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ABSTRACT. The bacterial enzymeSadenosylmethionine:tRNA ribosyltransferase-isomerase (QueA)
catalyzes the unprecedented transfer and isomerization of the ribosyl moi&tgdeginosylmethionine
(AdoMet) to a modified tRNA nucleoside in the biosynthesis of the hypermodified nucleoside queuosine.
The complexity of this reaction makes it a compelling problem in fundamental mechanistic enzymology,
and as part of our mechanistic studies of the QueA-catalyzed reaction, we report here the elucidation of
the steady-state kinetic mechanism. Bi-substrate kinetic analysis gave initial velocity patterns indicating
a sequential mechanism, and provided the following kinetic constaff8"" = 1.9 + 0.7 uM and

KAdoMet — 98 + 5.0 uM. Dead-end inhibition studies with the substrate analoghagenosylhomocys-

teine and sinefungin gave competitive inhibition patterns against AdoMet and noncompetitive patterns
against pre@tRNA™Y", with K; values of 1334+ 18 and 4.6+ 0.5 uM for sinefungin andS
adenosylhomocysteine, respectively. Product inhibition by adenine was noncompetitive against both
substrates under conditions with a subsaturating cosubstrate concentration and uncompetitive against preQ
tRNAT™Y" when AdoMet was saturating. Inhibition by the tRNA product (0Q-tRKPAwas competitive

and noncompetitive against the substrates pt&NAT™" and AdoMet, respectively. Inhibition by
methionine was uncompetitive versus pr¢RNATY", but noncompetitive against AdoMet. However, when
methionine inhibition was investigated at high AdoMet concentrations, the pattern was uncompetitive.
Taken together, the data are consistent with a fully ordered sequential bi-ter kinetic mechanism in which
preQ-tRNA™" binds first followed by AdoMet, with product release in the order adenine, methionine,
and oQ-tRNA. The chemical mechanism that we previously proposed for the QueA-catalyzed reaction
[Daoud Kinzie, S., Thern, B., and Iwata-Reuyl, D. (20@0y. Lett 2, 1307-1310] is consistent with the
constraints imposed by the kinetic mechanism determined here, and we suggest that the magnitude of the
inhibition constants for the dead-end inhibitors may provide insight into the catalytic strategy employed
by the enzyme.

Extensive chemical modification of the constituent nucleo- side epoxyqueuosine (0Q, Scheme 1), a remarkable reaction
sides is a hallmark of the post-transcriptional processing of that includes the elimination of both methionine and adenine
tRNA (1), where nucleoside modification typically occurs from AdoMet, and the rearrangement of the ribosyl moiety
at ~10% of the nucleosides in a particular tRNA, but can to form an epoxy carbocycle2( 3). QueA is part of an
involve as many as 25% of the nucleosidés More than ensemble of enzymes that make up the biosynthetic pathway
80 modified nucleosides have been characterizgdfany to the hypermodified nucleoside queuosine (Q, Scheme 2),
of which are conserved across broad phylogenetic bound-the most radically modified nucleoside known to occur in
aries. The nature of nucleoside modification varies from tRNA. Queuosine and its derivatives are found exclusively
simple methylation of the base or ribose ring to extensive at position 34 (the wobble position of the anticodon) of
hypermodification of the canonical bases, the latter of which bacterial and eukaryotic tRNAs encoding the amino acids
can result in radical structural changes and involve multiple asparagine, aspartic acid, histidine, and tyros#)e Each
enzymatic steps to complete. of these tRNAs possesses the genetically encoded anticodon

The enzymeS-adenosylmethionine:tRNA ribosyltrans- sequence GUN, where N can be any nucleotide. A definitive
ferase-isomerase (Quéefdatalyzes the unprecedented trans- picture of the biochemical function or functions of queuosine
fer and isomerization of the ribose moiety frddadenos- has yet to emerge, but the presence or absence of queuosine-
ylmethionine (AdoMet) to 7-(aminomethyl)-7-deazaguanosine
(preQ) modified tRNAs to give the hypermodified nucleo-

1 Abbreviations: Q, queuosine; 0Q, epoxyqueuosine; AdoMet,
S-adenosylmethionine; pra(7-(aminomethyl)-7-deazaguanine; TGT,
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Kinetic Mechanism of QueA

Scheme 1: QueA-Catalyzed Reaction
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reaction using stable isotope experiments, and on the basis
of the data proposed a chemical mechanism to account for
the reaction 19). Having recently carried out a full charac-
terization of the recombinant enzym25f, we report here
the first step in defining the kinetics of the enzyme-catalyzed
reaction with the elucidation of the steady-state kinetic
mechanism, determined through bi-substrate kinetic analysis,
inhibition studies with two substrate analogues, and full
product inhibition studies. The implications of the data for
the previously proposed chemical mechanism and catalysis
by the enzyme are discussed.

EXPERIMENTAL PROCEDURES

General Buffers, salts, adenine, methionine, sinefungin,
and S-adenosylhomocysteine (SAH), all of highest quality
grade, were purchased from Sigma unless otherwise noted.
Ampicillin, DTT, and IPTG were from U.S. Biologicals.
[U-14C]Glucose (46 mCi/mmol) was from ICN or Moravek.
Escherichia coltRNA tyrosine-specific | (HPLC standard)
was from Sigma, and bulk. coliMREG600 tRNA was from

modified tRNA has been correlated with a variety of Roche. Glutathione Sepharose 4B was purchased from
physiological phenomena, from eukaryotic cell development Amersham Biosciences. POROS chromatography resins were

and proliferation §—38) to translational frame shifts essential
to retroviral protein biosynthesi®{11) and the ability of

from PerSeptive Biosystems. Benzoylated-naphthoylated
DEAE-cellulose (BND-cellulose), benzoylated DEAE-cel-

pathogenic bacteria to invade and proliferate in human tissuejulose (BD-cellulose), and DEAE-cellulose were from Sigma,
(12, 13). Underlying most of these phenomena is a potential and NACS resin was from BRL Life Technologies, Inc.
role in modulating translational fidelity, consistent with the Whatman GF-B disks were from Fisher. Centriprep YM-

location of queuosine in the anticodon.

30, Centricon YM-10, and Centricon YM-3 units were from

Although ubiquitous in both eukarya and bacteria, only Amicon. Dialysis was performed in Slide-A-Lyzer cassettes

bacteria are capable ale nao queuosine biosynthesis

from Pierce. Buffers made for RNA work were prepared with

(Scheme 2). Eukaryotes utilize a salvage system and acquiredDEPC-treated water and filtered through Cameo 25ES

queuosine as a nutrient factor and from intestinal fldzg,(

nitrocellulose filters from Osmonics, Inc. Protein concentra-

and insert queuine (the free base) directly into the appropriatetions were based on the Bradford dye binding procedure
tRNA with the enzyme tRNA-guanine transglycosylase (Bio-Rad). Cytoscint ES liquid scintillation cocktail was from

(TGT) (15). Arelated TGT is part of thde nao biosynthesis
in bacteria 16), but in this case, the substrate is the queuosine

ICN.
Instrumentation Centrifugation was performed with an

precursor preg(Figure 2), which appears to be derived from Avanti J-20 XP centrifuge using JA-25.50 and JA-10 rotors,
GTP (17). The correlation of bacterial pathogenicity with an LE-80K ultracentrifuge using a Ti-60 rotor, and a model

the presence of queuosine-modified tRN¥,(13) renders

TJ-6 swinging bucket centrifuge, all from Beckman Coulter,

the queuosine pathway a potential target for antibacterials, Inc. UV—vis spectrophotometry was performed with the
and a recent report has described the development ofvarian Cary 100 Bio spectrophotometer. HPLC was carried
inhibitors (18) for the bacterial TGT, the only other enzyme out with a Hitachi system consisting of the LACHROM

in the pathway identified to date.

software, the D-7000 System Manager, an L-7100 pump,

The QueA-catalyzed reaction is the only known reaction and an L-4500A diode array detector. Temperatures were

in biology in which the ribosyl moiety of AdoMet is

maintained for enzyme assays with a GeneAmp 2400

transferred to another chemical species, and the complexitythermocycler from Perkin-Elmer. Sonication was carried out
of the reaction makes it a compelling problem in fundamental with a model W-375 sonicator from Heat Systems-Ultrason-

mechanistic enzymology3( 19). In previous work, we
addressed the regiochemistry of @ bond formation in the

ics, Inc. Protein and nucleic acid PAGE was carried out with
the Mini Protean Il from Bio-Rad. Radioactivity from
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enzyme assays was quantified with a Beckman LS 6500 Enzyme AssaysQueA activity was measured by the
liguid scintillation counter. A Molecular Dynamics Typhoon incorporation of [UribosyF“C]AdoMet into tRNA as previ-
9200 variable mode imager with ImageQuant 5.2 software ously described25). Assays were carried out in 100 mM
was used to measure and analyze radioactivity in gels, andglygly (pH 8.7), 100 mM KCI, 0.5 mM DTT, 100 mM
for fluorescence detection of ethidium bromide- or SybrGreen- EDTA, and 50 nM GSTQueA conjugate at 37C under
stained nucleic acids in PAGE and agarose gels. initial velocity conditions as determined by time course
Bacterial Strains, Plasmids, and EnzymEs coli DH5a. assays. When low tRNA concentrations were presesi(
was from Gibco BRL Life Technologies, afi coli BL21- ug),. reactions were terminated by the initial addition of
(DE3) was from Stratagene. TEe coli queAdeletion mutant ~ C&rTier tRNA to bring the total amount of tRNA to 56,
K12QueA @) and plasmid pGEX-QAZ) were generous gifts followed by the addition of 3 volumes of cold 10% TCA.
from H. Kersten (UniversitzErlangen, Erlangen, Germany). 1 he Precipitated tRNA was collected on Whatmen GF-B
6-Phosphogluconate dehydrogenase type V from torula yeasgIIterS by vacuum filtration, washed with cold 5% TCA

was purchased from ICN as an ammonium sulfate suspen- oIIow.e.d by ethar)ol, a.nd. dr_ied, and .the radioaptivity was
sion. L-Glutamic dehydrogenase type | from bovine liver, qguantified by liquid scintillation counting. For high tRNA

pyruvate kinase type Il from rabbit muscle, glucose-6- concentrations%SOug), the (eactions were terminat_ed by
phophate dehydrogenase type VII from baker's yeast, ar]ddecreasmg the pH to 6.5 Wlth the addition of acetic acid
myokinase from rabbit muscle were from Sigma, also as anfl heat_lli]gsat 95? for 5 mm.tT_h_e sagwples ?%%Egde{j
ammonium sulfate suspensions. Phosphoriboisomerase fronPNto Quik-Sep columns containing 250 o '

torula yeast and hexokinase type F-300 from baker’s yeastce:IUIOSe eqU|I|brathedd|n_t5hOlSmM Ilmldazoflgo(pHMQE_)a Th?
were from Sigma as lyophilized powders and were stored columns were washed wi VOIUMES 0 mvimidazole

in 50% glycerol and the appropriate buffer a0 °C. (pH 6.5), and the RNA was eluted with 7 column volumes

; . : f 50 mM imidazole (pH 6.5) ath1 M NaCl. The unreacted

Recombinant adenine phosphoribosyltransferase (APRTase], = 1

was overproduced from pQEAPT1n coli strain B25 (B25/ U-ribosyt*“C]AdoMet (wash)_ and RNA were separe_xtelly
pPQEAPTL, a generous gift form M. Taylor, Indiana Uni- co_IIe_cteq, and th_e rad|oa§:t!V|ty was quanufl(_ad by liquid
versity Blé)omington IN) Expressi;)n and ’purification of scintillation counting. A minimum of four replicates were
APRTase were essentially as described previouly21). rurISata Analysis The kinetic nomenclature and methodology
The enzyme was judged to bed5% pure.by SDSPAGE is that of Cleland Z7—29). Data analysis was performed
analysis. Activity was measured as described previo@gy (

i o using KaleidaGraph software (Synergy Software, Reading,
Recombinan&-adenosylmethionine synthetase (MAT) from . ’ . )
E. coli was overproduced from pK&8) in E. coli DH5a PA). Data were fit to the appropriate rate equation by using

(PK8. a generous gift of G. Markham, Fox Chase Cancer the nonlinear least-squares approach with the algorithms of

. ? . -~ Cleland B0). Mechanistic determinations were made by
Ceh?t;ar, Pglladelphlg, PA)'If Etxpres_s%!ont_ and tstreptomycm considering the standard error for each global fit, which in
sulfate and ammonium suliate purification Steps Wereé as 5 cases was less than 10% for the best fit.
described previously2d). The enzyme was enriched to

. R Bi-Substrate Kinetic AnalysiEnzyme reaction rates were
~B80% as judged by SDSPAGE; activity was measured as determined as described above with variableifbsyH4C]-

described previously2d). Recombinant 5-phosphoribosyl- AdoMet (10-400 Tyr
uM) and preQ-tRNA™" (0.38-7.5 uM)
1-pyrophosphate (PRPP) synthetase fi®aimonella typh-  ,,cenprations. Data were fit to the equations describing

imuriumwas overproduced from pBRS11RHEn coli DH5c ; . : AP
. ping-pong (eq 1), sequential (eq 2), and rapid equilibrium
(pPBRS11R, a generous gift from V. L. Schramm, Albert random (eq 3) mechanisms:

Einstein College of Medicine, Bronx, NY). Overproduction
of the recombinant GSTQueA conjugate was carried out V[A][B]

as described previousl%). Synthesis and purification of v= ()
[U-ribosyl—l“C]RdoMet Eflg) preertRNATyr WEIPE carried out KplAl + KJ[B] + [A][B]
as described previous|2g). VIATB

Purification of 0Q-tRNA" from E. coli MRE600 Fifty v= [AIE] 2
milligrams of crudeE. coli MRE600 tRNA was dissolved KiaKp + Kp[A] + K[B] + [A][B]
in 50 mM sodium acetate (pH 5), 10 mM MgCand 0.4 M
NaCl, and then loaded onto a column of BD cellulose (2.6 VIAI[B] 3)

cm x 40 cm,~160 mL) equilibrated in the same buffer v oK K, + oK [A] + aK[B] + [A][B]

(buffer A). A linear gradient (1 L) was applied to 1.1 M

NaCl, followed by an additional 0.3 L of buffer A with 1.1  whereK, and K, are the Michaelis constants for the two
M NaCl, and finally 0.3 L of buffer A containing 1.1 M substratesKi, is the dissociation constant for the enzyme
NaCl and 9.5% (v/v) ethanol. The elution, monitoredAayy, substrate A complexy is the factor by which binding one
was carried out at room temperature with a flow rate of substrate alters the others binding, avids the maximal
approximately 1.5 mL/min. The 0Q-tRNA eluted during velocity. The dissociation constant for B was determined
the application of the 1.1 M NaCl/9.5% ethanol mixture, and from the relationshiKi, = Kia(Ku/Ka).

fractions containing oQ-tRNA" were pooled, concentrated Dead-End Inhibition Enzyme reaction rates were deter-
using Centricon YM-10 units, and dialyzed against 3 mM mined as described above in the presence of the substrate
citrate (pH 6.3). Tyrosine-specific tRNA comprised ap- analogues SAH (050 uM) and sinefungin (6-100 uM).
proximately 60% of the totaf\e as judged from tyrosine-  Kinetic data were acquired with pre@RNA™ as the
tRNA synthetase activity2). variable substrate (0.38.75 M) and subsaturating and
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saturating [Uribosyt“C]AdoMet concentrations (25 and v =

1000uM, respectively), and with [UibosyH“C]AdoMet as VA
the variable substrate (3@00 M) and a subsaturating K (1 + KK /K B)(1+ I/K) + AL+ K/B)(1 + I/K;)
preQ-tRNA™" concentration (0.7aM). All data sets were )
initially fit to the simple equations for competitive (eq 4),
uncompetitive (eq 5), and noncompetitive inhibition (eq 6) VA (10)
VS v K (1 + KK /K.B) + A1+ K/B)(1 + I/K;)
= 4
"TK,(1+ 1Ky +S @ VA
v= (11)
K1+ KK J/KB)(1+ I/Ky) + A(1+ K/B)
VS
= 5
. K, + 1+ l/Ky) ®) where the parameters are defined as described above. With
AdoMet as the variable substrate and subsaturating ;preQ
_ VS tRNA™", the inhibition data for adenine, methionine, and 0Q-
v= K (1+1/KQ + S+ 1/K,) (6) tRNA were fit to the equation for noncompetitive inhibition

against the second substrate (eq 12).

whereSis the varied substrate concentratibis, the inhibitor
concentrationKjs is the inhibition constant from the slope

VB

term, andKj is the inhibition constant for the intercept term.
After preliminary mechanistic evaluations were made from
best fits to the above equations, the data were fit to the

appropriate full equations for an ordered sequential mech-

anism. With AdoMet as the variable substrate, the inhibition

Kp(1+ K /AL + 1/K) + B(L+ KJA) (L + I/K;) (12)

RESULTS

Enzyme and Substrate Preparatidtrevious experiments

data were best fit to the equation for competitive inhibition (25) demonstrated that the presence of the GST domain in
(eq 7), while with tRNA as the variable substrate, the data the GST-QueA fusion protein had no effect on the activity
were best fit to the equation for uncompetitive inhibition with  of QueA, so all experiments were carried out utilizing the
tRNA binding first (eq 8). The parameters are defined as GST-QueA conjugate. Purification was essentially as de-

described above.

v= vB )
Ko(1+ 1K, + K/A) + B+ KJA)
; VA .

T K, + K K/B + A(L+ K/B + K,J/K;B)

Product Inhibition Enzyme reaction rates were determined

scribed previously 25), and provided protein that was
homogeneous by SDFPAGE.

The preparation of [UibosyF“C]AdoMet was accom-
plished as described previousB5) using the methodology
of Schramm and co-workers for the initial synthesis of
[U-ribosyH“C]ATP (31), followed by the MAT-catalyzed
conversion of [UribosyH“C]ATP to AdoMet according to
Park et al. 82). AdoMet with specific activity and purity
was then obtained after reverse-phase HPLC purification.

as described above in the presence of the products adenine?reQ-tRNA™" was overproduced from K12QueA/pTrc-Tyr

methionine, and 0Q-tRNA'. Inhibitor concentrations were
varied with pre@QtRNA™ (0.75uM) versus [UribosyH4C]-
AdoMet (10-200uM) as follows: adenine (from O to 360
uM), methionine (from 0 to 36@M), and 0Q-tRNAY" (from

0 to 50 uM). Inhibitor concentrations were varied with
[U-ribosyt“C]AdoMet (50uM) versus pre@tRNA (0.38—
7.5uM) as follows: adenine (from 0 to 342V1), methionine
(from 0 to 342uM), and oQ-tRNAY" (from O to 20uM).
Inhibition by adenine and methionine was also investigated
at high substrate concentrations; with a constantifdsyl
14C]AdoMet concentration (50@M), inhibition by adenine
(0—100uM) was investigated with variable pre@RNA™"
(15—33 uM), and with a constant preQRNA™" concentra-
tion (10 uM), inhibition by methionine (6-360 uM) was
investigated with variable [UibosyH“C]AdoMet (500-
2000uM). As with substrate analogue inhibition, the product
inhibition data were initially fit to the simple inhibition
equations (eqs46), followed by fitting to the appropriate
full equations.

With preQ-tRNA™" as the variable substrate and sub-
saturating AdoMet, and the presence of product inhibitor,
data were fit to the equations for noncompetitive inhibition
with adenine (eq 9), uncompetitive inhibition with methionine
(eq 10), and competitive inhibition with 0Q-tRNA (eq 11)

and purified as previously describe25].
Epoxygueuosine-containing tRNA (0Q-tRNA™) was

purified from bulkE. coli MREG00 tRNA by a modification

of the procedure described for pre@NA™" (25). The
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Ficure 1: Bi-substrate kinetic analysis. Reaction assays were
carried out as described in Experimental Procedures. Initial velocity
plots with variable AdoMet at multiple fixed concentrations of
preQ-tRNA™". PreQ-tRNATY" concentrations werex() 0.38, @)
0.75, ©) 1.5, and ®) 7.5uM. Data were fit to eq 2.
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Ficure 3: Inhibition by S-adenosylhomocysteine. (A) Inhibition
with variable AdoMet. The concentrations of SAH well 0, (O)
5, (#) 10, and &) 50 uM. Data were fit to eq 7. (B) Inhibition

with variable pre@tRNA™". The concentrations of SAH werl) 7 /
0, ©) 5, (®) 30, and ) 100uM. Data were fit to eq 8. .

MREG600 strain ofE. coli has been shown to contain 4 . . L . .
0.02 0.03 0.04 0.05 0.06 0.07 0.08

predominantly epoxyqueuosine in the relevant tRNAs instead IRNA] @M )

(.)f queuosine33), a result O.f decreased c;obalam_m metabo- Ficure 4: Product inhibition with adenine. (A) Adenine inhibition
lism when grown under typical commercial conditioBg) with variable AdoMet. The concentrations of adenine wap(,
Purification was carried out by chromatography on BD- (0) 20, (#) 100, and &) 360 uM. The concentration of pre@
cellulose, which provided tRNA highly enriched in 0Q- tRNA™ was 0.75uM. Data were fit to eq 12. (B) Adenine

tRNA™" (~60% corresponded to 0Q-tRNW). inhibition with variable pre@tRNA™" when AdoMet is subsatu-

Bi-Substrate Kinetic Analysi8i-substrate initial velocity ra.t;ngo(gogr\]/g. 2(-;1 %Zgr;;cl\(/la .ntlrjzzt;gnvsvg:eaﬂte ?énga/v g.l%g, fgezr?ihe

patterns were analyzed to deduce between sequential or pingmhibition with variable pre@tRNA™ when AdoMet is saturating
pong mechanisms. When the concentration of AdoMet was (1 mM). The concentrations of adenine wel® Q, (O) 20, and

varied with constant pre@RNA™" (or variable pre@ (®) 100uM. Data were fit to eq 10.

tRNA™" at a constant AdoMet concentration, data not

shown), reciprocal plots gave an intersecting pattern that M. The dissociation constant for preg@RNA™" (K;;) was
crossed to the left of the vertical axis and below the 1.0+ 0.3uM, slightly lower than theky as expected from
horizontal axis as seen in Figure 1. The data clearly indicate the initial velocity patterns.

a requirement for binding of both substrates for formation  Dead-End Inhibition Substrate analogue inhibition was
of a ternary complex before catalysis can occur, thus ruling used to differentiate between ordered and random sequential
out a ping-pong mechanism. Kinetic constants derived from mechanisms. These were performed usgdenosylho-
fitting the data to eq 2 are essentially identical to the results mocysteine (SAH) and sinefungin, both structural analogues
from single-substrate kinetics as determined previoudy, ( of AdoMet (Figure 2). SAH and sinefungin (data not shown
with a K™ of 1.9+ 0.7 uM and aKj™*' of 98 + 5.0 for sinefungin) exhibited competitive inhibition with respect

1/velocity (min/uM)
®
T
L
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Table 1: Bi-Substrate Kinetic Analysis and Substrate Analogue Inhibition

inhibition Ke? Kic Kia®
substrate inhibitor patterd (uM) (uM) (uM)
AdoMet - - 98+ 5.0 - 52+ 6.0
SAH C 4.6+ 0.5
sinefungin C 133t 18
preQ-tRNA™" - - 1.9+0.7 - 1.0£0.3
SAH uc 0.80+ 0.03
singefungin ucC 5.5:0.1

aC represents competitive inhibition and UC uncompetitive inhibitiovialues for the kinetic constants were obtained from fitting the data to
eq 2 for an ordered sequential mechani8malues for the kinetic constants were obtained from data fits to eq 7 for competitive inhibition against
AdoMet and eq 8 for uncompetitive inhibition against preRNAT™",
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Ficure 5. Product inhibition with 0Q-tRNA. (A) 0Q-tRNA" 1Adomet] (WM *)
inhibition vs AdoMet. Fixed concentrations of 0Q-tRNA well) (
0, (O) 100, and #) 250 uM. The preQ-tRNATY" concentration
was 1.5uM. Data were fit to eq 12. (B) 0Q-tRNA' inhibition vs
preQ-tRNATY". Fixed concentrations of 0Q-tRNX were @) 0,
(O) 5, (#) 10, and &) 20 uM. The AdoMet concentration was 25
uM. Data were fit to eq 11.

O

1Nvelocity (min/uM)

to AdoMet (Figure 3A), consistent with ordered binding. The
two inhibitors displayed uncompetitive inhibition with respect
to preQ-tRNA™" (Figure 3B), consistent with ordered 1.5 ' : - :
binding in which pre@tRNA™" binds first followed by e

AdoMet to form the ternary complex. Fitting the inhibition FiGure 6: Product inhibition with methionine. (A) Methionine

data versus AdoMet to the full equation for competitive inhibition vs pre@-tRNA™". Fixed concentrations of methionine

inhibition in an ordered sequential mechanism (eq 7) yielded were @) 0, (©) 20, @) 100, and &) 342 uM. The AdoMet
Ki values of 133+ 18 and 4.6+ 0.5uM for sinefungin and concentration was 50M. Data were fit to eq 10. (B) Methionine

SAH, respectively. All kinetic parameters are listed in Table inhibition vs AdoMet. Fixed concentrations of methionine wdli (
1 0, ©) 20, (#) 100, and &) 360 uM. The preQ-tRNAT"
’ concentration was 0.78M. Data were fit to eq 12. (C) Methionine
Product Inhibition Product inhibition studies with adenine, inhibition vs AdoMet at high AdoMet concentrations. Fixed

methionine, and oQ-tRNA" were undertaken to provide concentrations of methionine werl)(0, (O) 20, (#) 100, and
further evidence to support substrate binding order, and to (x) 3604M. The preQ-tRNA™" concentration was 10M. Data
elucidate the order of product release. Inhibition by adenine were fit to eq 10.

was noncompetitive versus both substrates (Figure 4A,B) atThese patterns are consistent with ordered substrate binding
unsaturating cosubstrate concentrations, indicating bindingin which preQ-tRNA™" binds first and adenine is released
to a distinct enzyme form separated by reversible steps,first.

consistent with an ordered addition of substrates and release o0Q-tRNAY' displayed competitive inhibition against preQ

of adenine first. When adenine inhibition was examined tRNA™" (Figure 5B), consistent with an ordered mechanism
under conditions of saturating AdoMet, adenine exhibited in which preQ-tRNA™" and oQ-tRNAY" bind to the free
uncompetitive inhibition versus pre@RNA™" (Figure 4C). form of the enzyme, binding first and dissociating last,
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Ficure 7: Proposed kinetic (A) and chemical (B) mechanisms for

the QueA-catalyzed reaction.

Table 2: Product Inhibition Patterns and Kinetic Constants

varied [cosubstrate] inhibition Kis Kii
inhibitor substrate (uM)2 pattert (uM)© (uM)©

adenine pre@tRNA™" 50 NC 11.2+ 2.0 21.0+4.0

preQ-tRNA™" 1000 uc 21.1+0.2

AdoMet 0.65 NC 122+ 17 46.1+ 5.5
methionine pre@tRNA™" 50 uc 62.8+ 6.1

AdoMet 0.65 NC 21.9-1.8 8.9+17

AdoMet (high) 10 uc 15.3: 2.0
0Q-tRNAY preQ-tRNATY 25 C 2.3+ 04

AdoMet 1.3 NC 10.2+ 0.6 12.5+ 0.2

2 All experiments were carried out with unsaturating cosubstrate except adenine inhibition againsRNAD" (1 mM AdoMet) and methionine
inhibition against AdoMet (1M preQ-tRNA™"). P NC represents noncompetitive, UC uncompetitive, and C competitKimetic constants
were calculated from fits to eqs42 as discussed in the text. Equations describin@ndKjs in terms of kinetic constants have been described
elsewhere 44). ¢ When methionine can act as both a product and dead-end inhibitor (binding tofRNE complex), the expression for the
intercept inhibition constant ki = (KinKKigKir/KoK:Kip)(1 + Ku/B)/(1 + KinKirKpKig/K:KipKiB), wherek; is the constant for dissociation of methionine
from the dead-end compleXThe expression for the slope inhibition constanKis= Ki(1 + Ki//A), whereK; is defined as described above.

respectively. When pre@RNA™" was held constant, 0Q-
tRNA™" showed noncompetitive inhibition against AdoMet
(Figure 5A) as expected for an ordered mechanism.

The inhibition observed by methionine was initially
perplexing in that it exhibited an uncompetitive pattern
against pre@tRNA™ (Figure 6A) and noncompetitive
inhibition against AdoMet (Figure 6B). Uncompetitive

DISCUSSION

A minimal kinetic mechanism for the QueA-catalyzed
reaction consistent with the kinetic data reported above is
an ordered sequential bi-ter mechanism as shown in Figure
7A, with binding of preQ-tRNA™" followed by AdoMet to
form a ternary complex, followed by reaction and product
release in the following order: adenine, methionine, and 0Q-

inhibition against both substrates is expected for an orderedigNATY. [nitial velocity studies clearly indicate that all

mechanism in which methionine is released second asgypstrates must be present before product is released, and
suggested from the results of the above experiments.pecause both SAH and sinefungin behave as competitive
However, when methionine inhibition was examined at high inhibitors against AdoMet, a random sequential mechanism
AdoMet concentrations (or a low methionine concentration, can be eliminated; competitive inhibition versus AdoMet is
data not shown), uncompetitive inhibition was observed only consistent with ordered binding. Furthermore, both
(Figure 6C). inhibitors exhibited an uncompetitive pattern versus preQ
Collectively, the data support a completely ordered tRNA™, consistent with binding of preQRNA™ followed

sequential bi-ter kinetic mechanism, with binding of preQ
tRNATY followed by AdoMet to form the ternary complex.
Products are then released in the following order: adenine,
methionine, and 0Q-tRNA' (Figure 7A). All of the relevant
kinetic parameters and inhibition patterns are summarized
in Table 2.

by AdoMet. Noncompetitive inhibition would be observed
if AdoMet were the first substrate to bind.

The data from product inhibition studies, in addition to
further supporting our conclusions about substrate binding
order, establish that product release is also ordered. With
the exception of methionine inhibition, the initial velocity
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data from product inhibition studies exhibited patterns the mechanism outlined in Figure 7B to account for the
consistent with ordered product release, with adenine releasedhemical steps involved in the reactidr®). In this proposal,
first and oQ-tRNAY" last. The inhibition pattern exhibited the first step is enzyme-catalyzed deprotonation of AdoMet
by methionine, which is uncompetitive against preQ at C3 which generates the sulfonium ylide which can
tRNA™" and noncompetitive against AdoMet (Figure 6A,B), collapse to the vinyl sulfoniuni by opening of the ribose
is not expected for an ordered release with methionine ring with concomitant elimination of adenine. Although not
leaving second; uncompetitive inhibition should be observed shown explicitly, cleavage of the glycosidic-Gl bond and
with both substrates. However, a noncompetitive pattern release of adenine would only be expected to occur in concert
would be observed if dead-end inhibition were also occurring with protonation of adenine (at either N7 or N3). Nucleo-
due to methionine binding to the enzymeQ-tRNATY philic attack of the preQamine at thee face of C4 then
complex @5). Given the strong binding observed for SAH, generates the new sulfonium ylid# , which can subse-
this seemed to be a plausible scenario, and was verified byquently attack thee face of the C1(C3" in 0Q numbering)
examining inhibition at high AdoMet concentrations (or a aldehyde to give the alkoxy carbocydM. Intramolecular
low methionine concentration), conditions that force me- Sy2 attack of the alkoxy oxygen on the adjacent carbon and
thionine and AdoMet to bind to different enzyme forms. elimination of methionine then give oQ.
Under these conditions, uncompetitive inhibition was ob-  In the proposed chemical mechanism, adenine is the first
served (Figure 6C) as expected for ordered release of theproduct formed, followed by the simultaneous formation of
second product. methionine and oQ. Although one cannot infer the timing
Besides helping to clarify the kinetic mechanism, the of bond breaking and forming events from the order of
kinetic behavior of the dead-end inhibitors SAH and sine- product release as deduced from steady-state measurements,
fungin may offer insight into the chemistry of QueA the proposed chemical mechanism for the QueA-catalyzed
catalysis. Sinefungin is both isosteric and isoelectronic with reaction (Figure 7) is consistent with the kinetic analysis
AdoMet, and not surprisingly binds to QueA with compa- reported here, and remains consistent if product release (i.e.,
rable affinity (assuming thaky ~ Kp for AdoMet). In adenine) precedes completion of all bond breaking and
contrast, SAH lacks both the substituent and associatedforming steps. Importantly, knowledge of the steady-state
positive charge of AdoMet and sinefungin, yet binds more kinetic mechanism will now allow specific mechanistic
than 20-fold more tightly to QueA than either of these questions to be formulated, the answers to which can be
compounds. Such behavior is consistent with binding of the pursued through more detailed kinetic and chemical studies
sulfonium group of AdoMet in a hydrophobic environment. of the enzyme.
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