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ABSTRACT: Escherichia colidimethylallyl diphosphate:tRNA dimethylallyltransferase (DMAPP-tRNA
transferase) catalyzes the first step in the biosynthesis of the hypermodified A37 residue in tRNAs that
read codons beginning with uridine. The enzyme, encoded bynibd gene, was overproduced and
purified to apparent homogeneity in three steps by ion-exchange (DE52 and Mono-Q) and size exclusion
chromatography. Affinity-tagged DMAPP-tRNA transferase containing a C-terminal tripeptidieulin

epitope also was overproduced and purified to apparent homogeneity in two steps by ion-exchange and
immunoaffinity chromatography. Addition of the C-terminal tripeptideubulin epitope to DMAPP-

tRNA transferase did not affect the activity of the enzyme. Undermodified tRNAed as substrate in

the DMAPP-tRNA transferase-catalyzed reaction was isolated and purified from an overexpressing clone
in amiaAdeficient strain oE. coli. Active recombinanE. coliDMAPP-tRNA transferase is monomeric.

The enzyme transferred the dimethylallyl moiety of DMAPP to A37, located adjacent to the anticodon in
undermodified tRNA" The enzyme required Mg for activity and exhibited a broad pH optimum.
Michaelis constants for tRNZ¢and DMAPP are 96t 11 nM and 3.2+ 0.5uM, respectively, an®/max

= 0.834 0.02umol min"t mg~t. DMAPP-tRNA transferase bound tRN®with a dissociation constant

of 5.2+ 1.2 nM. In contrast, DMAPP did not bind to the enzyme in the absence of tRNA. However,
DMAPP was bound with a dissociation constant of 3.8.6 uM in the presence of a minihelix analogue

of the anticodon stemloop of tRNAP"ewhere the base corresponding to A37 was replaced by inosine.
These results suggest an ordered sequential mechanism for substrate binding.

Posttranscriptional modifications of nucleotides in tRNA N8-(A?-isopentenyl)adenosine 6f) (Kersten, 1984). In
confer unique properties to the macromolecule important for Escherichia coli the primary derivative is 2-(methylthio)-
its biological function. Alkylation of the amino moiety of = N8-(A%-isopentenyl)adenosine (Af#) (Kersten, 1984). Sev-
adenosine-37 (A37) by a dimethylallyl moiety is a ubiquitous eral other enterobacteriacae (Buck et al., 1982; Janzer et al.,
modification in the tRNAs of prokaryotes and eukaryotes 1982) and plant-associated bacteria (Cherayil & Lipsett,
that read codons beginning with uridine. The enzyme 1977; Thimmappaya & Cherayil, 1974) contain this
responsible for this modification is dimethylallyl diphosphate: isomer of 2-(methylthioNé-(4-hydroxyAZ2-isopentenyl)-
tRNA dimethylallyltransferase (OMAPP-tRNA transferade). adenosinedis-msiofA) as the major component of the fully

Early literature referred to the hypermodification of A37 modified tRNA. In all cases, the first step in the biosynthesis
as theA? isopentenylatiohof the tRNA. Thus, inyeastand of these hypermodified residues is the transfer of a di-
mammalian systems, the modified residue was identified asmethylallyl moiety, by DMAPP-tRNA transferase, to A37

in the full length polynuclectide.
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A37 plays a central role in the cellular response to certain of recombinant DMAPP-tRNA transferaseE. coli strain
environmental stresses (Connolly & Winkler, 1991). CJ236 was purchased from Bio-Rad and used for site-
Although DMAPP-tRNA transferase has been partially directed mutagenesis experiments. Cells for general cloning
purified from several sources (Bartz et al., 1970; Bartz & and expression were grown in LB media supplemented with
Sdl, 1972; Fittler et al., 1968; Holtz & Klmbt, 1975, 1978; ampicillin (100 ug/mL). E. coli strain LS1075 rhiaA~)/
Kline et al., 1969; Rosenbaum & Gefter, 1972), none of the pRK3 was used as a source for undermodified tRMA
proteins is well characterized. THe. coli enzyme was  (Eisenberg et al., 1979).
purified 550-fold and was studied using a coupled isopen- General Procedures.Plasmid preparations, transforma-
tenyl diphosphate (IPP) isomerase/DMAPP-tRNA transferasetions, and other standard molecular biology procedures were
system to generate DMAPR situ for the modification carried out as described elsewhere (Sambrook et al., 1989).
reaction (Rosenbaum & Gefter, 1972). The coupled systemDNA sequencing was performed by the dideoxy chain
required suitably undermodified tRNA, IPP, a divalent cation, termination method on denatured double-stranded templates
and 2-mercaptoethanol for maximal activity. The pH using the Sequenase kit (U.S. Biochemical). Protein was

optimum for the coupled system was 7.5. Tgreported
for undermodified tRNAY was 660 nM. The analogous
Saccharomyces cerisiae enzyme was purified 50100-
fold, exhibited a pH optimum of 7.5, and required under-
modified tRNA, a divalent cation, and 2-mercaptoethanol
(Kline et al., 1969). The enzyme hadka, of 25 uM for a
crude yeast tRNA extract.

analyzed by 12% SDSpolyacrylamide gel electrophoresis
on a Bio-Rad Mini-PROTEAN Il electrophoresis system.
Protein bands were stained by Coomassie Brilliant Blue R.
Protein concentrations were determined by the method of
Bradford using bovine serum albumin as a standard (Scopes,
1982). UV measurements were obtained on a Varian Cary
4 UV—visible spectrophotometer. HPLC was performed on

The lack of homogeneous samples of enzyme and under-a Waters 625 LC system equipped with a Waters 991
modified tRNA has severely hampered biochemical studies photodiode array detector and Rheodyne 9125 injector.

of DMAPP-tRNA transferase. The recent isolation and
characterization of thE. coli miaAgene encoding DMAPP-
tRNA transferase and thgheU gene forE. coli tRNAP"e

Electrospray ionization mass spectra were obtained in the
University of Utah Mass Spectrometry Facility by the method
of Limbach et al. (1995). Radioactivity was measured in

have provided the necessary tools to address these problem<Cytoscint scintillation media (ICN) with a Packard Tricarb

We now report construction &. coli strains for the synthesis
and purification of substantial quantities of recombinant
enzyme and undermodified tRN®and the characterization
of the recombinant enzyme.

EXPERIMENTAL PROCEDURES
Materials. Plasmid pJO3, containing thg. coli miaA

Model 2300TR liquid scintillation analyzer.

Construction of an Expression Vector for Production of
DMAPP-tRNA Transferase-EEFPrimer-adapted PCR on
pJO3 was used to introduce restriction sites at the ends of
themiaAopen reading frame. The sense strand primer (5
CGGGCICTAGAGCATATG AGTGATATCAGT-
AAGGCGAGC-3) introduced a uniqu&ba restriction site

gene, was obtained from Professor Joel Caillet (Institut de (italics) upstream of theniaA start codon (underlined) and

Biologie Physico-Chimique) (Caillet & Droogmans, 1988).

Enzymes were purchased from New England Biolabs,

Boehringer Mannheim, or Sigma. pBluescript Il SiK)(was

anNdd site (bold) that overlapped the ATG initiation codon.
The antisense strand primet-BGCAAGCTT TCAGAACTC-
CTCGCCTGCGATAGCACCAACAAC-3) introduced a

purchased from Stratagene. Tag DNA polymerase was uniqueHindlll restriction site (bold) downstream of timeiaA
purchased from U.S. Biochemical. Oligonucleotides and the stop codon (underlined) and a mutation which added codons
inosine-containing oligoribonucleotide corresponding to the for a C-terminal Glu-Glu-Phe-tubulin epitope (italics). The

anticodon stemloop portion of E. coli tRNAP" were

amplified 950 bp DNA fragment was ligated into pBluescript

synthesized in the Utah Regional Cancer Center Protein/DNA Il SK-(+) as anXba—HindlIl cassette (pJAM-I-183) and
Core Facllity. The bacterial expression plasmid pTTQ18 was sequenced to verify the fidelity of the PCR. The orf was

obtained from Amersham and modified to pTTQ18N, by
adding anNdd site that overlaps the ATG codon for
initiation of translation. Plasmid pRK3, containing the gene
for E. colitRNAF"e was obtained from Professor Bruce Roe
(University of Oklahoma) (Schwartz et al., 1983). Phenyl-
alanyl-tRNA synthetase was isolated fré@ncoli IBPC1671/
pBl and purified by the method of Tinkle-Peterson and
Uhlenbeck (Plumbridge et al., 1980; Tinkle-Peterson &
Uhlenbeck, 1992). Purifiel. coli tRNAYs was purchased
from Sigma. Benzoylated DEAE-cellulose (BD-cellulose)
was from Serva, and NACS-20 resin was from Life
Technologies, Inc. Microcrystalline DE52 ion-exchange
resin was from Whatmann. [H]DMAPP was from
American Radiolabelled Chemicals. DMAPP was synthe-
sized by the method of Davisson et. 1986). Stock
solutions of DMAPP (10 mM) were prepared in 25 mM NH
HCQG;, and the concentration of DMAPP was determined
by phosphate analysis (Reed & Rilling, 1976).

Strains. E. colistrain DH% was used for all plasmid
manipulations.E. coli strain JIM101 was used for expression

excised as ahldd —Hindlll cassette and ligated intddd —
Hindlll-digested pTTQ18N to prepare pJAM-I-212 for
expression ofmiaA-containing codons for the C-terminal
Glu-Glu-Pheo-tubulin epitope.

Construction of an Expression Vector for Production of
Wild Type DMAPP-tRNA TransferaseA plasmid for
synthesis of wild typé=. coli miaAprotein was constructed
by loopout mutagenesis of the codons for the C-terminal Glu-
Glu-Phea-tubulin epitope in pJAM-I-183 by the method of
Kunkel (1985). The mutagenic primer'{6TCGACGG-
TATCGATAAGAAT TCA GCCTGCGATAGCACCAAC-

3) also introduced a uniquEcoRlI restriction site (under-
lined) immediately downstream of thmiaA stop codon
(bold). The resulting plasmid, pJAM-IV-14, was sequenced
to verify the integrity of the mutagenesis experiment. The
miaA orf was excised as aNdd —Sal cassette and ligated
into Ndd —Sal-digested pTTQ18N to prepare pJAM-IV-40
for synthesis of wild typemiaA protein.

Overproduction of Recombinant E. coli DMAPP-tRNA
Transferase.Cultures ofE. coli strain IM101/pJAM-I-212
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(or pJAM-IV-40) were grown to an O, of ~0.5 in LB cess was repeated. Precipitated RNA was washed with 70%
containing ampicillin (10Q:g/mL) at 37°C with vigorous EtOH, resuspendedi4 M LiCl, and allowed to stand at
aeration and then induced with IPTG (0.5 mM final —20 °C for 2 h. Insoluble material was removed by
concentration). Incubation was continued for 2.5 h at 37 centrifugation, and tRNA was precipitated from the super-
°C before the cells were harvested by centrifugation (§000 natant with an equal volume of 2-propanol&20°C. The
10 min) and stored at78 °C. precipitate was redissolved in 8 mL of BD-cellulose chro-
Purification of Recombinant E. coli DMAPP-tRNA Trans- matography buffer (20 mM NaOAc, 10 mM Mgg£land 0.4
ferase-EEF. All enzyme isolation procedures were carried M NaCl at pH 6) and dialyzed against this buffer. The
out at 4°C. Frozen cell paste (0.32 g) &. coli strain sample was loaded in two portions onto a .24 cm BD-
JM101/pJAM-I-212 was resuspended in 3.5 mL of extraction cellulose column and eluted with a 500 mL linear gradient
buffer (50 mM potassium phosphate, 10 mM MgQ@O0 mM of NaCl (0.4 to 1.5 M). Fractions containing tRN%
BME, and 10% glycerol at pH 6.5) and disrupted by (assayed for 3H]Phe acceptor activity) were combined,
sonication. The cell-free homogenate was clarified by precipitated with 2-propanol, redissolved in 5 mL of NACS
centrifugation and loaded onto ax122 cm DE52 cellulose  buffer (10 mM NaOAc, 10 mM MgGl and 0.2 M NacCl at
column equilibrated with extraction buffer. The columnwas pH 4.5), and dialyzed against this buffer. The sample was
washed with extraction buffer and eluted with a 300 mL loaded onto a 1.5< 10 cm NACS-20 column and eluted
linear gradient of KCI (0 to 600 mM) in extraction buffer. with a 500 mL linear gradient of NaCl (0.2 to 1.0 M).
Recombinant DMAPP-tRNA transferase-EEF eluted 200 Fractions containing tRNA°were precipitated with 2-pro-
mM KCI. Active fractions were combined and dialyzed panol, redissolved in NACS buffer, dialyzed as above, and
against affinity buffer (50 mM Tris, 10 mM Mggl10 mM rechromatographed on the NACS-20 column. The final yield
BME, 100 mM KCI, and 10% glycerol at pH 7) and loaded was 0.5-1 mg/L of culture (823Azs0 units mM* cm? for
onto an antie--tubulin immunoaffinity column (10 cnx 0.75 pure tRNA9 (Curnow et al., 1993).
cm) equilibrated in this buffer (Skinner et al., 1991; Stam- DMAPP-tRNA Transferase AssaldMAPP-tRNA trans-
mers et al., 1991). The column was washed with buffe&tg ferase activity was assayed by a modified TCA-precipitation
mL) and then eluted with affinity buffer containing 5 mM  procedure (Igloi et al., 1979). tRNA®was heat annealed
Asp-Phe. Fractions containing DMAPP-tRNA transferase- just prior to use by placing samples in a 76 water bath
EEF activity were combined, dialyzed against 50 mM Tris, which was allowed to cool gradually to 3€. Enzyme was
10 mM MgCh, 10 mM BME, and 10% glycerol at pH 7, diluted to the appropriate concentration with 50 mM Tris/
and stored at 0 or- 78 °C until needed. The proteinisolated BSA (1 mg/mL) at pH 7.5. A standard assay mixture
from this purification is greater than 95% pure by SBS  contained 50 mM Tris (pH 7.5), 3.5 mM Mg&b mM BME,
PAGE. 7.7 uM tRNAP"e 50 uM [*H]DMAPP (25 Ci/mol), 1 mg/
Purification of Recombinant E. coli DMAPP-tRNA Trans- mL BSA, and~20 ng of enzyme in a total volume of 50
ferase. The steps for purification dE. coli DMAPP-tRNA uL. The reaction was initiated by addition of enzyme to a
transferase from frozen cell paste (1.51 g)Eofcoli strain pre-equilibrated assay mixture (3, 5 min), and incubation
JM101/pJAM-IV-40 were identical to those described for was continued for 2 min at 37C. Assays were quenched
DMAPP-tRNA transferase-EEF through DE52 chromatog- by the addition of 25L of cold 10% TCA. Each assay
raphy. Active fractions were pooled, dialyzed against 50 mixture was spotted on a Whatmann GF/C filter and allowed
mM Tris, 10 mM MgC}, 10 mM BME, and 10% glycerol to air-dry. The filters were washed twice for 10 min with
at pH 7, and loaded onto a Pharmacia Mono-Q 5/5 column 10% TCA at 0°C (10 mL/filter), twice for 10 min with 95%
equilibrated in dialysis buffer. The column was eluted with EtOH, and finally with diethyl ether. After drying, the
a 50 mL linear gradient of KCI (0 to 500 mM) in dialysis samples were mixed with 10 mL of Cytoscint, and radio-
buffer. Active fractions were pooled, loaded onto a Phar- activity was determined by liquid scintillation spectrometry.
macia Superdex S200 16/60 column, and eluted with dialysis Assays were run in duplicate or triplicate. Control assays
buffer. DMAPP-tRNA transferase obtained was greater than were run in an identical manner except that enzyme dilution

95% pure by SDSPAGE. buffer or fully modified bulk tRNA was substituted for
Overproduction and Purification of Undermodified enzyme or undermodified tRNAS respectively.
tRNA™e A single colony of freshly transformesl. coli strain Ku for DMAPP was measured from initial velocities

LS1075/pRK3 was used to inoculate 3 mL of SB medium obtained in the standard assay buffer at a saturating
(15 g of bactotryptone, 10 g of yeast extract, and 5 g of concentration of tRNAM (7.7 uM), different fixed concen-
NaCl, all per liter) containing 102g/mL ampicillin and 12 trations of DMAPP (1, 2.5, 5, 10, 20, and a®), and 10
ug/mL tryptophan, and the culture was incubated afG7 nM enzyme. Ky for tRNAP"® was measured from initial
overnight. One milliliter of the overnight culture was diluted velocities obtained at a saturating concentration of DMAPP
into 100 mL of fresh medium, and the cells were grown at (10 uM) and 50, 75, 100, 150, 250, 500, and 1000 nM
37 °C for 4 h. Ten milliliter aliquots were then used to tRNAP"

inoculate 5x 1 L of fresh medium; the cells were grown Assays to determine th€ value for the inosine-containing
for 13 h at 37°C and then harvested by centrifugation. Cell tRNAP"minihelix were carried out as described above except
paste (43 g) was homogenized in 75 mL denaturing/lysis that the minihelix was heat annealed in the presence of MgCl
buffer (4 M guanidinium thiocyanate, 25 mM sodium citrate, (3.5 mM final concentration in assay) by heating at°80
0.5% sarcosyl, and 100 mM BME at pH 7), and RNA was for 3 min and rapidly cooling on ice. The assay mixtures
extracted by the acid guanidinium thiocyanate/phenol/ contained 50 mM Tris (pH 7.5), 3.5 mM Mg&b mM BME,
chloroform method (Chomczynski & Sacchi, 1987). RNA 75-750uM tRNAFMe 4 4M [3H]DMAPP (1000 Ci/mol), 1
was precipitated from the aqueous layer with an equal mg/mL BSA, 0.5-4 uM minihelix, and~3 ng of enzyme
volume of 2-propanol, and the extraction/precipitation pro- in a total volume of 5QL.
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Product Analysis. Reaction mixtures (50uL) were
incubated at 37C for 1 h inassay buffer containing 12.8
uM tRNAP"®and 75¢M DMAPP. Purified DMAPP-tRNA
transferase (366 ng,/d.) was added three times at 20 min
intervals. A control reaction was identical except that
DMAPP was omitted. Reactions were terminated by dilution
to 200 uL with DEPC-treated KD. The mixture was
extracted once with phenol/CH{lIsoamyl alcohol (25:24:

1) and once with CHGlisoamyl alcohol (24:1). tRNA®

in the aqueous extract was purified on NACS-20 mini-
columns (Life Technologies, Inc.) according to the manu-
facturer’s protocol and digested to its individual nucleosides
by the method of Gehrke et.akxcept that the tRNA was
incubated with 3 units of nuclease P1 for 15 h followed by
addition of 15uL of 0.5 M Tris (pH 8.5), 2uL of 20 mM
ZnSQ, and 0.5 unit of bacterial alkaline phosphatase and
incubation fa 3 h (Gehrke et al., 1982). The composition
of the modified bases from digested tRRIAwas analyzed
by HPLC on a Varian SP-C18-5 (4 15 cm) reversed-phase
column. The column was eluted at 1 mL/min with a linear
gradient from 0 to 40% CCN in H,O (pH 3 with HPOy)
over 50 min. Elution profiles were recorded at 254 nm.

Native Molecular Mass DeterminationSamples of puri-
fied DMAPP-tRNA transferase were chromatographed on a
Pharmacia Superdex 75 HR 10/10 column. The column was
calibrated with alcohol dehydrogenase (150 kDa), bovine
serum albumin (66 kDa), pepsin (34.7 kDa), and cytochrome
c (12.4 kDa). DMAPP-tRNA transferase activity was
determined by the TCA-precipitation assay, as previously
described.

Fluorescence Titration of tRNPA Binding to the Enzyme.
The binding of undermodified tRNZ&¢ to DMAPP-tRNA
transferase was monitored by the change in the intrinsic
fluorescence intensity of the enzyme. Reaction mixtures
(200 uL) contained 50 mM Tris (pH 7.5), 3.5 mM Mggl
5 mM BME, 21.4 nM enzyme, and-150 nM tRNAPe
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Ficure 1: Construction of expression vectors for synthesis of (A)
DMAPP-tRNA transferase-EEF and (B) wild type DMAPP-tRNA

Fluorescence measurements were obtained in 3 mm squarg&ansferase.

cuvettes using a Spex Fluoromax model spectrofluorimeter
with excitation and emission wavelengths of 295 and 340
nm, respectively, and bandwidths of 5 nm. Background
emission was corrected for by subtracting the fluorescence
value ateo tRNAPe concentration determined from a graph
of AF versus [tRNAM.

Measurement of the Dissociation Constant for DMAPP
The binding of DMAPP to an inosine-containing tRRIA
minihelix inhibitor—enzyme binary complex was measured
by the method of Dolence et.q1995). Briefly, DMAPP-
tRNA transferase (&g, 300 nM) was added t6H{|DMAPP
(450 Ci/mol, 0.4-15 uM) in 50 mM Tris, 3.5 mM MgC},

5 mM BME, and 1QuM inosine-containing minihelix at pH
7.5, and the mixtures were incubated at’8for 15 min. A
sample (10uL) was removed and mixed with 5 mL of
Cytoscint to determine the total radioactivity of the sample.
The remainder of the mixture was transferred to a pre-
equilibrated Micron-10 (Amicon) and concentrated at 14 000
rpm in a microcentrifuge for 30 s or until approximately-10

and the number of binding sites per mole of enzyme (Fersht,
1985).

RESULTS

Cloning and Expression of E. coli miaAThe orf forE.
coli miaAwas amplified from pJO3 by PCR-mediated site-
directed mutagenesis (Figure 1). The PCR product contained
a uniqueXbad site 9 bp upstream of the translation initiation
codon, a uniqueNdd site within the translation initiation
codon, codons for a C-terminal Glu-Glu-Phe tripeptide, and
a unique Hindlll site immediately downstream of the
translation termination codon. The amplified DNA was
ligated into pBluescript Il SK-f) as an Xba—Hindlll
cassette (pJAM-I-183) and sequenced to ensure that no
unwanted mutations had occurred. Th&A open reading
frame was excised as &fdd —Hindlll cassette and placed
under the control of dac promoter in pTTQ18N to give

15 uL of the mixture had passed through the membrane. A expression plasmid pJAM-1-212. A plasmid that directed
10 uL portion of the filtrate was removed and mixed with 5 synthesis of wild type DMAPP-tRNA transferase was
mL of Cytoscint to determine the concentration of free generated from pJAM-I-183 by loopout mutagenesis of the
substrate. The radioactivity was corrected for membrane codons encoding the C-terminal Glu-Glu-Phe tripeptide. The
retention using a correction factor obtained from an experi- primer also introduced a two-base mutation (AG to TT) at
ment identical except that enzyme was omitted, and the dataposition two of the uniquélindlll site immediately down-
were then fit to a standard binding equation to obtidin stream of the translation termination codon to generate a
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Ficure 2: SDS gel of crude cell-free extracts prepared frBm
coli transformants JM101/pJAM-1-212 an&. coli JM101/
pJAM-IV-40: lane 1, molecular mass markers; lane 2, crude extract
from inducedE. coli strain JM101/pJAM-I-212; lane 3, crude
extract from uninducedt. coli strain IM101/pJAM-I-212; lane 4,
crude extract fronE. coli strain IM101/pTTQ18N; lane 5, crude
extract from inducecE. coli strain IM101/pJAM-IV-40; lane 6,
crude extract from uninduce. coli strain IM101/pJAM-IV-40;
and lane 7, molecular mass markers.

Table 1: Purification of Recombinant Wild Type DMAPP-tRNA
Transferase

specific
units activity
protein (umol/ yield purification (umol min~t
steps (mg) min) (%) (-fold) mg?)
crude extract 75.4 10.6 100 1 0.14
DE52 9.6 4.5 42 34 0.47
Mono-Q 7.4 6.0 57 5.8 0.81
Superdex S200 3.7 4.3 41 8.2 1.15

unigueEcaRlI site within the translation termination codon.
ThemiaAopen reading frame was excised ad\atd —Sal
cassette and placed under the control dd@promoter in
pTTQ18N, generating expression plasmid pJAM-IV-40.

Transformants oE. coli strain JM101 containing either
pJAM-I-212 or pJAM-IV-40 were grown to midlog phase,
induced with IPTG, and incubated for an additional 2.5 h.
Analysis of cell-free extracts prepared frdm coli strains
JM101/pJAM-I-212 or pJAM-IV-40 by SDSPAGE showed
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Table 2: Purification of Recombinant DMAPP-tRNA
Transferase-EEF

specific

units activity
protein (umol/ vyield purification (umol min~?t

steps (mg) min) (%) (-fold) mg)
crude extract 9.5 0.86 100 1 0.09
DE52 1.3 0.56 65 5.1 0.43
affinity purified 0.16 0.22 27 16.5 1.40

enzymes are stable for several months-&8 °C and for
longer than 1 week at €C.

Overproduction and Purification of E. coli tRNA
Undermodified tRNA" required for studies of DMAPP-
tRNA transferase was purified fro. coli strain LS1075/
pRK3, an miaA- mutant transformed with a multicopy
plasmid containingghey the gene foE. colitRNAF®(Davis
& Poulter, 1991; Schwartz et al., 1983; Wilson & Roe, 1989).
The levels of tRNA" in the transformed host strain were
approximately 13-fold higher than that in an untransformed
control, as estimated from HPLC traces (Figure 4A,B).
Undermodified tRNA" was purified by acid guanidinium
thiocyanate/phenol/chloroform extraction (Chomczynski &
Sacchi, 1987), BD-cellulose chromatography, and two rounds
of NACS-20 chromatography (Tanner, 1989; Thompson et
al., 1983). tRNAMeisolated in this manner eluted as a single
peak at~19 min from a Phenomenex W-POREX C4
reversed-phase HPLC column eluted with a 60 mL descend-
ing, linear gradient of (NSO, (1.0 to 0 M) in 100 mM
potassium phosphate and 0.75% 2-propanol at pH 7 (Figure
4C) (Pearson et al., 1983).

The reconstructed molecular mass of purified tRRPA
from an electrospray mass spectrum corresponds to a
molecular mass of 24 708 1.2 Da. This value is consistent
with the predicted molecular mass of 24 697 DaHorcoli
tRNAP"¢|acking the 2-methylthio and dimethylallyl groups
at A37.

Recombinant DMAPP-tRNA Transferase Product Analysis.
The starting and final reaction mixtures from incubation of
DMAPP, undermodified tRNA and recombinant DMAPP-
tRNA transferase were analyzed by HPLC on a C4 reversed-
phase column and showed that the band for the under-

new proteins that migrated with apparent molecular masses™odified tRNA had disappeared with the concomitant
of 34.7 and 33.4 kDa, respectively (Figure 2). These proteins formation of a new peak for the modified tRNA (data not

were not seen in SDS gels of cell-free extracts prepared from

the untransformed host strain or from cultures of uninduced
E. coli strain JIM101/pJAM-1-212 or pJAM-IV-40 (Figure
2).

Purification of DMAPP-tRNA transferaseRecombinant
wild type E. coli DMAPP-tRNA transferase was purified
8-fold to >95% homogeneity by a combination of ion-

shown). Reversed-phase HPLC was then used to analyze
the nucleosides released from tRRtAupon hydrolysis by
nuclease P1 and dephosphorylation of the resultant nucle-
otides with bacterial alkaline phosphatase (Figure SR i

is considerably more hydrophobic than other nucleosides and
appeared at a distinct position late in the gradient (26 min,
Figure 5A). A peak with the same retention time as an
authentic sample offA was observed in the hydrosylate

exchange (DE52 and Mono-Q) and size exclusion chroma- gerived from tRNA" incubated with recombinant enzyme

tography. The protocol, summarized in Table 1, provided
material which gave a single band-a84.7 kDa by SDS
PAGE. Similarly, recombinant DMAPP-tRNA transferase-
EEF was purified 16-fold to>95% homogeneity by ion
exchange on DE52 and immunoaffinity chromatography on
an antie-tubulin immunoaffinity column (Skinner et al.,

and DMAPP (Figure 5B). Undermodified tRN&incubated
with recombinant enzyme in the absence of DMAPP did not
have a peak corresponding #.in the HPLC chromatogram
of its hydrosylate (Figure 5C).

General Properties and Kinetic Constants of Recombinant
DMAPP-tRNA TransferaseThe native molecular mass of

1991; Stammers et al., 1991). The protocol for purification the recombinant DMAPP-tRNA transferase was measured
of DMAPP-tRNA transferase-EEF is summarized in Table on a calibrated Superdex 75 column (data not shown).
2. Acrylamide-SDS gels of samples from each stage of Values of 37.8 and 33.7 kDa were obtained for DMAPP-

the purifications are shown in Figure 3. The recombinant tRNA transferase-EEF and DMAPP-tRNA transferase, re-
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Ficure 3: Purification of recombinant DMAPP-tRNA transferase. (A) A 12% SDS gel of proteins from each step in the purification of
wild type DMAPP-tRNA transferase: lane 1, molecular mass standards; lane 2, crude extragt frolirstrain IM101/pJAM-IV-40; lane

3, after DE52 chromatography; lane 4, after Mono-Q chromatography; and lane 5, after Superdex S200 chromatography. (B) A-12% SDS
PAGE of proteins from each step in the purification of DMAPP-tRNA transferase-EEF: lane 1, molecular mass standards; lane 2, crude

extract fromE. coli strain IM101/pJAM-1-212; lane 3, after DE52 chromatography; and lane 4, after immunoaffinity chromatography.
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FicUrRe 5: HPLC analysis of nucleosides contained in tRXA
10 | (A) an i°A standard obtained from Sigma, (B) nucleoside content

of tRNAPhe after reaction with DMAPP-tRNA transferase and
DMAPP, and (C) nucleoside content in tRRRafter reaction with

05 4 DMAPP-tRNA transferase without DMAPP.

of the other (7.7«M tRNAP"or 11.6uM DMAPP) in the
standard assay buffer. Michaelis constants were determined

T T T T by explicit or simple weighted nonlinear regression analysis
0 10 20 30 40 50 utilizing GraFit (Leatherbarrow, 1992). ThK, values
time (min) obtained for tRNA" and DMAPP were 96+ 11 nM and

3.2+ 0.5uM, respectively, and, = 0.48 s*.

Dissociation Constants for E. coli tRN% and DMAPP.
The association of DMAPP-tRNA transferase with under-
modified tRNAP"® was monitored by the change in the
spectively. The recombinant enzyme is inactive when intrinsic fluorescence intensity of the enzyme. Titration of
assayed in metal-free buffer after dialysis in the presence ofthe enzyme with increasing concentrations of tRRA
EDTA, and activity is restored upon addition of ktgto an resulted in a quenching of protein fluorescence to a maximum
optimal level of~1 mM (Figure 6A). The pH rate profile  value of about 35%. A plot oAF versus [tRNA"] yielded
of DMAPP-tRNA transferase measured in a Tris/MES/acetic a hyperbolic curve (Figure 7) from whiciAFn. the
acid polybuffer is a broad “bell-shaped” curve with a fluorescence change when all enzyme molecules are com-
maximum between 6.5 and 9 (Figure 6B). plexed, was determined. The background for DMAPP-tRNA

Initial velocities were measured for varied concentrations transferase fluorescence was determined by subtratfig.
of one substrate in the presence of a saturating concentratiorfrom the intrinsic enzyme fluorescence measured without

Ficure 4: HPLC analysis for tRNA: (A) crude extract froia.
coli strain LS1075, (B) crude extract froB. coli LS1075/pRK3,
and (C) purified tRNAMe
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FiGURE 6: Relative reaction velocities obtained at (A) different
concentrations of MgGland (B) at different pHs. Samples of
DMAPP-tRNA transferase for studies of the ktgon dependence
of the reaction were first dialyzed against 50 mM Tris, 10 mM
EDTA, 10 mM BME, and 10% glycerol at pH 7.5 and then against
same buffer without EDTA. All assays contained 50 mM Tris (pH
7.5), 5 mM BME, 7.7uM tRNAPhre 50 4M [3H]DMAPP (25 Ci/
mol), and~13 ng of enzyme. The pH rate profiles were obtained
using a polybuffer between pH 5 and 10 containing 100 mM Tris,
50 mM MES, 50 mM acetic acid, 3.5 mM Mg£I15 mM BME,

7.7 uM tRNAP"e 50 4M [3H]DMAPP (25 Ci/mol), and~19 ng of
enzyme.
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FicurRe 7: Fluorescence titration of DMAPP-tRNA transferase with
undermodified tRNAM (Inset) A plot of bound versus free
substrate for the determination of the dissociation constant for
tRNAPhe

added tRNA" and was subtracted from the fluorescence
measured at each tRN& concentration to give a corrected
value. Bound and free tRNA®were calculated from eqgs 1
and 2, wherek;, corrected ops and correctedF s refer to

Moore and Poulter

bound tRNA"=
E, — (corrected,, )(E/correctedF ) (1)

free tRNAT"®= total tRNA""— bound tRNA™ (2)

The data were then fitted to a standard binding equation
(Fersht, 1985) to obtaikp and the number of binding sites
per mole of enzyme (Figure 7, inset). With 21.4 nM
DMAPP-tRNA transferase, values féip of 5.2 4+ 1.2 nM
and a capacity of 19.8- 0.9 nM, or 0.89 binding site per
mole of enzyme, were obtained. In a control experiment,
no substantial fluorescence quenching was seenhvittoli
tRNADS, a tRNA with substantial sequence similarityEo
coli tRNAPhe

A membrane filter assay was used in an effort to determine
the dissociation constant for an enzyai@MAPP complex
(Dolence et al., 1995). After the correction for membrane
retention of fH]DMAPP, determined from control reactions
in which the enzyme was omitted, freéH|[DMAPP was
subtracted from totaPH]DMAPP to determine the concen-
tration of enzyme-bound substrate. The allylic substrate did
not bind to the enzyme at concentrations up to 2@
DMAPP. In contrast, the affinity of DMAPP-tRNA trans-
ferase for DMAPP increased dramatically in the presence
of a nonreactive tRNA minihelix analogue. A 17-mer
minihelix, corresponding to the anticodon stetoop region
of tRNAP" containing an inosine at the prenylation site
(A37), inhibited the DMAPP-tRNA transferase reaction with
a K; value of 2.7+ 0.6 uM (Figure 8). In solutions
containing 1QuM inosine-containing minihelix and 300 nM
DMAPP-tRNA transferas&p = 3.4+ 0.6uM for DMAPP,
and the enzyme had a capacity of 2872 nM, correspond-
ing to 0.66 binding site per mole.

DISCUSSION

E. coli DMAPP-tRNA transferase catalyzes the first step
in the biosynthesis of the hypermodified residue A37 in
tRNAs that read codons beginning with uridine. The reaction
results in the transfer of a dimethylallyl moiety to the amino
group of A37, providing9A. A methylthio group is added
at C(2) of A37 in a subsequent e cysteine, and SAM-
dependent reaction to complete the hypermodification. In
E. coli, i®.A-modified tRNAs include those specific for Phe,
Tyr, Ser, Leu, Trp, and Cys.

Undermodified tRNAM was isolated and purified from
anE. coli miaAmutant strain LS1075/pRK3 containing the
gene for tRNA"on a multicopy plasmid.E. coli tRNAPhe
lacking only the 2-methylthio and dimethylallyl groups on
A37 has a predicted molecular mass of 24 697 Da. Elec-
trospray mass spectral analysis of the purified tRNA
confirmed that the sample was homogeneous and contained
all modifications except those normally found at A37. Thus,
the other modifications found in tRNA® occur indepen-
dently of the A modification, and prenylation of A37 is
required before the remaining modifications can proceed at
that residue. An electrospray mass spectrum obtained on a
tRNAP"® sample that had been modified by recombinant
DMAPP-tRNA transferase was more complex. A recon-
structed molecular mass peak of 24 765 Da corresponding

the total enzyme, the corrected fluorescence measuremento tRNAP"that had been modified with a dimethylallyl group

at each [tRNAM, and the corrected fluorescence measure-
ment without added tRNR® respectively.

was observed. However, several higher-molecular mass
peaks were also present, and the signal to noise ratio was
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1 o Scheme 1: Proposed Minimal Mechanism for
- gg;/ DMAPP-tRNA Transferase
08 % ° DMAPP
E r 00 1 2 3 4 5 kl k2 k3
5 s inosine helix (uM) Enz + tRNAPhe = EnzetRNAPh® &= EnzetRNAPP®aDMAPP— products
§" L k,
x 04 & Gefter, 1972). We found a broad pH optimum for
2 DMAPP-tRNA transferase with a plateau that extended from
02 |- pH 6.5 to 9. The recombinant enzyme also requiredMg
- for activity, with a broad maximum extending fromil to 8
0 e FE IR SR B mM Mg?". The Michaelis constant for tRNAe (K, = 96
0 3 6 9 12 15 + 11 nM) obtained in this study is lower than that reported
1/[tRNAP"] (M) for tRNA™" (K, = 0.66 uM) using the coupled assay.

Ficure 8: Double-reciprocal plot with tRNA® as the varied ~ Previous studies with the coupled assay system precluded
substrate at fixed concentrations of the inosine-containing f®NA  the determination of a Michaelis constant for DMAPP. We
minihelix. Concentrations of inosine-containing tRR¥Aminihelix obtained a value of 3.2 0.5 uM.
were 0.5 4), 1 (a), 2 (O), and 4 ®) uM. The concentration of The binding of tRNA" and DMAPP to DMAPP-tRNA
agﬂgﬁeecvgﬁfaﬁ% gg‘;%%%'%ﬁ’ﬁ:”\)’frsus the concentration of the t_rans_,ferase was investiggted by a combin_ation of fluorescence
titration and membrane filter assay experiments. Fluorescent
residues in proteins include the aromatic rings in tryptophan,
tyrosine, and phenylalanine, with fluorescence being domi-
nated in most proteins by the tryptophan residues. The
fluorescencelmax for tryptophan is reported to be 348 nm,
while the fluorescencénaxs for tyrosine and phenylalanine
ferasecontaning a Cerminal Ghu-Glu-Phe epioe wers o207 2 202 T [Seeel, h e oL
pur|f|e_d from E. coli strain JM101 containing expression nuingic flyorescence of the enzyme at 340 nm. Thus, we
plasmids where the orfs for the_protems were unde_r control believe the binding of tRNAto DMAPP-tRNA transferase
orf a t?]f.: promoter(.j The C-te(mlnal Q}!y—(ﬂlu—Phe epltogebln results in a fluorescence quenching of a tryptophan residue-
oo eneocs i coaan. oo (6. A maximum flurescence quenching oG5 vas
. . . - ’ achieved when all enzyme was complexed with tRR¢A
IS fgmhtate_ql by |mmunoaff|_n|ty phromatograp_hy ona colu_mn This is similar to quenching profiles observed for other tRNA
of immobilized YL1/2 antibodies through highly selective binding enzymes (Bhattacharyya et al., 1991: Lin et al.,

binding of the protein containing the Glu-Glu-Phe motif. 1988). Converselv. DMAPP did not quench the intrinsic
Highly purified recombinant DMAPP-tRNA transferase-EEF quor(a)écence of tr):é enzyme nor CO?,”d any binding of

was gluted with an Asp-Phe-containing'buffer after extensive DMAPP alone be detected using the membrane filter assay.
W_ashlng to remove weakly bound proteins. T_he re.coml.)mamHowever, DMAPP did bind to the enzyme in the presence
wild type and_EEF-tagged enzymes were identical in all of a nonreactive tRNA* analogue corresponding to the
aspects e.xellmlned except f_or the slightly I:_:lrger molecular anticodon stemloop region of tRNAMewith an inosine in
mass_exh|b|ted _by the affinity-tagged protein on SDS gels place of A37 at the prenylation site. The inosine-containing
and size exclusion columns. minihelix is a competitive inhibitor with respect to tRN&

The apparent molecular mass of DMAPP-tRNA transferase with a K; of 2.7 + 0.6 4M. In the presence of the inosine-
determined by density gradient centrifugation of a partially containing minihelix (10uM), the membrane filter assay
purified sample was reported to be 55 kDa (Bartz et al., yjelded values foKp of 3.4+ 0.6M for DMAPP and 0.66
1970). The size of th&. coli miaAprotein predicted from  pinding site per mole of enzyme. The number of binding
the gene sequence 835 kDa, which prompted Connolly  sites is lower than expected and might arise from less than
and Winkler (1991) to suggest that the enzyme might be a saturating levels of the inosine-containing minihelix in the
homodimer. Purified recombinant DMAPP-tRNA trans- assays or from uncertainties in the enzyme concentration as
ferase elutes from a calibrated Superdex 75 size exclusiongetermined by the Bradford assay.
column with an apparent molecular mass-@# kDa. Thus, A minimal binding mechanism consistent with these
we conclude that the active enzyme is monomeric. observations is the ordered sequential process shown in

Previous kinetic studies of DMAPP-tRNA transferase were Scheme 1, where the prenyl acceptor (tRRAbinds first,
conducted by coupling IPP isomerase and DMAPP-tRNA followed by the allylic substrate (DMAPP). The extremely
transferase (Rosenbaum & Gefter, 1972fH]|DMAPP tight binding of the tRNA substrate, the lack of binding by
required for prenylation of the tRNA substrate, which was the allylic substrate in the absence of tRNA, and the
not available commercially, was generateditu from [3H]- restoration of DMAPP binding in the presence of a nonre-
IPP by the action of porcine liver IPP isomerase. The design active tRNA stem-loop require that the tRNA substrate bind
of this assay made it difficult to separate the properties of first. This binding order stands in contrast to that of other
DMAPP-tRNA transferase from those of the coupled system. prenyltransferase enzymes for which the binding mechanism
Porcine liver IPP isomerase independently requiredtivia has been determined. Protein farnesyltransferase (PFTase)
thiol reagent, and exhibits a pH optimum of 6.3 (Banthorpe from yeast (Dolence et al., 1995) and mammalian sources
et al., 1977), while the coupled system reportedly had a pH (Furfine et al., 1995; Pompliano et al., 1993) and avian liver
optimum of 7.5 and a Mg optimum of 3.3 mM (Rosenbaum  farnesyl diphosphate synthase (FPP synthase) (Laskovics et

not optimal. The higher-molecular mass peaks and the poor
signal to noise ratio may have been due to incomplete
removal of Mg" from the tRNA sample prior to mass
spectral analysis.

Wild type and an affinity-tagged DMAPP-tRNA trans-
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ATP, i site
tRNA_ECO MSDI-SKASLP---KAI PTASGKTALAI ELRK——--ILPVELISVDSALIY 47
tRNA HIN MK==————=— P~——TAIL PTASGKTDLAIPLRS~——-QLPVEVISVDSALIY 40

tRNA_ATU MMKN-LDQNF----DAILITGPTASGKSALAIRLAR-———~ERNGVVINADSMQVY 46

tRNA MYC M-———— e RPLAIVGPTGVGKSELALDVIRRLGGQVSVEIVNADAMQLY 42
tRNA_¥YSC MLKGPLKGCLNMSKKVIVIAGTTGVGKSQLSIDLAQKFNG——--EVINSDSMQVY 51
* - . *'*0 **..*-0 . .. *o -*

tRNA ECO KGMDIGTAKPNAEELLAAPHRLLDIRDPSQAY SAADFRRDALAEMADITAAGRIF 102
tRNA:HIN KGMDIGTAKPSKEELALAPHRLIDILDPSESY SAMNFRDDALREMADITAQGKT 95
tRNA ATU DTLRVLTARPSDHEMEGVPHRLYGHVPAGSAY STGEWLRDISGLLSDLRGESRF 101
tRNA:MY C RGMDIGTAKLPVAARRGIPHHQLDVLDVTETATVASYQRTAAADIEATAARGAVH 97
tRNA_YSC KDIPIITNKHPLQEREGIPHHVMNHVDWSEEYYSHRFETECMNAIEDT KIP 106

* *k o en * *

. . . .

tRNA ECO [.LVGGTMLYFKALLEGLSPLPSADPEVRARIEQQAREQGWE SLHRQLOEVDPVAA 157
tRNA:HIN . LVGGTMLY YKAL{I EGLSPLPSADENIRAELEQKARQOGWAALHTELAKIDPISA 150
tRNA ATU VIVGGTGLYFKAL TGGLSDMPAIPDDLREGLRARLIEEGAAKLHAELVSRDPSMA 156
tRNA MYC VVVGGSMLYVQSLLDDW-SFPGTDPAVRVRWEQQLAEVGVVRLHAELARRDLAAA 151
tRNA___Y sC [VVGGTHYYLQTTFNKRVDTKSSERKLTRKQLDILESTDPDVIYNTLVKCDPDIA 161

- e *kk . * . e * . L4 . . - .. * * *
tRNA _ECO TLTELTQTSGDAL--PYQVHQFAIAPASRELL 210
tRNA_HIN SLTELTEEKGEAL--PYDFVQFAIAPODRHVL 203
tRNA_ATU SIRDFQRASGPMI IDPERAQKFIVLP-ERPVL 210
tRNA MYC -PFA--~ASAPRIGAPRWDTVIVGLDCPRTIL 202
tRNA YSC KPSE—~--TFNEQKITLKFDTLFLWLY 213
*
tRNA ECO HORIEQRFHQMLAS! RRGDLHTDLPSIRC~-——=~~VGYRQOMWSYL 258
tRNA HIN HERIEQRFHKMIELGFQAEVEKLYRR GDLNINLPSIRC—~-—-—-VGYRQMWEYL 251

tRNA:ATU HDRINRRFEAMMDSGAVEEVQALIAL-NLAPDATAMKA———==~== IGVAQIADML 257

tRNA MYC SERLARRIDSMFGQGLVDEVRMLLRWG-LRDGVTASR=——————, ALGYAQVLTAL 249
tRNA_YSC (EYY-SQNKFTPEQCENGVWQVIGFKEFLPWL 267
- * .. * . * e * . * . * . . . * - *
tRNA ECO EGE~———— ISYDEMVYRGVCATRQLAKRQITWLR === GWEG~VHWLDS—=~==— 297
tRNA_ HIN QGD==——= YAYEEMIFRGICATRQLAKRQLTWLR———=- GWKTPIQWLDS——=~= 291
tRNA_ATU TGR———==] -MGAAEVIEKSAAATRQYAKROMTWFR===—-! N-QMGDDW-TR~==—= 295
tRNA MYC DAGGDAD--HLDEARQQTYLGHRRYARRQRSWFHR————~- DHRVHWLDVGTVDR 296
tRNA YSC TGKTDDNTVKLEDCIERMKTRTRQYAKRQVKWIKKMLIPDIKGDIYLLDATDLSQ 322

. .. . . . e . .

tRNA_ECO EKPEQARDEVLOVVGAIA~———==—=m=—=— 315
tRNA_HIN LQPQQAKETVLRHLDSYQK—=———————=== 310
tRNA_ATU IQP 298
tRNA_MYC VGVVDD ALRVWRN: 309

tRNA_YSC WDTNASQRAIAISNDFISNRPIKQERAPKALEELLSKGETTMKKLDDWIHYTRNV 377

tRNA_ECO G 316
tRNA_HIN G 311
tRNA_ATU 298
tRNA_MYC AS 311
tRNA_YSC  CRNADGKNVVAIGEKYWKIHLGSRRHKSNLKRNTROADFEKWKINKKETVE 428

FIGURE 9: Multiple sequence alignment for five DMAPP-tRNA transferases: tRNA_BE©oli; tRNA_HIN, H. influenzaeRd; tRNA_ATU,
A. tumefacienstRNA_MYC, M. leprae and tRNA_YSC,S. cereisiae h

al., 1979) also bind substrates by an ordered sequentiaDMAPP-AMP transferases (Akiyoshi et al., 1985, 1989;
mechanism, but for these enzymes, the allylic substrate add<Beaty et al., 1986; Bonnard et al., 1989; Canaday et al., 1992;
first, followed by the prenyl acceptor. Crespi et al., 1992; Goldberg et al., 1984; Heidkamp et al.,
The complete DNA sequences have now been identified 1983; Otten & De Ruffray, 1994; Powell & Morris, 1986;
for the miaA genes fromE. coli, A. tumefaciensHaemo- Regier et al., 1989; Strabala et al., 1989; A. L. Lichter, I. B.
philus influenzaeRd, andMycobacterium lepraeand the Barash, L. V. Valinsky, and S. M. Manulis, unpublished
MODS5 gene in S. cereisiag, encoding DMAPP-tRNA  data). DMAPP-AMP transferases catalyze the transfer of a
transferases (Connolly & Winkler, 1991; Fleischmann et al., dimethylallyl moiety to the amino group of BAMP in a
1995; Gray et al., 1992; Najarian et al., 1987). A fragment reaction identical to the DMAPP-tRNA transferase-catalyzed
of the miaA gene inSaccharomyces typhimuriuaiso has reaction. Translation of these nucleotide sequences and
been identified (Mankovich et al., 1989; Robison et al., alignment of the deduced protein sequences using CLUSTAL
1994). Thirteen additional complete DNA sequences have (PCGENE) show that the DMAPP-AMP transferases are all
been identified foiipt, tmr, tzs andptz genes all encoding  smaller 27 kDa) than the prokaryotic DMAPP-tRNA
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transferases~34 kDa). The yeast DMAPP-tRNA trans- Akiyoshi, D. E., Regier, D. A., & Gordon, M. P. (198%ucleic

ferase is the largest enzyme-§0 kDa) and contains a Acids Res. 178886. _
C-terminal extension of unknown significance not found in AShBY. M- N., & Edwards, P. A. (199Q) Biol. Chem. 26513157~

the bacterial enzymes. A high degree of sequence similarityBamhorp'e, D. V., Doonan, S., & Gutowski, J. A. (197&ch.
is seen throughout the DMAPP-tRNA transferases with five  Biochem. Biophys. 18881—390.
highly conserved regions found throughout the proteins Bartz, J. K., & Sdi, D. (1972) Biochemie 5431-39.

(Figure 9). Four of these regions were identified earlier from BaFreté:sJCoKr'ﬁrrflljgehlc_iéi’—i‘gd?j' D. (1970) Biochem. Biophys.
an alignment of theE. coli, A. tumefaciensand yeast Beaty,'J. S, Powéll, G. K, Lica,. L., Regier, D. A., MacDonald, E.

DMAPP-tRNA transferases by Gray et al. (1992). One of ~\’s. Hommes, N. G., & Morris, R. O. (1986)ol. Gen. Genet.
the highly conserved regions includes a putative ATP/GTP 203 274-280.
binding site close to the amino terminus of the five proteins Bhg_ttaf}f]haWé%o;-égEif;fztgaCharyya, A., & Roy, S. (19€)r. J.
H H H H lochem. .

E)?rzrgilirr:(; 2%1 iolntizs;s"(]): gec%ncszlrsﬂ?srggaer;l—cr]eef('?r-raprﬁt-:rl:otid lum, P H. (1988)). Bacteriol. 1795125-5133.

. - onnard, G., Tinland, B., Paulus, F., Szegedi, E., & Otten, L. (1989)
binding fold seen in distantly related sequences from ATP  \ol. Gen. Genet. 21628-438.
synthase, myosin, kinases, and other ATP-requiring enzymesBuck, M., & Griffiths, E. (1981)Nucleic Acids Res.,301-414.
(Walker et al., 1982). Interestingly, ATP or GTP is not Buck, M., & Griffiths, E. (1982)Nucleic Acids Res. 12609~

; _ i _ 2624.
required for DMAPP-tRNA transferase activity. The nucle Buck. M., & Ames, B. N. (1984)Cell 36 523-531.

otide binding fold may play an important role in the p,c’ M McCloskey, J. A., Basile, B., & Ames, B. N. (1982)
recognition of A37 in the anticodon region of prenylated  Nucleic Acids Res. 15649-5662.

tRNAs. E. coli tRNAPe contains an adenosine at position Caillet, J., & Droogmans, L. (1988). Bacteriol. 1704147-4152.
37 and is bound tightly by the enzym&y = 5.2 + 1.2 CaGnggaéeJﬁétGgg%gbgis%é Crouzet, P., & Otten, L. (198@)
nM). In contrastE. coli tRNAYS which has a high degree " : - : i

of sequence identity (60%) to tRNA& but does not contain Chgfﬁm’ J. D, & Lipsett, M. N. (1977). Bacteriol. 13} 741~
an adenosine at position 37 is not a substrate and is boundchomczynski, P., & Sacchi, N. (198Anal. Biochem. 162156—
very weakly by DMAPP-tRNA transferase. A putative 159.

DMAPP binding domain (amino acids 26@34 in theE. CO{‘;;{'V’ D. M., & Winkler, M. E. (1991). Bacteriol. 1731711~
coli enzyme) was originally assigned in the yeast protein by Crespi,'M., Messens, E., Caplan, A. B., van Monagu, M., &

comparison with other prenyltransferases. Several of these ™ pegomer, J. (1992EMBO J. 11 795-804.
enzymes have isoprenoid diphosphate binding domainscCurnow, A. W., Kung, F.-L., Koch, K. A., & Garcia, G. A. (1993)
consisting of aspartate rich motifs with a DDXXD consensus  Biochemistry 325239-5246.

Edwards, 1990). The conserved aspartate residues ar%aﬁsslo'n V. J. Woodside. A. B. Neal. T. R.. Stremler. K. E
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