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ABSTRACT: Initial RNA transcription produces several tRNAs (one in prokaryotes and plant chloroplasts
and seven or eight in eukaryotes) that contain an adenosine (A) at the wobble position (position 34).
However, in all cases, adenosine at position 34 is post-transcriptionally converted to inosine (I), producing
mature tRNAs without adenosine at the wobble position. The enzymes responsible for this A-to-I conversion
in tRNA are tadA (acting as a homodimer) in prokaryotes and the heterodimeric ADAT2-ADAT3 complex
in eukaryotes. The genes encoding these proteins are essential for cell viability, illustrating the biological
importance of A-to-I editing at the wobble position of tRNA. In this study, recombinant tadA proteins
from Escherichia coli, Agrobacterium tumefaciens, andAquifex aeolicus, as well as the ADAT2-ADAT3
proteins fromSaccharomyces cereVisiae, were overexpressed inE. coli and purified to homogeneity by
chromatography. Crystallization of a proteolytically cleavedA. tumefacienstadA (missing the last eight
amino acids at the C-terminus) produced high-quality crystals, and the structure was determined at 1.6 Å
resolution. In addition, enzymatic assays of the wild-type proteins as well as several mutants were carried
out using both the full-lengthE. coli tRNAarg2and the truncated anticodon stem-loop motif as substrates.
Our biochemical and structural studies, in combination with sequence and structural comparisons with
other deaminases, allow us to propose a model of tadA-tRNA interaction that explains the molecular
basis of tRNA recognition by tadA. In particular, a conserved FFxxxR motif at the C-terminus, which is
unique to tadA, has been identified, and its critical role in tRNA substrate recognition is proposed.
Furthermore, the structural study of prokaryotic tadA presented here also sheds light on tRNA substrate
recognition and the possible evolutionary origin of the eukaryotic ADAT2-ADAT3 heterodimer.

Deaminases are a class of enzymes involved in catalyzing
the hydrolysis of amino groups in biological molecules.
Deamination reactions related to nucleic acids can be carried
out at three levels depending on the type of substrate: the
base level, the nucleotide/nucleoside level, and the nucleic
acid (RNA and DNA) level. The former two substrate reac-
tions allow for the disposal of toxic bases or for the bio-
synthesis of the building blocks of nucleic acids (1-3). The
latter substrate reaction results in alteration of genetic infor-
mation encoded in RNA and DNA. Hence, this type of modi-
fication was termed editing (RNA or DNA editing) because
the deamination reaction alters the amino acid specificity of
the codon, resulting in a translated protein whose sequence
is different from the one predicted from its genome.

To date, biochemical studies and protein sequence analysis
have suggested that all deaminases related to nucleic acids
contain an active site that consists of a zinc ion, three amino
acids of various combinations of Cys and His coordinated
to the zinc ion, and an acidic residue (Glu or Asp) to mediate
proton transfer. A water molecule is the fourth ligand of the
zinc ion and is usually seen in the active sites of most
available deaminase structures acting on a base or nucleotide/
nucleoside (4-6). Therefore, the mechanism of the deami-

nation reaction has been proposed to involve a nucleophilic
attack by the zinc-activated water molecule at the carbon
atom of the base to which the targeted amino group attaches,
resulting in the elimination of ammonia.

While the mechanism of the deamination reaction has for
the most part been resolved, the question of how a particular
deaminase recognizes its specific substrate requires further
study. In particular, structural information about the enzyme
alone or in complex with a substrate and/or inhibitor will be
required to reveal the molecular basis of substrate specificity.
Deaminases that act on RNA are of particular interest because
these enzymes (unlike deaminases that act on a base or
nucleotide/nucleoside) must be able to recognize the targeted
nucleotide (local structure) in the context of a properly folded
RNA substrate (global structure). This includes the sequence
and structure of nucleotides surrounding the targeted base,
thus providing a system for studying RNA-protein interac-
tion and recognition. In addition, RNA editing is of
significant biological importance because the lack of RNA
editing usually has severe biological consequences.

Depending on the type of RNA substrate, RNA editing
enzymes can be generally divided into two classes: those
involved in mRNA editing and those involved in tRNA
editing. The mRNA deaminases can be further subdivided
into two families based on the identity of the deaminated
nucleotide (7, 8). The ADAR1 (adenosine deaminase acting
on RNA) family of enzymes deaminates adenosine (9, 10),
while the APOBEC (apolipoprotein B editing catalytic
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subunit) family of enzymes deaminates cytidine (11). In
addition, some members of the APOBEC family and AID
(activation-induced cytidine deaminase) have been implicated
in DNA deamination and play essential roles in host defense
against infectious agents (12, 13).

In tRNA, only two positions are known to be edited by
ADATs (adenosine deaminase acting on tRNA) (14). One
is A-to-I editing at position 37, which occurs only in
eukaryotic tRNAala and is carried out by ADAT1 (15). The
other is A-to-I editing at the wobble position (position 34),
which occurs in both prokaryotic and eukaryotic tRNAs and
is carried out by a tadA homodimer in prokaryotes and a
ADAT2-ADAT3 heterodimer in eukaryotes (16-18). I34
is believed to play a critical role in protein synthesis due to
its alternative base pairing with U, C, or A in the third
position of codons (19-21). This is consistent with findings
that the genes encoding tadA and the ADAT2-ADAT3
heterodimer are essential for cell viability. In addition, C-to-U
editing at the wobble position has also been reported, but
the enzyme involved in this C-to-U editing has not been
identified (22).

To date, various structural studies have been conducted
on deaminases that act on a base or nucleotide/nucleoside.
Despite this, it was only recently that the first structure of a
bona fide deaminase acting on nucleic acid (RNA or DNA)
has been reported. Yokoyama and co-workers reported the
crystal structure ofAquifex aeolicustadA (23). The study
reported here extends our understanding of deaminases by
examining the crystal structure of tadA fromAgrobacterium
tumefaciens(39% identical toAq. aeolicustadA). Further-
more, proteolytic cleavage of the last eight C-terminal
residues ofA. tumefacienstadA was required to generate
crystals that diffracted to high resolution. Enzymatic assays
of the wild-type enzymes as well as several mutants showed
that the last eight residues of the C-terminus are important
for enzymatic activity and potentially represent a flexible
region necessary for RNA substrate binding and catalysis.
Systematic sequence alignment of tadA family members, in
combination with a docking model of the RNA-tadA
complex, allowed us to propose a role for various conserved
tadA residues in RNA substrate recognition. Finally, the
collective information of the structure of tadA, the sequence
alignment of tadA with the ADAT2-ADAT3 heterodimer,
and the enzymatic assay results reported here provides insight
into tRNA substrate recognition in general and the possible
evolutionary origin of the eukaryotic ADAT2-ADAT3
heterodimers.

MATERIALS AND METHODS

Cloning, OVerexpression, and Purification of tadA and
ADAT2-ADAT3 Proteins.The open reading frames (ORFs)
of putative tadA enzymes fromA. tumefaciensand Aq.
aeolicusbacteria were identified from a BLAST search of
the NCBI database based on sequence homology to the
publishedEscherichia colitadA gene. Each putative tadA
gene was amplified from the respective genomic DNA using

PCR and cloned into a PLM-1 vector (24) between SacI and
HindIII restriction sites. TheE. coli tadA gene was amplified
from E. coli genomic DNA using PCR. The amplified gene
was cloned into a pGEX-2TK (N-terminal GST fusion vector,
Amersham Bioscience) vector between BamHI and EcoRI
restriction sites. TheSaccharomyces cereVisiaeADAT2 and
ADAT3 genes were amplified fromS. cereVisiae cDNA
using PCR. ADAT2 and ADAT3 genes were sequentially
cloned into the PLM-1H1 vector, a derivative of the PLM-1
vector that allows two proteins to be expressed simulta-
neously (25). A. tumefaciensmutants were generated using
a QuickChange site-directed mutagenesis kit (Stratagene),
and the introduction of mutations was confirmed by DNA
sequencing.

Recombinant tadA-PLM-1 and ADAT2-ADAT3-PLM-
1H1 vectors were transformed into BL-21(DE3)E. coli
expression cells. A 10 mL overnight preculture was used to
inoculate 3 L of LB supplemented with 50µg/mL ampicillin.
Cells were cultured at 37°C (20 and 30°C for E. coli tadA
and S. cereVisiae ADAT2-ADAT3, respectively) until an
OD600 of 0.6 and then induced with 1 mM isopropylâ-D-
glactopyranoside (IPTG) for an additional 4 h.Aq. aeolicus,
A. tumefaciens, and S. cereVisiae ADAT2-ADAT3 het-
erodimers were purified similarly, except the buffer for the
S. cereVisiaeADAT2-ADAT3 heterodimer had a higher pH
(pH 8.3). Purification using an FPLC system was conducted
as follows. Cell pellets were suspended in DEAE buffer A
[20 mM Tris-HCl (pH 7.5), 5 mM NaCl, and 1 mM DTT],
and cells were lysed using a French press. Cell lysates were
centrifuged, and supernantants were passed through a prepa-
ratory DEAE anion exchange column. The protein was eluted
with DEAE buffer B (same as DEAE buffer A except 1 M
NaCl). Fractions containing tadA were pooled and then in-
jected into a HiLoad hydrophobic column equilibrated with
HiLoad buffer A containing 20 mM Tris-HCl (pH 7.5), 1.25
M (NH4)2SO4, and 1 mM DTT. Proteins were eluted with
HiLoad buffer B [same as HiLoad A except no (NH4)2SO4].
Fractions containing tadA were pooled, concentrated, and
washed with DEAE buffer A. The sample was then applied
to the MonoQ anion exchange column, and DEAE buffers
were used to elute proteins. Finally, fractions containing tadA
from MonoQ were purified by Superdex 200 size exclusion
using a buffer containing 20 mM HEPES (pH 7.0), 200 mM
NaCl, and 1 mM DTT. On the basis of the retention volume
of elution, the tadA protein acted as a dimer.E. coli tadA
was prepared similarly except that single-step chromatog-
raphy using a GST column was used during purification.
When required, protein was concentrated using an Amicon
centrifugal filter device from Millipore. Selenomethionine-
labeled protein was prepared using the following protocol:
5 mL of overnight culture was used to inoculate 3 L ofmini-
mal medium supplemented with ampicillin and thiamine at
final concentrations of 100 and 50µg/L, respectively. The
cell culture was grown at 37°C to OD600 of 0.6, and then
40 mL of methionine suppression buffer (comprised of 200
mg of L-Lys-HCl, L-threonine, andL-phenylalanine, and 100
mg of L-leucine, L-isolutine, andL-valine in water) was
added. After incubation for an additional 30 min at 37°C,
the cell culture was induced with 0.5 mM IPTG and addition
of 50 mg of selenomethionine/L. Incubation at 37°C was
continued for an additional 18 h, and the cells were then
harvested.

1 Abbreviations: tadA, tRNA-specific adenosine deaminase; ADAT,
adenosine deaminase acting on tRNA; ADAR, adenosine deaminase
acting on RNA; AID, activation-induced cytidine deaminase; APOBEC,
apolipoprotein B editing catalytic subunit; GD, guanine deaminase; CD,
cytosine deaminase; CDA, cytidine deaminase; ADA, adenosine
deaminase; rmsd, root-mean-square deviation.
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Crystallization, Data Collection, Structural Determination,
and Refinement.Crystals of proteolytically cleavedA.
tumefacienswere obtained at room temperature using the
hanging drop vapor diffusion method by mixing tadA (10
mg/mL) with an equal volume of a well solution containing
16% PEG 6000 (w/v), 0.1 M NaCl, 0.1 M MES (pH 6.0),
and 50 mM spermine. Crystals of selenomethionine-labeled
protein were obtained under similar conditions. Crystals grew
as a diamond shape and were harvested after growth for 1
week. To carry out data collection at a low temperature, the
crystals were first soaked in a cryo-protecting solution
containing all the components of the well solution supple-
mented with 20% glycerol, mounted in a nylon loop, and
then flash-frozen in liquid nitrogen. Both the native and three-
wavelength anomalous dispersion (MAD) data were collected
at the 14-BMC beamline at the Advanced Photon Source
(APS). Data were reduced with Denzo and Scalepack (26).
For phase determination, the resolution range from 30 to 1.8
Å was chosen. Five of the six expected sites (assuming tadA
forms a dimer in an asymmetric unit) were located using
Solve (27). Phases were improved with solvent flattening,
and ∼80% of the model was automatically built using
Resolve (28). Several rounds of manual building using O
(29), followed by refinement with CNS (30), resulted in a
final model with anR-factor of 22.5% (Rfree ) 25.8%). Final
refinement statistics are given in Table 1.

Enzymatic Assays and HPLC Analysis.Full-length tRNA
was prepared by in vitro transcription, and stem-loop RNA
was chemically synthesized and purchased from Dharmacon
Research (Boulder, CO). RNAs were purified using denatur-
ing polyacrylamide gel electrophoresis. For a reaction
involving wild-type tadA, 4µM purified tadA was incubated
with 40 µM stem-loop RNA in a 25µL reaction mixture
containing 100 mM MES (pH 6.0), 100 mM NaCl, and 1
mM DTT. The mixture was incubated at 37°C for 1 h, and
reactions were stopped by adding 0.2 unit of P1 nuclease
and incubation for an additional 1 h at 37 °C. The

mononucleotides generated by P1 nuclease were dephos-
phorylated by adding 1 unit of shrimp alkaline phosphatase
(SAP) and incubating at 37°C for 15 min. The resulting
mixture of nucleosides was directly loaded onto a C18
reverse-phase HPLC column (18-LC-S, Supelco), and nu-
cleosides were separated with a gradient of solvent A and
B. Solvent A was 20 mM ammonium acetate (pH 6.0), and
solvent B was 40% acetonitrile (v/v) in water: gradient, 0%
B at 0.0 min, 0% B at 3.0 min, 5% B at 10 min, 20% B at
21 min, 50% B at 22 min, 50% B at 25 min, 0% B at 26
min, and 0% B at 35 min with a constant flow rate of 2
mL/min. Similar reaction conditions were used when the full-
lengthE. coli tRNAarg2 was used as a substrate except the
concentration of tRNA was elevated to 60µM. For reactions
involving the proteolytically digestedA. tumefacienstadA
and other mutants, the concentration of the enzyme was
increased to 40µM (a 10-fold increase from the wild-type
value), and the incubation time was increased to 10 h (a 10-
fold increase). The peaks corresponding to I and A were
integrated, and the relative enzymatic activity was calculated,
with the wild-type enzyme as 100%.

Construction of a Docking Model of RNA-tadA Complex.
The structure of the anticodon stem-loop motif of tRNAphe

(31) was employed to build a docking model. The nucleotide
sequence of anticodon was mutated from GAA of tRNAphe

to ACG of tRNAarg2using O (29). A34 was then flipped out
from the anticodon loop. The modified stem-loop RNA was
then manually docked into the cleft formed by the dimer-
ization of the tadA using PyMOL (32). It was necessary to
adjust the side chains of R70 and R94 in thetransmonomer
to accommodate the RNA molecule. Finally, the structure
of additional C-terminal amino acids (residues 131-145 for
A monomer and 141-145 for B monomer) that was missing
in our structure was built into our docking model. The
structure of the missing C-terminal residues was based on
the structure ofAq. aeolicustadA recently reported by
Yokoyama and co-workers (23). The C-terminus and most
loops that are close to the docked RNA are not involved in
crystal packing. The only exception is L8 that contains H124,
which does not affect the docking.

RESULTS AND DISCUSSION

Crystallization of tadA.The genes encoding tadA from
E. coli, A. tumefaciens, and Aq. aeolicus, as well asS.
cereVisiaeADAT2-ADAT3 heterodimer, were cloned into
PLM1 vectors (24). For theE. coli tadA, it was necessary
to have a GST tag at the N-terminus to increase its solubility
during overexpression and purification. The recombinant
proteins were overexpressed inE. coli and purified to
homogeneity. Crystallization trials were carried out with tadA
from A. tumefaciensandAq. aeolicus, and theS. cereVisiae
ADAT2-ADAT3 heterodimer (i.e., those recombinant pro-
teins without a tag). BothAq. aeolicusandA. tumefaciens
tadA yielded small needle crystals from initial crystallization
trials. However, the crystals fromAq. aeolicustadA diffracted
to only 4 Å resolution, and the crystals fromA. tumefaciens
tadA were too small to be tested. Attempts to improve the
quality of the crystals were not successful. The structure of
the sameAq. aeolicus tadA was recently reported by
Yokoyama and co-workers (PDB entry 1WWR) (23). Their
recombinant protein contained a six-His tag at the N-
terminus, and the tag was involved in crystal packing. Thus,

Table 1: Statistics of Data Collection and Refinementa

inflection peak
hard

remote native

space group P212121
unit cell a ) 48.05 Å,

b ) 56.34 Å,
c ) 90.67 Å
R ) 90.00°,
â ) 90.00°,
γ ) 90.00°

resolution (Å) 100-1.65 100-1.65 100-1.65 50-1.60
wavelength (Å) 0.9794 0.9792 0.9686 0.9792
no. of unique reflections 29782 29771 30744 39316
completeness (%) 97.9 97.9 97.9 97.7
averageI/σ(I)b 16.3 16.2 16.0 15.7
redundancy 9.3 9.2 9.3 7.2
Rsym

c (%) 5.0 6.0 4.6 6.9
refinement

resolution (Å) 50-1.6
no. of reflections (free) 31216 (2548)
Rcrystal

d (Rfree
e) (%) 22.5 (25.8)

rmsd for bonds (Å) 0.0049
rmsd for angles (deg) 1.21

a The mean figure of merit (FOM) for phasing is 0.75 from SOLVE
and 0.83 after RESOLVE.b I/σ(I) is the mean reflection intensity/
estimated error.c Rsym ) ∑|I - 〈I〉|/∑I, whereI is the intensity of an
individual reflection and〈I〉 is the average intensity over symmetry
equivalents.d Rcrystal ) ∑||Fo| - |Fc||/∑|Fo|, whereFo andFc are the
observed and calculated structure factor amplitudes, respectively.e Rfree

is equivalent toRcrystal but calculated for a randomly chosen set of
reflections that were omitted from the refinement process.
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contrary to many other cases, the presence of the His tag
may have facilitated the production of high-quality crystals.

SDS gel analysis ofA. tumefacienstadA stored at 4°C
showed proteolytic cleavage, and MS analysis of the cleaved
tadA indicated that eight amino acids at the C-terminus were
cleaved. We reasoned that the cleavage might result from
the relative flexibility of the C-terminus, which might have
prevented us from obtaining high-quality crystals. Indeed,
crystallization trials of the proteolytically cleavedA. tume-
faciens tadA yielded crystals that diffracted to 1.6 Å
resolution. To obtain a large quantity of the purified protein
for structural and biochemical studies, a new construct that
encodes the amino acids corresponding to the proteolytically
cleavedA. tumefacienstadA was constructed. MAD data
were obtained on the basis of crystals produced from the
purified protein of this construct.

Structure, ActiVe Site, and RNA Binding Cleft of A.
tumefaciens tadA.The crystal structure of the proteolytically
cleavedA. tumefacienstadA (residues 1-144, eight residues
shorter at the C-terminus than the full-length protein) was
determined using the MAD phasing, and the structure was
refined with several rounds of model building and simulated
annealing. The asymmetric unit contains two molecules of
tadA that form a dimer with a buried surface area of 2400
Å2 (out of∼6850 Å2 surface area per monomer). The dimer
of tadA seen in our structure is consistent with the form of
the purified protein observed by gel filtration chromatography
(data not shown). The electron density map of the final round
of refinement lacks electron density of the last 13 amino
acids at the C-terminus of the A monomer. Therefore, the
structure of the A monomer contains only residues 2-131.
On the other hand, the observed electron density of the B
monomer extends to residue 141. Hence, the structure of the
B monomer contains residues 4-141, three residues short
of the proteolytic cleavage site.

The structure of each monomer is composed of a central
five-strandedâ-sheet, flanked by fourR-helices (three in the
A monomer because of the disordered C-terminus, Figure
2a,b). The overall fold is shared by other families of

deaminases. Therefore, detailed discussion of the fold has
been described extensively elsewhere (33, 34). As expected
from the sequence, the active site contains a zinc ion, which
is coordinated by three strictly conserved amino acids, His53,
Cys83, and Cys86 (Figure 2c). The fourth strictly conserved
amino acid, Glu55, is also in the active site. In addition, a
water molecule can be clearly seen in our structure, serving
as the fourth ligand for the zinc ion (Figure 2c). Thus, the
active site is very similar to those of other deaminases.

Dimerization of tadA withC2 symmetry results in forma-
tion of two clefts on opposite faces of the dimer. We presume
that these clefts are where the RNA substrate binds. At the
base of the cleft resides the active site, where the zinc ion is
located in the structure. The active site is readily accessible
as can be clearly seen from the top view of the dimer (Figure
2b). The base of the active site is surrounded by three loops
(L4, L6, and L8) from thetransmonomer (the one without
the active site), and also by three loops (L3, L5, and L7)
with the C-terminal helix (R4) from thecis monomer (the
one contributing the active site) (Figure 2a). As discussed
later, these loops and the C-terminal helix are involved in
RNA substrate binding based on our docking model.

Structural comparison and a database search using Dali
(35) revealed various structures that have similar folding
(most of them deaminases). Three of these structures,Aq.
aeolicustadA (PDB entry 1WWR,Z score) 23.4, rmsd)
1.2 Å), Bacillus subtilis guanine deaminase (PDB entry
1WKQ, Z score) 17.6, rmsd) 2.0 Å), andS. cereVisiae
cytosine deaminase (PDB entry 1UAQ,Z score) 16.5, rmsd
) 2.2 Å), are particularly useful for our understanding of
RNA substrate recognition by tadA. The recently published
structure ofAq. aeolicustadA provides structural information
about the missing C-terminal tail in our structure. Unlike
tadA, bothB. subtilisguanine deaminase andS. cereVisiae
cytosine deaminase act on small molecule substrates, yet both
of them share a high degree of sequence and structural
homology with tadA (Figures 3 and 4). Therefore, detailed
analysis of the similarities and differences, in terms of both
sequence and structure, between tadA andB. subtilisGD or
S. cereVisiae CD may reveal information about the key
features of tadA that are responsible for RNA recognition.

For the first 100 amino acids, a high level of sequence
similarity exists between tadA andB. subtilis GD or S.
cereVisiae CD (Figure 3), indicating that the core of the
deaminase domain is within the first 100 amino acids.
Despite considerably less sequence homology beyond the
first 100 amino acids, the overall structure of tadA is very
similar to those ofB. subtilis GD and S. cereVisiae CD
(Figure 4).

Within the tadA family, a high level of sequence homology
extends beyond the first 100 amino acids. Notable conserva-
tions beyond the first 100 amino acids are K106 (R in a few
cases), H124, and the FFxxxR motif at the end of the
C-terminus (Figure 3, and Figure S2 of the Supporting
Information). We were particularly interested in the FFxxxR
motif at the end of the C-terminus because the proteolytically
cleavedA. tumefacienstadA employed in our structural
study, which lacks the C-terminal residues after the first F
of the FFxxxR motif, only exhibited residual activity. To
further our understanding of the role of the conserved
FFxxxR motif, we have generated several mutants in which
the conserved residues (F144, F145, and R149) were
individually mutated to an alanine. The enzymatic activity

FIGURE 1: (a) Hydrolytic deamination reaction carried out by a
prokaryotic tadA and eukaryotic ADAT2-ADAT3 heterodimer.
The change in chemical structure that resulted from the reaction is
colored red. (b) Nucleotide sequence of the stem-loop RNA
employed in this study. The conserved nucleotides required to be
the substrate of tadA are colored green, with the letter of the targeted
nucleotide in red.
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of these mutants, together with the wild-type enzyme and
the proteolytically cleaved one, was assayed using an HPLC
system.

Enzymatic Assays of tadA.To analyze enzymatic activity,
a stem-loop RNA corresponding to the anticodon region
of E. coli tRNAarg2was chemically synthesized and purified

FIGURE 2: Structure of the proteolytically cleavedA. tumefacienstadA homodimer. Ribbon representation of the overall structure in side
(a) and top (b) views. One monomer of the homodimer is colored blue, and the other is colored orange. The zinc ions in the active sites
are represented as magenta spheres. Only loops are labeled in panel a for clarity, and those likely to be involved in RNA substrate binding
are in bold letters. OnlyR-helices andâ-sheets are labeled in panel b for clarity. (c) Stereoview of the active site with the simulated
annealingFo - Fc omit map (within 4 Å of thezinc ion). The main chains are colored gray, and the side chains are colored orange. The
heteroatoms are individually colored, with nitrogen in blue, oxygen in red, sulfur in yellow, and zinc in magenta. The map is contoured at
4.0σ.

FIGURE 3: Alignment of tadA sequences fromA. tumefaciens, E. coli, Aq. aeolicus, and B. subtilis together with the sequences ofB.
subtilis GD andS. cereVisiae CD. Residue numbers over the alignment correspond to theA. tumefacienstadA sequence. The conserved
residues are boxed in color, with completely conserved residues in magenta, identical residues in yellow, and similar residues in cyan. The
secondary structure of the proteolytically cleavedA. tumefacienstadA is depicted schematically above the primary sequence, withR-helices
highlighted as cylinders andâ-sheets as arrows. The site of proteolytic cleavage is denoted with an arrow. Asterisks denote residues acting
as ligands for a zinc ions, and the degree denotes the conserved glutamate in the active site.
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(Figure 1b). Such a stem-loop RNA was shown to be an
effective substrate forE. coli tadA by Keller and co-workers
(17). The RNA substrate was incubated with various enzyme
preparations, and the resulting RNA products were enzymati-
cally digested and dephosphorylated into mononucleosides.
Nucleosides were separated in a reverse-phase C18 column
(Figure 5). Incubation of the stem-loop RNA with full-
length tadA ofA. tumefaciensresulted in the appearance of
a new peak with a retention time slightly ahead of the G
peak (Figure 5b). The identity of this new peak as I was
confirmed by its coelution in the C-18 column with the
commercial nucleoside (data not shown). As expected, a
single-site mutant (E55A) at the strictly conserved glutamic
acid within the active site resulted in a loss of activity (Figure
5c). TheE. coli tadA was also shown to be active using the
stem-loop RNA as a substrate (Figure 5d). The stem-loop
RNA, however, is not an efficient substrate for theS.
cereVisiae ADAT2-ADAT3 heterodimer, as I was not
produced (Figure 5e). This is consistent with the results
reported by Keller and co-workers (16). However, theS.
cereVisiaeADAT2-ADAT3 heterodimer was enzymatically
active as it carried out the A-to-I conversion when the full-
length tRNA was used as the substrate (Figure S1 of the
Supporting Information).

When the stem-loop RNA was treated with the pro-
teolytically cleavedA. tumefacienstadA with a 10-fold
increase in enzyme concentration and a 10-fold increase in
reaction time, a very small I peak was observed (Figure 5f).
Although the peak was very small, it could be accurately
integrated, and the result was reproducible. On the basis of
peak integration, truncation of the last eight amino acids of
A. tumefacienstadA (starting at the second F of the FFxxxR
motif) resulted in a reduction of enzymatic activity by 2000-
fold (compare panels b and f of Figure 5), indicating the
importance of the C-terminus ofA. tumefacienstadA.
Enzymatic assays of the individual mutations of the con-
served FFxxxR motif were also consistent with this conclu-
sion. The enzymatic activity of F144A and R149A mutants

was slightly better than the activity of the proteolytically
cleaved one (panels g and i of Figure 5, and compare to
panel f). Still, these mutations resulted in a reduction in
enzymatic activity of∼800-fold. Interestingly, the F145A
mutation has no enzymatic activity detected by our HPLC
assay, and therefore, it is predicted to be a lethal mutation
(Figure 5h). Mutation of another strictly conserved amino
acid R94 to an alanine also substantially reduced the
enzymatic activity (220-fold reduction, Figure 5j), although,
when compared to mutations in the FFxxxR motif, the
reduction was less pronounced. Reactions using the full-
length tRNA instead of stem-loop RNA gave similar results
(Figure S1 of the Supporting Information).

Molecular Recognition of the RNA Substrate by tadA.With
the assumption that the cleft formed by dimerization of tadA
is the binding site of the RNA substrate, a docking model
of the RNA-protein complex was generated (Figure 6). The
structure of the anticodon stem-loop portion of tRNAphewas
used to build the model (31). It was necessary to flip out
the targeted A34 nucleotide during docking because it was
not possible to model A34 into the active site without a
severe steric clash between other parts of the RNA and tadA
if this base flipping did not occur. Generally, base flipping
is regarded as a required mechanism for enzymes to catalyze
chemical reactions on bases in DNA or RNA. This was first
observed in DNA methyltransferase (36, 37), later in many
DNA glycosylases (38-40), and more recently in RNA
modification enzymes (41, 42). We believe that the tadA-
catalyzed deamination reaction will be similar in this regard.

On the basis of our docking model, the contribution of
RNA substrate recognition from thetrans monomer is
primarily from three loops, L4, L6, and L8 (Figure 2a).
Specifically, our model shows that three amino acids, R70
from L4, R94 from L6, and H124 from L8, are close to C35
and G36 of the RNA. R94 and H124 are strictly conserved
(Figure S2 of the Supporting Information), and they are likely
to be involved in the recognition of nucleotides C35 and
G36 that are required for recognition of RNA as a substrate
by tadA (Figure 1b). The enzymatic assay of the R94A
mutant was consistent with this assessment. Most members
of the tadA family contain an Arg at position 70. For those
enzymes that are missing R70, there is always a Lys or His
at the preceding residue (Figure S2 of the Supporting
Information). Therefore, because it is less conserved com-
pared to R94 and H124, R70 may interact with RNA in a
less specific manner (e.g., interaction with the phosphate
backbone).

The contribution of RNA binding from thecis monomer
also contains three loops, L3, L5, and L7, as well as the
C-terminal helix,R4 (Figure 2a). Amino acids constituting
the active site are primarily located in L5, interacting with
targeted nucleotide A34. L3 contains residue H53, which is
also part of the active site. Amino acids from L7 interact
with the 5′ end of the RNA. In particular, the conserved K106
(R in a few other tadA members, Figure S2 of the Supporting
Information) is found to interact with the phosphate backbone
of nucleotide U32. In addition to these loops, our analysis
indicates that the amino acids at the very end of the
C-terminus also play a critical role in RNA substrate binding,
as discussed below.

Sequence comparison of 20 tadA family members from
different organisms shows strict conservation of the C-
terminus, with a consensus motif of FFxxxR (Figure S2 of

FIGURE 4: CR superposition of the structure of the proteolytically
cleavedA. tumefacienstadA (blue and orange) with those ofAq.
aeolicustadA (black),B. subtilisGD (magenta), andS. cereVisiae
CD (green). The second monomer fromAq. aeolicustadA, B.
subtilisGD, andS. cereVisiaeCD homodimers is omitted for clarity.
The equivalent position of the proteolytic cleavage site inA.
tumefacienstadA is denoted with an arrow.
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the Supporting Information). This motif is unique to tadA
because neitherB. subtilisGD norS. cereVisiaeCD contains

such a motif (Figure 3). Furthermore, among the three
intervening residues within the strictly conserved FF and R,
at least one and in most cases two are either K or R (Figure
S2 of the Supporting Information). This sequence analysis,
together with our enzymatic assay as discussed above, and
structural analysis as discussed below, points to the role of
the conserved C-terminal FFxxxR motif for RNA substrate
binding through the major groove of RNA.

The crystal structure ofAq. aeolicustadA recently reported
by Yokoyama and co-workers shows that the structure of
the C-terminal amino acids missing in our structure is the
further extension of the C-terminal helix,R4 (Figure 4,
colored black). Our docking model allowed us to incorporate
part of the structure of the missing C-terminal extension seen
by Yokoyama and co-workers up to residue F145 (the second
F of the FFxxxR motif, one amino acid beyond the
proteolytic cleavage site in ourA. tumefacienstadA, our
structure ends at L141, four amino acids shorter than the
model). Further incorporation of the missing C-terminal
amino acids caused steric clash with the docked RNA (Figure
6). Analysis of molecules involved in crystal packing of the
Aq. aeolicustadA structure reported by Yokoyama and co-
workers indicates that part of each C-terminal helix of one
monomer (amino acids after FF of the FFxxxR motif) is
inserted into the dimer interface (presumably RNA binding
cleft) of two other molecules. Because of its involvement in
crystal packing, it is possible that these C-terminal residues
may adopt a different conformation(s) in solution. Our
observation that this C-terminus is susceptible to proteolytic
cleavage between the conserved FF pair is consistent with
this possibility. In addition, the structures of the C-terminal
tails of B. subtilis GD and S. cereVisiae CD are in
conformations different from those of theAq. aeolicustadA

FIGURE 5: HPLC analysis of reaction products of a stem-loop RNA incubated with various tadAs. The stem-loop RNA was incubated
with different enzymes, and the resulting RNA was enzymatically digested into nucleosides and analyzed by HPLC with a reverse-phase
C18 column: (a) RNA alone, (b) RNA andA. tumefacienstadA, (c) RNA and theA. tumefacienstadA E55A mutant, (d) RNA andE. coli
tadA, (e) RNA and theS. cereVisiae ADAT2-ADAT3 heterodimer, (f) RNA and proteolytically cleavedA. tumefacienstadA, (g) RNA
and theA. tumefacienstadA F144A mutant, (h) RNA and theA. tumefacienstadA F145A mutant, (i) RNA and theA. tumefacienstadA
R149A mutant, and (j) RNA and theA. tumefacienstadA R94A mutant. Numbers in insets are enzymatic activity relative to the wild-type
enzyme. The ruler at the bottom shows the retention time in minutes.

FIGURE 6: Docking model ofA. tumefacienstadA bound to a stem-
loop RNA. RNA is shown as a stick and is colored green. The
protein is depicted as a ribbon representation embedded in a
semitransparent surface representation and colored as described in
the legend of Figure 2. The zinc ions and their coordinated water
molecules in the active sites are represented as magenta and red
spheres, respectively. The structure of the C-termini of both
monomers in this model ends with FF of the FFxxxR motif. A
black arrow points to the major groove of stem-loop RNA and is
likely to be the direction of the missing C-terminal residues upon
its association with RNA substrate.
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structure (Figure 4, colored magenta and green, respectively).
Taken together, we believe that the additional C-terminal
amino acids after the conserved FF are flexible and may
occupy the major groove of the RNA substrate upon its
association with tadA, as indicated by the arrow in Figure
6. There could be three driving forces for this re-direction
of the C-terminal basic residues into the major groove: (i)
favorable electrostatic interaction of the C-terminal basic
residues in tadA (positively charged) with the phosphate
backbone in RNA (negatively charged), (ii) unfavorable
interaction of the side chains of conserved FF (hydrophobic)
with the backbone of RNA (hydrophilic) upon RNA binding,
and (iii) hydrophobic interaction of the FF side chains with
the nearby conserved ExPxGAxxxx motif (residues 23-31,
where each x is a hydrophobic residue). In that regard, the
conserved FF residues in FFxxxR motif may act as a
“switch”, facilitated by the possible driving forces mentioned
above, to re-direct the rest of the C-terminal amino acids
into the major groove of the RNA.

Mutational studies of the conserved FFxxxR motif are
consistent with this hypothesis. Both F144A and R149A
mutations reduced the enzymatic activity by approximately
800-fold (Figure 5g,i). Truncation of the C-terminus starting
with the FxxxR sequence reduced the enzymatic activity even
further (by 2000-fold, Figure 5f). Interestingly, the F145A
mutation had the most damaging effect on the enzymatic
activity of tadA, even more so than the truncation of the
eight C-terminal residues. In our assay, the enzymatic activity
of the F145A mutant was not detectable (Figure 5h). One
possible explanation for the most damaging effect of the
F145A mutation is that this mutation alters the conformation
of the C-terminus in such way that the RNA substrate is no
longer able to bind in a productive manner. It is even possible
that the C-terminus of the F145A mutant blocks the entrance
of the RNA binding cleft. In that sense, the truncation of
the eight C-terminal residues should be in theory less
damaging because it may still allow RNA substrate to access
the active site for the reaction. Ultimately, a structure of an
RNA-tadA complex is necessary to reveal the molecular
basis of RNA interaction by the conserved FFxxxR motif at
the C-terminus of tadA.

Implication of tRNA Substrate Recognition by the Eukary-
otic ADAT2-ADAT3 Heterodimer.Since at least seven
tRNAs in eukaryotes require A-to-I editing at the wobble
position, it must be the global features of tRNA (i.e., those
shared by all substrate tRNAs), not the local nucleotide
sequences of the anticodon region (that differ from one
another), that are the determining factors for substrate
recognition by eukaryotic enzymes. Biochemical studies
carried out by Keller and co-workers, as well as by us, are
consistent with this assumption (16). A-to-I editing at the
wobble position catalyzed by the eukaryotic enzyme requires
the full-length tRNA (Figure S1h of the Supporting Informa-
tion). The stem-loop RNA corresponding to the anticodon
region of tRNA, which is an effective substrate of bacterial
tadA, is not a substrate for theS. cereVisiae ADAT2-
ADAT3 heterodimer (Figure 5g). Protein sequence align-
ments of tadA with ADAT2 and ADAT3, together with the
structure ofA. tumefacienstadA and the docking model
presented here, shed some light on the molecular basis of
tRNA substrate recognition by the eukaryotic ADAT2-
ADAT3 heterodimer.

Pairwise sequence alignments indicate that the homology
region of the prokaryotic tadA in ADAT2 is located in the
N-terminal two-thirds of the protein. On the other hand, it
is the C-terminal half of ADAT3 that shares sequence
similarity with prokaryotic tadA (Figure S3 of the Supporting
Information). If we assume that the tadA homology regions
of the ADAT2-ADAT3 heterodimer possess a structure
similar to that of the tadA homodimer presented here, then
the location of additional amino acids in the ADAT2-
ADAT3 heterodimer that are missing from the tadA ho-
modimer may have implications in the possible roles of these
amino acids in molecular recognition of the full-length tRNA.
In this regard, the monomer in blue shown in Figure 6 would
be the equivalent to ADAT2 because it contributes the cata-
lytic active site, whereas, the monomer in orange would be
the equivalent to ADAT3. Since both the C-terminus of the
tadA monomer in blue and the N-terminus of the monomer
in orange are on the same side as the bound RNA substrate,
the additional residues of the C-terminus of ADAT2 (∼90
amino acids) and the N-terminus of ADAT3 (∼160 amino
acids) that are missing in the tadA homodimer would be
located on the same side to which the RNA substrate binds
(Figure 6). Therefore, these additional amino acids from the
ADAT2-ADAT3 heterodimer could represent domains that
are responsible for further interaction with the full-length
tRNA in regions other than the anticodon stem-loop motif.

Finally, from an evolutionary point of view, it is not
difficult to imagine how deamination activity on one tRNA
could have evolved to encompass eight tRNAs (seven in
yeast), if we consider the different modes by which prokary-
otic tadA and the eukaryotic ADAT2-ADAT3 heterodimer
recognize their tRNA substrates. The eukaryotic ADAT2-
ADAT3 heterodimer could have evolved from a tadA-like
homodimer by simple addition to the N-terminus of one
monomer and the C-terminus of the other. Further mutations
of amino acids within the protein, together with these
additions, could result in an enzyme that relies less on local
structure and more on the global structure of the tRNA
substrate. Since the same tRNA editing capability seen on
the ADAT2 side could not be sustained on the ADAT3 side
due to a lack of N- and C-terminal addition, the critical
glutamate in the active site of ADAT3 was mutated during
evolution (which abolished the enzymatic activity of ADAT3),
possibly to prevent detrimental deamination reactions.
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