenY{-10). Besides these determinants, the

identified the features in the initiator tRNA critical for its
activity in initiation. These features included the determinants
in the acceptor stem important for formylation and deter-
minants in the anticodon stem important for directing the
initiator fMet-tRNA to the P site on the ribosomé, (16,

17). However, transplanting these features into an elongator
methionine tRNA did not, in itself, produce a tRNA that
was active in initiation. The mutant elongator tRNA was
active in initiation only in cells overproducing the. coli
methionyl-tRNA synthetaselg, 18). The reason for it was
that the mutant tRNA was not formylated when it was

nature of the amino acid attached to the tRNA also has aaminoacylated with lysine but was formylated when it was

significant effect on formylation(1—14).
For functional studies of mutant initiator tRNAs i coli,

aminoacylated with methionind 8, 14).
The strict requirement for formylation of aminoacyl-tRNAs

we previously reported on a strategy based on the use offor their activity in initiation combined with the strategy
mutant tRNAs carrying an anticodon sequence change fromdeveloped for functional studies of mutant tRNA provides

CAU—CUA (15). The CUA anticodon sequence allows the
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an approach for the isolation of suppressor mutations in MTF
(19). Here, we describe the isolation of a suppressor mutation
in MTF which allows the enzyme to formylate the mutant
elongator methionine tRNA that is aminoacylated with lysine
and, thereby, converts it to a tRNA that is active in initiation
in vivo. The mutant elongator methionine tRNA, designated
Mi:2/5 (Figure 1), has mutations in the acceptor stem

chloramphenicol acetyltransferase; LysRS, lysyl-tRNA synthetase; Met- necessary for formylation of tRNAs by MTF, mutations in

tRNA, methionyl-tRNA; fMet-tRNA, formylmethionyl-tRNA; Lys-
tRNA, lysyl-tRNA; fLys-tRNA, formyllysyl-tRNA; tRNA,Met, formyl-
methionine tRNA species 2 &. coli; MNNG, N-methylN'-nitro-N-
nitrosoguanidine.

the anticodon stem necessary for directing the tRNA to the
ribosomal P site, and mutations in the anticodon sequence
necessary for it to read the UAG present as an initiation

10.1021/bi000625+ CCC: $19.00 © 2000 American Chemical Society
Published on Web 06/10/2000



8040 Biochemistry, Vol. 39, No. 27, 2000

Ficure 1: Cloverleaf structure of the Mi:2/5 mutant &. coli
elongator methionine tRNA used for isolation of suppressor muta-
tions in MTF. Shaded areas indicate the sites of mutation in the
elongator tRNA. This tRNA is aminoacylated with lysinelncoli.

codon in the reporteCATam1.2.5ene (3). The suppressor
mutation in MTF has a glycine to glutamic acid change at
amino acid 178. We show that the mutant tRNA is formyl-
ated in cells expressing the G178E mutant MTF but not in
cells expressing the wild-type MTF. Comparison of the
kinetic parameters of the mutant enzyme and the wild-type
enzyme using the wild-type initiator Met-tRNA as substrate
shows that suppression in vivo is not due to a nonspecific

increase in the catalytic rate of the mutant enzyme. Com-

parison of the suppressor activity of the G178E mutant with
three other mutant MTFs (G178D, G178K, and G178L)

generated by site-specific mutagenesis showed that the

Li et al.

(DE3) pLysS (obtained from Novagen) were used as hosts
in this study. The pGFIBI-MTF vector was described
previously @2); pET3d was purchased from Novagen.
Plasmid pRSVpCATam1.2.5 Mi:2/5 LysRS (Afjontains
the Mi:2/5 mutant elongator methionine tRNA gene (Figure
1), the reporterCATaml1.2.5gene, and the lysyl-tRNA
synthetase (LysRS) gene. Other variants of this plasmid
contain the Mi:2/4/5 or the Mi:3/A51:U63 mutant elongator
tRNA genes instead of the Mi:2/5 tRNA gene. The LysRS
gene was excised as a2 kb Sad fragment from
pAC1LysRS @3); the sticky ends were filled in with the
Klenow fragment ofE. coli DNA polymerase | and cloned
into the Hpal site of the pRSVpCATaml.2.5 plasmid
carrying the Mi:2/5 mutant tRNA gene. Alternatively, the
LysRS gene was excised as-a@ kb Ecl136ll blunt-ended
fragment and cloned into thelpal site of the pRSVp-
CATaml.2.5 plasmid carrying the Mi:2/4/5 or the Mi:3/A51:
U63 mutant elongator methionine tRNA genes. The orien-
tations of the LysRS gene in all these constructs are the same
and are indicated in Figure 2. The plasmid pACDFMT fJet
contains themt gene forE. coli MTF (19).

Subcloning of the Wild-Type and Mutant MTF Gene
Fragment into pACD FMS-FMTThe plasmid pACD FMS-
FMT contains thédms-fmtgenes foiE. coli peptide deformy-
lase and MTF, respectively. In this construct, fhe gene
is part of a dicistronic operon under control of tfras
promoter 24). A 280 bp Xcm —Msd fragment of thefmt
gene, including within it the sites of the various G178
mutations, was subcloned into tiem —Msd site of the
PACD FMS-FMT vector.

Medium.Medium used to cultivat&. coli was LB (1%
tryptone, 0.5% yeast extract, 1% NaCl). When needed,

G178E mutant was by far the best suppressor. Studies or@mpicillin and tetracycline were added to a final concentra-

allele specificity of suppression using other related mutant

tRNAs suggest that the G178E suppressor mutation com-

tion of 100ug/mL and 15ug/mL, respectively.
tRNA.Total E. coli tRNA was isolated by phenol extrac-

pensates for the nature of the amino acid attached to thetion. The initiator tRNA™ species was purified by gel

tRNA. We discuss these results in the framework of the
recently determined crystal structure of tke coli MTF-
fMet-tRNA complex @0).

MATERIALS AND METHODS

Strains and Plasmids. E. colstrains CA274 HfrH
lacZz125am trpEamJIM109 @1), DH5c, and Novablue

HindIII

EcoRI

Neol pRSVpCATam1.2.5

(~5 kbp) AmpFR

BamHI

Pstl

Ficure 2: Plasmids used for isolation of suppressor mutations in

reporter, the Mi:2/5 mutant tRNA gene, and the geneHocoli LysRS.

electrophoresis of total tRNA isolated from a transformant
overproducing this tRNAZ5).

Synthesis of tRNA-Sepharose Matrix. (A) Preparation of
Hydrazide-SepharoseThe tRNA-Sepharose column was
prepared as describe@6d). Cyanogen bromide activated
Sepharose (15 g) was washedw@ L of 1 mM HCI and
resuspended in 0.2 M NaHGOpH 10.0. Hydrazine (2

SnaBI
BssHII

BssHII

pACDFMT
(~4.2 kbp)

HindIIT

BamHI

MTF. pR3M@am1.2.5left) contains the gene for theATam1.2.5
The pACDFMT plasmid (right) contains tRT gene forE. coli

MTF and was used for the isolation of mutations in T gene by using MNNG mutagenesis (details in text). LTR, long terminal

repeat.
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mmol/mL of gel) in water was adjusted to pH 10.0 with -MSH, 150 mM KCI, and 50% glycerol (w/v), and stored
NaOH, and NaHC@was added to a final concentration of at—20°C. Determination of the specific activity of MTF at
0.2 M. The solution of hydrazine was added to the gel each step indicated that the procedure resulted in an overall
suspension, and the reaction was allowed to proceed for 5 h14-fold purification of the enzyme. The recovery of the
at room temperature with shaking. The hydrazide-Sepharoseenzyme was 69%, and the yield of pure MTFrr@ L of
was washed wit 2 L of 0.2 MNaHCO; and 1 L of 0.1 M culture was 57 mg.
sodium acetate, pH 5.0, buffer containing 10 mM MgCI Generation of Antibody against MTIMTF (175 ug in
(B) Periodate Oxidation of tRNA.otal E. colitRNA (930 300uL of buffer) was mixed with an equal volume of com-
Aveo Units) was dissolved in 0.2 M sodium acetate, pH 5.0, plete Freund adjuvant and injected into a rabbit. After 4
buffer containing 20 mM MgGlat a final concentration of ~ weeks, the rabbit was inoculated with another Ag®f MTF
8 mg/mL. An equal volume of 20 mM sodium periodate in in complete Freund adjuvant. Another inoculum was given
water was added, and the oxidation reaction was allowed to4 weeks later. The serum was isolated and store¢ 24}
proceed fo 1 h atroom temperature. Excess sodium perio- °C.
date was precipitated with 0.2 M KCI at°€ for 10 min. Mutagenesis and Selection of Suppressor Mutations in
The oxidized tRNA was precipitated with 2.5 volumes of MTF. The mutagenN-methylN'-nitro-N-nitrosoguanidine
ethanol at £C, dissolved in 0.1 M sodium acetate, pH 7.5, (MNNG) was used for introducing mutations into tfrat
10 mM MgCh, and dialyzed against the same buffer 4C4 gene {9, 28). TheE. coli DH5a cells harboring the plasmid
(C) Reaction of Periodat®xidized tRNA with Hydrazide- pACDFMT were treated with MNNG at a final concentration
SepharoseThe solution of oxidized tRNA was added to the of 50 ug/mL. Plasmid DNA containing a pool of mutant
hydrazide-Sepharose suspended in 0.1 M sodium acetate, pHhACDFMT was isolated as described previouslg)( This
5.0, 10 mM MgC} and incubated overnight at room DNA was used to transform the recipient strain CA274
temperature with shaking. The gel was washedh Wit of containing pRSVEATam1.2.5vith the Mi:2/5 tRNA gene
1 M NaCl and resuspended in 0.1 M Tris-HCI, pH 8.0, 10 and the LysRS gene. The cells were allowed to grow for 4
mM MgCl,. Sodium borohydride (3 mg/mg of tRNA) was h and then plated on AT plates (LB containing 10Qg/
added, and afte2 h of incubation at room temperature with mL ampicillin, 15 ug/mL tetracycline, and 10Q:g/mL
shaking, the gel was washed extensively with 20 mM chloramphenicol). More than 100 chloramphenicol-resistant
imidazole hydrochloride, pH 7.6, 10 mfgtmercaptoethanol  (Canf) transformants were obtained after 434 h of
(8-MSH), and 100 mM KCI. The capacity of the column incubation at 37C. Eighty-five of these CaRcolonies were
was determined to be 0.5 mg of tRNA/mL of gel. streaked on ATGo plates to confirm the phenotype. Of the
Overproduction and Purification of Wild-Type MTRA 85 colonies, 20 grew again on the Al plates. Plasmid
Poull —Afllll fragment containing the coding region of the DNAs isolated from 12 of the 20 Cdhtolonies were used
wild-type fmt gene was obtained from the pGFIBI-MTF to transform CA274 for a second time. Tetracycline resis-
vector and cloned into th8anHI| and Ncd sites in the tance was used to select for transformants carrying the pACD
pET3d expression vector. Incompatible cohesive end in the plasmid with thefmt gene. The tetracycline-resistant trans-
vector BarrHI) was filled in using the Klenow fragment of ~ formants were tested for ampicillin-sensitivity to make sure
DNA polymerase | in the presence of dNTPE. coli that the pRSVEATam1.2.5lasmid was not included among
Novablue harboring the pET vector carrying timt gene the transformants. Thient-containing plasmids from the 12
was grown overnight at 37C in 3 mL of LB medium Canf mutants were further screened by subcloning of an
containing 100ug/mL ampicillin, 7.5ug/mL tetracycline, ~1 kbpBsdIl fragment containing thént gene (including
and 30ug/mL chloramphenicol. An aliquot of the overnight 100 bp upstream but lacking the sequence for the C-terminal
culture was diluted 500-fold into 100 mL of LB medium 20 amino acids) from these plasmids into a fresh pACDFMT
containing antibiotics and grown overnight at 3Z. The vector. Plasmid DNAs isolated were then used to transform
overnight culture was diluted 50-fold iL L of fresh medium CA274 cells harboring the untreated pRSV vector carrying
containing antibiotics and grown at 3T to anAggo of 0.6. the Mi:2/5 tRNA and LysRS genes. Transformants were
Isopropyl 3-p-thiogalactopyranoside was added to a final streaked out on AT plates to select for Cafrcolonies.
concentration of 1 mM, and the culture was incubated at 37 Of the 12 plasmids, 2 yielded transformants which were
°C for 2 h. The cells were pelleted by centrifugation. The Canf. The plasmid DNAs from the CaMmcolonies were
cell pellet (16 g wet weight) was resuspended in 63 mL of isolated and used for sequence analysis offtiegene.
25 mM Tris-HCI, pH 8.0, buffer containing 2 mM-MSH Preparation of E. coli Cell ExtractThe overnight culture
and 1 mM EDTA, and lysozyme (0.5 mL of 8 mg/mL) was was diluted 20-fold in fresh media and grown at &7 for
added. After 15 min at room temperature, a solution (1.6 3—4 h. The cells were harvested from 1.2 mL of culture
mL) of DNase | (1 mg/mL in 0.1 M MgG) was added to  and lysed as described befokg.(Protein concentration was
the cell lysate. After 30 min at room temperature, the cell determined by the Bio-Rad dye binding assay using IgG as
lysate was centrifuged fdl h at10000@ at 4 °C, and the the standard209).
supernatant was used for purification of MTF. All subsequent  Assays for CATf5-Lactamase, and MTFCAT and
steps were performed at°C. p-lactamase activities in crude cell lysate were assayed as
MTF was purified to homogeneity using a modification described%). To minimize the effect of any changes in the
of the procedure involving chromatography on DEAE- copy numbers of the pRSVpCATaml1.2.5 plasmid, the
Sepharose, hydroxyapatite, and tRNA-Sepharagg Frac- specific activities of CAT were normalized to the specific
tions containing the purified enzyme from the final tRNA- activities of 5-lactamase in the same cell extract. Assay for
Sepharose step were pooled, dialyzed against 20 mMMTF used a two step reaction, aminoacylation followed by
imidazole hydrochloride, pH 7.6, buffer containing 10 mM formylation as described befor&Q).
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Immunoblot AnalysesA 5—10 ug sample of protein
extract was separated on a 12% Stp®lyacrylamide gel
and transferred onto an Immobilon-P membrane (Millipore).
After transfer, membranes were blocked in 5% nonfat dry
milk in TBS (20 mM Tris-HCI, pH 7.5, 140 mM NacCl,
0.05% Tween-20) at room temperature overnight. Mem-

branes were then washed 3 times for 10 min each with TBS

and incubated with antibody against either MTF (15 000-
fold diluted) or CAT (10 000-fold diluted) anf@-lactamase
(20 000-fold diluted) fo 1 h at room temperature. The

membranes were subsequently washed 3 times for 10 min
each and incubated with peroxidase-conjugated donkey anti-

rabbit antibody (10 000-fold diluted) for 1 h. After washing

3 times for 10 min each, the bound antibodies were detected
with a 1:1 mixture of the two enhanced chemiluminescence

reagents supplied with the Amersham Kkit.

Isolation and Northern Blot Analysis of tRNAShe
procedure used was as described befBig éxcept that the
7% acid-urea—polyacrylamide gel was made and runin 0.2
M NaOAc, pH 5, running buffer instead of 0.1 M NaOAc.
0.02 Az unit of tRNA was loaded, and the probe was a
5'-32p-labeled deoxyribooligonucleotide complementary to
nucleotides 2545 of the Mi:2/5 tRNA. Deacylation of
aminoacyl-tRNA was carried out by incubating the tRNA
with 0.1 M Tris, pH 9.4, at 37C for 1 h.

RESULTS

Isolation of Suppressor Mutations in MTFhe strategy
for the isolation of suppressor mutations in MTF consists of
the use of th&€ATam1.2.5ene carrying the UAG initiation
codon as a reporter in cells carrying a mutant tRNA, which
has the potential to read the UAG initiation codon but is
inactive in initiation because it is defective in formylation
(Figure 2, left). Cells carrying the plasmid with ti&BAT-
am1l.2.5gene and the mutant tRNA gene do not make CAT

Li et al.
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Ficure 3: Northern blot analysis of the Mi:2/5 mutant tRNA

isolated fromE. coli CA274 transformants overproducing LysRS
and either wild-type MTF (lane 2) or the G178E mutant (lane 3).
Lane 1 provides a marker of deacylated tRNA obtained by mild
alkali treatment of total tRNA from the same preparation as that
used in lane 2.

To ensure that the Mi:2/5 tRNA is maximally aminoacylated
with lysine in vivo, E. coli LysRS gene was also included
in the pPRSVpCATam1.2.5 plasmid for overproduction of
LysRS (Figure 2, left).

The mutagenesis of DHbcells carrying the gene for MTF
in the pACDFMT plasmid (Figure 2, right) with MNNG and
isolation of the plasmid DNA from the mutagenized culture
have been described beforE). The pool of mutagenized
plasmid DNA was used to transfori coli CA274 carrying
the pRSVpCATam1.2.5 plasmid (Figure 2, left). Transfor-
mants were selected for growth on plates containing ampi-
cillin, tetracycline, and 10@g/mL chloramphenicol (AT&y).
Of the 85 chloramphenicol-resistant colonies picked for
analysis, 20 grew for a second time on the Addplates.
Purification of the pACDFMT plasmid from 12 of these cells
followed by subcloning of the MTF gene into a fresh pACD

and are sensitive to chloramphenicol. Suppressor mutationsvector and transformation dE. coli CA274 carrying the

in MTF, which allow the enzyme to formylate the mutant
tRNA, would allow the synthesis of CAT and would, thereby,

pRSVpCATam1.2.5 plasmid showed that 2 of them con-
ferred chloramphenicol resistance on the transformants. The

confer chloramphenicol resistance phenotype on the cellsMTF genes in the pACDFMT plasmids from the two CAM

(19). The gene for MTF is carried on a separate plasmid
(Figure 2, right). This is in addition to the chromosomal copy
of the MTF gene.

The mutant tRNA used for this purpose, designated
previously as Mi:2/5 tRNA, is derived from thE. coli
elongator methionine tRNA (Figure 1). It carries the deter-

transformants were sequenced. Both contained a-6G&G
mutation resulting in a Gly178 to Glu change in MTF; one
of them also contained a GE¥ACT mutation resulting in

an Ala55 to Thr change. The-G—A-T transition mutations

in the MTF gene are consistent with the known preference
of MNNG-induced mutations2g).

minants in the acceptor stem necessary for it to be a substrate A single mutant with Ala55 to Thr change was generated
for MTF (the C1xA72 mismatch and the G271 and C3 by site-specific mutagenesis and tested for its activity as a
G70 base pairs), the determinants in the anticodon stemsuppressor in vivo. In contrast to the G178E mutation, the
necessary for it to bind to the ribosomal P site (G29G30G31 AS55T mutation did not suppress the formylation defect of
C39C40C41 base pairs), and the CAQUA anticodon the Mi:2/5 tRNA. Therefore, the G178E mutation in MTF
sequence mutation necessary for it to read the UAG initiation compensates for the formylation defect of the Mi:2/5 mutant
codon. In addition, the tRNA has a &Z68 base pair tRNA in both of the suppressor mutants isolated.
mutation in the acceptor stem, which makes it a slightly better  Analysis for Formylation of Mi:2/5 tRNA in Cells@r-
substrate for formylation1@). The sites of these mutations producing the Wild-Type MTF or the G178E Mutamte

are highlighted in Figure 1. Because of the anticodon chloramphenicol resistance phenotype Ef coli CA274
sequence change, this mutant tRNA is aminoacylated with carrying the pRSVpCATam1.2.5 and the G178E pACDFMT
lysine 32). Although it contains the most important deter- plasmid is due to formylation of the Mi:2/5 tRNA, amino-
minants for formylation, it is an extremely poor substrate acylated with lysine, by the G178E mutant MTF. Figure 3
for formylation because it is aminoacylated with lyside,( shows the results of acidurea gel electrophoresis to separate
13). As a consequence, the Mi:2/5 tRNA is essentially the various forms of the Mi:2/5 tRNA isolated from cells
inactive in initiation even in cells overproducing MTE3). overproducing the wild-type MTF or the G178E mutant,
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Table 1: Kinetic Parameters in Formylation of Wild-TyRe coli
Initiator tRNA Using Wild-Type and the G178E Mutant MTF

keafKm relative
enzyme Km (uM) Keat (S71) (stuM™Y Keal Kim
wt 0.51+0.02 13.9+:6.2 27.3 1
G178E 0.72+0.21 8.9+ 1.1 12.4 0.45

followed by Northern blot analysis using a probe comple-
mentary to nucleotides 255 of the Mi:2/5 tRNA @1). In
cells overproducing the wild-type MTF, the tRNA is es-
sentially quantitatively aminoacylated, but there is little or
no formylation of the Lys-tRNA as indicated by the absence
of a band corresponding to fLys-tRNA (lane 2). In contrast,
in cells overproducing the G178E mutant MTF, there is a
strong band corresponding to fLys-tRNA (lane 3). Approx-
imately, 50% of the Mi:2/5 tRNA is present as fLys-tRNA.
Comparison of Catalytic Properties of Wild-Type MTF and
the G178E Mutant Using tRNXet as Substrate.The
formylation of the Mi:2/5 tRNA in vivo by the G178E mutant

Biochemistry, Vol. 39, No. 27, 200B043

chromosomal locus. In view of the possible instability of
the pACDFMT plasmid carrying the G178D and G178K
mutations, the wild type and all of the mutant MTF genes
were subcloned into the pACD vector carrying tGecoli
FMS-FMT locus 22). The extent of overproduction of MTF
from this vector was about 223-fold over that from the
chromosomal locus (data not shown).

The mutant MTF genes were introduced irfio coli
CA274 carrying the pPRSVpCATam1.2.5 plasmid, and trans-
formants were screened for growth on plates containing
ampicillin, tetracycline, and chloramphenicol at 25, 50, and
75 ug/mL. All transformants grew on plates containing 25
and 50ug/mL chloramphenicol, whereas only transformants
carrying the G178E mutant showed clear growth au@b
mL after 18 h of incubation. Thus, compared to the G178E
mutant, the G178L, G178D, and G178K mutants are weaker
Suppressors.

CAT Protein Leels and Actiity in Extracts of Cells
Carrying the pRSVpCATam1.2.5 Plasmid and the Various

MTF could be due to a general nonspecific increase in the Mutant MTF GenesAssays of CAT protein levels and CAT

catalytic activity of the mutant enzyme compared to the wild-
type enzyme. To test this possibility, the His-tagged wild-
type and mutant enzymes were purified by affinity chroma-
tography (9, 33) and used to study the kinetic parameters
in formylation of the wild-typeE. coli initiator methionyl-
tRNA (Met-tRNA). The data in Table 1 show that tkg/

Km for the mutant enzyme is, if anything, slightly lower than
that for the wild-type enzyme.

Generation of Gly178 to Leu, Asp, and Lys Mutations by
Site-Specific Mutagenesis and Analysis of Their Atgtiin
Suppression in Yb. To investigate how the G178E mutant
MTF suppresses the formylation defect of the Mi:2/5 tRNA,
Gly178 was changed to Leu, Asp, and Lys by site-specific

activity in cell extracts were next used to compare the sup-
pressor activity of the various mutant MTF genes. Figure
4A shows the results of an immunoblot analysis of extracts
from cells carrying either the empty pACD vector or the
various MTF genes, using anti-CAT and afitlactamase
antibodies. A band corresponding to the CAT protein is clear-
ly seen in extracts of cells expressing the G178E mutant MTF
gene (lane 3). This band is absent in extracts of cells carrying
the empty vector or the wild-type MTF gene (lanes 1 and 2)
and is much weaker or absent in extracts of cells carrying
the other mutant MTF genes (lanes@). Thef-lactamase
levels are approximately the same in all of the extracts.
As a control, the extracts were also probed with a poly-

mutagenesis of the MTF gene. Transformants carrying the clonal rabbit antibody raised against MTF (see Materials and
G178L mutant were easily isolated, but the transformants Methods). The results (Figure 4B) show no significant dif-
expressing the G178D and G178K mutants proved difficult ferences in the levels of expression of MTF in cells carrying
to work with because cells carrying these mutants gave the wild type or the mutant MTF genes (lanes&). The
varying levels of expression of MTF, indicating instability amount of endogenous MTF in extracts of cells expressing
of the plasmid or of the expressed MTF mutants. The MTF from the chromosomal copy of the MTF gene is too
PACDFMT plasmid expresses MTF from a lac promoter, a little to be detected under the conditions used (lane 1).
phage T5 gene 10 Shindalgarno sequence, and has AUG For a more quantitative analysis of the relative activity of
as the initiation codon. In contrast, the chromosomal genethe various MTF genes in suppression of the formylation
for MTF, which is part of a FMS-FMT dicistronic operon, defect of the Mi:2/5 tRNA, the extracts were assayed for
expresses MTF from a weak promoter and has GUG insteadCAT activity. To correct for possible fluctuations in copy
of AUG as the initiation codon24). Partly because of these number of the pRSVpCATam1.2.5 plasmid, extracts were
differences, cells carrying the pACDFMT plasmid overpro- also assayed fg#-lactamase activity, and the CAT activity
duce MTF by more than 200-fold over that from the in each extract was normalized to tAdactamase activity

A B

Vector alone
MTF (WT)
| G178E
| G178L
 G178D
| G178K

o
c
o
©

S ® ®
T L~ ~
Q"F!—
> = 6 O

G178D
G178K

2 3 4 5 6

Ficure 4: Immunoblot analysis of CAT angtlactamase levels (A) and MTF levels (B) in extracts frBmcoli transformants carrying the
Mi:2/5 mutant tRNA genes and overproducing LysRS (lane 1) or LysRS and either wild-type MTF (lane 2) or the various G178 mutants
of MTF (lanes 3-6).

1 2 3 4 5 6 1
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Table 2: CAT,p-Lactamase, and Formylase Activities in Extracts of CA274 Transformed with pR8Vam1.2.58Carrying the Various
Mutant tRNA Genes and the pACD Plasmid Carrying either the Wild-Type or the Various Mutant MTF Genes

CAT act? B-lactamase act. normalized CAT act. rel CAT formylase act.
tRNA MTF (unitsfug) (unitsfg) (CAT/B-lactamase) act¢ (nmol mim? ug™)
Mi:2/5 WT 0.92 0.39 2.3 1 3.8
G178D 5.79 0.46 12.6 55 4.2
G178E 16.46 0.36 45.7 19.9 2.3
G178K 4.60 0.40 11.5 5.0 3.7
G178L 211 0.44 4.8 2.1 4.9
Mi:2/4,5 WT 2.32 0.40 5.8 1 3.6
G178D 11.12 0.40 27.8 4.8 3.4
G178E 25.0 0.33 75.7 13.0 2.0
G178K 8.18 0.40 20.4 35 3.5
G178L 6.71 0.38 17.6 3.0 3.5
Mi:3/A51:U63 WT 1.10 0.40 2.7 1 4.7
G178D 211 0.48 4.4 1.6 4.6
G178E 6.62 0.45 14.7 54 2.8
G178K 0.74 0.42 1.8 0.7 3.8
G178L 1.10 0.40 2.7 1.0 4.8

21 unit of CAT activity is defined as nmoles of chloramphenicol converted to acetyl chloramphenicol in 15 min?Git*3he definition of
a unit of S-lactamase activity is as described before f3jelative CAT activity is the ratio of normalized CAT activity in extracts from cells
carrying the various mutant MTF genes divided by the normalized CAT activity in the extract carrying the wild-type MTF gene.

in the same extracts]. As a further control, the extracts A-LYS
were also assayed for MTF activit3@). The results (Table ¢
2) show that cells overproducing the G178E mutant MTF
contain the highest levels of CAT activity, approximately
20-fold more than cells overproducing the wild-type MTF.
Cells expressing the other mutants contain lower levels of

CAT activity. These results are consistent with the chloram- AL
phenicol resistance phenotype of cells carrying the various G
MTF genes. c

The results in Table 2 (last column) also show that the
higher level of CAT activity in cells expressing the G178E
mutant MTF is not because these cells contain more of the
mutant MTF. There is, if anything, less MTF activity in cells
expressing the G178E mutant MTF. The levels of expression
of the wild type and the other MTF mutants are essentially
the same.

Allele Specificity of Suppressionhe critical determinants  Ficure 5: Cloverleaf structure of the mutant tRNAs, derived from
for formylation in theE. coliinitiator tRNA are the CkA72 Mi:2/5 tRNA, used for testing the allele specificity of suppression
mismatch and the G271 and the CZ70 base pairs in the of the G178E mutant MTF. The Mi:2/4/5 mutant tRNA has a G4

Q&z6 ; C69 base pair in addition to the other mutations in the Mi:2/5 tRNA,
acceptor stems. The 9 and the G&68 base pairs also and the Mi:3/A51:U63 tRNA has an Aill24 base pair and an

play some role in formylation, particularly in the context of - a51.U63 base pair in addition to the other mutations in the Mi:2/5
an elongator methionine tRNA sequence backgro@hdig tRNA.

addition, the A11U24 base pair in the dihydrouridine stem ) )
also plays some role in formylatior7,(14). The Mi:2/5 The results (Table 2) show that the fold increases in CAT

mutant elongator methionine tRNA used in this work to activity_in cells expressing the Mi:2/4/5 mutant tRNA and
select for suppressors in MTF has the critical determinants the various mutant MTFs, compared to wild-type MTF, are
for formylation in the acceptor stem. It also has the G&B about the same as in cells expressing the_ Mi:2/5 tRNA. The_se
base pair. However, it is lacking the €269 and A11U24 results suggest .that the G178E mutant is not compensating
base pairs. In the context of an elongator methionine tRNA for the formylation defect of the Mi:2/5 tRNA because it
sequence background, the G469 base pair is thought to lacks the G4C69 bgse pair. Results with the M|:3/A51:U63
be very important for formylatiorkes/Km down by a factor mutant tRNA, §|mllarly, suggest th_at the G178E muta_mt is
of 125 @). To investigate whether the G178E mutant enzyme not compensating for the formylation defect_ of the Mi:2/5
compensates for the absence of these other determinants fofXNA because it lacks the A1U24 base pair. Thus, the
formylation, we have measured CAT activity in extracts of G178E mutant compensates for the amino acid that is
cells carrying the pRSMPATam1.2.5lasmid with either ~ attached to the tRNA.

the Mi:2/4/5 tRNA or the Mi:3/A51:U63 tRNA (Figure 5).

The Mi:2/4/5 mutant tRNA has the G869 base pair, and DISCUSSION

the Mi:3/A51:U63 mutant has the A1124 base pair along We have isolated mutations in MTF which suppress the
with the C63 to U63 mutation necessary for expression of defect in formylation of the mutanE. coli elongator

the tRNA (@3, 14). These tRNAs are also aminoacylated with methionine tRNA, Mi:2/5, that is aminoacylated with lysine.
lysine in vivo. The suppressor mutation has a Glyl78 to Glu change in
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MTF. Of the two different suppressor mutants isolated, both 2/5 tRNA to fit better into the catalytic site of MTF. Docking
had in common the G178E mutation. Comparison of suppres-of lysine instead of formylmethionine in the amino acid
sor activities of other mutants generated at the 178 positionbinding pocket of MTF shows that lysine can be accom-
showed that the Glu178 mutant was the best suppressor. modated into the pocket except for possible steric clash
The suppressor mutations in MTF were initially selected between the Nkt group of the lysine side chain and either
on the basis of the phenotypic resistanc&otoli carrying the NH of the imidazole ring of His110 or the main chain
the mutant CAT gene and the Mi:2/5 mutant tRNA to NH of Glylll (E. Schmitt and S. Blanquet, personal
chloramphenicol. Assays for CAT activity in extractsif communication). The G178 to Glu mutation could, as
coli show that the phenotypic resistance to chloramphenicol indicated below, lead to rearrangements of the amino acid
is due to an approximately 20-fold increase in CAT activity binding pocket of MTF such that it can more readily
in E. coli overproducing the G178E mutant MTF compared accommodate a lysine residue. Mutation of Gly178 to Glu
to E. coli overproducing the wild-type MTF. This increase results in steric clashes of the Glu side chain with side chains
in CAT activity is, in turn, due to the fact that i&. coli of either residues 136 and 154 (E. Schmitt and S. Blanquet,
overproducing the G178E mutant MTF, the Mi:2/5 mutant personal communication) or residues 138 and 152. In the
tRNA is formylated to the extent 6£50%, whereas in cells  crystal structure, the main chain NH of residue 137 interacts
overproducing the wild-type MTF, there is essentially no with the main chain CO of His110. Therefore, it might be
formylation of the Mi:2/5 tRNA. These results highlight once speculated that the steric clash of Glu178 with residues 136
again the importance of formylation in the activity of a tRNA or 138 leads to movement of the main chain NH of residue
in initiation of protein synthesis ifE. coli. In vitro studies 137, which in turn affects the position of the HisHGly111
show that the G178E mutant MTF is slightly less active on region of MTF and, thereby, leads to accommodation of
the wild-type initiator Met-tRNA as substrate compared to lysine in the amino acid binding pocket of MTF.
wild-type MTF. Thus, the suppressor activity of the G178E
mutant is not due to a general nonspecific increase in catalyticACKNOWLEDGMENT
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