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ABSTRACT: The formylation of initiator methionyl-tRNA by methionyl-tRNA formyltransferase (MTF) is
important for the initiation of protein synthesis in eubacteria. We are studying the molecular mechanisms
of recognition of the initiator tRNA byEscherichia coliMTF. MTF from eubacteria contains an
approximately 100-amino acid C-terminal extension that is not found inBheoli glycinamide
ribonucleotide formyltransferase, which, like MTF, ig€-formyltetrahydrofolate as a formyl group donor.

This C-terminal extension, which forms a distinct structural domain, is attached to the N-terminal domain
through a linker region. Here, we describe the effectp$iibstitution mutations on some nineteen basic,
aromatic and other conserved amino acids in the linker region and in the C-terminal domain of MTF and
(i) deletion mutations from the C-terminus on enzyme activity. We show that the positive charge on two
of the lysine residues in the linker region leading to the C-terminal domain are important for enzyme
activity. Mutation of some of the basic amino acids in the C-terminal domain to alanine has mostly small
effects on the kinetic parameters, whereas mutation to glutamic acid has large effects. However, the deletion
of 18, 20, or 80 amino acids from the C-terminus has very large effects on enzyme activity. Overall, our
results support the notion that the basic amino acid residues in the C-terminal domain provide a positively
charged channel that is used for the nonspecific binding of tRNA, whereas some of the amino acids in the
linker region play an important role in activity of MTF.

The formylation of initiator methionyl-tRNA (Met-tRNA) N106
by methionyl-tRNA formyltransferase is important for the [:;:’1’35["‘“
initiation of protein synthesis ikscherichia col(1—3). The GARF | I | I
formylation reaction is highly specific. The enzyme formy- 1 212
lates the initiator Met-tRNA, but no other aminoacyl-tRNA N108
including the elongator species of Met-tRNA, (5). In H110 D146
addition, the enzyme has a preference for the amino acid ¢ ( ) ]5”1137L P e —
methionine 6—8). The major determinants for formylation 1 314
are clustered in the acceptor stem of the initiator tRI9A ( T i T
11). A minor determinant is the A11:U24 base pair in the linker region
dihydrouridine stem 9, 12). We are interested in the insertion loop C-terminal extension
molecular mechanisms of recognition of these determinantsFicure 1: Schematic alignment of GARF and MTF sequences from
by theE. coli MTF. various sources. The amino acid numbering of MTF begins with

The genes for thé&. coli and several other eubacterial the serine found at the N-terminus of tBecoli protein. The amino
MTFs h b | ) d d d d th t F\cids Asn, His, Ser/Thr, and Asp, thought to be involved in catalysis
S have been cloned and sequenced, and the Crystajy garr and also found in MTF, are indicated. Arrows indicate

structure ofE. coli MTF has been eStab”Shema 14) The sites of insertion in MTF compared to GARF.
crystal structure of. coli MTF shows that the enzyme
consists of two domains connected by a linker region (amino

acids 189-209). The N-terminal domain consists of a Rossmann fold and is strikingly homologous in secondary

and tertiary structure t&. coli glycinamide ribonucleotide

t Supported by grant R37GM17151 from the National Institutes of [ormyltransferase (GARF), another enzyme that, like MTF,
Health. usesN°-formyltetrahydrofolate as a formyl group donor in
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1 Abbreviations: MTF, methionyl-tRNA formyltransferase; GARF, be important for catalysis in GARFL$—17). Two main
glycinamide ribonucleotide formyltransferase; MetRS, methionyl-tRNA  differences between MTF and GARF sequences djehd

synthetase; TyrRS, tyrosyl-tRNA synthetase; VMA, vacoular membrane ; i i i ; ;
ATPase; Met-tRNA, methionyl-tRNA; fMet-tRNA, formylmethionyl- |nsgrt|on in MTF of a 16 amino acid sequence in the. loop
tRNA; tRNAy, E. colifMet-tRNA, species carrying'aamino 3-deoxyA region between the secofidstrand and the secorncthelix

in place of the 3terminal A residue. from the N-terminus of the protein and)(the presence in
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MTF of an approximately 100 amino acid extension (amino the IMPACT | system, is used to express MTF C-terminal
acids 216-314 in theE. coli enzyme) at the C-terminus. deletion mutant as a fusion protein wiaccharomyces
The C-terminal extension, which consists g#-darrel with cerevisiaevacoular membrane ATPase (VMA) intein and a
five antiparallels-strands, is structurally homologous to the chitin-binding domain, CBD, fronBacillus circulans(25).
anticodon-binding domains of the. coli lysyl-tRNA syn- The construct pQE16FMTp, expressing tBecoli MTF as
thetase and the yeast aspartyl-tRNA syntheth8e Z0). The a fusion protein with 6XHis tag at the C-terminus, has been
C-terminal extension has a positive electrostatic potential on described before2(l). The plasmid pQE16FMTp was used
the surface pointing toward the catalytic center of MTF and as a template for mutagenesis by the Quik-Change procedure
binds tRNA on its own, although nonspecificali4). These (Stratagene) to obtain the site-specific mutants.

findings have led to the suggestion that the insertion loop in  Generation of Deletion Mutants of MTPlasmid pQE16-

the Rossmann fold and the C-terminal extension togetherFMTp was digested witiBsddll and Bglll to completion,

are important in recognition of the initiator tRNA by MTF, the single-stranded ends generated were removed using mung
with the C-terminal extension being used for nonspecific bean nuclease, and the large fragment was purified and
binding of tRNA and for orientation of the'&nd of the circularized to obtain pQE16FMTC20. This plasmid was
initiator Met-tRNA toward the catalytic center of the enzyme used to express MTAC20, which lacks the C-terminal 20
(14, 22). amino acids, but has six histidine residues at the very

Analysis of suppressor mutations in MTF, which com- C-terminus. For the construction of pQE16FMYP80,
pensate for the formylation defect of mutant initiator tRNAs, expressing MTRC80 lacking the C-terminal 80 amino acids,
has provided support to the notion of the importance of the the plasmid pQE16FMTp was digested wibiXl and Bglll
16 amino acid insertion sequence in the specific recognition and the ends were filled in with T4 DNA polymerase in the
of the initiator tRNA @1). Further support has come from Ppresence of all four dNTPs. The resulting large fragment
the results of site-specific mutagenesis within this insertion was purified and circularized with T4 DNA ligase. The
sequence?), and the findings that amino acids in this region Overexpression of the deletion mutants was followed by
of MTF are important for recognition of some of the major immunoblotting using anti-His tag antibodies (Clontech).
determinants in the initiator tRNA. In this paper, we describe ~ The construct pCYB3FMAC18, expressing MTAC18
the effect of {) substitution mutations of basic, aromatic and lacking the C-terminal 18 amino acids and the six histidines
other highly conserved amino acids in the linker region and present in the other mutants, was generated as follows. The
in the C-terminal domain, andi) deletion mutations from  fmt gene was amplified by PCR using the following two
the C-terminus of MTF on its activity. Our results are primers: 3CTAACATGTCAGAATCACTAC3' (forward

consistent with the notion that the positively charged amino Primer carrying the site for thafllll restriction enzyme) and
acids in the C-terminal domain mostly contribute nonspecific 5ACCATTCCCGAGCAGAGTTCAGGAGGS (reverse
binding energy, whereas the amino acids in the linker region, pPrimer). The PCR product was digested witsdll, and
which come close to the'@erminal A of the tRNA 23), the BsdIl end was filled in using T4 DNA polymerase in
play important roles in discrimination of the initiator tRNA  the presence of all four dNTPs. Following enzyme inactiva-
from elongator tRNA. Results of deletion mutagenesis show, tion, the product was then digested wailll and purified
however, that the C-terminal domain is important for the On low-melting agarose gel. Similarly, the pCYB3 vector
function of the enzyme. We discuss the results of these Was digested witlap, the Sag ends filled in using T4 DNA
biochemical studies in the framework of the crystal structure Polymerase, and the resulting DNA was digested \Wdal.

of theE. coliMTF—fMet-tRNA complex published recently ~ After purification on low-melting agarose gel, the pCYB3
(24). Our results provide additional support to the molecular vector DNA fragment was ligated to ttimt gene fragment.
mechanisms of specificity in recognition of the initiator tRNA  The ligation mix was used to transforn coli XL 1 Blue,

by MTF based on the crystal structure. In addition, they help and the recombinant clones were identified using restriction
determine which of the contacts seen in the crystal structuredigestion. Expression of the-85 kDa MTFAC18-Intein-

play important roles and which ones play marginal roles. CBD fusion protein was detected using both anti-Intein
antiserum and anti-MTF antiserum.

MATERIALS AND METHODS Protein Purification.The His-tagged wild-type and dele-
tion mutants of MTF were purified using Talon affinity resin
Radioisotopes, Enzymes, and Chemicdadioactive  as described before2{). Expression and purification of
iSOtOpeS were pUrChased from NEN-DuPont. Restriction native E. coli MTF |acking the His_tag has also been
enzymes and DNA-modifying enzymes were obtained either described before2@). Construction of plasmids for the
from New England Biolabs or Boehringer Mannheim. expression and purification of His-taggEdcoli methionyl-
Pyrococcus furiosuBNA polymerase was from Stratagene, tRNA synthetase (MetRS-6xHis) has been descrit2s). (
and Talon-Sepharose was from Clontech. Oligonucleotide The purified enzymes showed no detectable loss in activity
primers were custom synthesized by Genosys Biotechnolo-on storage at-20 °C for 2—4 months in 20 mM imidazole,
gies. DNA sequencing kit, Sequenase (Version 2.0), waspH 7.5, 150 mM KCI, 10 mMS-mercaptoethanol, and 50%
from Amersham. IMPACT |, the one step protein purification glycerol.
system was from New England Biolabs. All other routinely — fFor purification of MTFAC18, E. coli XL1-Blue, harbor-
used chemicals were of the highest purity grade available. ing the pCYB3FMTAC18 plasmid, was growmil L 2xYT
Bacterial Strains and Plasmids. E. cdM109 and XL1- media containing 10@g/mL Amp and 1Qug/mL Tet for 4
Blue were used as hosts in this study. The expression vectord at 37°C. The culture was induced with IPTG (1 mM) for
pQE16 and pCYB3 were from Qiagen and New England 10 h at 25°C. Cells were recovered and resuspended in
Biolabs, respectively. The pCYB3 vector, which is part of buffer | (20 mM Tris-HCI, pH 8.0, 100 mM NacCl, 0.1 mM
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EDTA, and 0.1% Triton X-100) and sonicated for 2 min highly conserved such as GIn196, Phe or Tyr203, Arg or
(40 pulse X 4) using Vibracell sonicator (Sonic and Materials Lys209, Trp or Tyr216, GIn287, Pro232, Pro234, Arg or
Inc., Danbury, CT). The extract was clarified by ultracen- Lys291, Arg or Lys292, etc. All in all, we have mutated 19
trifugation (100009; 60 min) and loaded onto a Chitin- amino acids, 18 to Ala, and some to several different amino
agarose column (2.5 mL bed volume) preequilibrated with acids. The sites that have been mutagenized are indicated
buffer I. The column was washed extensively with buffer I by closed circles in Figure 2. The rationale for selection of
(100 mL) followed by buffer H 500 mM NaCl (100 mL). sites for mutagenesis was as follows: (1) Using chemical
Intein-mediated cleavage of MTW€18 from the MTRAC18- cross-linking, we had shown previously that Lys206Eof
Intein-CBD fusion protein was initiated by rapidly flushing coli MTF comes close to the'-#nd of the tRNA 23). The
the column with 6.0 mL of freshly prepared cleavage buffer sequence following this Lys206 . coli MTF is Lys-Leu-
containing DTT (20 mM Tris-HCI buffer, pH 8.0, 50 mM  Ser-Lys-Glu, which is similar to the Lys-Met-Ser-Lys-Ser
NaCl, 0.1 mM EDTA, and 100 mM DTT). After the column  or Lys-Leu-Ser-Lys-Ser sequences often found in class |
was drained by gravity flow, 6.0 mL of cleavage buffer was aminoacyl-tRNA synthetase83). These sequences in class
added again to the column and the mixture was incubatedl aminoacyl-tRNA synthetases are important for aminoacyl-
for 12 h at 4°C. The eluted fractions containing MNc18 adenylate formation and for transfer of the amino acid to
were pooled and dialyzed against 20 mM imidazole, pH 7.5, the tRNA. Therefore, to investigate whether amino acids
containing 150 mM KCI, 10 mMs-mercaptoethanol, and  around the Lys206 dE. coliMTF are important for function,
50% glycerol. Approximately 1 mg of purified native we mutagenized several of the amino acids in and around
MTFAC18 protein was obtained fno 1 L of culture. Lys206, including the GIn196 conserved in all MTFs. Lys206
Protein concentration was determined by Bradford dye- is within the linker region of. coli MTF, which includes
binding assay 26) using Bio-Rad dye binding assay kit amino acids 196208, and Lys209 is assigned to be the first
employing IgG as a standard. SDS-polyacrylamide gel amino acid of the C-terminal domairi4). Because both
electrophoresis was carried as described by Laen®ii (  Lys206 and 209 are part of the Lys-Leu-Ser-Lys-Glu
Gels were stained with Coomassie Brilliant Blue R-250.  sequence, for the sake of convenience in discussion, we have
fMet-tRNA and the 3-Amino-3-deoxy Analogue of fMet-  €xtended the linker region to include Lys209 in this paper.
tRNA (tRNA,). fMet-tRNA, was expressed and purified as (2) The crystal structure of. coli MTF shows that the
described 28, 29). The purity of tRNA, assessed by C-terminal domain has a positive electrostatic potential on
aminoacylation was 95%. The 3terminal A of fMet-tRNA the surface pointing toward the catalytic center of the enzyme
was exchanged for @mino-3-deoxy A as described previ-  (14). This surface is lined up with basic and aromatic amino
ously to yield tRNA (30). In tRNAy, the 3-hydroxyl group acid residues that are conserved. It has been proposed that
of the terminal A is replaced by an amino group. The purified the positively charged channel formed by the basic amino
tRNAy was aminoacylated witk. coli MetRS to yield Met- acids bind to tRNA and help orient the tRNA acceptor stem
tRNAy in which the methionine is linked to the tRNA by a @nd the 3end toward the catalytic center of the enzyme.
base stable peptide linkage as described befite3p). Our mutagenesis of this region has, therefore, focused on

Gel Mobility Shift Analysis of MTEMet-tRNA Com- those basic, aromatic and other amino acids that are
plexesBinding reactions (1@&L) were performed in 20 mM conserved N the C-tgrmmal dpmam. The mytgnt enzymes
imidazoleHCI (pH 7.6), 5 MM MgCh, 150 mM NaCl, and ~ Were all punfle_d as fusion proteins with six histidine residues
5% glycerol. [5SIMet-tRNAy (0.1 «M) and MTF (0.04- at the C-terminus, except for thaC18 mutant and are
10.24uM for wild-type and 1.3-18.8uM for MTFAC20) essentially homogeneous (Figure 3).

were mixed and incubated at room temperature for 15 min, Activity of th.e Mutant ProteinsAs a quick screen for the. ,
and the complexes were resolved on a 6% native polyacryl- effect of mutations to alanine on enzyme activity, the specific

amide gel at 50 V for 1 h. The gels were fixed, dried, and activities of the mutant proteins were measured at high- and
the radioactivity was quantitated by phosphorimaging (Mo- OW-initiator tRNA concentrations as described befd2)(
lecular Dynamics). The appareHlt values were obtained The r_esults are pf‘?se”“?d_ in the form. of a bar diagram (E|gure
from the amount of enzyme required to convert 50% of the 4), with the specific activity of the wild-type enzyme being

Met-tRNAy to the MTF—Met-tRNAy complex set at 100%. It was found that within the linker region,
' mutation of the invariant Q196 or the highly conserved Y203

to A had minimal effects on enzyme activity, whereas
mutation of amino acids 206, 207, and 209 had significant
effects. In the C-terminal domain, most of the mutations
RESULTS studied had only small effects (activity reduced by a factor
of 2—5 at the most) even at low-initiator tRNA concentra-
Amino Acid Residues in MTF Selected for Mutagenesis. tions (Figure 4B).
Previous work 22) has focused on the effects of mutagenesis  Steady-state Kinetic Parameters of MTF Mutants in the
of amino acid residues in and around the 16-amino acid Linker RegionAfter the amino acid residues were identified,
insertion loop ofE. coli MTF (Figure 1). Here, we have mutations of which are detrimental to enzyme activity, we
focused on effects of mutagenesis of residues in the linker mutated the amino acids in this region to several other amino
region and the C-terminal domain. Figure 2 shows a sequenceacids and measured the steady-state kinetic parameters in
alignment of these regions in MTFs from 17 eubacterial formylation of the initiator tRNA (Table 1). It can be seen
sources. Within the approximately 135 amino acid stretch that, while the K206A mutant haska./Ky, that is about 17-
of E. coli MTF, there are 29 sites that contain very similar fold lower than that of the wild-type enzyme, the K206R
amino acids in all 17 sequences. There are some that arenutant has &../Kn that is only 3-fold lower. Thus, a positive

Assays for MTF and Measurement of Kinetic Parameters
in Formylation of fMet-tRNA These were as described
elsewhere Z1).
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E.coli TAKPEVQDETLVTYAEKLSKEEARIDWSLSAAQLERCIRAFNP-—-——— WPMSWLEIEG- ===~~~ QPVKVWKA
V.alginolyticus KAVPVKQDDELANYARKLSKEEARINWNDDAAHIERCVRAFNP----- WPMSHFEAAE~—-——--- NSIKVWKA
H.influenzae KFIAERQDGSQSNYAEKLSKEEAQLNWSLSAMQLERNIRAFNP--—--- WPIAYFSTEDKDGN-AHTLKVYQA
P.aeruginosa TLHGEIQDDALATYAHKLNKDEARLDWSRPAVELERQVRAFTP--——~~ WPVCHT SLAD- -« w == APLKVLGA
M.pneumoniae KSQWKEQINPP-TFGLNIRKEQERLDLNLEPKAFINWVKGLAP-—-——~ KPGGWLEFEG---—--- ONIKILQA
M.genitalium KGKWFEQIGEP-TFGLNIRKEQEHLDLNQIYKSFLNWVKGLAP—- -~ -~ KPGGWLSFEG~—-—-—-—- KNIKIFRA
T.pallidum TLAPAAQDHSQATFCGKLCREMGLADWSNPAVVLERKIRAFTP -~ —--— WPGLFTYRKDG—— -~~~ ERIATLQA
B.subtilis SISPERQDEERATYAPNIKREQELLDWSRTGEELYNQIRGLNP~——~—- WPVAYTTLNG===~~~ ONLKIWAS
T.thermophilus ~-LTPRPQEGEV-SYAPPLSKEEGRLDFGESAEALYRRHRAVQP—~-—-~ WPGSYFFHRG-—-——-- RRVKALRL
M. tuberculosis RLTPRPQPADGVSVAPKITVANARVRWDLPAAVVERRIRAVIP----- NPGAWTLIGD=--~—-—~ LRVKLGPV
H.pylori -ITRKSQDHEMQASFCKKITKSDG~LVGFRKDAKSLFLKSLAFKS———~~ WP-EIFLENG-——~~~~- LKLLEV
C.trachomatis TVRHVPONEAMATLAPKLTKEEGGIHWDAPASQVYAHIRGVSP~ -~~~ APGAWTRYLSQGKE-ARRLGVLSA
R.prowazekii ~IVPIRQSSNGITYAHRLTRAEGKINWYESAYSIDCKIRGMNP~--—--- WPGAYFSYND=~ = ===~ KIIKILRA
Synechocystis QLOPIPQTETEATYAPLLKRKGDFVINWHRSALEIHNQVRGFAPACHTAWGEQILKIISTVPLGAEFFPLLPE
B.burgdorferi ~FLGIPQKSSEATFCSFLKKESGFIDFNLSAFEIKNKINACNP ~— — = WPLVRVRLDY - -~~~ NDIIFHRA
A.aeolicus RKVRKPVPQNHEEATYAPPVQRKEEYRICWKASAESVRDRIRGLYP~=—~==—~- NAYTTFRG= ==~~~ NRIKILKA
B.bronchiseptica SLVPAVQDGVA-SYGAQRSPEDGVIDWAAPAAGIARLVRAVSR~~~-PYPGASTWLDG---—--— RLVRIWRA

280 314

I---.> - a—
. oo .

E.coli ILNLLSLQPAGKRKAMSAQDLLNSRREWFVPGNRLV -~~~ —--
V.alginolyticus VLVLEQLQVPGKKAMSVQDILNSRAAWFEVGTLLV---- —--
H.influenzae VLNLLQLQSAGRKRPMSAQDLLNGRAEWFTIGKVLA~-== =—=
P.aeruginosa ALRLTRLQLPGGKPLAFADLYNSRREQFAAGQVLGQ--- —--
M.pneumoniae IVLLQIIQIPGRKRAMGVSEIINGKHP-FAEGKFFH---- -~
M.genitalium IISIERIQIPGRKRVMEVSEIINGKHP-FVVGKCFK-=~- —-—
T.pallidum VLSLLQLORSGKKPLFWRDFLNG~-SPLLLTGRLGV--~-- --
B.subtilis ALLLTELQPAGKKRMKGEDFVRG~-~-AHVEAGDVLGVNNE KN

T.thermophilus LLLLLEVQPEGRRAMPAADWARG--YGVAPGTRLGQV-- --
M.tuberculosis PVRLGQIQPPGKKLMNAADWARG--ARLDLAARAT---- --—

H.pylori SVRTARLQAVGRKPLKAKDYLNG--KRLKIGGILA-~-~ ==
C.trachomatis ALRLRMVQPEGKALMKAKDFFNG-~QSRLVSKLF-~~~~ --
R.prowazekii ILRVKKLQQESKKALNIEEFLRG--~TNILKDTILK~=-~ -~
Synechocystis HLLLEQVQPPGKRKPQSGWDFING- - ~NRSTISFA~ === =~
B.burgdorferi ILLLLEVQRPGRKVLDFKSFYNG- - SROLIGQVFSSIE- --
A.aeolicus LEILELISPRKGKK-MRGEDFMRGYRPQLYEPFNSE~=-= -~

B.bronchiseptica AIEIEEAEDDGGQSVMVALRRSS~-HRRFRSQS-~----- --

Ficure 2: Alignment of MTF sequence from eubacteria in the linker region (amino acids; 288) and the C-terminal domain (269
314).a-Helices (rods) ang-strands (arrows) as seen in the crystal structure oEthenli MTF. Closed circles indicate some of the basic,
aromatic or highly conserved amino acids mutagenized in this study. The database accession numbers for the various MTF sequences are:
Escherichia col(P23882)Vibrio alginolyticus(087726) Haemophilus influenza@44787) Pseudomonas aeruginofa85732) Mycoplasma
pneumoniaéP75235) Mycoplasma genitaliunP74605),Treponema pallidunjO83737) Bacillus subtilis(P94463),Thermus thermophilus
(P43523)Mycobacterium tuberculosi@80108),Helicobacter pylor{AE001534) Chlamydia trachomati§AE001324) Rickettsia prowazekii
(P50932),Synechocystis sfD64001), Borrelia burgdorferi (AE001119), Aquifex aeolicug§O67890), andBordetella bronchiseptica
(AJO07747).

charge at this position contributes o coli MTF function. to have very little effect on enzyme activity (Figure 4),
The K206 to L mutation has basically the same effect as the whereas mutation of K246, Q287, and K291 appeared to
K206 to A mutation, suggesting that the hydrophobic part have some small effect. Therefore, we have changed these
of the side chain of Lys206 is probably not very important three latter amino acids also to Glu to study in detail the
for enzyme function. In striking contrast to the effect of the effect of such mutations on the kinetic parameters. The results
K206 to R mutation, K206 to E mutation results in a large are shown in Table 2. While mutation of K246 to A had
decrease of 124-fold iR.o{Kn. This result suggests that a only a minor effect ork../Kn, mutation to E had a major
negative charge at this position is highly detrimental to effect of loweringk../Km by a factor of 149-fold. Much of
enzyme activity. Much of this is due to a decreasédn this effect is due to an increase ki, from 0.5 to 15.4uM.
Mutation of L207 to A, V, or Q lower&../Km by a factor Similarly, while the Q287 to A mutation has only a small
of about 17, 9, and 12, respectively, suggesting that L207 effect, loweringk../Kn by about 10-fold, the Q287 to E
also contributes to enzyme function. In contrast, mutation mutation has a large effect, loweritkg./Kn by about 187-
of S208 to A has only a very small effect (about 3-fold) on fold; the effect being due to both an increasekin and a
Keal K- decrease irk.a: The results with K291 mutations are also
Mutation of K209 to A, L, and E has very strong effects basically the same in that the mutation to A has less of an
on keofKm (down by a factor of 124), whereas mutation to R effect than a mutation to E, although the K291 to A mutation
has only a very small (3-fold) effect. These results suggest has a substantial effect on kinetic parameters. These results
that a positive charge at this position is very important. suggest that, in the C-terminal domain, perhaps with the
Steady-state Kinetic Parameters of C-Terminal Substitution exception of K291, the basic amino acid residues that form
Mutants.Mutation of K292 to A and of R303 to A appeared part of the positively charged channel on the surface of the
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Ficure 3: SDS/15% polyacrylamide gel electrophoresis of wild-
type MTF and some of the least active of the mutant MTFs used
in this study. Proteins were detected by staining with Coomassie
blue dye. The wild-type MTFs and all of the mutant MTF except
for the AC18 mutant contained a sequence of six consecutive
histidine residues at the C-terminus.

enzyme make relatively small contributions, individually, to
its overall activity. However, introduction of a negative
charge is highly detrimental. The overproduction and stability

of these mutant enzymes are not affected in any way by these

mutations. Therefore, it is unlikely that the detrimental effect
of the mutation to Glu is due to a major structural alteration
of the enzyme.

Figure 5 indicates the relative locations of the positively
charged lysine and arginine residues, and the glutamine
residue mutated above in the framework of a drawing of the
crystal structure of th&. coli MTF—fMet-tRNA complex
(24). K206, K246, K291, and Q287, which when mutated
to A, had relatively minor effects, but when mutated to E,

WT [T
Q196A [

Percent Specific Activity

Mutation in MTF

had strong effects on enzyme activity are all close to either
the minor groove of the tRNA acceptor stem or to the CCA Ficure4: Specific activities of mutant MTFs measured at (A) high
end. K209, which when mutated to A, L, or E, had equally concentration (10< Ky) and (B) low concentration (k Kp,) of

strong effects is highlighted with an asterisk the initiator tRNA substrate presented in the form of a bar diagram

Steady-state Kinetic Parameters of the C-Terminal Dele-
tion Mutants.The deletion mutants MTAC20 and MTRAC80
are both essentially inactive in formylation (Table 3 and data

with the specific activity of the wild-type enzyme fixed at 100%.
The specific activities correspond to the initial rates observed per
unit amount of the enzyme.

not shown), suggesting that the C-terminal region of MTF Table 1: Kinetic Parameters of Wild-type MTF and Mutants in the
Linker Regiorit

is very important for enzyme activity. THea/Ky, is down

by factors of 1428 -1492-fold. This is due both to an increase KealKm  (KealKm) WT vs
in Ky, of about 7-fold and a decrease kg of about 200- enzyme  Kp, (uM) Keat(sh)  (stuM™)  (kealKm) mutant
fold for the MTFAC20 enzyme. WTMTF 05402 37.3+3.7 74.6 1.0
Both deletion mutants were stably overproduce.icoli, K206A  2.4+04 10.7£3.7 4.5 16.6
i ; K206R  1.7+0.3 37.3+3.7 21.9 3.4
mutant binds 1o the substrate Met-tkNA, although >0 28+ 0.7 18.7+0.9 6.7 11.1
somewhat weakly (see below). Therefore, while the pos- 1 207A  4.3+1.0 19.0+4.3 4.4 16.9
sibility that there is a major change in the structure of MTF L207v 4.1+ 16 357+11.2 8.7 8.6
in the deletion mutants cannot be ruled out, this is unlikely ;22%22 é-gi 8-? ggi g-g 2-742 %17-6
at least f_or the MTRC20 mutant. Also, the crystal structure 500A 46111 26+05 0.6 124.0
of E. coliMTF and the MTFfMet-tRNA ternary complex K209R 15+ 0.4 325+90 21.7 3.4
show no extensive contacts between the C-terminal 20 aminoK209L 35+13 21+08 0.6 124.3
K209E 3.1+ 13 1.94+07 0.6 124.3

acids and the rest of the protein. Like all the other mutants
of MTF, however, the deletion mutants also contain six

MTF, the C-terminus is almost at one end of the molecule
(14) (Figure 5). Therefore, one possible explanation for the

aKinetic parameters listed are the average of four or more experi-

histidines at the very C-terminus. In the crystal structure of ments. The tRNA concentrations used varied from 0.2 tq2/0and
the enzyme concentration, depending on the mutant, was 0.025 to 1.31

strong effect of the C-terminal deletions on MTF activity is the rest of the protein and this proximity of the histidines
that the deletion brings the six histidine residues closer to interferes with the folding of the C-terminal domain. To rule
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Table 2: Kinetic Parameters of Wild-type MTF and Mutants in the
C-Terminal Domaif

Keal Km (KoalKm) WT vs

enzyme  Kp (uM) Keat (5D (sTuM™)  (kea!Km) mutant
WTMTF 05+0.2 37.3£3.7 74.6 1.0
K246A 0.7+ 0.3 12.0£ 1.9 17.1 4.4
K246E 154+ 05 7.8+04 0.5 149.2
Q287A 1.8+ 0.6 13.7+ 3.4 7.6 9.8
Q287E 6.0+-0.6 25+04 0.4 186.5
K291A 6.4 16.3£ 5.6 2.5 29.8
K291E 84+0.2 26+05 0.3 248.6

aKinetic parameters listed are the average of four or more experi-
ments. The tRNA concentrations used varied from 0.2 tq0and

the enzyme concentration, depending on the mutant, was 0.025 to 0.293 1

nM.

Ficure 5: X-ray structure ofE. coli MTF—fMet-tRNA complex
(24) with the MTF displayed in cartoon format and the tRNA in
background format. The figure was drawn using Ras Mol Version
2.6 with coordinates obtained from the Protein Data Bank (PDB
code 2FMT). The MTF is colored green except for the C-terminal
20 amino acids, which are deleted in the MYE20 mutant
described in the paper, colored blue. The tRNA is colored violet.
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Ficure 6: Gel mobility shift analysis, using 6% native polyacryl-
amide gel, of the binding of wild-type MTF (A) and the deletion
mutant MTFAC20 (B) to the E. coli [3°S]Met-tRNAy. The
concentration of MTF varied from 0.04 to 10.2# for wild-type
MTF and 1.1 to 18.8«M for the mutant MTF. Other details are
provided in Materials and Methods.

4

was purified by binding it to a chitin-affinity column and
the MTFAC18 portion cleaved off the fusion protein with
dithiothreitol @5). Activity analysis showed that the
MTFAC18 mutant was essentially as inactive as the
MTFAC20 mutant (data not shown).

Binding Affinity of MTF and MTRC20 to Met-tRNA
The formation of a complex between the MXE20 mutant
and the tRNA was analyzed by gel retardatiBd, (35). For
this purpose, the substrate tRNAX]Met-tRNAy, in which
the amino acid is linked to the tRNA by a base-stable peptide
linkage was used. The Met-tRNAwas incubated with
increasing amounts of purified enzymes, and the complexes
were resolved by electrophoresis (Figure 6). Under the
conditions of gel electrophoresis, stable complexes between
MTF and Met-tRNA, were detected at ratios 0f1.6:1
(Figure 6A, lanes 510). In contrast, the complexes between
the MTFAC20 and Met-tRNA were not detected at similar
concentrations of the enzyme. Relatively stable complexes

The backbone nitrogen atoms of the basic amino acids which line could only be detected at enzyme/tRNA ratios >of1:1

the surface of MTF leading to the catalytic center are highlighted

as red spheres, that of glutamine 287, which is highly conserved,
is highlighted as orange sphere. The single lysine residue, Lys209,

which when mutated to alanine, leucine, or glutamic acid, had
equally strong effects on activity of MTF is indicated with an
asterisk.

Table 3: Kinetic Parameters of Wild-type MTF and C-Terminal
Deletion Mutants

Keaf Kin (kca{Km) WT vs
enzyme  Kn@M)  kea(sh) (5 HuM™1)  (keafKm) mutant
WT MTF 05+0.2 37.3t£3.7 74.6 1.0
MTFAC20 3.7+£0.3 0.2 0.05 1492

aKinetic parameters listed are the average of four or more experi-
ments. The tRNA concentrations used varied from 0.2 gd/2for the
wild-type enzyme and 0.62 to 10M for the MTFA20 mutant. The

(Figure 6B, lanes 39). The regions of radioactivity corre-
sponding to the bound and unbourf@S|Met-tRNAy frac-
tions from this gel were quantified using Phosphorimager
and used for determining the binding affinity. Apparéat
values for complex formation were estimated by the amount
of enzyme required for binding 50% of the Met-tRNA
present. TheKy values for MTF and MTRC20 were 0.3
and 3.6uM, respectively. The 12-fold difference iy values

is about the same as the differenceKin values for tRNA

in the formylation reaction (Table 3).

DISCUSSION

Previous work has shown that a 16 amino acid insertion
loop in the N-terminal domain ofE. coli MTF (Figure 1)

enzyme concentration used was 0.025 nM for the wild-type enzyme plays an important role in the specific recognition of the

and 21 nM for the mutant enzyme.

out this possibility, we generated another deletion mutant,

MTFAC18, which has 18 C-terminal amino acids of MTF
deleted, but without the addition of any histidine residues.
For this, the MTIAC18 mutant was expressed as a fusion
protein with the yeast VMA intein and a bacterial chitin-
binding domain (Materials and Methods). The fusion protein

determinants for formylation in the acceptor stem of the
initiator tRNA (14, 21, 22, 30). Here, we have studied the
effect of mutations in the C-terminal domain and in the linker
region between the N- and C-terminal domains on activity
of theE. coli MTF. Our results show that some of the amino
acids in the linker region play important roles, whereas the
basic amino acids in the C-terminal domain contribute mostly
toward the nonspecific binding and orientation of the tRNA
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3-end toward the catalytic site of MTF14, 21). The
C-terminal domain of MTF is, however, clearly important,

Gite et al.

state and/or the transition state during the formation of the
aminoacyl-adenylate3g). The significance of the conserva-

since deletion of 18 or 20 amino acids from the C-terminus tion of the KLSKS/KMSKS sequence in Class | aminoacyl-

leads to a precipitous drop in activity of the enzyme.
Mutations in the Linker RegioMutations of amino acids

tRNA synthetases and of the KLSKE sequenceEincoli
MTF, which catalyze very different kind of enzyme reactions,

Lys206, Leu207, and Lys209 have significant effects on is not known. It is interesting to note that in a Class Il

activity of the enzyme. Lys206 was previously shov3)(
to chemically cross-link to the'2®nd of periodate-oxidated
tRNA,; therefore, this region of MTF comes close to the

aminoacyl-tRNA synthetase also, a lysine residue that gets
cross-linked to the'3end of periodate-oxidized tRNA is part
of a conserved motif (motif 2) important for aminoacyl-

acceptor stem of the tRNA where the main determinants for adenylate formation and for transfer of the amino acid to

formylation are located. In particular, the positive charge in
Lys209 appears to be very important for MTF activity.
Mutation of Lys209 to Ala, Leu, or Glu lowelg /K, by a
factor of 124-fold, whereas mutation to Arg has only a small
(3-fold) effect. The effect of mutations to Ala, Leu, or Glu
is on bothK,, and k., suggesting that the positive charge
on Lys209 contributes both toward binding and toward

the tRNA 39, 40). It should also be noted that, while Lys209
or Arg209 is conserved in 15 out of 17 known sequences of
MTF, Lys206 is found in only 9 out of 17 sequences.
Mutations in the C-Terminal DomairOur results on
mutations of the conserved basic and hydrophilic amino acids
in this domain provide support to the idea that the C-terminal
domain of MTF is involved in the initial anchoring of the

formation of the transition state, perhaps by stabilizing a form tRNA and in the orientation of theé-&nd of aminoacyl-tRNA

of the tRNA acceptor stem structure that mimics the

toward the catalytic center of the enzymd), Mutations

transition state. The importance of a positively charged amino of amino acids such as Lys246, GIn287, and Lys291 to
acid at this position is also underscored by the fact that 15 alanine have smaller effects than mutations to glutamic acid
out of 17 known MTF sequences contain a Lys or Arg at (Table 2). Also mutations of Lys292 and Arg303 to alanine

this position.
The observed effects of the mutations of Lys209 to Ala

have virtually no effects (Figure 4). Thus, of the amino acids
that comprise the positive electrostatic channel on the surface

on the kinetic parameters differ somewhat in nature and mag-of the enzyme, Lys206, Lys209, Lys246, Lys291, Lys292,

nitude from those reported by Schmitt and co-worked.(

Arg303, and Arg304 (Figure 5), the amino acids that stand

These workers have also shown that Lys206 and Lys209 areout as playing a clearly important role are Lys209 and to a

important for enzyme activity. While the relatike,/Kn, for
the Lys206 to Ala mutant is similar to that reported here,
thekeafKn, for the Lys209 to Ala mutant is lower, by a factor

smaller extent, Lys206 and Lys291. The other basic amino
acids have relatively smaller effects individually, however,
because Arg304 is not among the highly conserved amino

of approximately 22 compared to 124 found by us. Further- acids (Figure 1); we did not mutagenize Arg304 and cannot

more, the effects of the Lys209 to Ala mutation is reported
to be mostly due to an increaseli, rather than an increase
in Ky, and a decrease k4 as noted by us. It is not known

comment on its contribution. Schmitt et &4f have mutated
Arg304 to Ala and noted only a 3-fold drop ka/Km.
Crystal Structure of E. coli MTF Complexed With fMet-

whether the reason for this difference is because the mutantRNA: Comparison of Conclusions Deed from the Crystal

enzymes used by us have a His-6 tag at the C-termRil)s (
whereas those used by Schmitt et al. do not.

Structure to Conclusions from Solution Studi€se crystal
structure of theE. coli MTF—fMet-tRNA complex was

The importance of amino acids 206, 207, and 209 in the published recentlyZ4). Although the structure of the MTH

linker region for MTF activity is also consistent with the
finding that amino acids in the linker region interact with
the loop containing the SLLP sequence motif, which is highly
conserved in many tetrahydrofolate utilizing enzymes. In
particular, Schmitt et al. 14) have noted that the loop

tRNA complex involves the product fMet-tRNA rather than
the substrate Met-tRNA, the crystal structure data are in
excellent agreement with much of the biochemical and
genetic data, published previously, on the important role of
the 16 amino acid insertion loop | (Loop 1) in the N-terminal

containing the SLLP sequence is disordered in glycinamide domain of MTF on recognition of the determinants for
ribonucleotide formyltransferase (GARF) and adopts an formylation in the acceptor stem of the initiator tRNA sub-

ordered structure only in the GARF-formyltetrahydrofolate
substrate analogue compleks( 16). In contrast, in theE.
coli MTF crystal structure, the loop containing the SLLP

strate 21, 22, 30) and with the results described here. The
crystal structure of the MT+fMet-tRNA complex (Figure
5) also supports the previous conclusions) that the

sequence is already well-ordered, presumably due to the tightdeterminants for formylation of the tRNA are located mostly
electrostatic interactions between some of the amino acidsin the acceptor stem and partly in the D stern-12) and

in the SLLP loop and the amino acids in the linker region
of MTF.

(i) that the enzyme makes no contacts with the D loop, the
anticodon stem and loop, and th&T stem and loop regions

The Lys206-Leu207-Ser208-Lys209-Glu210 sequence of (30).

MTF is related to a similar sequence KLSKS or KMSKS,
which is part of a “signature sequence” found in Class |
aminoacyl-tRNA synthetase83). As in the case oE. coli
MTF, where Lys206 can be cross-linked to thieeBd of
periodate-oxidizedE. coli tRNA™et one or the other of the
lysine residues oE. coli MetRS or TyrRS can be cross-
linked to the 3-end of the corresponding periodate-oxidized
tRNA (36, 37). In theE. coli MetRS or TyrRS, these lysine

The crystal structure of the comple24) also supports
the conclusion that there is an induced fit upon binding of
the Met-tRNA substrate to the proteii4, 22, 30). Two
regions of the protein are found to undergo conformational
changes in the complex. Loop |, which is “unstructured” in
the free enzyme, adopts a defined structure in the MTF
fMet-tRNA complex, allowing several of the amino acids
in the loop, including the critical Arg42, to interact with the

residues are also important for stabilization of the ground determinants for formylation in the acceptor stem of the
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