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Abstract: Bacterial tRNA-specific adenosine deaminase (TadA) catalyzes the essential deamination of
adenosine to inosine at the wobble position of tRNAs and is necessary to permit a single tRNA species to
recognize multiple codons. The transition state structure of Escherichia coli TadA was characterized by
kinetic isotope effects (KIEs) and quantum chemical calculations. A stem loop of E. colitRNA*A9? was used
as a minimized TadA substrate, and its adenylate editing site was isotopically labeled as [1'-3H], [5'-3H2],
[1'-14C], [6-13C], [6-1°N], [6-13C, 6-1°N] and [1-**N]. The intrinsic KIEs of 1.014, 1.022, 0.994, 1.014 and
0.963 were obtained for [6-°C]-, [6-1°N]-, [1-'°N]-, [1'-®H]-, [5'-®H,]-labeled substrates, respectively. The
suite of KIEs are consistent with a late SyAr transition state with a complete, pro-S-face hydroxyl attack
and nearly complete N1 protonation. A significant N6—C6 dissociation at the transition state of TadA is
indicated by the large [6-1°N] KIE of 1.022 and corresponds to an N6—C6 distance of 2.0 A in the transition
state structure. Another remarkable feature of the E. coli TadA transition state structure is the Glu70-
mediated, partial proton transfer from the hydroxyl nucleophile to the N6 leaving group. KIEs correspond
to H—O and H—N distances of 2.02 and 1.60 A, respectively. The large inverse [5'-3H] KIE of —3.7% and
modest normal [1'-3H] KIE of 1.4% indicate that significant ribosyl 5'-reconfiguration and purine rotation
occur on the path to the transition state. The late SyAr transition-state established here for E. coli TadA is
similar to the late transition state reported for cytidine deaminase. It differs from the early SyAr transition
states described recently for the adenosine deaminases from human, bovine, and Plasmodium falciparum
sources. The ecTadA transition state structure reveals the detailed architecture for enzymatic catalysis.
This approach should be readily transferable for transition state characterization of other RNA editing
enzymes.

Introduction i

Posttranscriptional RNA editing is the modification of RNA g
sequence that is distinct from RNA splicing, capping oeixd 5 _3 Ao
processing. BothiRNA-specific adenosine deaminase (TadA) g'ﬁ U-A
and adenosine deaminase that actsstiNA (ADAR) operate U-A g'_g
on complex RNA substrates (Figure 11}, Posttranscriptional EE uta G-Cy
tRNA editing involves TadA-catalyzed adenosine to inosine cGa o e u ?;
conversion (A-to-l) at the wobble positiG#.The TadA activity 9 Yo %G“GGUUC TadA /’sch
is essential for a singléRNA species to recognize multiple GAUAGAG"AC_GCG% lsa
codons since inosine is recognized as guanosine in base U-A 5
pairing3* ADARs carry out A-to-l conversion odsRNA, and g.g SEIRNAT a0}
this editing is prevalent in mammals and occurs in up to 10% A
of all mMRNAs containing inosinéThis editing event can alter TadA B e
the primary sequence codon, splice sites and structures of edited b GectRNAarg
RNA because inosine is recognized as guanosine in most cellular L

processes. ADAR activities are necessary for neuron receptorfFigure 1.

Structures ofectRNA292 and its truncated stem loop. The
structure of full-lengtlecRNA92is shown in the left. The anticodon region
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is highlighted with red and blue, and the TadA-editing site is red. The
truncatececRNA292stem loop is shown to the right with the same scheme.
ecTadA targets the & sites of these constructs with similar catalytic activity.
Adenosine A4 is converted to inosine 4J) by the deamination reactici?.

diversificatior?® and hepatitis delta virus replicatidh!! For
the latter, A-to-I editing switches an amber stop codoAG)
to a tryptophan (UG) for expressing fully functioned proteins.
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Figure 2. TadA-mediated adenosine deamination. The initial step proposed
for TadA-catalyzed demination is formation of Zrhydroxyl. The nearby

Glu residue serves as the general base to remove proton from Zn-bound
water. The structures of guanosine and the product inosine are shown.

Inosine in edited RNA is recognized as guanosine.

Recent studies on human ADAR substrates further led to
identifying a new A-to-l editing targe8C10that has been linked
to bladder cancer and renal cancer proliferation. hADAR is also
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Figure 3. Measurement of forward commitment factoreafrfadA1819The
isotope trapping experiment for measuring the forward commitment was
performed under rapid-mixing pre-steady-state conditions. Enzyme was
bound to the labeled substratea 2 ms mix and wathen diluted into a

characterized as one of few unambiguously up-regulated genegarge excess of unlabeled cold substrate. The ratio of IMP formed to enzyme-

in solid tumors and liver cancét. 1 These pieces of evidence
strongly relate ADAR upregulation to cancer progression.

ADARSs also process microRNAs and therefore alter expression

or target specificity of the microRNA®S:1® Our interest in

bound substrate was plotted vs time. The forward commitment fa€tpr (
was calculated from the ordinate intercept, fit to a linear equation Gith
= 0.15.

1.014, 1.022, and 0.993 were obtained for primaryJg}-,

transition-state structure led us to solve the transition state [6-'°N], and secondary [3N] positions, respectively. This suite

structure of TadA, an RNA editing enzyme which targets a
structurally complex and biologically relevatlRNAs from
Escherichia coli(Figures 1 and 2).

KIEs are one of the few tools to characterize enzyme
transition states in structural det&it:2° The elucidation of

of KIEs was used as constraints to model a transition state for
ecTadA. ecTadA adopts a late \@\r transition state with a
complete,pro-Sface hydroxyl addition, nearly complete N1
protonation and significant N6C6 dissociation. The rate-
limiting step of theecTadA-catalyzed deamination is subsequent

enzyme transition state structure is valuable in the developmentto the formation of the tetrahedral Meisenheimer intermediate.

of potent inhibitors. Molecules that mimic enzymatic transition
states are expected to shdty values of 108-10721 M,

Computational analysis of the reaction supports a transition state
with a proton shuttle between the hydroxyl nucleophile and the

proportional to the enzyme-imposed rate enhancement ofleaving group N6, mediated by nearby Glu70. Significant

catalysis?! We have applied this approach to achieve inhibitors
with pM to fM affinities for N-ribosyltransferase enzymés.

distortion of the 5sugar and rotation of the ribosidic purine
on the path to transition state formation were indicated from

Here we apply similar approaches to probe the more complexthe large inverse [5°H,] KIE of —4% and significant [1°H]

transition state structure of TadA. The results are of potential
utility for the design of transition state analogue inhibitors in
the family of RNA editing enzymes.

Kinetic isotope effects are reported for the deamination of
RNA by E. coli TadA using substrates whose editing sites were
labeled with [613C], [6-1°N], [1-1°N], [5'-®H2], and [1-3H]. The
transition state structure acladA was explored with KIE-
constrained quantum chemical calculations. Intrinsic KIEs of
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KIE of 1.4%. This is the first time that KIEs have been
correlated with purine base rotation at an RNA-based transition
state. We propose that this KIE approach will be useful for
transition state and base rotation characterization of other RNA
editing enzymes. ThecTadA transition state structure reveals
the detailed architecture for catalytic efficiency and provides a
blueprint for designing tight-binding inhibitors.

Experimental Section

Expression and Purification ofecTadA. A 13aa-truncateéclTadA
was expressed and purified as described previously with some
modification® Here theecTadA was subject to two additional MonoQ
columns (GE Science) and a Superdex75 purification (GE Science) to
lower RNase activities.

Synthesis of Isotopically Labeled Substrateg1'-3H]-, [5'-*H2]-,
[1-%4C]-, [1'-Y4C, 6+%C], [1'-1C, 6-5N], [1'-14C, 6-3C™N], and [1-
1C, 1*°N]-labeled ATPs were prepared enzymatically as described
previously!®1° The isotopically labeled stem loops were synthesized
by incorporating labeled ATPs via the T7 RNA polymerase reaction
(MEGAshort script T7 kit, Ambion). See Supporting Information for
detailed information.

Measurement of Commitment Factor.Forward commitment for
ecTadA-catalyzed deamination was determined by an isotope trapping
method under rapid-mixing presteady-state conditions (Figut&?!3).
Briefly, 25.1uL of 30 uM ecTadA stock was rapidly mixed with 20.9
uL of 36.5uM [1'-*H]-labelededRNA¥92 stem loop substrate (total 2
x 1P cpm) for 2 ms using a quench flow apparatus (PQF-3, KinTek).
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The reaction mixture was then rapidly injected into a chase solution
containing 40uM unlabeled substrate to give the final volume of 1
mL. Subsequently, 100L aliquots were collected every 30 s for 2.5
min and quenched with 5aL of 1 N HCI for 3 min, followed by
neutralization with 5Q:L of 1 N KOH. The subsequent chase solutions
were subject to pH adjustment, P1 digestion, and HPLC purification
(Supporting Information), to resolve IMP as the reaction products. The
total cpm of IMP generated after the chase step was corrected for
background counting, obtained from a control in the absence of enzyme,
and the cpm of IMP generated during mixing, calculated on the basis
of ke = 13 minm?, the enzyme concentration and the mixing tifne.

The amount of enzyme-bound substrate prior to the chase step WaSrigyre 4.

calculated on the basis Kf, = 0.83uM? and the enzyme concentration.
The ratios of [1-*H]IMP product to ecTadA-bound substrate were
plotted vs time. The forward commitment factd: was obtained from

the ordinate intercept upon extrapolation to zero time (Figure 3, forward
commitmert= intercept/(1— intercept)). TheecTadA-catalyzed deami-
nation is irreversible and therefore its reverse commitment factor is
zero. Consequently, eq 1 was used for commitment factor correction,
in which X(V/K) is the observed heavy atom KIBK is the intrinsic
KIE, XK is the equilibrium isotope effect between substrate and product,
C: andC; stand as the forward and reverse commitment, respectively.
C, is expected to be zero in this case.

*k+C+C x"K
1+C+C,

eq

XVIK) = (1)

KIE Determination. All ecTadA-catalyzed deamination reactions
were carried out at 25C in a buffer containing 10 mM Tris-HCI, 10
mM KCI, 5% glycerol (v/v), 25uM of the stem loop substrate (labeled
and unlabeled), 100 unit/mL RNasin Plus RNase inhibitor (Promega),
and 100 nMecTadA. Apparent KIEs were determined by the competi-
tive radiolabeled method (Supporting Informatidh)?

Computational Modeling. With the intrinsic KIEs as constraints,
the ecTadA transition state structure was determimedacuo using
hybrid density functional methods with B3LYP/6-31G (d,p) level of
theory implemented in Gaussian 98 (Supporting Information). We used
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Isotopic reporters for transition state structure. The magnitude
of the [6-3C], [6-1°N], [1-1°N], [5'-2H2], and [1-3H] KIEs reflect the degree
of C6 hybridization, N6 dissociation, N1 protonatiorsribosyl distortion,
and ribosidic purine ring rotation at the TadA transition state, respectively.
Color codes for isotopic atoms:3C, yellow; 15N, blue;3H, red.
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Figure 5. KIEs for TadA-catalyzed deamination. All reported KIEs are
intrinsic following commitment factor correction. Details of the KIE and
forward commitment factor measurements are provided in the Supporting
Information. The calculated [&'C, 1°N] KIE is the product of [61°C] and
[6-15N] KIEs and is consistent with the intrinsic [6€, 1°N] KIE obtained

9-methyladenine as a truncated substrate and a hydroxyl anion as theexperimentally. Color codes for isotopic atoms are the same as described

nucelophile for calculating the [EC], [6-*N], and [1+°N] KIE values?!®
The transition state structures were optimized from a fully formed
Meisenheimer intermediate by varying C6¥», C6—N6 bond
distances as well as the degree 614, N1 and NH-6 protonation.

Bond frequencies for the substrate and transition states were calculated].

and used as the inputs to the ISOEFF98 program for KIE determina-
tion.?2 The remote isotope effects were calculated usingh®sphate-
5'-methylphosphate adenosine and its C6 hydroxyl adduct for the [5
SH;] and [I-3H] KIE values. Their initial geometry (reactant) was
extracted from the NMR structure reported &8rRNAP" Gg, residue
(PDB, 1KKA).2 Structural candidates for the transition state were
generated on the basis of TadA-bound RMAA3, analogue (PDB,
2B3J)* with its purine base replaced with 6-hydroxyl adenine (9-
methyladenine mimic of the transition state described above). Structural
candidates were generated by imposing constraints or varying the
dihedral angles that influence the'fH] and [53-°H,] KIEs. The
structures were optimized at the B3LYP/6-31G (d,p) level of theory.
Bond vibrational frequencies and KIEs were calculated as described
above. The structure of the TadA-bound Michaelis complex was
modeled by releasing all constraints except the-88—C1—-04
dihedral angle of 735based on the structure of the residue 34 of TadA-
bound RNA"924 The structure of the Meisenheimer intermediate was
optimized by restricting the C8N9—C1'—04 dihedral angle to 45°0

and the N+H distance to 1.10 A.

(22) Anisimov, V.; Paneth, Fimdfilaisiaain1999 26, 75-86.
(23) Cabello-Villegas, J.; Winkler, M. E.; Nikonowicz, E. .Mol. Biol. 2002
319 1015-1034.

in Figure 4.

Results and Discussion

Synthesis of ecTadA Substrate. To determine KIEs of
adA-catalyzed deamination, we prepared the stem lodp. of
coli tRNA292 (ecRNA29) as a minisubstrate and its editing
site was isotopically labeled with 'FBH], [5'-3Hy], [1'-14C],
[6-13C], [6-1°N], [6-13C, 6-1°N], and [14°N] (Figures 1 and S1).
The truncated éRNA292 was shown to be as active as full-
length etRNA292 for TadA editing! 3> Here the KIEs at C6,
N6, and N1 positions report on C6 hybridization, extent of N6
dissociation and the degree of N1 protonation at the transition
state. The [£3H] and [5-3H;] KIEs are expected to be sensitive
to the adenine-ribose glycosyl torsion angle (ring rotation) and
any ribosyl distortion between free reactant and the TadA
transition state (Figure 4).

Determination of Intrinsic KIEs of TadA-Catalyzed
Deamination Reaction. Intrinsic [1'-3H], [5'-3HJ], [6-13C],
[6-1°N], and [145N] KIEs were measured for the TadA-catalyzed
deamination (Figure 5)Vma/Km 3H KIE experiments were
carried out under competitive conditidfswith the [1-14C]
labeled substrate as the silent competitive isotopic pair (see
Experimental Section). AppareifC and 1N KIEs were
measured using [#4C] as the isotopically silent remote label
for heavy isotopic substrate$3C or 1N) and [1-®H] as their

J. AM. CHEM. SOC. = VOL. 130, NO. 8, 2008 2651
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Table 1. Intrinsic KIEs? vs Computational KIEs? of ecTadA pro- ition PTADA 1S
intrinsic KIEs HaN
vs computational KIEs %€ 4 :‘:*O i’
c.
intrinsic computational ¢ I j'H
substrate pairs® type of KIEs values values Ho—wu N —
[6-13C, 1-1“C] o-primary 1.014+ 0.003 1.014
vs [1'-3H] 3¢ HO OH
6-15N, 1'-1C o-primar 1.0224+ 0.002 1.023 . 5
E,S [1'-3H] ] 15,5 y Meisenheimer TS
[1-15N, 1'-14C] B-secondary  0.994- 0.002 0.994 Intermediate
vs [1'-3H] 15N HO, NH;
[6-13C, 65N, 1'-14C]  a-primary 1.0364 0.004 1.037 N c
vs [1-3H] 13C1N 4, <M
13CI5N caled a-primary 1.0364+ 0.005 1.037 o NN
13C15N =
[1-14C] remote®H 0.963- 0.002 0.966 0 OH
Vs [5-H,] RNA
[1'-1C] remote3H 1.014+ 0.001 1.012
vs [1'-3H] ro-S Addition ecTadA T

Figure 7. Stereospecific C6 nucleophilic addition. The ZZrthelated
hydroxyl of ecTadA attacks the substrate C6 center fromphe-Sface in
contrast to the stereospeciffro-R hydroxyl addition for Plasmodium

a|ntrinsic KIEs were obtained upon correcting the remote®H] KIE
forl3k,15%,13.1%, and the commitment factof.Computational KIEs were
calculated from the frequencies of the substrate and the transition state pairsf i h d bovi d ine d ind&Bsft Meisenhei
using ISOEFF98° [6-13C], [6-1°N], and [1+°N] KIEs were calculated with faiciparum human and bovine adenosiné ceaminasesit, Meisenneimer
9-methyladenine as a substrate mimic and its hydroxyl adduct as a transition|ntermed|ates, right, MEP of transition states (9-methyladenine mimics used
state mimic. 3Phosphate&methylphosphate adénosine and its C6 hydroxyl  Nere).
adduct were chosen for 'i8Hz] and [1-3H] computation. Isotopically

labeled positions are indicate¥lAt least 4 measurements were made for
each experimental KIE and standard errors are calculated from the variation
between experiment8Intrinsic values are from experiencetal KIEs and
the “computational values” are the calculated KIE valii&alculated from
the product of [6%C] and [64°N] KIEs. \ \
H
2024, \1e0A A, Az
0‘\ -‘.:NHZ ’/ /
F2o04
RNA H 4 N— Oy H =>
N ¢ :[ 1.10 4
o NP
_— ) N
- e
120 °ribosyl W52 flip of
distortion o OH purine ring
RNA™ Substrate Meisenheimer
intermediate __
Iransition State

] " . Figure 8. Base rotation at thecTadA transition state.'SRibosyl distortion
Figure 6. ecTadA transition state structure. TleeTadA transition state and purine ring rotation occur on the path to formation of guadA

structure was solved using quantum chemical calculations at B3LYP/6- \jeisenheimer intermediate and the transition state. (Top) Comparison of
31G(d, p) level of theory (Gaussian98) with the intrinsic KIEs as constraints. ,nhound substrate and Meisenheimer intermediateconformations (C,
[6-+C], [6-'N], and [14°N] KIEs were adequate to give a unique structure  green- 4. gray; O, red: N, blue; P, brown). (Bottom) Cartoon for the base

for the deamination chemistry at the transition state. Geometry for'the 5 qation process. The two cartoon structures represent the stem loop regions
ribosyl and purine orientation of substrate and ¢éig€adA transition state of ecRNAPhe (PDB, 1KKA)23 and TadA-bound RNA92 (PDB, 2B3J)

were selected to match the'{$1]-, and [1-*H] KIEs and also to be the  ggpecively. The structures were directly generated from the corresponding
most similar to the structures tRNAP"¢andtRNA92reported from NMR PDB files.

and X-ray crystallograph$23 The interaction distances and dihedral angle

e e T ioed-036 & 0,004, in good agreement with the product of the
in Figure 4. corresponding primary [63C] and [64°N] KIEs (Figure 5).
Computational Modeling of ecTadA Transition State
competitive isotopic paiVma{Km KIEs of [6-13C], [6-1°N], and Structure. We applied the intrinsic KIEs as constraints to match
[1-1°N] were obtained by correcting the corresponding apparent ecTadA transition state structures modeled by Gaussian98 at
KIEs with the remote [£3H] KIE (Table 1). All KIEs were the B3LYP/6-31G(d,p) level (see the Experimental Section).
further subject to correction for forward commitment, which To computeecTadA transition state structures, 9-methyladenine
was determined to b€ = 0.15 under an isotope trapping was used as a reactant mimic and a hydroxyl anion was used
condition (Figure 3). The small value @ indicates that the as the nucelophil& Upon systematically varying C6L@roxy!
Michaelis complex of TadA converts to product at slower rate C6—N6 bond distances as well as the degree BFO®Y, N1,

than release and equilibration with unbound ectR¥¥stem and NH-6 protonation, a single transition state structure was
loop. Pre-equilibration kinetics are consistent with the modest found to match the intrinsic [6%C], [6-1°N], and [145N] KIEs

Keat = 13 min? for this enzymé?@19The intrinsic KIEs of [1- of ecTadA (Table 1, Supporting Information) and therefore
3H], [5'-3H2], [6-13C], [6-1°N], and [145N] are 1.014+ 0.001, represents the best estimate of transition state structure for the

0.963+ 0.002, 1.0144+ 0.003, 1.022+ 0.002, and 0.994- TadA-catalyzed deamination (Figure 6). In contrast to the early
0.002, respectively (Figure 5). The accuracy of this set of KIEs SyAr character of nucleotide adenosine deaminase (ABA),
was further validated by comparing the 1&, 1°N] KIE of eclTadA adopts a lateng\r transition state with a completpro-

2652 J. AM. CHEM. SOC. = VOL. 130, NO. 8, 2008
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sphere, the shuttled proton; dashed line, key interaction distances for enzyme catalysis labeled in angstroms. The structures were genleragetidoy doc
solved structures of thecTadA Meisenheimer intermediate and transition state structure into the enzyme active site (PDB etZ8&A was first aligned

with S. aureusTadA (PDB, 2B3J) and then the nebularine ribosyl moiety was used as a guide to overlay with the ribosyl moietiesTaidtAeMeisenheimer
intermediate and the transition state. PyMOL (W. L. DeLano, PyMOL Molecular Graphics System) was used for illustration.
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position!81°However, remotéH substitution can be influenced
by local geometrical distortion at enzyme-bound transition
states 24

The B-ribosyl distortion at theecTadA transition state was
explored by computational chemistry for alteréeb®ometries
that generate the 0.963 inversé-{bl;] KIE. Pairs of substrate
and transition state candidates fot-fbl,] computation were
generated by altering the'[8H,] KIE-sensitive dihedral angles
at the correspondingcTadA-editing site on the basis tRNA
structures (see the Experimental Sectit#)The structures that
match the experimental KIE show a characteristic-@% —
C4 —04 dihedral angle of-68° for unbound substrate and of
172 for the TadA-bound transition state. This variation corre-
sponds to a 120rotation of the adenosinesA 5'-hydroxyl

structures. MEP surfaces of substrate, Michaelis complex, Meisenheimer moiety at the transition state relative to the unbound substrate

intermediate, and thecTadA transition state were generated using the

CUBE subprogram of Gaussian 98 and visualized using Molekel 4.0 at a

density of 0.15 electronfA The [8-3H,] and [1-3H] KIEs are proposed to

(Figure 8). ThereforeecTadA binding to RNA induces a
conformational change at the stem loop region of the substrate.

be generated as the reaction processes from the unbound substrate to th&hiS interaction is essential fecTadA-mediated A-to-I editing

ecTadA-stabilized Michealis complex.

S-facehydroxyl attack and nearly complete N1 protonation

because it makes thesAresidue, in particular its purine ring,
fully exposed and thus provides ready access into the enzyme
active site (Figure 810). For the 5ribosyl group, the KIE-

(Figure 7). The N1 protonation at the transition state is consistent yerived geometries of the substrate @fladA transition state

with a [1-15N] KIE of 0.994 and a N+H distance of 1.10 A.
A fully protonated N1 at the transition state corresponds to a
[1-15N] KIE of 0.989 and an N1-H distance of 1.05 A.
Significant N6-C6 dissociation at thecTadA transition state
is reported by the large [6N] KIE of 1.022 and corresponds
to a N6—C6 distance of 2.0 A at the transition state. A unique
feature of the transition state is the partial proton transfer from
the attacking hydroxyl nucleophile to the 6-N¢aving group
with a H—0O distance of 2.02 A and a-HN distance of 1.60 A,
respectively.

Remote [3-3H;] KIEs. The remote [5°H;] KIE is a
remarkable inverse-3.7% (0.963t+ 0.002) forecTadA (Figure
5). This large remote KIE arises as a consequencé-ohasy|
distortion at theecTadA editing site on the path to forming the
transition state. We propose that thisrhosyl distortion occurs
prior to thepro-S-facehydroxyl attack because the purine base
rotation into TadA active site is a prerequisite step for the

are similar to but not the same as in structures of unbound
tRNAP"eand TadA-boundRNA&92analogue, which have been
solved by NMR and X-ray crystallography, respectively (Sup-
porting Information)*23 The structural difference stems from
varied dihedral angles (less than 20 degrees) around the A
5'-ribosyl region and are within the resolution limitation of NMR
and X-ray structures (Supporting Information).

Remote [1-3H] KIEs. The ecTadA-mediated deamination
reaction also displays an unexpected but significariHi] KIE
of 1.4%. This remote KIE can arise from the '@9 bond
rotation!® Every 1-2% KIE corresponds to PQotation of the
purine ring from its geometry in free reactant to enzyme-bound
transition staté? We interpreted the 1.4% HH] KIE as a
signal of the purine rotation around the ribosidic bond that
occurs prior to thepro-S-face hydroxyl attack (the same
argument as for [5°H,] KIE above). Computational modeling
results indicated that alteration of the-€89—C1 —0O4 dihedral

subsequent editing (see discussion below) and.KIEs report a"angle from 39 for unbound substrate to 2%t the transition
the steps between free reactants and the first chemically giate accounts for the observed-3#] KIE (Figure 8-10). As

irreversible step, in this case, the hydrolytic deamination
following transition state formation. The'-&itium of the

reactive adenosine is eight bonds from TadA reaction center

demonstrated by the docking models (Figure 9 and results
below), this C1-N9 purine rotation places the Zn-bound

and is not expected to be sensitive to deamination at the C6(24) Birck, M. R.; Schramm, V. Ljinsiisssin©004 126 6882-6883.
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Figure 11. Stepwise mechanism proposed for g adA-mediated A-to-1 editing. The transition state is the highest energetic barrier along the reaction
coordinate. The overall energy profile is relative and the corresponding structures are displayed with the arrows for bond rotation or eldoteacHow
step. The ZA™-chelated hydroxyl and the proton of the catalytically essential Glu70 are highlighted.

hydroxyl adjacent to C6 of the editech/residue and therefore 0.8 A at theecTadA transition state. The' Bibosy! distortion
facilitates the subsequent hydroxyl nucleophilic addition. The and C1-N9 ribosidic purine rotation (results above) also

KIE-derived C8-N9—C1'—04 dihedral angle at thecTadA
transition state (computed to be°}is around 30 smaller than
found for the chemically unreactive complex of the TadA-bound
tRNA292analogue (73.* The TadA-boundRNA292analogue

contribute to the position of the Znh-hydroxyl. In the Meisen-
heimer complex the 8o is shifted by 40 away from the
Zn?"-coordinated water in thecTadA crystal structure, reflect-
ing reorientation of the hydroxyl nucelophile to form the

has been proposed to mimic the enzyme-bound substrateintermediate.

(Michaelis complex}f.However, variation of the GBN9—C1' —
04 dihedral angles from 39 to 44re sufficient to explain
adenine exposure and the transition state geometrydicadA
(Figure 10).

Docking the Transition State Structure Into the Active
Site of ecTadA. Crystal structures of bacterial TadAs reveal
RNA structural motifs in relation to the 2h binding pocket
for the deamination reactidn Models of theecTadA Meisen-

Stepwise Reaction Mechanism oécTadA-Catalyzed Deam-
ination Reaction. A stepwise reaction mechanism fecTadA
is based on the structures of the TadA-bound substrate analogue
and theecTadA transition state structure reported here (Figure
10, 11). Formation of the Michaelis complex is accompanied
by a 120 distortion at the A, 5'-region of the RNA and
generates an inverse 4% ;] KIE. The purine rotates 34
based on the CBN9—C1'—04 dihedral of 39 for the unbound

heimer intermediate and the transition state structure were substrate relative to 73n the Michaelis complex. ThecTadA-

docked into the active site of substrate-analogue-bobitad
phylococcus aureuadA to explore the architecture fecTadA
catalysis (Figure 9). The docking model shows thafadA
Glu70 is within hydrogen bond distances to N1, N6 arfi'@v!
in the docking models (Figure 9). Consequently, the Glu70

ecRNA292 Michaelis complex shows an additional°28urine
rotation (C8-N9—C1 —04 dihedral angle= 45°). Meanwhile,
attack of the ZA™-chelated water at C6 of Ais accompanied
by Glu70-mediated N1 protonation, to form the tetrahedral
Meisenheimer intermediate. These steps generate’el[KIE

residue can interact with both the N1 amide proton and serve of 1.014 and a [£°N] KIE of 0.994. The highest chemical

as a proton shuttle between the N84, Docking models

barrier on the reaction coordinate defines the transition state

with the transition state support the process. The possibility thatand involves the Glu70-facilitated proton shuttle from the
N6 proton was transferred from nearby water rather than the O to N6, reflected by [6°C] and [64°N] KIEs of 1.014

Ohvdroxyl was ruled out because tipeo-S-facehydroxy! attack
makes N6 buried into a solvent-exclusive pocket (docking
structure not shown). The interaction betwesiadA Glu70

and 1.022, respectively. This is followed by N6 dissociation in
a step after the transition state formation.
Comparison of the Transition State Structures ofecTadA

and the N1 amide bond also supports its function as a protonand Other DeaminasesTwo features distinguish the transition

donor for the formation of N1 amide bond at the step o#Zn
activated hydroxyl nucleophilic addition (discussion below and
Figure 11).

The catalytically essential zinc ion coordinates tH#@Y!
with distances of 2.2 A and 3.0 A in tegTadA Meisenheimer
intermediate and transition state models, respectively. TR&-Zn
chelated OBdo! of the Meisenheimer intermediate is posi-
tioned for a reversible nucleophilic attack at C6 of the adenine.
In contrast, the Z#-O"droxyl hond has weakened an additional

2654 J. AM. CHEM. SOC. = VOL. 130, NO. 8, 2008

state structure oécTadA from those of adenosine deaminases
(ADA) but relate theecTadA to cytidine deaminase (CDA).
First, both CDA andecTadA adopt late QAr transition states
following the formation of the Meisenheimer intermediéte.
This transition state is characterized by complete hydroxyl-C6
bond formation, nearly complete N1 protonation, and partial
N6 amino group dissociation. In contrast, the transition states

(25) Snider, M. J.; Reinhardt, L.; Wolfenden, R.; Cleland, W. SiGakaatisky
2002 41, 415-421.
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of ADAs show significant early GAr character with incomplete  ecTadA. Together with docking studies, the work supports a
N1 protonation and no C6N6 dissociatiori® More remarkably, stepwise mechanism for tH&®NA editing process. The key
the Zr#t-hydroxyls ofecTadA and CDA approach their targeted  events are facilitated by the enzyme-promoted base flip and the
bases from thg@ro-Sface in contrast to thpro-R-face attack Glu70-mediated proton shuttle. Given the sequence similarity
for ADAs (Figure 7). The stereospecific hydrolysis of these at the catalytic domains of TadA and ADAR families, it is likely
enzymes is consistent with the structures of enzyme-boundthat similar transition state structures have been adopted by the
nonhydrolyzable substrate analogt®s’ and stereospecific ~ ADARs. The structural features of this transition state, such as
transition-state analogue inhibitdi%?82%In spite of chemistry ~ the Sface hydroxyl, the amino group dissociation and the
most similar to adenylate deamination reactions, the distinct late interaction between the shuttled proton and the nearby Glu
SVAr transition state and stereospecificity of TadA argue that residue, are informative for the development of tight-binding
this enzyme is mechanistically more related to CDA rather than inhibitors.
to ADAs. » _ Acknowledgment. We thank J. Kim and S. C. Almo (Albert
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