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A Conserved Aspartate of tRNA Pseudouridine Synthase Is Essential for Activit)
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ABSTRACT. tRNA pseudouridine synthase | catalyzes the conversion of uridine to pseudouridine at positions
38, 39, and/or 40 in the anticodon loop of many tRNAs. Pseudouridine synthase | was cloned behind a
T7 promoter and expressed Escherichia colito about 20% of total soluble proteins. Fluorouracil-
substituted tRNA caused a time-dependent inactivation of pseudouridine synthase | and formed a covalent
complex with the enzyme that involved the FUMP at position 39. Asp60, conserved in all known and
putative pseudouridine synthases, was mutated to amino acids with diverse side chains. All Asp60 mutants
bound tRNA but were catalytically inactive and failed to form covalent complexes with fluorouracil-
substituted tRNA. We conclude that the conserved Asp60 is essential for pseudouridine synthase activity
and propose mechanisms which involve this residue in important catalytic roles.

Pseudouridine synthase¥§)* catalyze the conversion of  although the pathway in Scheme | is consistent with available
specific uridine residues in RNA to pseudouridinE)( an data, direct evidence for the mechanism is lacking.
unusual nucleoside with a carbenarbon glycosidic linkage In the present work, we describe studies BSI, the
(1—3). The minimal mechanism for the reaction involves enzyme which converts uridine # at positions 38, 39,
cleavage of theN-glycosidic bond of the target residue, and/or 40 in the anticodon loop of mamscherichia coli
rotation of the cleaved uracil to juxtaposes ©f the tRNAs. Contrary to previous report8)( we found that the
pyrimidine and G of the ribosyl moiety of RNA, and  enzyme forms a covalent adduct with FUra-tRNA, thus
formation of the G —Cs carbor-carbon bond. rekindling our interest in the mechanism involving covalent

An elaboration of this mechanism based on chemical catalysis by a Cys residue. However, while this work was
considerations and analogies with enzymes such as thymidy-in progress, sequences of seveWafs became available,
late synthase involves nucleophilic attack of a Cys residue which lacked a conserved Cys residue which might serve
of the enzyme at £of the pyrimidine to form an essential the role of such a catalyst9{13). Moreover, recent
5,6-dihydropyrimidine intermediatedl (Scheme 1). The  mutagenesis studies unequivocally showed that Cys is not
formation of a 5,6-dihydropyrimidine adduct would facilitate required for catalytic activity oSl (14). In searching for
all of the reactions necessary for the subsequent conversioralternative potential catalysts, we identified a completely
to products. It would (i) enhance the lability of the conserved aspartate residue (Asp60 WSI) based on
N-glycosidic bond%); (ii) provide an axis for a 180rotation sequence alignments of known and putati¥8s. Here, we
of the pyrimidine ring to juxtapose the;Gnd G; and (iii) demonstrate that mutagenesis of Asp60dH®I results in
activate the 5-carbon toward electrophilic attack by the C  the loss of both the catalytic activity and the ability to form
In an attempt to obtain evidence for this mechanism, a covalent complex with FUra-tRNA. Mechanisms are
Kammen et al. showed that tRNA pseudouridine synthase | proposed which involve covalent catalysis by Asp and are
(WSI) activity was inhibited by sulfhydryl reagent$)( in accord with all available data.

Further, FUra-RNA, which can form stable 5,6-dihydropy-
rimidine adducts with enzymes involving such intermediates MATERIALS AND METHODS

(7) was a potent inhibitor QWS (). Conclusive (_avidence Plasmid¥300, which contains thE. coli WSI gene 15
for covalent adduct formation has not been obtained. Thus,Was a gift from M. Winkler (Department of Microbiology

and Molecular Genetics, University of Texas at Houston).
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and CA 14394 from the National Institutes of Health. Plasmid p67YFO0, which was used fior vitro transcription
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: ) ; 3 i
Chiang Mai, Thailand 50200. rado). [5°H]UTP (20.1 Ci/mmol) was purchased from
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! Abbreviations: W, pseudouridine!’S, pseudouridine synthase;  [5'-3%P]pCp (3000 Ci/mmol) and{-32P]JATP (3000 Ci/mmoal)
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S0006-2960(97)01874-6 CCC: $15.00 © 1998 American Chemical Society
Published on Web 01/06/1998



Aspartate 60 in tRNA Pseudouridine Synthase | Biochemistry, Vol. 37, No. 1, 199845

Scheme 1: Proposed Mechanisms ¥érConversion in RNA
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Construction of thaV'SI Expression Vector pLX1A PCR primers: 5GCCGCCGCAAGGAATGGT-3 which hybrid-
reaction was performed with plasmi#300 as the template izes to the sequence precedin§pt site 245 bp upstream
and two primers: 5SCTGGCGAAGACTCCATGTCCGAC- from the T7 promoter, and'85CGAATTCTGTGGATC-
CAGCAACAAC-3, which hybridizes bp 1 to bp 19 &FSI GAACACAGGACCTCCAGGTCTTCAGCCTGGCGCT-
gene Bbd site is underlined), and'8S5ACGGATCCTC- 3, which hybridizes bp 22 to bp 71 of the tRNA gene
GAGTTAGTCCGCCAGAAATAG-3, which hybridizes bp (mutagenized bases in bold, tBeoR site is underlined).
796 to bp 813 Xhd site is underlined). The 0.8 kb PCR The 540 bp PCR product was digested wiipH and EcoRl
product was digested witBbd and Xhd, ligated withNcd/ and ligated withSpH and EcoR digested plasmid p67YFO.

Xhd-digested vector pET-15b, and transformed iBtacoli The ligation product was transformed into Dél5and DNA
DH5a. DNA from Amp' transformants was analyzed by from Amg transformants was screened for the loss Btjél
restriction digestion and DNA sequencing. site generated by the T39 to C mutation, and subjected to

Mutagenesis Plasmid encodind?SI-D60 mutants were ~ DNA sequencing analysis.
constructed by PCR mutagenesis. PCR reactions were Expression and Purification d¢'Sl. Plasmid pLX1 was
performed using plasmid pLX1 DNA as template and two transformed into BL21(DE3) cells. An overnight culture of
primers: T7 primer (5AATACGACTCACTATAG-3'), pLX1-BL21(DE3) was used to inocukab L of LB (50mg/L
which hybridizes upstream from th&SI gene within the ampicillin). The culture was grown until the cell density
T7 promoter, and one of the following mutagenic primers, reachedAsoo ~ 0.8 when IPTG was added to 1 mM final
D60A (5-CCGGTACCGTGTACACCTGUOGCAGTAC- concentration. The induced culture was grown 3oh at
GCCC-3), D60K/N (5-CTGCCCGGTACATGGACCCCT- 37°C, and cells were harvested by centrifugation at 363000
GC(AT)TT AGTACGCCC-3), D60E (3-CTGCCCGGTAC- for 15 min at 4°C.
CATGGACCCCTGOTCAGTACGCCC-3), and D60S (5 SDS-PAGE analysis was used to detect the 31W¥ISI
CTGCCCGGTACATGGACCCCTGGSGAAGTACGCCC- in the column fractions during the purification. All of the
3). The sequence of each of the mutagenic primers spansfollowing procedures were performed af@. Cells from
a natural, uniqu&pnl site and is complementary to gene 6 L of induced pLX1-BL21(DE3) were resuspended in 50
sequence beginning at nucleotide 169 except at codon 60mL of buffer A (10 mM KH,PO,, pH 7.0, 0.5 mM EDTA,
(mutagenized bases in bold) and at positions where new10% glycerol, 0.5 mM DTT) containing 0.5 M (Nj}SO,.
restriction sites (underlined) were introduced for the purpose The cell suspension was lysed by two passes through a
of restriction analysis. A°st restriction site was introduced  French pressure cell at 16 000 psi, and centrifuged at 3¢ 000
into the DB60A primer, and aNcd site was introduced into  for 25 min. The supernatant was adjustedl.tM (NH,),-
each of the other primers. For each mutagenesis reaction SO, by addition of 25 mL of buffer A containgn2 M (NH,).-
the 250 bp PCR product was digested wxbd (38 bp SO, with stirring. The lysate was cleared by centrifugation,
upstream fromPSI gene) anKpnl and ligated withXba and the supernatant (75 mL) was loaded onto a 50 mL
and Kpnl digested plasmid pLX1. Each ligation reaction phenyl-Sepharose column equilibrated with buffer A con-
was transformed into DHB and DNA from Amp trans- taining 1 M (NH,),S0O,. The column was washed with 500

formants was screened for the presence of the Rsivor mL of the same buffer and eluted with a 500 mL linear
Ncd sites. DNA from the restriction positive clones was gradient from 16 0 M (NH,),SO,, WSI eluted as a broad
subjected to DNA sequencing. peak between 0.8 drd M (NH4),SQ,. Fractions containing

Plasmid encoding the tRNA®(A31G and U39C) mutant  the WSI were pooled, dialyzed against buffer A and loaded
under the control of T7 promoter (p67YF0-G31C39) was onto a DEAE-Sepharose column (15 mL) equilibrated with
also constructed by PCR mutagenesis. A PCR reaction washuffer A. WSI did not bind to the DEAE column, and the
performed using plasmid p67YFO as template and two flow through was loaded directly onto a S-Sepharose column
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(20 mL) equilibrated with buffer A. The S-Sepharose
column was washed with 200 mL of buffer A, and the
enzyme was eluted with a 200 mL linear gradient of 0 to
250 mM KCIl in buffer A. WSI eluted at about 130 mM
KCIl. The fractions containing®’SI were pooled and
concentrated using a Centriprep-10 concentrator. WEé
D60A, D60S, D60E, D60N, and D60K mutant enzymes were
purified by similar procedures.

tRNA Synthesis tRNA was synthesized byn vuitro
transcription catalyzed by T7 RNA polymerase usBsiNI
linearized p67YFO as template. The 5@Q reaction
contained 4 mM of each NTP, 20 mM MgCdnd 0.1 mg/
mL T7 RNA polymerase 16). [5-*H]Ura-tRNA, FUra-
tRNA, and [p-*?P]FUra-tRNA were prepared in similar
reaction mixtures containing 0.1 mM BBUTP (1.0 Ci/
mmol) instead of UTP, 1.6 mM FUTP instead of UTP, 1.6
mM FUTP and 0.1 mM ¢-3?P]JATP (4.0 Ci/mmol) instead
of UTP and ATP, respectively. The synthetic tRNAs were
purified using Qiagen columns according to manufacturer’s
instructions (Qiagen Inc.).

3'-End labeling of tRNA The purifiedin vitro transcribed
tRNA was labeled at the’ nd with [3-32P]pCp using T4
RNA ligase (7). The 3-end-labeled tRNA was purified
by electrophoresisro7 M urea-12% PAGE.

Tritium Release AssayThe tritium release assay was a
modification of a reported procedurég). A typical 100
uL reaction contained 2 nMPSI and 1.5uM [5-3H]Ura-
tRNA (2.0 x 10* dpm/pmol) in TNE buffer (20 mM Tri<Cl,
pH 8.0, 0.1 M NHCI, and 2 mM DTT). Reactions were
incubated at 15 or 22C. Aliquots of 18uL were removed
at time intervals up to 20 min and quenched with 1 mL of
5% Norit A in 0.1 N HCI. The mixtures were centrifuged

Huang et al.

An identical reaction mixture was incubated overnight and
denaturedn 7 M urea fo 2 h atroom temperature. The
sample was diluted 1:1 in formamide loading buffer (0.005%
bromophenol blue in formamide) and loadedwntM urea-
12% PAGE without heating.

Stability of ¥SI-FUra-tRNA Complex [3'-3?P]FUra-
tRNA (0.2uM, 1.0 x 10* cpm/pmol) was incubated with 2
uM WSl in 50 uL. TNE buffer at 15°C overnight. Ten
microliters of the reaction mixture was diluted to a final
volume of 40uL containing 10uM unlabeled FUra-tRNA
and incubated at 18C. Aliquots (8uL) were removed at
1.5,3 6, and 9.5 h, added to an equal volume &f 3DS
loading buffer, and analyzed using SBBAGE and auto-
radiography.

RNase A Digestion of th#SI-FUra-tRNA Complex The
WS|-[a-3?P]JFUra-tRNA complex (labeled at'® of A
residues) was formed by incubating A® WSI and 10uM
[o-*?P]FUra-tRNA in a 20uL reaction at 22°C for 6 h.
RNase A (0.1ug) was added to the reaction mixture and
digestion was carried out fdl h at 37°C. The digested
complex was subjected to SBPAGE and autoradiography
showed a radioactive band migrating as a 33 kDa protein.

Identification of the Nucleotide Attachment Site of #8l-
FUra-tRNA complex The radioactive 33 kDa band from
SDS-PAGE of the above RNase A digest was extracted with
water and incubated at 9%C for 10 min to disrupt the
complex. After precipitating the radioactive oligonucleotide
with cold ethanol, the oligonucleotide was purified on 7 M
urea-PAGE. The *?P-oligonucleotide migrating slightly
faster than the bromophenol blue marker was extracted with
0.5 M NH40Ac, 20 mM EDTA, and 0.1% SDS and digested

for 5 min, and the supernatants were again treated with 0.5with RNase T2 for nearest neighbor analy&€)( The F2P]-

mL of 5% Norit Ain 0.1 N HCI. Mixtures were centrifuged

for 10 min, the supernatants were filtered through glass wool,

and 1.0 mL of each filtrate was counted in 5 mL of
Aquasol-2 (New England Nuclear).

Nitrocellulose Filter Binding Assay Reaction mixtures
(200 uL) containing various amounts 3PSl (1 nM to 5
uM) and 0.1 nM [3-32P]FUra-tRNA (5.4x 10 cpm/pmol)
were incubated in TNE buffer at & for 15 min. Two 95
uL aliquots of each reaction mixture were applied to

3'-NMPs in the digest were separated on 2d-cellulose TLC
and analyzed by autoradiography.

Inhibition and Inactiation of WSI by FUra-tRNA Twenty
nanomolar¥’SI (final concentration) was added to reaction
mixtures (final volume of 8@L) containing 3.3uM [5-3H]-
Ura-tRNA (5.3 x 10* dpm/pmol) and varying amounts of
FUra-tRNA (0, 100, 250, and 500 nM). Incubation was
performed at 15C, and 18«L aliquots were removed at 1
and 2 and mixed with 1 mL of 5% Norit A in 0.1 N HCI.

duplicate nitroc_ellulose membranes wetted with wash buffer |nitial rates were analyzed by the tritium release assay as
(25 mM potassium phosphate, pH 7.4), and the filters were yoqerined above. TH value was determined as described

washed with six 1 mL aliquots of the wash buffer, dried
briefly in air, and counted in 5 mL of Aquasol IL§).
SDS-PAGE and UreaPAGE Gel Shift AssaysGel shift
assays of theVSI—FUra-tRNA complex were performed
using 12% SDSPAGE as described for tRNA Gd54)
methyltransferaseFUra-tRNA complex (19). Reaction
mixtures containing 12.6M WSI and 0.5«M [3'-3*?P]FUra-
tRNA (6.6 x 10° cpm/pmol) in 100uL TNE buffer were
incubated at 15 or 22C. Ten microliter aliquots of each

(22).

The time-dependent inactivation &S| by FUra-tRNA
was analyzed by preincubatingSI with FUra-tRNA and
assaying for enzyme activity?’Sl (100 nM) was incubated
with FUra-tRNA (1xM) in TNE buffer. Eighteen microliter
aliquots of the mixture were removed at 0, 10, 20, and 40
min and diluted 10-fold into the assay buffer containing 3.65
uM [5-3H]Ura-tRNA. Initial rates of tritium release were

reaction mixture were removed at various times between 2 Measured.

and 300 min and added to equal volumes gf2DS loading
buffer (125 mM TrisCl, pH 6.8, 4% SDS, 1.5 M 2-mer-

captoethanol, 20% glycerol, and 0.005% bromophenol blue).

Effect of Uracil on the Coalent Complex Formation WSl
(12.5uM) and [3-32P]FUra-tRNA (0.5uM, 6.6 x 10° cpm/
pmol) were incubated in 100L TNE buffer at 15°C in the

The samples were loaded onto gels without heating. Gelspresence or absence of 5 mM uracil. Ten microliter aliquots
were either stained with Coomassie Blue R250 or subjectedof the reaction were removed at 2, 5, 10, 20, 40, 80, 240,
to autoradiography. For quantitation of radioactivity, the gels and 390 min and analyzed by SBBAGE. Gels were
were exposed to a phosphor screen, and scanned using aubjected to autoradiography and phosphorimage scanning
phosphorimage scanner. for quantitation of the?’SI—[3'-32P]FUra-tRNA complex.
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Ficure 1: SDS-PAGE of the overexpression and purification of

WSI. Lane 1, crude extract; lane 2, phenyl-Sepharose chromatog-

raphy pool; lane 3, pool after DEAE-Sepharose chromatography
and S-Sepharose chromatography.

RESULTS

Cloning and Qerexpression oS|I andWSI-D60 Mu-
tants The gene encodin@ S| was subcloned from plasmid
Y300 using PCR to add convenient restriction sites. The
5 primer contained @bd site which generates &lcd-
compatible overhang at the ATG start codon and the 3
primer contained Xhd site. TheBbd-Xhd restricted PCR
fragment containing th&SI gene was ligated into tiécd —

Xhd restricted vector pET-15b to yield pLX1, which contains
the WSI gene under the control of the T7 promoter. DNA

Biochemistry, Vol. 37, No. 1, 199847

Table 1: Purification Summary 3PSl

specific
activity
vol protein (units/  unit$  yield
fraction (mL) (mg) mgy (x 104 (%)
crude extract 50 760 246 18.7 100
phenyl-Sepharose pool 130 386 158 6.1 33
S-Sepharose pool 45 72 734 5.2 28

2 0ne unit is defined as the amount of enzyme that releases 1 nmol
of tritium from [5-*H]Ura-tRNA in 5 min at 22°C under standard assay
conditions.

Table 2: Characterization of Wild-Type and MutaHSIs

Ka (nM)
FUra-tRNA tRNA Kear(SY)
WT WS| 93 nd 0.18
WSI-D60A 108 72 b
WSI-D60S 169 nd b
WSI-D60E 159 nd b
WSI-D60ON 154 nd b
WSI-D60K 89 nd b

aNot determined? No detectable tritium release was observed
(=0.01% of wild-typeWsSl).

[5-®H]Ura-tRNA upon the conversion of uridine to pseudou-
ridine. The initial velocities of tritium release were measured
in reactions containing 2 nWSI and variable concentrations
of [5-*H]Ura-tRNA (0.1-3 uM). Rates were linear for
approximately 16-25% of the reaction. Initial rates were

sequence analysis of the entire gene confirmed the correctplotted against substrate concentrations, andkghandK,

sequence. IPTG induction of pLX1/BL21(DE3) cells yielded
expression ofPS| at about 20% of the total soluble proteins
(lane 1, Figure 1).

PCR mutagenesis of pLX1 was used to isolate plasmids
carrying D60A, D60S, D60E, D60N, and D60K mutants of
WSI. The 5PCR primer spanned the T7 promoter, and the
3 mutagenic PCR primer contained codon 60l site

values were obtained by nonlinear least-squares fit of the
data to the MichaelisMenton equation. The kinetic pa-
rameters were originally determined at 22. We found
that the enzyme lost approximately 50% activity at’22in

1 h, so we also determined kinetic parameters &Cl&here

the enzyme is stable for at least 1 h. At 22, thek.,s Was
0.73 s%, andK, was 0.94uM; at 15 °C, thek. was 0.18

located 13 base pairs downstream, and new restriction sitess™* andK,, was 1.8uM.

for restriction screening. PCR-generated mutagenic frag-
ments were exchanged into pLX1 utilizing tenl site and

an Xbd site located between the T7 promoter and W8l
gene. Restriction analysis of plasmid DNA identified the
presence of the mutations which were then confirmed by

Incubation of [53H]Ura-tRNA with excess enzyme for 1
h released 0.9 mol of tritium/mol of [BH]Ura-tRNA;
theoretical for the substrate used was 1.0 mol/mol Hb-
Ura-tRNA.

The catalytic activities o SI-D60A, D60S, D60E, D60N,

sequence analysis. In the case of D60K/N where a degenerand D60K mutants toward the substratelffuUra-tRNA
ate primer was used, three isolates were sequenced to resolveere analyzed by the tritium release assay. D60 mutants

the individual mutants.

Purification of Wild-Type and Mutait?’Sls Cell extracts
were prepared from IPTG-induced cultures of pLX1/BL21-
(DE3). WSl was purified by sequential chromatography on

(20 nM) were incubated with GM [5-3H]Ura-tRNA at 15

°C for up to 60 min under standard assay condition. No
detectable tritium release was observed for any of the D60
mutants £0.01% of wild-typeWSI) (Table 2).

phenyl-Sepharose, DEAE-Sepharose, and S-Sepharose (Table Binding of Wild-Type and Mutan®#Sis to tRNAs. A
1). The final enzyme preparation was homogeneous asnitrocellulose filter binding assay was used to measure the

judged by SDSPAGE (lane 3, Figure 1). The yield of the
purified enzyme was approximately 12 mg/L of culture. Each
of the D60 mutant enzymes (D60A, D60S, D60E, D60N,
and D60K) was purified by a procedure similar to that for
wild-type WSI, with yields ranging from 2.5 to 10 mg/L of
culture.

Kinetic Parameters for Wild-Type and MutatSIs For
determination of kinetic parameters f8f formation, the
substrate was unmodified fb]uracil-labeled yeast tRN#®
generated by run-ofin vitro transcription using linearized
plasmid p67YFO0. WSI catalyzes release of tritium from

apparent dissociation constankg) of wild-type WSI and
mutant enzymes with FUra-tRNA®). TheKq values were
determined by measurement of bound complexes using a
constant amount of [F2P]FUra-tRNA (0.1 nM) and varying
enzyme concentration (1 nM tgBM) (Figure 2). Ky values
were obtained by nonlinear least-squares fit of the binding
data to an equation that calculates free ligand concentration
(19). Wild-type WSI and each of the D60 mutant enzymes
had similarKy valuesvs FUra-tRNA: 93 nM for wild-type
WSI and 89-169 nM for the D60 mutants (Table 2). We
also measured th&y value for the WSI-D60A mutant
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Ficure 2: Nitrocellulose filter binding assay o¥FSI vs [3'-32P]-
FUra-tRNA (diamond), D60A mutants [3'-32P] FUra-tRNA
(triangle), and D60A mutants [3'-32P]tRNA (circle). Reaction
mixtures containing various amounts of enzyme and 0.5 nM [3
32PJFUra-tRNA or [3-32P]tRNA were incubated in TNE buffer at
15 °C for 15 min. Aliquots of each reaction mixture were applied
to the nitrocellulose membranes, and filters were washed and
counted in Aquasol II.

enzyme with native, unmodified tRNA. They value for
this complex was 72 nM, similar to those of wild-tyHéSI
and the D60 mutants for FUra-tRNA. Tikg for the WSI—
FUra-tRNA(G31C39) complex was 32 nM.

Inhibition of WSI by FUra-tRNA. When FUra-tRNA was

Huang et al.

Ficure 3: Autoradiogram of SDSPAGE showing the complex
formation betweefV'SI and FUra-tRNAWSI was incubated with
[3'-32P]FUra-tRNA and denatured at O min (lane 1), 2 min (lane
2), 5 min (lane 3), 10 min (lane 4), 20 min (lane 5), 40 min (lane
6), 80 min (lane 7), 160 min (lane 8), and 300 min (lane 9). The
faster migrating band is free FUra-tRNA and the slower iS#&-
FUra-tRNA complex.
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Ficure4: SDS-PAGE analysis of RNase A digestion of tHeS|—
[0-32P]FUra-tRNA complex. (Left) Coomassie stained gel. Lane
1, ¥Sl; lane 2, 1QuM WSI and 1QuM FUra-tRNA were incubated

at 22°C for 6 h and denatured in SDS loading buffer; lane 3, the

present in the tritium release assay mix at the time of enzymereaction mixture in lane 2 treated with 0.0@§/uL of RNase A

addition, an immediate inhibition was observed. The
value for this inhibition was determined to be @¥. Upon
incubation of 100 nM¥SI with 1 uM FUra-tRNA at 15°C

prior to addition of substrate, there was a time-dependent

inactivation of the enzyme with &,, of 35 min.
SDS-PAGE Analysis of th&#SI—FUra-tRNA Complex.
The formation of a stabl&/'SI-FUra-tRNA complex was
detected using the SDFPAGE gel shift assay described for
tRNA (U54) methyltransferasel8, 19), except that the
samples were loaded onto SBBAGE gels without prior
heating at 100C. FUra-tRNA showed a mobility equivalent
to a protein of 25 kD, and the fre& S| showed a mobility
equivalent to 31 kD. Incubation 8FSI with [3'-32P]FUra-

for 1 h at 37°C and denatured in SDS loading buffer. (Right)
Autoradiography of the same gel. Lane 2, the lower lane is free
[0-32P]FUra-tRNA, and the upper lane is tHéSI—[a-32P]FUra-
tRNA complex. Lane 3, complex betwee#Sl and a small
fragment of pi-32P]JFUra-tRNA after the RNase A digestion.

at 22°C; complete conversion was observed after overnight
incubation.

We attempted to “exchange” the FUra-tRNA from the
preformed WSI—-[3'-*?P]FUra-tRNA complex (0.05uM
FUra-tRNA and 0.5«M WSI) with excess unlabeled FUra-
tRNA (10 uM). Once the complex was formed, no release
of [3'-3?P]JFUra-tRNA was observed for 9.5 h.

To confirm that the complex observed by denaturing gel

tRNA resulted in the appearance of a new Coomassie-stainetklectrophoresis involved a covalent linkage betwd1 and

band with a mobility equivalent to a 55 kD protein on SBS
PAGE. The protein band at 55 kD comigrated with the
radioactivity from [3-32P]JFUra-tRNA, indicating that this
band represents a proteiRNA complex which is stable to
SDS denaturation. Th&SI—[3'-32P]FUra-tRNA complex
was also observed upon denaturation4 M urea and
electrophoresis in polyacrylamide gel contagin M urea.
No complex was observed betwelft| and the substrate
tRNA or betweerlPSI and the mutant FUra-tRNA(G31C39)
under the same conditions.

To determine the rate of formation of thESI-FUra-
tRNA complex, Sl (12.5uM) and [3-*?P]FUra-tRNA (0.5
uM) were incubated at 15 or 22C and the reaction was
terminated at intervals between 2 mirdaéhh bydenaturation
with 2% SDS. A time-dependent increase W5I-FUra-
tRNA complex was observed on SBEAGE (Figure 3)
with apparent first-order rate constants of 0.44 &t 22°C,
and 0.24 h' at 15°C. With a 25-fold excess of enzyme in
the reaction, 75% of the [3?P]JFUra-tRNA was converted
to theWSI—[3'-*?P]FUra-tRNA complex afte5 h of reaction

FUra-tRNA, we digested th&# SI—FUra-[o-3?PJtRNA com-
plex with RNase A, which specifically attacks single-stranded
RNAs 3 to pyrimidine residues. For tRNAS the smallest
RNA fragment that would contain 4 after the RNase A
digestion would be SGAAGAU35-3. After complete RNase
A digestion (37°C for 1 h), a3%?P-labeled complex was
detected on SDSPAGE as a band migrating at 33 kD
(Figure 4), indicating that the complex betwe@isl and a
small 3?P-labeled RNA fragment can be isolated under
denaturing conditions.

The WSI-D60 mutants do not form observable covalent
complexes with FUra-tRNA.After overnight incubation of
5 uM of wild-type WSI and each of the D60 mutants (D60A,
D60S, D60E, D60N, and D60K) with 0/6M [3'-32P]FUra-
tRNA, the reaction mixtures were analyzed by SEFAGE.
Complex formation was observed for the wild-type enzyme,
but no complex was detected for any of the mutant enzymes.

Identification of the Nucleotide offJP]JFUra-tRNA at-
tached to¥SI. The FUra-tRNAWSI complex labeled with
5'-[¥2P]JAMP was completely digested with RNase A to give
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WSI covalently bound to &P oligonucleotide. The complex

Biochemistry, Vol. 37, No. 1, 199849

to previous reports, we concluded thSI forms a covalent

was isolated, disrupted by heating, and the recoveredcomplex with FUra-tRNA.

oligonucleotide digested with RNase T2; this provided the
component 3NMPs in which nucleotides 3o the F?P]JAMP

of the oligonucleotide contained tlé&P label. Analysis by
2d TLC showed only 3[*?P]JAMP and 3-[*?P]GMP in a ratio

of 0.8:2.0; this indicated the presence ¢f#A and 2G%pA

in the oligonucleotide bound t#SI. Of the 12 fragments
expected from RNase A digested[3?P]ATP-labeled tR-
NAPre only oligonucleotides G34 to FU39 and A64 to FU68
contain A%pA and G?%A, and only the former, which has
the target FU at position 39, contains the dinucleotides in

the proportion found. Hence, we conclude that the covalent

FUra-tRNA WSI complex involves the FUMP at position
39.

Effects of Uracil on the Caalent Complex FormationWe

Incubation of WSI with FUra-tRNA(G31C39) mutant,
containing C instead of FU at position 39, showed no
covalent complex, which demonstrates that fluorouracil in
the target 39 position is essential for covalent complex
formation. In addition, we showed that FUra-tRNA is
attached tdV Sl via a linkage to a hexanucleotide fragment
(5'-GAAGAFU) containing a single FUMP from position
39 of tRNA. Taken together, the results indicate that the
FUMP at position 39 of FUra-tRNA is involved in covalent
bond formation withWSl.

In the mechanism of Scheme 1, the target uracil (or
fluorouracil) remains covalently bound to the enzyme until
product is formed; in mechanisms not involving nucleophile
addition to G, uracil (or fluorouracil) is transiently bound

performed an experiment designed to ascertain whether theoy noncovalent forces after teglycoside has been cleaved

target fluorouracil dissociated from the enzyme during
formation of theWSI—FUra-tRNA covalent complex. Here,
we treatedP'SI (12.5uM) with [3'-32P]JFUra-tRNA (0.5«M)

in the presence and absence of excess uracil (5 mM) and

measured?’SI—FUra-tRNA covalent complex formatiars
time. Complex formation was measured by stopping the
reaction at various time points between 2 mim &h and
analyzing by SDSPAGE. The initial rates of complex
formation (0.22 h') were identical with or without uracil

in the reaction mixture.

DISCUSSION

We have undertaken studies on the mechanismVof

but before @ —Cs formation and could dissociate from the
enzyme. We performed an experiment designed to ascertair
whether fluorouracil dissociates from the enzyme during
ormation theWSI—FUra-tRNA covalent complex. Here,
we treated? Sl with [3'-*2P]JFUra-tRNA in the presence and
absence of excess uracil and measuHsl—[3'-3?P]FUra-
tRNA covalent complex formatiomersustime. We rea-
soned that ilN-glycoside hydrolysis occurred and the cleaved
fluorouracil was loosely bound to the enzyme, it could
dissociate and be replaced by uracils € uracil could then
attack G' of the sugar to form the normal produédt and
lead to turn over and dissociation of the complex; thus,
formation of theW SI—FUra-tRNA covalent complex would

synthases. The enzyme used here is a highly expresseé?e depressed by uracil. The result of the experiment was

recombinant¥’ Sl which converts U residues at positions 38,
39, and/or 40 oE. colitRNAs toW. The substrate was
vitro synthesized, unmodified yeast tRRA which contains

a single target fol!SI at U39. The purified recombinant
protein catalyzed formation of 0.9 mol Bf/mol of tRNAPhe
and steady state kinetic parameters showkd, af 1.8 uM
andkof 0.2 st at 15°C.

We began this work attempting to verify a proposed
mechanism o’SI which involves formation of a covalent
adduct between a Cys thiol of the enzyme and thefGhe
U39 target of tRNAPe (Scheme 1). By analogy with
enzymes which are known to utilize this mechanistic feature
(4, 18), we sought to determine whether tRNA containing
fluorouracil would form a stable covalent complex WAHSI.

that the rates of covalent complex formation were the same
with and without uracil. Thus, we concluded that, in the
WSI—-FUra-tRNA covalent complex, fluorouracil remained
tightly bound to the enzyme.

While this work was in progress, the sequences of several
proven and numerous putatilé synthases became available,
and there were no conserved Cys residues that might be
assigned the role as the proposed nucleophilic catalyst (
13). Further, Zhao, and Hornd 4) reported that mutation
of the Cys residues d¥'Sl to Ala did not result in a loss of
enzyme activity. Thus, it was apparent that the proposed
mechanism involving thiol addition tod®f the target uracil
was incorrect and was therefore abandoned.

Sequence alignment of three of four recently identified

Previous workers have reported that FUra-tRNA was a potent® synthase familiesriuA, rsuA, andtruB) identified two

inhibitor of WSI, but did not corroborate covalent bond
formation @, 8). We showed that when initial velocity

assays were performed shortly after mixing components,

FUra-tRNA was an effective inhibitor 8PS| with K; ~ 0.10
uM. However, upon incubation of 0.1M WSI with 1 uM

conserved regions, one of which contains a “RLD” motif in
which an aspartate residue is completely conser¢2di(3).
When we aligned the fourth familyr(A) along with these
three families, the Asp residue (Asp604fSI) was retained

as the only completely conserved amino acid (Figure 5). On

FUra-tRNA, there was a time-dependent loss of enzyme the basis of this finding, we assumed that Asp6Cues|

activity. Treatment ofPSI with [3'-*?P]FUra-tRNA gave a
protein—[3'-¥2P]FUra-tRNA complex which, if not heated
in loading buffer, was isolable on 1% SBEAGE or 7 M
Urea—PAGE. TheWSI—[3'-*?P]JFUra-tRNA complex formed
with rate of 0.24 h', and upon addition of unlabeled FUra-
tRNA there was no loss of radioactivity after as long as 9.5
h. Further, treatment of th&’SI—[a-3?P]JFUra-tRNA com-
plex with RNase A followed by SDSPAGE gave a small
RNA fragment associated with the protein. Thus, contrary

might serve an important role in catalysis and prepared and
examined several mutants at that position. In this group,
we sampled mutants which presented side chains which were
small (Ala), charged (Lys and Glu), and neutral-hydrophilic
(Ser and Asn). All of these mutants were inactive in
catalyzingW formation; they reversibly bound FUra-tRNA
as in wild-typeW S| but were unable to form covalent adducts
with FUra-tRNA. Thus, Asp60 oSl is essential for the
enzymatic activity and covalent attachment of FUra-tRNA.
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riluA family ---HRLD--T SG----A--- -A---L---- —————-—- Y- A-V-G-----
rsud family ---GRLD--- -GL-L-T--G -------- P- —-—-K-Y-—- ————mm—— -
trud family ---GRTD-GV -A--Q---—-- ———————-o— oo
truB family GH-G-LDP-- TG-L-IC--- AT-------- --K-Y----- L-—-—————-

Ficure 5: Alignment of the consensus sequences of the four puttfigynthase families. The consensus sequence motif common to all
families is in bold letters. An aspartate residue is the only completely conserved amino acid in all four families.

Scheme 2 we showed that FUra-tRNA formed a covalent complex with
WSl and that fluorouracil was tightly bound to the enzyme
throughout the reaction. We also showed that the target
FUMP 39 of FUra-tRNA was directly involved in the
covalent adduct witAP'SI. However, sequence analysis of
WSs and mutagenesis studies reported elsewhere ruled ou
the proposed involvement of a Cys nucleophile in the
mechanism. We then focused attention to the single
conserved residue iIWSs and Asp60 ilP’SI. We showed
that mutagenesis of this residue did not affect reversible
binding to tRNA but abolished catalysis and covalent bond
formation with FUra-tRNA. Finally, we have proposed two
possible mechanisms in accord with all available data which
involve (i) covalent catalysis by reaction of the carboxylate
of Asp60 at G of the target pyrimidine, or (ii) covalent bond
formation between the conserved Asp and theatbon of

the sugar at the target U residue. We are currently attempting

to verify the mechanism d¥'S by biochemical approaches
Taking into account all available data, we can propose gnd X-ray crystallography.

two possible minimal mechanisms f8fS| which involve
covalent complex formation of the Asp60 residue of the ACKNOWLEDGMENT
enzyme with UMP 39 of tRNA™
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