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ABSTRACT. Dimethylallyl diphosphate:tRNA dimethylallyltransferase (DMAPP-tRNA transferase) catalyzes
alkylation of the exocyclic amine of adenosine at position 37 in some tRNAs by the hydrocarbon moiety
of dimethylallyl diphosphate (DMAPP). A multiple-sequence alignment of 28 gene sequences encoding
DMAPP-tRNA transferases from various organisms revealed considerable homology, including 11 charged,
12 polar, and four aromatic amino acids that are highly conserved or conservatively substituted. Site-
directed mutants were constructed for all of these amino acids, and a tripeptide Glu-Glutitnain

epitope was appended to the C-terminus of the protein to facilitate separation by immunoaffinity
chromatography of overproduced mutant enzymes from coexpressed chromosomally encoded wild-type
DMAPP-tRNA transferase. Steady-state kinetic constants were measured for wild-type DMAPP-tRNA
transferase and the site-directed mutants using DMAPP and a 17-base RNA oligoribonucleotide
corresponding to the stertoop region of tRNAMe as substrates. Substantial changekgin KnPMAPP,
and/orK,RNA were seen for several of the mutants, suggesting possible roles for these residues in substrate
binding and catalysis.

Transfer RNAs undergo a variety of post-transcriptional 27G-Cy
modifications that are important for their biological activity C-G
(1, 2). Although modified bases are found at different ZSG_C42
positions in tRNAs, the anticodon loop is the most heavily 207 4
modified region of the molecule and contains the greatest 30G-Co
variety of modified nucleotide\®-(Dimethylallyl)adenosine 31A-Ugg
(i°A)* is commonly found at position 37 of those tRNAs 3C Agg
that also have an adenosine at position 36, the last anticodon 33U A,
base (see Figure 1 for the numbering scheme). The formation 2C A
of i®A involves transfer of the dimethylallyl moiety from Ags

dimethylallyl Qiphosphate (DMAPP) to t_he amir_lo group in Ficure 1: Seventeen-base RNA oligoribonucleotide used as a
adenosine, with concurrent release of inorganic pyrophos-tRNA substrate analogue in this study.

phate. In many organisms, A37 is further modified by

addition of a thiomethyl group to C2, followed by hydroxy- processes are affected by the presenc&Xfincluding the
lation at G of the dimethylallyl group. _ expression of genes involved in amino acid biosynthe®is (

The function of the %A modification has been studied 504 pacterial virulencel(), aromatic amino acid uptakJ),
extensively. The presence of the dimethylallyl group does grqwth on citric acid cycle intermediate$2), and cellular
not appear to significantly alter the kinetics of aminoacylation response to environmental stred8)(
(3, 4) and is not required for viability of bacterial or yeast  pimethylallyl diphosphate:tRNA dimethylallyltransferase
hosts 6, 6). However, the dimethylallyl modification im- b\ APP-tRNA transferase) catalyzes alkylation of the amine
proves binding of tRNA to the ribosome during translation ety in adenosine by the five-carbon dimethylallyl unit
(4 _through enhanced stackmg _|nteract|ons_ in the cedon ;, pvAPP. Recently, two separate groups purified the
anncodo_n_ complex, thus stabilizing th(=T r_elatlvely wealkJA recombinantEscherichia coliprotein to homogeneity14,
base pairing between A36 and the uridine of the codon (15 DMAPP-tRNA transferase is a monomer. Steady-state
8). Other studies indicate that a wide range of cellular yinetic studies with recombinant enzyme suggest an ordered
; sequential addition of substrates, where the tRNA substrate
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diphosphate; DMAPP-tRNA transferase, dimethylallyl diphosphate: Phe ; inihaliy i -
tRNA dimethylallyltransferase®A, N°é-(dimethylallyl)adenosine; IPTG, tRNA™* was replaced with tESAQImhe“X in the enzyme
isopropyl thiog-p-galactoside; PMSF, phenylmethanesulfonyl chioride; Catalyzed reactionkea; and Ky were unchanged, but

TGT, tRNA-guanine transglycosylase. KuRNA increased 180-foldl(7). Pre-steady-state experiments
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(16) showed that enzyme-bound DMAPP is in a rapid in DMAPP-tRNA transferase to identify those important for
equilibrium with free DMAPP and that the rate-limiting step substrate binding and catalysis.

for turnover is the chemical conversion of the substrate to

product. Studies with a series of stetoop RNA oligori- MATERIALS AND METHODS

bonucleotide substrates containing single and double base

substitutions revealed that the enzyme has a broad selectivity Materials.Plasmid pJAM 1-212, which contains tineiaA

for its tRNA substrates. The only stringent requirements for gene fromk. coli with an engineered C-terminal Glu-Glu-
recognition were an A36-A37-A38 motif adjacent to a region Phe tripeptide epitope to facilitate purification of the encoded

of helical secondary structuré?). protein by immunoaffinity chromatography, was available
- . from previous studiesld). Addition of the tripeptide did
Scheme 1: Modification of Adenosine by DMAPP not alter the catalytic properties of the enzyme significantly.

/\)\ Oligonucleotide primers for mutagenesis and RNA oligori-
Hg'H pro™ H\N&/k bonucleotide substrates were synthesized by the Protein/DNA
N A N A Sequencing Core Facility at the Huntsman Cancer Institute
¢ )N &l )N at the University of Utah. The GeneEditor kit from Promega
N N N NZ was used for all site-directed mutagenesis. DE52 ion-
Ribose PP, Ribose exchange resin was purchased from Whatman, and Gamma-
' bind Plus resin for immunoaffinity chromatography was from
Amersham-Pharmacia. DMAPP was synthesized by the
method of Davisson et al36), and stock solutions were
prepared in 25 mM NEHCO;. DMAPP concentrations were

Multiple sequence alignments of the proteins encoded by
DMAPP-tRNA transferase genes from a wide variety of
organisms show several regions with conserved charged, . .
polar, and aromatic amino acids (Figure 2). A completely deterr_n_lned _by phosphate analysiS7y [1-°HIDMAPP
conserved GxxxGKT(S) motif closely resembles the so- (s_pecm_c activity= 22 Ci/mmol) was purchased from NEN
called “P-loop”, a well-characterized nucleotide di- and Lifé Science Products. ,
triphosphate binding motif8—21). The P-loop unit is also Strams._ E. cohstrqln D_H51 was used for routine DNA
found in dimethylallyl diphosphate:adenosirieaonophos- ~ manipulationsk. coli strain BMH 71-18mutSwas used as
phate transferase, an enzyme of the cytokinin biosynthetic P2t of the GeneEditor mutagenesis kit (Promegajcoli
pathway in plantsZ2). An arginine-rich motif in the tRNA strain JM101 was used to p_roduce the_ recombinant protein.
transferase is similar to the conserved RxxR sequence in General Procedures?lasmid preparations were performed
tRNA-guanine transglycosylase (TGT), an enzyme required With the Wizard Plus Miniprep system from Promega and
for the queuine modification at position 323). However,  the Midi Plasmid kit from Qiagen. DNA sequencing was
the amino acid sequences of DMAPP-tRNA transferases doPerformed by the Protein/DNA Sequencing Core Facility at
not closely resemble those of other isoprenoid prenyltrans- the H_untsman Cancer Institute at the Unlversny_ of Utah.
ferases, including protein farnesyltransferaséd, (25), Protein was analyzed by 12% SBBAGE on a Bio-Rad
dimethylallyltryptophan synthase26, 27), farnesyl diphos- M.|n|-PROTEA[\I Il glgctrophoress system and visualized
phate synthase®8—31), and archaebacterial geranylgera- With Coomassie Brilliant Blue R. _
nylglyceryl diphosphate synthas&2j or closely related Putgtlve_DMAPP—tRNA transferases from 28 organisms
terpene cyclases38—35), nor does DMAPP-tRNA trans-  Were identified from the nonrgdundant GenBank databa_se
ferase have the DDxxD diphosphate-binding motif found in Using the BLAST search algorithm, and were compared in
many prenyltransferase®§—31, 33—35). We describe here @ multiple-sequence alignment. The organisms and GenBank

mutagenesis studies of several highly conserved amino acid®ccession numbers are as followsgrobacterium tumefa-
ciens(M83532),Aquifex aeolicu$AE000721) Arabidopsis

al s Sa a aa aw thaliana (AF109376),Bacillus subtilis(299113),Borrelia
MSDISKASLP KAIFLMGPTA SGKTALAIEL RKILPVELIS VDSALIYKGM 50 burgdorferi (AE001180),Caenorhabd|t|s elegar($Jl3642),
Campylobacter jejun{CAB72649),Chlamydia muridarum
(AAF39024),Chlamydia trachomati$AE001273),Chlamy-

V SR a r a
DIGTAKPNAE ELLAAPHRLL DIRDPSQAYS AADFRRDALA EMADITAAGR 100

Va S

IPLLVGGTML YFKALLEGLS PLPSADPEVR ARIEQQAAEQ GWESLHRQLQ 150 dophila pneumoniaAE001671)Deinococcus radiodurans
N or T (AAF11245),E. coli (AE000489),Haemophilus influenzae
EVDPVAAART HPNDPQRLSR ALEVFFISGK TLTELTQTSG DALPYQVHOF 200 (U32692),Helicobacter pylor{AE001554) Mycobacterium
r a a leprae(U00019),Mycobacterium tuberculosi®\L123456),
ATAPASRELL HQRIEQRFHQ MLASGFEAEV RALFARGDLH TDLPSIRCVG 250 Neisseria menlngltldliAAF41341), Pseudomonas putlda
YRQMWSY;EG EISYDEMVYR GVCA'f‘RQLAi §QIT£’LRGWE GVHWLDSEKP 300 (AF016312)’ RhOdObaCter CapSUIatu@R003576)’RiCk-
= ettsia prowazekii(AJ235272), Saccharomyces carsiae
EOARDEVLOV VGAIAG 316 (M15991), Schizosaccharomyces pombgAL109739),

Ficure 2: Amino acid sequence of DMAPP-tRNA transferase from Shigella flexneri (ABOOO7.85)’ Streptomyces coelicolor
E. coli Bold residues represent those that are conserved or (AL022268), Synechocystisp. (AB001339),Thermotoga
conservatively substituted. Underlined residues are those for whichmaritima (AE001728), Treponema pallidunfAE001238),
mutations produced large changes in enzyme kinetic parametersand Zymomonas mobilifAF176314).

Letters above residues specify conservative substitutions that are Mutagenesis was carried out on plasmid pJAM [-212 with

present in other DMAPP-tRNA transferases. The letter “a” is used . . .
for aliphatic residues (alanine, valine, leucine, and isoleucine), “r” the GeneEditor kit from Promega according to the manu-

for aromatic residues (phenylalanine, tyrosine, and tryptophan), andfacturer’s protocols. Mutations were confirmed by DNA
“b” when aliphatic and aromatic substitutions are seen. sequencing.
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Synthesis and Purification of Wild-Type (‘?Mmd Mutant Table 1: DMAPP-tRNA Transferase Mutants Generated in This

E. coli DMAPP-tRNA TransferaseSnzymes were produced — siudy

in E._ coliJM101 _transformants upon induction b,Y IPTG as charged polar aromatic
previously describedld). The proteins were purified by a

slightly modified version of the procedure of Moore and g‘l"ééA %iﬁ ((g)) \xgﬁ
Poulter (L4). Frozen cell paste was resuspended in buffer A E220A S43A Y111S
[50 mM Tris (pH 7.5), 10 mM MgCJ, 10 mM BME, and K23A T54A (S) Y111F
10% glycerol] containing 1 mM PMSF, and disrupted by K56A (R) T108A(S) F84A (Y,W)
sonication. The cell-free extract was clarified by centrifuga- Ei%ﬁ %;gﬁ (M W285A (F)
: (S)

tion and loaded owota 2 cmx 20 cm DE52 cellulose column R213A HE7F

equilibrated with buffer A, and the column was washed with R217A D164A (N)

150 mL of the same buffer. Protein was eluted with buffer K280A (R) E173A(Q)

B (buffer A with 150 mM KCI), and fractions containing R281A (K) 822323": (E)

DMAPP-tRNA transferase, as determined by SIFAGE

analysis, were loaded directly onto a 0.75 &ni8 cm anti-
o-tubulin affinity column equilibrated with buffer B. The
column was washed with 30 mL of buffer B, and then eluted
with buffer C (buffer B with 5 mM Asp-Phe). Fractions
containing protein were dialyzed overnight agaihd. of
buffer A and stored at-80 °C. The wild-type and mutant
proteins purified in this manner gave single bands upon
SDS-PAGE, and the yields were similar to those obtained
in previous work 14).

DMAPP-tRNA Transferase Actiy Assay DMAPP-tRNA
transferase activity was assayed as described previdigly (
except that reaction volumes were reduced from 50 to 20
uL. A 17-base oligoribonucleotide with the sequent@GG-
GACUCAAAAUCCGCS3, based on the unmodified stem
loop region of tRNA" was used as the tRNA substrate
(Figure 1). The RNA was diluted in 10 mM Tris, 1 mM
EDTA, and 3.5 mM Mgd (pH 8.0), placed in boiling water
for 5 min, and then quickly cooled on ice for 30 min before

aLetters in parentheses indicate conservative substitutions in the
sequence alignment.

ionic, polar, or aromatic side chains typically found in the
active sites of prenyltransferases and related enzy2&s (
32—-35) were selected for substitution by site-directed
mutagenesis as indicated in Table 1. Mutagenesis was
performed directly on plasmid pJAM 1-212 used to produce
wt DMAPP-tRNA transferase. The-phosphorylated anti-
sense mutagenic primers contained one or two base mis-
matches and a 1015-base pair clamp on either side of the
mutation.E. coli IM101 cells were transformed with mu-
tagenized plasmids, and protein synthesis was induced by
addition of IPTG when the cells reached mid-log phase. The
mutant proteins contained a C-terminal Glu-Glu-Phe epitope
and were readily purified by immunoaffinity chromatogra-
phy. This step cleanly resolved the mutant proteins from
chromosomally encoded wt DMAPP-tRNA transferase.

being used. Previous studies demonstrated that the RNA Characterization of wt and Mutant DMAPP-tRNA Trans-

oligonucleotide anneals in a steffoop secondary structure
similar to that of the stemloop region of tRNA under these
conditions (7). Values ofK,,°"»MAPP for the wild-type enzyme
and mutants were measured from initial velocities at a fixed
concentration of RNA, typically 58M. KRNA was measured
from initial velocities at fixed DMAPP concentrations of-10

ferases The steady-state kinetic constakig K,°MA"P, and
KnRNA were determined from initial velocity measurements
for the wt and mutant enzymes, using a 17-base RNA
oligoribonucleotide stemloop minihelix as the RNA sub-
strate (Figure 1). ClarifiecE. coli cell-free extracts from
strains producing mutant and wild-type protein were assayed

100uM, depending on the properties of the enzyme. Reaction for DMAPP-tRNA transferase activity using 10 DMAPP
times were typically 510 min. Steady-state kinetic constants and 20uM RNA. Seventeen of the mutants had reduced
were determined by nonlinear regression analysis using Grafitlevels of prenyltransferase activity relative to the wt enzyme.
(38). These proteins were purified and analyzed further. The results

CD Measurement€£D spectra were recorded on an AVIV ~ for the mutant enzymes are presented in Table 2 relative to
62ADS spectrometer between 200 and 260 nm at intervalswt DMAPP-tRNA transferase. In some cases, the mutations
of 1 nm. Samples were diluted to 0.5 mL, and the spectra increased, for one or both substrates substantially, and it
were measured in a 0.5 cm path length quartz cuvette at 20was not possible to determine the kinetic constants because
°C. Spectra of wild-type and mutant proteins were recorded of limitations on substrate availability or solubility. For the
in 50 mM Tris (pH 7.5), 1 mM BME, and 3.5 mM Mggl mutants wherd, for one or both of the substrates was too
Sample concentrations ranged from 0.05 to 0.15 mg/mL. high to calculate.., we reporty, the initial velocity ¢i)
Three scans were recorded and averaged. of the mutant relative te; for the wt enzyme measured with
50 uM DMAPP and 50uM RNA. In those cases where
substrate inhibition by DMAPP was observed, was
measured at the DMAPP concentration where the enzyme
was most active. In all cases, substrate concentrations were
{RNA transferase with the conserved or conservatively 2t €ast 10-fold higher than enzyme concentrations, and
substituted residues identified in a multiple-sequence align- conditions were adjusted so that less than 10% of the limiting
ment highlighted in bold type. Of this group, the 28 with SUbstrate was consumed. For the least active mutantss

measured at less than a single turnover.

Analysis of Site-Directed Mutants. (1) Mutations with No
Substantial EffectsA number of the mutations did not
significantly alter the activity of DMAPP-tRNA transferase.

RESULTS

Construction of DMAPP-tRNA Transferase Mutaifgg-
ure 2 shows the amino acid sequenceEofcoli DMAPP-

2 DMAPP-tRNA transferase with a C-terminal EEF tripeptide epitope
appended to the wild-type enzyme is termed wt DMAPP-tRNA
transferase.
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Table 2: Steady-State Kinetic Constants for Mutant DMAPP-tRNA
Transferasés

K RNA K, DMAPP
protein (uM) (uM) Keat (579 e
wt 3.2+03 22+0.2 0.19+ 0.05 1

T19A <25 <25 3x 104

K23A >50° >500° b 1x10°¢8
T24A >50° >500 b 6 x 10
D42A 28+03 29+0.3 9+ 2) x 1078

YATF 44+ 05 3.5+£0.3 0.23+ 0.03

Y47S 89+09 14+0.2 (2+£0.5)x 1073

T54A 1242 13+ 2 >7 x 1072d

K56A 50+5 10+ 5¢ b 0.1
H67F 1.5+0.2 50+5 0.18+ 0.05

T108A 1642 2243 (7+2) x 102

D164A 27+3 27+3 >0.158

R167A 75+ 8 >25° b 3 x 1072
R170A >100 >25° b 6 x 1073
R217A 7.2+0.8 114+ 12 (7+1) x 10°3

E229A  >50° 10+ 5° b 5x 1072
Q253A 56+ 6 23+07” b 0.3
K280A >10C 75+ 10 b 1x10*
Q282A  45+5 60+ 6 >0.3

aFor those mutants with large increasesKp for one or more
substrates, the relative initial velocity'¢") is reported. In these cases,
v was determined using each substrate g8 or 50 «M RNA and
the optimal DMAPP concentration when DMAPP substrate inhibition
was observed® Not determined®s; was linear up to the highest
substrate concentrations that were useshturating substrate concen-
trations were not achievefl Substrate inhibition was observegwas
measured at the optimal substrate concentration.

Cell-free homogenates containing the D153A, R213A,
R281A, Y47F, Y111S, Y111F, F84A, W285A, S43A,
S178A, T275A, and E173A proteins all had transferase
activities that were at least 25% of that of a similar
preparation of the wt enzyme when assayed withulD
DMAPP and 2QuM RNA. Levels of production of soluble
mutant proteins were similar to that of the wild-type protein
as determined by SDSPAGE analysis of cell-free extracts,

Biochemistry, Vol. 40, No. 6, 20011737

the K56A and E229A enzymes was similar to that of wt
DMAPP-tRNA transferase, but both were inhibited at higher
DMAPP concentrations. The activities of the E229A and
K56A proteins were approximately 5 and 10% of the wild-
type value when incubated with 50M RNA and 10uM
DMAPP. An alanine mutation at Q253, where glutamate or
glutamine is conserved, resulted in an 18-fold increase in
KnRNA, K ,PMAPP for Q253A was similar to that for the wt,
but DMAPP concentrations of 25 uM were inhibitory.

(4) Mutations Affecting KPMAPP. K ,PMAPP for the H67F
mutant was 25-fold higher than for the wt enzyme, while
KN4 and k.ot Were essentially unchanged, suggesting that
the side chain of H67 interacts with the allylic substrate. The
R217A mutation also produced a large increask jAMAPP,
as well as a reduction ik to 4% of the wt value. These
results most likely reflect interactions between the positively
charged guanidinium moiety and the phosphate oxygens of
DMAPP that are important for binding the isoprenoid sub-
strate and stabilizing inorganic pyrophosphate as it departs.

(5) Mutations Affecting KRVAand K,°MAPP. Some muta-
tions produced large increases in valueskgf for both
substrates. The values Kf, for the K23A, T24A, R167A,
R170A, and K280A enzymes were so high that saturating
substrate concentrations could not be reached in the assays.
DMAPP-tRNA transferase contains a conserved GxxxxGKT-
(S) motif, which corresponds to a widely conserved phos-
phate binding motif present in many NTP-binding proteins
(18). K23 and T24 correspond to the “KT” dyad in the
putative “P-loop” motif inE. coliDMAPP-tRNA transferase,
and both are essential. The initial rates for the K23A and
T24A enzymes varied linearly with DMAPP concentrations
up to 500uM (more than 200 times greater than thePVAPP
for wt DMAPP-tRNA transferase). The apparent values of
Km for RNA were 16-20 times higher than the wild-type
values. Rates measured for the K23A and T24A mutants at
a concentration of 5@M for each substrate were 3 orders

and the substrate concentrations for the assay were selectedf magnitude lower than the wt enzyme rate.

so that a substantial increaselp of either substrate would
be reflected in a lower activity for the mutant.

(2) Mutations Affectingds. Three of the mutations resulted
in 10—1000-fold reductions irk.s With little change in the

Alanine substitutions at positions 167 and 170 of Ehe
coli sequence, where arginine and lysine are conserved,
substantially reduced the catalytic efficiency of the mutants
through changes i, for both substrates. Thi&,,RN* for

Km for either substrate, suggesting that the altered aminoR167A was 20-fold higher than for the wt, while the rate

acids are important for catalysis. The largest chande.in
was observed for T19A, which was approximately 600-fold
lower than that of wt DMAPP-tRNA transferase. The D42A
mutation resulted in a 20-fold reduction kgy. Mutation of
the conserved Y47 to serine gave a 100-fold lowegg

however, the steady-state kinetic constants for Y47F, includ-
ing Koy Were essentially the same as that of the wt enzyme,

for the R170A enzyme varied linearly with RNA concentra-
tion up to 10QuM. When assayed at 5M RNA, values of
KmnPMAPP for both mutants were at least 10-fold higher than
that of the wt enzyme. Both enzymes were inhibited by
DMAPP at concentrations of 50 uM. The K280A mutant
also exhibited altered kinetic behavior. The rate varied
linearly with RNA concentration up to 15M, andK,,PMAPP

indicating that the aromatic character of the side chain ratheris more than 30 times higher than that of the wt. When

than the hydroxyl group is critical. The sequence for the
putative DMAPP-tRNA transferase frorRh. capsulatus

assayed with a concentration of a® for each substrate,
the rate of catalysis for K280A was 4 orders of magnitude

(ORF 3576) has a tryptophan at this position (see the webslower than for wt DMAPP-tRNA transferase.

page of theRh. capsulatussequencing project at http://

(6) Mutations Affecting &, KN4 and K,PMAPP. Four

rhodoL.uchicago.edu/capsulapedia/capsulapedia/capsulapemutations generated changesin andk.., which although

dia.shtml).

(3) Mutations Affecting KXNA Three mutations signifi-
cantly increased, for the RNA substrate, and the enzymes
exhibited significant substrate inhibition by DMAPIR,RNA
for K56A was 15-fold larger than for the wt. Initial rates for
E229A varied linearly with RNA concentration up to 5™,
suggesting thak\"NA is substantially higherK,,°MAPP for

not nearly as dramatic as those described above, have
significant cumulative effects on the catalytic efficiency of
DMAPP-tRNA transferase. The T54A, T108A, and D164A
enzymes had 412-fold higher values ofK, for both
substrates, and values fiag: were reduced by 3670%.K,

for the Q282A mutant was larger than for the wt, B

was slightly higher.
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(7) Amino Acids That Interact with A38 in the RNA modification reaction is thought to be an electrophilic
Substrate.The A36-A37-A38 motif in the anticodon loop  alkylation similar to those catalyzed by other prenyltrans-
of the tRNA substrates is an important structural element ferases41—43), alignments with amino acid sequences for
for binding (17). When A38 is replaced with G in the 17- the DMAPP-tRNA transferases do not show any substantial
base RNA stemloop substrate (Figure 1K,"N* increases  similarity with members of the larger family. The enzyme
6-fold and k., decreases 7-fold for a combined 40-fold DMAPP-AMP transferase catalyzes the addition of a di-
reduction in catalytic efficiency. Since it is likely that A38 methylallyl group to the exocyclic amine of AMP during
interacts with active site residues in the enzyrsabstrate the biosynthesis of plant cytokinins. DMAPP-tRNA trans-
complex, replacement of those amino acids with alanine ferase and DMAPP-AMP transferase both contain highly
might produce an enzyme that is less sensitive to the A38G conserved stretches of amino acid sequence that resemble
change than wt DMAPP-tRNA transferase. This assumption the known NTP-binding P-loop motif; however, outside of
was explored for all of the mutants whefgRN* or k.ot Was this region they show little similarity. It is likely, therefore,
significantly altered. As reported for wt DMAPP-tRNA that the tRNA and AMP transferases represent different
transferase, most of the mutants were substantially less activeclasses within the family of prenyltransferases with noniso-
when incubated with A38G RNA instead of the normal prenoid acceptor substrates.
substrate under standard conditions ofi®® RNA and 50 Motifs for binding the isoprenoid diphosphate substrate
uM DMAPP. However, the activity of the R167A mutant are prominent in many prenyltransferases. An aspartate-rich
was only 50% lower, and the activity of the K280A enzyme DDxxD diphosphate binding motif is found in all of the
was 2-fold higher. A more detailed analysis showed that for prenyltransferases that synthesize polyisoprenoid chains with
R167A, the A38G substitution loweréd,"NA 2-fold with a E-double bonds28, 31, 44) and many of the terpene cyclases
corresponding 8-fold decrease kg We were not able to  that catalyze a mechanistically similar reacti88-(35). This
achieve saturating RNA concentrations with K280A. As seen motif is thought to play a critical role in binding the substrate
for the normal RNA substrate, the rate varied linearly with and activating the leaving diphosphate group by binding the
the concentration of the A38G variant up to 1&0A. Mg?" salts of the substrates3@ 31, 44). The protein
However, rates were 2-fold higher for the A38G substrate prenyltransferases do not contain an analogous aspartate-
at all RNA concentrations. These results suggest that R167rich motif. Instead, the nonbridging diphosphate oxygens
and K280 are involved in important base-specific contacts appear to interact directly with active site lysine, arginine,
with A38 in the RNA substrate. histidine, and tyrosine residues in an X-ray structure with

CD Spectra of wt and Mutant DMAPP-tRNA Transferases FPP in the active site2f).

The CD spectrum of wild-type DMAPP-tRNA transferase Like many other prenyltransferases, DMAPP-tRNA trans-
has a negative maximum molar ellipticity per residue of ferase binds its substrates by an ordered mechanism. Pre-
—11830 deg crhdmol™* at 222 nm, characteristic of proteins  steady-state and steady-state kinetic studies both indicate that
containingo-helices. We obtained CD spectra for the mutants the tRNA binds before DMAPP14, 16). Kp for tRNAPe

with substantially altered kinetic constants to see if the measured by fluorescence titration methods, was approxi-
changes were associated with perturbations of their secondarynately 20-fold lower thanK,, determined from kinetic
structures. The CD spectra for the T19A, K23A, T24A, measurements. In contrast, DMAPP binding was not detected
D42A, Y47S, K56A, R167A, R170A, R217A, E229A, when RNA was absent. However, in the presence of an
Q253A, and K280A proteins all had negative maxima at 222 unreactive RNA minihelix analogue where A37 was replaced
nm and molar ellipticity per residue values betweetil470 with inosine, KpPMAPP = 3.4 uM, essentially the same as

and —13724 deg crhdmoi™. Km for the substratel). Thus, the anticodon stenioop
region of the tRNA substrate is a required structural element
DISCUSSION for DMAPP binding by directly interacting with the allylic

diphosphate, by causing a conformation change in the

Prenyltransferases constitute a large family of enzymesenzyme that creates a DMAPP binding site, or both. There
that catalyze the electrophilic alkylation of electron-rich is no conserved aspartate-rich motif in the 28 known
acceptors by the hydrocarbon moiety of allylic isoprenoid sequences for DMAPP-tRNA transferase corresponding to
diphosphates. DMAPP-tRNA transferase belongs to a sub-the DDXXD sequence seen in many other prenyltransferases
category of these enzymes where the acceptor, the aminaand terpene cyclases. The three negatively charged conserved
moiety of A37, is a nonisoprenoid molecule. Other prenyl- residues (D42, D153, and E229) found in DMAPP-tRNA
transferases that alkylate nonisoprenoid acceptors include theransferase appear to have different roles. Changing D153
protein prenyltransferases (sulfhydryl moieties in cysteine to alanine did not appreciably alter the kinetic constants,
residues)39) and geranylgeranylglyceryl phosphate synthase while a D42A mutation only produced a modest 20-fold
(the C2 hydroxyl group in glyceryl phosphat&pj. Except reduction in ke In comparison, D— A mutations of

for the protein prenyltransferase5( 40), virtually no conserved aspartates in farnesyl diphosphate synthase re-
structural information is available for the enzymes that sulted in 5-7 order of magnitude decreasesin (30). The
alkylate nonisoprenoid acceptors. conserved E229 may play a role in RNA binding, as

DMAPP-tRNA transferase appears to be one of the most suggested by the substantial increas€ iV for the mutant
widely distributed enzymes in the nonisoprenoid acceptor E229A.
group. tRNAs with A modifications are found in eubacterial It appears likely that the contacts between DMAPP-tRNA
and eukaryotic organisms, and a substantial number oftransferase and the diphosphate moiety of DMAPP are more
putative ORFs have been identified for DMAPP-tRNA similar to those in protein farnesyltransferase than those in
transferase. Although the chemical mechanism for #Ae i  farnesyl diphosphate synthase. Although the DMAPP-tRNA
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transferase requires Mgfor catalysis {4), it seems unlikely
that the metal ion forms salt bridges between essential

Biochemistry, Vol. 40, No. 6, 20011739

state for electrophilic alkylation (T19 and Y47).

carboxylate residues in the active site and oxygens in REFERENCES

DMAPP. A more plausible scenario is that the phosphate
oxygens make direct contact with positively charged side

chains as seen for protein farnesyltransferase. H67F and

R217A mutations in DMAPP-tRNA transferase caused large
increases inK,,PMAPP without accompanying increases in
KnRNA, The G17-xxxx-G22-K23-T24 element in the enzyme

closely resembles the well-characterized P-loop phosphate-

binding motif found in a wide variety of NTP-binding
proteins (8). K23A and T24A mutations resulted in a
dramatic increase iK,,°MAPP. It is possible that the P-loop
motif sequence binds the nonbridging oxygens in DMAPP
and activates the leaving pyrophosphate group. The large
increases irK,RNA for these mutants may also indicate the
presence of important contacts between the K23-T24 frag-
ment and the tRNA substrate.

DMAPP-tRNA transferase presumably has a hydrophobic
pocket to accommodate the isoprenoid group in DMAPP.
The active sites in protein farnesyltransferase and farnesyl

diphosphate synthase contain aromatic residues that interact

directly with the isoprenoid chain of their respective allylic
substrates2b, 31, 44). DMAPP-tRNA transferase has four
completely conserved aromatic residues (Y47, F84, Y111,
and W285). However, Y= S, F— A, and W— A mutations

did not substantially altelK,°MAPP, Thus, it is unlikely that
these residues interact with the isoprene moiety in DMAPP.

The only aromatic mutant with altered kinetic behavior
was Y47S, for whiclk.s:was reduced 100-fold. Interestingly,
keat fOr the Y47F mutant was similar to that of the wild-type
enzyme, indicating that it is the aromatic character of the
side chain that is important. Perhaps the aromatic ring in
Y47 stabilizes developing positive charge in the electrophilic
dimethylallyl group by a %—cation interaction” during the
alkylation reaction 45). Similar interactions have been
invoked for terpene cyclases as a mechanism for stabilizing
electrophilic allylic carbocations in a hydrophobic environ-
ment 33—35).

Since an RNA minihelix with only the anticodon stem
loop sequence for tRNZeis an excellent alternate substrate,
it is clear that the specific, critical contacts with the DMAPP
transferase involve this region. tRNA-guanine transglyco-
sylase (TGT), responsible for biosynthesis of the modified
base queuine at position 34 of tRNA, also modifies a stem
loop RNA minihelix @6). In the crystal structure of TGT, a
conserved RxxR motif was implicated in binding phosphate
oxygens in the helical stem of the tRNA anticodon stem
loop minihelix 23). R167 and R170 could constitute a
similar binding motif in DMAPP-tRNA transferase. The
R167A and R170A mutants had greatly elevated values of
Km for both RNA and DMAPP. Finally, R167 and K280
appear to interact with A38 in tRNAS Replacement of
either amino acid with alanine in DMAPP-tRNA transferase
significantly decreases the sensitivity of the enzyme to an
A37 — G substitution in the RNA substrate.

In summary, site-directed mutagenesis of conserved
amino acids irE. coliDMAPP-tRNA transferase implicates
several ionic, polar, and aromatic residues in catalysis.
Possible roles are DMAPP binding (K23, T24, H67, and
R217), tRNA binding (K56, R167, R170, and K280), and
stabilization of developing positive charge in the transition
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