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We have identified an RNA-specific adenosine deamin-
ase (termed Tad1p/scADAT1) from Saccharomyces
cerevisiaethat selectively converts adenosine at position
37 of eukaryotic tRNAAla to inosine. The activity of
purified recombinant Tad1p depends on the conforma-
tion of its tRNA substrate and the enzyme was found
to be inactive on all other types of RNA tested. Mutant
strains in which the TAD1 gene is disrupted are viable
but lack Tad1p enzyme activity and their tRNAAla is
not modified at position A37. Transformation of the
mutant cells with the TAD1 gene restored enzyme
activity. Tad1p has significant sequence similarity with
the mammalian editing enzymes which act on specific
precursor-mRNAs and on long double-stranded RNA.
These findings suggest an evolutionary link between
pre-mRNA editing and tRNA modification.
Keywords: adenosine deaminase/inosine/RNA editing/
tRNAAla/yeast

Introduction

The nucleoside inosine (I) was first detected in cytoplasmic
tRNAs (Holleyet al., 1965) and has recently been observed
in viral and nuclear encoded RNA transcripts (reviewed
in Bass, 1997; O’Connell, 1997; Rueter and Emeson,
1998; see also Paul and Bass, 1998). In both types of
RNAs, messenger RNA precursors (pre-mRNAs) and
tRNAs, I is formed by hydrolytic deamination of adenosine
(A) (Grosjeanet al., 1996a; Bass, 1997). Because I is
read as guanosine (G) by the translational machinery
(Basilio et al., 1962), the site-specific conversion of A to
I in pre-mRNAs can alter single codons and change their
amino acid specificity. The resulting variation in protein
sequence can profoundly affect biological function. In
general, this and other types of RNA editing events are
believed to play an important role in the generation of
genetic diversity in eukaryotes (reviewed in Kableet al.,
1997; Smithet al., 1997).

In eukaryotic tRNAAla, I is present at the first anticodon
position (position 34) and as the derivativeN1-methyl-
inosine (m1I) at position 37 (39 adjacent to the anticodon).
I34 is found in eight cytoplasmic tRNAs of eukaryotic
organisms, whereas in prokaryotes and plant chloroplasts
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only tRNAArg2 contains I34 (reviewed in Björk, 1995). In
contrast, m1I37 is unique to eukaryotic tRNAAla and to
date has not been detected in any prokaryotic tRNA.
However, in archaeal tRNAs, m1I is frequently found at
position 57, in the middle of theΨ-stem (Grosjeanet al.,
1996a; see also Sprinzlet al., 1998). The synthesis of
m1I37 in eukaryotic tRNAAla occurs by a two-step enzym-
atic process. The first step is the deamination of A37 to
I37 followed by methylation of I37 by a S-adenosyl-L-
methionine (SAM)-dependent methyltransferase (Grosjean
et al., 1996a; H.Grosjean, unpublished results). The
enzymes involved in the formation of I or m1I in tRNAs
have not yet been identified except for the partial purifica-
tion and initial characterization of the yeast tRNA:A34
deaminase (Auxilienet al., 1996).

In contrast, the enzymes responsible for the deamination
of A to I in pre-mRNAs, the adenosine deaminases
acting on RNA (ADARs) have been extensively studied
(reviewed in Basset al., 1997; Maaset al., 1997; Rueter
and Emeson, 1998). To date, three sequence-related ADAR
or ADAR-like enzymes have been cloned and character-
ized from different sources: ADAR1 (Kimet al., 1994;
O’Connellet al., 1995; Hough and Bass, 1997; Liuet al.,
1997), ADAR2 (Melcheret al., 1996b; Gerberet al.,
1997; Lai et al., 1997; Mittaz et al., 1997) and RNA
specific editase 2 (RED2; Melcheret al., 1996a). These
members of the ADAR enzyme family contain two or
three double-stranded RNA binding domains (dsRBD;
St Johnstonet al., 1992) and a catalytic deaminase domain
(Figure 1A). Moreover, several alternatively spliced vari-
ants of human (h) ADAR1 and hADAR2 exist (Gerber
et al., 1997; Lai et al., 1997; Liu et al., 1997). Of the
four variants of hADAR2 (a,b,c,d), hADAR2b differs
from hADAR2a by the insertion of a 40 amino acid alu-J
cassette within the deaminase domain.

Mammalian ADAR1 and ADAR2 catalyze the site-
specific deamination of adenosines in pre-mRNAs encod-
ing subunits of glutamate-gated ion channels (GluR)
expressed in the brain (Dabiriet al., 1996; Maaset al.,
1996; Melcheret al., 1996b; O’Connellet al., 1997).
These editing events have been correlated with physiologi-
cal effects on calcium permeability and the kinetics of the
ion channels (reviewed in Seeburg, 1996). In addition,
ADAR1 and/or ADAR2 have been implicated in the
editing of mammalian 5HT2C serotonin receptor mRNA
(Burns et al., 1997) and hepatitis delta virus (HDV)
antigenomic RNA (Polsonet al., 1996, 1998). In all of
these cases, editing requires a dsRNA structure which is
formed by intramolecular base pairing between exonic
and intronic sequences in pre-mRNAs (Higuchiet al.,
1993; Laiet al., 1995; Maaset al., 1996). Unlike ADAR1
and ADAR2, recombinant RED2 fails to deaminate adeno-
sines in extended dsRNA, and no specific RNA substrate
has been found yet (Melcheret al., 1996a). The content
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Fig. 1. (A) Protein domain structure of mammalian adenosine deaminases that act on RNA (ADARs) and the homologousS.cerevisiaeprotein
Tad1p/scADAT1. ADAR1 and ADAR2 contain bipartite nuclear localization signals (NLS, black box). Double-stranded RNA-binding domains
(dsRBDs) are depicted as grey boxes. The catalytic deaminase domain is represented by a cross-hatched box. (B) Multiple sequence alignment of
members of the ADAR family and Tad1p. Highly conserved residues (.75%) are depicted within a black frame, similar amino acids which are
conserved in all four proteins are boxed in grey. The deaminase domain (boxed) is characterized by conserved motifs (underlined) containing three
putative Zn21-chelating residues (#) and a proton-transferring amino acid (o). The DDBJ/EMBL/GenBank accession Nos of the sequences are as
follows: hADAR1, U10439; hADAR2a, U82120; RED2, U74586, Tad1p, AJ007297. The alignment was generated with the GCG software programs
LINEUP (manual alignment) and PILEUP (computer alignment) with a gap weight of 3.0 (Devereuxet al., 1984). The C-terminal part of yeast
Tad1p (from aa 259) was further aligned manually to the other three sequences.

of I in mRNAs has been measured in a variety of
mammalian tissues and revealed the highest amounts in
the brain (one I in 17 000 ribonucleotides; Paul and Bass,
1998); this suggests that additional targets for these editing
enzymes exist.
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In the search for new members of the ADAR enzyme
family we have cloned and characterized a sequence-
related enzyme fromSaccharomyces cerevisiae. Interest-
ingly, the yeast enzyme Tad1p does not form I in
pre-mRNA but is responsible for the formation of I at
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position 37 in yeast tRNAAla. This is, therefore, the
first tRNA-specific adenosine deaminase [Tad1p alias
scADAT1 (adenosine deaminase acting on tRNA 1)] that
has been cloned and its gene will further be referred to
asTAD1. Moreover, this finding provides a model for the
evolution of the A to I mRNA editing enzymes found in
higher eukaryotes.

Results

Cloning of the TAD1 gene and heterologous
expression in Pichia pastoris
The analysis of open reading frames (ORFs) located on
yeastSaccharomyces cerevisiaechromosome VII revealed
an ORF (YGL243w/HRA400) which is 22% identical
(46% similar) to the C-terminal part of the mammalian
RNA editing enzymes ADAR1 and ADAR2 (Vandenbol
et al., 1995). The homologous section contains the catalytic
core of ADAR1 and ADAR2 (boxed in Figure 1B) which
is characterized by three conserved deaminase motifs,
DCHAE, PCGD and SCSDK, containing putative Zn21-
chelating residues and a proton transferring glutamate
(reviewed in Smithet al., 1997; see also Carter, 1995).
Importantly, these motifs are conserved in the yeast
protein, but the similarity of the yeast protein to mamma-
lian ADARs extends beyond this putative deaminase
domain. Unlike ADAR1, ADAR2 and RED2, which all
contain dsRBDs upstream of the deaminase domain
(Figure 1A), neither a dsRBD nor any other of the known
types of RNA binding domains could be seen in the
HRA400 sequence. We testedS.cerevisiaeS100 extract
for its ability to convert A to I in long dsRNA, an assay
which is routinely used to measure ADAR1/2 activity
(O’Connell and Keller, 1994), but did not detect any
activity (results not shown). This indicates that yeast
does not contain any classical dsRNA-specific adenosine
deaminases. We therefore explored the possibility that
partially dsRNAs, such as tRNAs, may be the natural
substrate for HRA400p.

The ORF YGL243w was amplified by the polymerase
chain reaction (PCR) fromS.cerevisiaegenomic DNA.
Since we previously found that the methylotrophic yeast
Pichia pastorisis a suitable organism for the production
of active recombinant ADARs (Gerberet al., 1997;
O’Connell et al., 1998), the coding sequence ofTAD1
was subcloned into aP.pastoris expression vector that
was engineered to encode a 59-FLAG- and a 39-histidine
hexamer epitope (O’Connellet al., 1998). Recombinant
Tad1p was purified to homogeneity from a protein
expressing clone (Figure 2A and B) and ~50µg of pure
(.99.5%) and highly active Tad1p was obtained from
43 g of yeast cells. Recombinant Tad1p has a Stokes’
radius of 32.5 Å which corresponds to a molecular mass
of 50 kDa.

Tad1p converts A37 to I37 in tRNAAla

During purification of the recombinant yeast protein,
aliquots of the column fractions were assayed for their
ability to convert A to I either at positions 34 or 37 in
synthetic yeast tRNAAla. Peak fractions of the final column
containing pure recombinant Tad1p can form,0.9 mol
I/mol tRNAAla in the absence of added cofactors (Figure
2). Note that I and m1I would comigrate in the one-
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Fig. 2. Gel-filtration chromatography of recombinant Tad1p.
(A) Aliquots (15µl) of the final column were electrophoresed on a
10% SDS–polyacrylamide gel, and proteins were visualized by silver
staining. Fraction numbers are indicated at the top. Molecular masses
are indicated in kDa on the left. (B) Immunoblot analysis with a
mouse anti-FLAG M2 monoclonal antibody (1:5000). (C) Conversion
of A37 to I in yeast tRNAAla. Two µl of each fraction was incubated
with 200 fmol [33P]ATP-labelled transcripts of yeast tRNAAla (A34G)
for 45 min at 30°C. After ethanol precipitation the RNA was digested
with P1 nuclease and the reaction products were separated by one-
dimensional TLC. The spots at the bottom are the origin; the spots in
the middle correspond to AMP; the spots at the top to IMP.

dimensional TLC as shown in Figure 2C. Therefore, the
identity of I was verified by two-dimensional (2D) TLC
which separates I from m1I (Silberklanget al., 1979). We
found no m1I in yeast tRNAAla after incubation with pure
Tad1p and SAM, as analyzed by 2D-TLC (results not
shown). This indicates that Tad1p has no SAM-dependent
methyltransferase activityin vitro.

To determine the location of I formed in yeast tRNAAla

by Tad1p, RT–PCR was performed on modification
products, and the cDNAs were sequenced in both direc-
tions. The result depicted in Figure 3A demonstrates that
recombinant Tad1p specifically deaminates A37, but not
A34 in yeast tRNAAla. The reaction is almost complete
(80–90% of A37–I37conversion). This correlates well with
the 0.9 mol I/mol tRNA measured by TLC.

tRNA editing is strictly magnesium dependent with an
optimal concentration between 2–3 mM (data not shown).
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Fig. 3. Sequence analysis of edited yeast tRNAAla. Only the region
surrounding A34 and A37 in the anticodon loop is depicted. Positions
34 and 37 are marked by an arrow. The edited nucleotides are in bold
and underlined. Adenosine peaks are indicated by a dashed line and
guanosine peaks are bold. Since inosine prefers to base pair with C,
I is represented as G. (A) In vitro transcribed yeast tRNAAla was
incubated with 0.2 ng purified recombinant Tad1p for 1 h at30°C. As
a control, no enzyme was added to the reaction. Fifty fmol of the
tRNA was reverse transcribed (RT), amplified by PCR and the
products were sequenced. (B) tRNAs were isolated from a wt strain
and from atad1-1mutant strain. tRNAAla was amplified by RT–PCR
and subcloned. Individual clones were sequenced and one
representative is depicted.

In the absence of Mg21 ions no A37–I37 conversion
occurred whereas addition of high amounts (.10 mM)
strongly reduced the yield of I37 (,10%). A similar
dependence on Mg21 concentration was previously
reported for the yeast tRNA:A34 deaminase activity
(Auxilien et al., 1996) and was explained by the depend-
ence of the enzyme on the 3D architecture of the tRNA
substrate rather than by a direct involvement of Mg21 in
catalysis. The KCl optimum for A37–I37 conversion by
Tad1p is 25 mM and high salt concentrations (.100 mM
KCl) inhibited the reaction. The pH optimum is between
7 and 8.

In order to test whether the editing enzymes ADAR1
or ADAR2 can also deaminate selected As in tRNAs,
we performed the samein vitro assays as above with
recombinant hADAR1 and hADAR2 (O’Connellet al.,
1998). Even in the presence of 50–100 ng of purified
hADAR1 or hADAR2 per assay, compared to 0.2 ng of
Tad1p, we were unable to detect any I formation in yeast
tRNAAla, nor in tRNAAla from the silkwormBombyx mori
(data not shown). This tRNA is 90% identical to the
human form and is a substrate for human Tad1p activity,
as measured with HeLa nuclear extract (A.Gerber and
W.Keller, unpublished results). Conversely, we assayed
pure recombinant Tad1p for its ability to convert A to I
in extended dsRNA (O’Connell and Keller, 1994) and at
the Q/R, R/G and so-called hotspot 1 site in pre-mRNA
of GluR-B (Melcheret al., 1995), substrates edited by
ADAR1 and/or ADAR2. No conversion of A to I was
detected (data not shown), demonstrating that pre-mRNA
and extended dsRNA are not used as substrates by
Tad1pin vitro.
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Characterization of tad1 mutants
Two TAD1 disruption strains were constructed. In one
strain (AG1), amino acid residues 48–186 of the coding
sequence YGL243w were replaced with the selectable
TRP1 gene (tad1-1). A second strain (AG2) was con-
structed by the insertion of theTRP1marker at residue
186 in the ORF ofTAD1 (tad1-2). Correct replacement
or insertion of theTRP1marker was confirmed by PCR.
Sporulation of the diploids and dissection of tetrads yielded
four viable spores, which all grew normally and to the
same size (data not shown). Cells grown from two of the
four viable spores were Trp1 indicating thatTAD1 is not
essential for cell viability. Moreover, when tryptophan
prototrophs (haploids AG3, AG4) were grown in yeast
extract, peptone, dextrose (YPD) or minimal medium at
30°C, no significant differences in the doubling times
could be measured compared with the wild-type (wt)
haploid cells (1n, BMA41). These results indicate that no
significant slow growth phenotype can be attributed to
tad1 mutants at 30°C.

To confirm that A37 in tRNAAla is the target of the
TAD1 gene productin vivo, total RNA was isolated from
the tad1-1 mutant cells (AG3) and from wt control cells
(1n, BMA41) respectively. RT–PCR was performed on
total RNA with tRNAAla specific primers, the cDNAs
were subcloned and 16 different clones derived from the
tad1-1strain as well as six clones from the wt strain were
sequenced. All clones derived from thetad1-1 mutant
contained guanosine at position 34 (G34) and A at position
37 (A37) (Figure 3B). These results demonstrate unambigu-
ously that Tad1p is involved in the conversion of A37 to
I37 but not in the conversion of A34 to I34 in tRNAAla

in vivo. Since the absence of Tad1pin vivo leads to the
complete absence of the I37 modification in the tRNAAla,
we can conclude that there is no redundant activity in
yeast which can substitute for Tad1p function. The clones
derived from the wt strain contained G34 and G37 (3
clones) or thymidine-37 (T37; 3 clones; Figure 3B). The
presence of G37 or T37 in these RT–PCR products suggests
the presence of a modified base, most probably m1I. As
has been described for m1A (Kröger and Singer, 1979),
m1I may base pair with reduced specificity in the RT
reaction, explaining the occurrence of T37 in the PCR
product.In vitro, the order of modification has been shown
to be A37 to I37, followed by methylation to m1I37 (Grosjean
et al., 1996a; H.Grosjean, unpublished results). However,
in vivo, the sequential order of modification has not yet
been confirmed.

To complement thein vivo results, extracts from wt
and tad1-1 mutant cells were tested for their ability to
modify tRNAAla transcriptsin vitro. Figure 4 shows that
an extract of thetad1-1 mutant is unable to form I37 in
tRNAAla of S.cerevisiaeand B.mori (lanes 5 and 6),
whereas the formation of I34 is not affected (lanes 4 and
7). Formation of I37 was restored after transformation of
yeasttad1-1mutant cells with centromeric vectors bearing
the ORF ofTAD1 under the control of its own promoter
and terminator sequences (pFL38-YDr13; strain AG5;
lanes 8–11) or under the control of an inducible galactose
promoter (pGal∆Trp1–Tad1; strain AG6; lanes 12 and 13).

Substrate specificity of Tad1p
We investigated the substrate specificity of recombinant
Tad1p by comparing its activity on different tRNAs. The
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Fig. 4. tRNA-specific adenosine deaminase assay. Different
33P-labelled alanine tRNAs were incubated with yeast cell extracts.
Lane 1: no extract; lanes 2 and 3: wild-type extract ; lanes 4–7:tad1-1
mutant extracts. The mutants can be rescued with either a genomic
fragment includingTAD1 promoter and terminator sequences (pFL38-
YDr13, lanes 8–11), or by placingTAD1 under the control of a
galactose promoter (pGal∆Trp–TAD1, lanes 12 and 13). Abbreviations:
y, yeast; B.m.,B.mori; A34G, mutant tRNA containing G34 instead of
A34; A37G, G37 instead of A37.

activity of yeast extract was also assayed to measure the
formation of both, I34 and I37. In the assay, Tad1p or
S100 extracts were incubated with synthetic tRNA under
standard reaction conditions and the RNA was sub-
sequently digested with P1-nuclease. The mononucleotides
were separated by one-dimensional TLC and quantified
with a PhosphorImager (O’Connell and Keller, 1994;
Auxilien et al., 1996). The results listed in Table I can be
summarized as follows. First, Tad1p deaminates A37 in
wt tRNAAla from yeast andB.mori (which differs in 19 nt
from its yeast counterpart over the total length of 76 nt),
but the reaction with the latter substrate is less efficient
(0.3–0.4 mol I/mol tRNA). On the other hand, the enzyme
can not form I37 in a prokaryotic tRNAAla from Escherichia
coli. In nature, this tRNA does not contain I, but the
tRNA contains A37 that could potentially be deaminated.
Secondly, mutantB.mori tRNAAla (A37G), in which A37
was changed to G, is not a substrate for Tad1p, while in
mutantB.mori tRNAAla (A34G), where A34 was mutated
to G34, conversion of A37 to I37 could be detected. This
demonstrates that I or G at position 34 does not influence
the formation of I37. Thirdly, removing one base from the
7 nt anticodon loop in yeast tRNAAla (mut∆U33) abolishes
both A34 and A37 conversion to I34 and I37, respectively.
Thus, as was shown for the yeast tRNA:A34 deaminase
activity (Auxilien et al., 1996), the formation of I37 by
Tad1p is dependent on the correct anticodon loop size.
Fourthly, mutations that possibly affect the 3D architecture
of the yeast orB.mori tRNAAla have drastic consequences
on I37 formation catalyzed by recombinant Tad1p. Indeed,
deletion of U13 in the yeast tRNAAla (mut A34G1∆U13)
disrupting the U13–G22 base pair in the narrow groove of
the D-stem helix and possibly also the triple interaction
with residue 46 (G46; reviewed in Dirheimeret al., 1995)
abolishes I37 formation. Likewise, mutation of U8 to C8
in the B.mori tRNAAla (mut U8C) which most likely
disrupts the conserved tertiary interaction between U8 and
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A14, and the mutation of A48 to C48 affecting the so-called
Levitt tertiary base pair (Dirheimeret al., 1995; Grosjean
et al., 1996b) also drastically reduced I37 formation. The
residual I formed in these twoB.mori tRNA mutants by
incubation with yeast extracts can probably be assigned
to the formation of I34 by the tRNA:A34 deaminase; it is
also possible that another factor in the extract enables
Tad1p to recognize and modify this mutated tRNA. It was
previously shown that variants of yeast tRNAAsp are
substrates for the partially purified tRNA:A34 deaminase,
although the wt tRNAAsp contains no inosine (Auxilien
et al., 1996). Our results confirmed these findings by
incubating the tRNAAsp mutants G37A, GU3435AA and
GU3435AA/G37A with yeast S100 extracts. In contrast,
these substrates were totally inefficient for Tad1p activity.
Furthermore, a variant of yeast tRNAAsp, in which the
entire anticodon stem–loop was replaced by that of yeast
tRNAAla (mut AC–loop tRNAAla) is a good substrate for
the tRNA:A34 deaminase present in the yeast S100 extract,
but is totally inefficient as a substrate for Tad1p.

The Km and turnover number (kcat) of Tad1p were
determined on synthetic yeast tRNAAla. A plot of the
reaction velocity against substrate concentration yielded a
hyperbolic curve and Michaelis–Menten kinetics were
anticipated. An apparentKm of 6 nM (6 4 nM) and
Vmax 5 0.22 nM/min (6 0.03) was determined and is an
average of three independent measurements (results not
shown). ThisKm value is in the same order of magnitude
as that found for theS.cerevisiaetRNA:A34 deaminase
activity (Km 5 2.3 nM), determined with partially purified
enzyme and the natural substrate yeast tRNASer (Auxilien
et al., 1996). From the protein concentration in the assays
(0.052 nM) and the measuredVmax, a kcat of 4.23/min was
calculated. Therefore, Tad1p needs ~15 s to recognize,
deaminate and release one tRNA molecule underin vitro
conditions.

Discussion

A new RNA deaminase lacking dsRBDs
In our search for new members of the ADAR enzyme
family we have cloned and characterized a yeast RNA
deaminase. The homology between theS.cerevisiaeORF
YGL243w/HRA400 and mammalian ADARs was first
noticed by Vandenbolet al. (1995). In particular, HRA400p
is 22% identical and 46% similar to the C-terminal part
of mammalian ADARs. Here, we show that this yeast
protein is indeed an adenosine deaminase which specific-
ally converts A to I in tRNA but not in pre-mRNA or
fully duplexed RNA in contrast to mammalian ADAR1
and ADAR2. This is the first report of the cloning and
characterization of a tRNA-specific adenosine deaminase.

The sequence homology between Tad1p and the mam-
malian RNA editing enzymes ADAR1 and ADAR2
extends through the entire ORF ofTAD1and is not limited
to the characteristic deaminase domain found in all ADAR
enzymes (boxed in Figure 1B). This suggests that the two
classes of enzymes, the mammalian pre-mRNA editing
enzymes and the yeast tRNA modification enzyme, did
not obtain catalytic capacity by independent evolution of
a similar catalytic center, but more likely, the enzymes
are directly related to each other. We therefore regard the
yeast enzyme Tad1p as a member of the ADAR enzyme
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Table I. Substrate specificity of Tad1p

tRNA/species wt/mutations Inosine(s) assayed S.cerevisiae Tadp1
S100 extract (recombinant)
mol I/mol tRNA mol I/mol tRNA

Ala/yeast wt I34 and I37 1.7 6 0.2 0.8 6 0.1
A34G I37 0.6 6 0.1 0.8 6 0.1
A34G and∆U13 I37 0 0
∆U33 I34 and I37 0 0

Ala/B.mori wt I34 and I37 1.3 6 0.1 0.356 0.05
A34G I37 0.55 6 0.05 0.4 6 0.1
A37G I34 0.6 6 0.1 0
U8C I34 and I37 0.9 6 0.1 0.156 0.05
A48C I34 and I37 1.1 6 0.1 0

Ala/E.coli wt I37 0 0
Asp/yeast (G1–C73) GU3435AA I34 0.5 6 0.05 0

GU3435AA and G37A I34 and I37 0.2 6 0.03 0
G37A (I37) 0 0
AC-loop tRNA-Ala I34 and I37 0.8 6 0.05 0

tRNA-specific adenosine deaminase assay. Synthetic tRNAs from different organisms and mutants were incubated with purified recombinant Tad1p
(0.2 ng) or yeast S100 extracts (10µg total protein) for 1 h at30°C under standard assay conditions. Values were determined in at least two
independent experiments.

family, although it lacks dsRBDs. The presence of dsRBDs
in ADAR1 and ADAR2 was shown to be necessary for
recognition of their editing substrates and the ability to
convert A to I in extended dsRNA (Laiet al., 1995; Maas
et al., 1996). Tad1p does not require such domains to
bind to the tRNA substrate. Perhaps the yeast enzyme
binds its tRNA with a yet uncharacterized RNA-binding
domain or via residues localized within its deaminase
domain in a manner similar to APOBEC-1 (the catalytic
subunit of the apolipoprotein B mRNA editing multien-
zyme complex) which contains a novel low affinity RNA-
binding domain (reviewed in Smithet al., 1997; see also
Navaratnamet al., 1998).

We considered the possibility that in yeast the dsRBDs
might be encoded by a separate gene, the product of
which would complement the missing dsRBDs by forming
a functional complex with the catalytic polypeptide Tad1p.
However,S.cerevisiaeand P.pastorisextracts containing
Tad1p or pure recombinant Tad1p failed to deaminate A
in extended dsRNA, the ‘classical’in vitro substrate for
ADAR1 and ADAR2, nor did they edit specific adenosines
in the pre-mRNA of GluR-B. The lack of a detectable
dsRNA-dependent adenosine deaminase activity in yeast
extracts suggests that yeast (and possibly all lower eukary-
otes) do not contain such an activity and that this may
have appeared in higher eukaryotes only. Conversely, the
human ADAR1 and ADAR2 enzymes do not catalyze the
formation of any detectable amounts of I in tRNAAla from
yeast orB.mori in vitro. However, we cannot exclude the
possibility that such a reaction might occurin vivo, with
the aid of cofactors, even thoughin vitro the ADARs do
not require any protein cofactors for activity.

Pure recombinant Tad1p/scADAT1 converts A to I at
position 37 in eukaryotic tRNAAla but not at at position
34 (Figure 3A). This indicates that a second tRNA-specific
adenosine deaminase is required in the cell to carry out
this function. Our results obtainedin vivo support this
hypothesis. RT–PCR carried out on isolated tRNAAla from
yeasttad1-1 mutant cells reveals the presence of I34 and
an unmodified A37 (Figure 3B). In addition, extracts
prepared from thetad1-1mutant are catalyzing the forma-
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tion of I34 normally, whereas the activity for A37 deamin-
ation is lacking (Figure 4). Thus, the two reactions must
be catalyzed by different enzymes.

Enzymatic formation of I37 in tRNAAla depends on
tRNA conformation
By comparing different tRNA substrates we have demon-
strated that Tad1p/scADAT1 is highly specific for yeast
tRNAAla (Km 5 6 6 4 nM). NeitherE.coli tRNAAla or a
chimeric yeast tRNAAsp bearing the anticodon stem–loop
of yeast tRNAAla were substrates for Tad1p (see Table I).
In addition, mutant tRNAAla from yeast andB.mori with
a shortened anticodon-loop and potentially altered 3D
structures were almost inactive in the enzymatic reaction
catalyzed by Tad1p. We also observed a clear dependence
of A37–I37 conversion on Mg21 ions in thein vitro reaction.
This requirement may also merely reflect the necessity of
maintaining a correct 3D architecture of the tRNA substrate
rather than an involvement in catalysis (Uhlenbeck, 1995).
One reason why thein vitro reaction did not go to
completion under certain experimental conditions may be
that a fraction of the tRNA population was not correctly
folded in vitro. Such imperfect folding may be favored
in tRNAs transcribedin vitro which lack the many
modifications that are normally presentin vivo. It has been
reported that various tRNA modifications can influence the
stability and structure of tRNAs (Bjo¨rk, 1995; Steinberg
and Cedergren, 1995).

In summary, the results strongly suggest that Tad1p
requires both the local conformation of the anticodon loop
and a correct folding of the L-shaped tRNAAla substrate
to recognize and deaminate A37. Similar conclusions were
previously drawn for the yeast tRNA:A34 deaminase with
a using partially purified enzyme and a collection of
3D variants of yeast tRNAAsp (Auxilien et al., 1996).
Therefore, because of its specific substrate requirement,
it appears very unlikely that adenosines in mRNAs could
be a substrate for Tad1p or the tRNA:A34 deaminase.

Tad1p is not essential for cell growth
The TAD1 gene is not essential in yeast, and we did not
observe a slow-growth phenotype forTAD1-disrupted
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strains under standard growth conditions at 30°C. We
demonstrated that I and m1I, respectively, at position 37
in the tRNAAla (IGC) cannot be formed in these mutant
strains (Figure 3B). Therefore, this modification is not
essential for yeast under optimal growth conditions. How-
ever, it is not certain whether a tRNAAla (IGC) missing
m1I37 is still functional in vivo. Eleven gene copies of the
tRNAAla (IGC) exist in theS.cerevisiaegenome and in
addition five genes for another putative tRNAAla with the
anticodon UGC (Hani and Feldmann, 1998). Although the
latter tRNA has not been sequencend, it might be possible
that the tRNAAla (UGC) could complement a non-func-
tional tRNAAla (IGC) missing m1I at position 37. No
function for m1I37 in eukaryotic tRNAAla (IGC) has been
described yet, but interestingly, I34 as well as m1I37 in
human tRNAAla are targets for specific autoantibodies
present in the serum of patients with inflammatory muscle
disease of the PL-12 polymyositis type (Bunn and
Mathews, 1987). In analogy to the function assigned to
m1G37 found within several tRNAs from the prokaryote
Salmonella typhimurium, one can speculate that m1I37
(a modification similar to m1G37) might play a role in the
prevention of translational frameshifts and improve the
fidelity of translation (Bjo¨rk et al., 1989; Qian and
Björk, 1997).

Tad1p may represent the ancestor of pre-mRNA
editing enzymes
The sequence conservation between Tad1p and the mam-
malian RNA editing enzymes ADAR1 and ADAR2 and
the similarities in their biochemical behaviour suggest a
possible evolutionary relationship between the two classes
of enzymes. Besides the well characterized ADAR1 and
ADAR2 enzymes and the brain-specific ADAR-like pro-
tein RED2 from rat, sequences encoding ADAR-like
proteins are found in the nematodeCaenorhabditis elegans
(T20H4.4; U00037; Kimet al., 1994; Bass, 1997), the
fruitfly Drosophila melanogaster(M.A.O’Connell, per-
sonal communication), and mouse (Tenr; Schuhmacher
et al., 1995). Whereas the ADAR1 proteins contain three
and ADAR2 and RED2 two dsRBDs, only one dsRBD
was predicted for putative deaminases fromC.elegansand
mouse. The different numbers of dsRBDs may reflect a
progressive acquisition of dsRBDs in the N-terminal
region upstream of the deaminase domain during evolution.
In this scenario, the ancestral gene may lack dsRBDs,
which is true for the yeast geneTAD1.Alternatively, it is
possible that Tad1p/scADAT1 has lost its dsRBDs during
evolution to gain the new function of a tRNA-specific
adenosine deaminase. We favor the first scenario in which
the dsRBD building blocks may have fused to the
N-terminus of an ancestral gene after the animal/fungal
divergence ~109 years ago (Wolfe and Shields, 1997).

Covello and Gray (1993) have proposed a three-step
model for the evolution of RNA editing activity suggesting
that most forms of RNA editing evolved after the split of
eukaryotes, prokaryotes and archaea, and independently
of each other. In the first step, RNA editing appeared as
an alteration of a pre-existing enzyme activity. In the
second step, a mutation in a gene, which might be
deleterious or lethal for the organism could be functionally
repaired on the mRNA level by the co-evolving RNA
editing activity. The mutation is rendered neutral by the
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editing machinery, acting as a sort of ‘repair system’. In
the third step, the editing activity is further propagated
and increasing numbers of editing sites are fixed by genetic
drift in the genome. Considering this model, Tad1p may
represent a precursor of the pre-mRNA editing enzymes.
A paralog derived by genome duplication of the ancient
TAD1-like gene might have received mRNA-editing com-
petence by acquisition of a dsRB-module and further
genetic drift. Because the geneTAD1 is not essential, it
remains also plausible that the ancientTAD1-like gene
product itself (without genome duplication) might have
evolved to a pre-mRNA dependent editing enzyme, and
the ancient function as a tRNA-specific adenosine deamin-
ase was lost. Replacement of this function might have
been obtained by recruitment of another enzyme that
catalyzes a chemically similar reaction (Benneret al.,
1993).

The common ancestor of the deaminase domain found
in Tad1p and the other members of the ADAR family is not
known.TAD1 represents the only gene in theS.cerevisiae
genome containing an ADAR-like deaminase domain.
Homologous sequences to Tad1p are localized on the
second chromosome in the genome of the fission yeast
Schizosaccharomyces pombe(accession No. AL021748;
53% identity, 73% similarity). In contrast, no ADAR-like
deaminase domain is present in the genome ofE.coli K-12
(Blattner et al., 1997). These findings correlate with the
observation that I at position 37 is unique in tRNAAla

from eukaryotes and has not been detected in prokaryotes.
Therefore, we expect a different molecular organization
of the deaminase domain in the tRNA:A34 deaminase.

Materials and methods

Oligonucleotide primers
The PCR primers used for cloning the ORF YGL243w were YD1,
59 GGACTAGTTTCGTGCCAAGGAACAAGG-39 and YD2: 59-GGA-
CTAGTTTCACATCATCCGTTCTGG-39, both encodingSpeI-restric-
tion sites (underlined). YDreg1, 59-CGTGAGAAAGAGCTACTTGT-
GGC-39 anneals 248 bp upstream and YDreg3: 59-AGTGAACAAT-
TGCTGGATGCAGC-39, 663 bp downstream of the ORF of YGL243w.
YD3v, 59-ATACTGGCATTACGAGGTGC-39 and YD4v, 59-GTCGTTA-
GGACTAAACCAGG-39 were sequencing primers forTAD1. The reverse
transcription, PCR and sequencing primers for yeast tRNAAla were
RTAG2, 59-GACACGGTACCACACAACGGTGGACGAGTCCGGA-
ATCG-39 which is the reverse transcriptase primer antisense on yeast
tRNAAla; PCRK3, 59-GACACGGTACCACACAACGG-39 a PCR primer
for cDNA primed with RTAG2; PCRT2, 59-GGGCGTGTGGCGTA-
GCCGG-39 which is antisense to yeast tRNAAla.

Construction of tRNA genes
The yeast wt tRNAAla gene with upstream T7 RNA polymerase promoter
sequences, flanked by aHindIII-restriction site at the 59-end and tandem
EcoT22/BamHI-restriction sites at the 39 end, was prepared by stepwise
hybridization and ligation of two sets of five complementary and partially
overlapping synthetic oligonucleotides (17–34 mers) as described earlier
for yeast tRNAAsp (Perretet al., 1990). Plasmids containing variants of
the wt yeast tRNAAsp gene are described in Auxilienet al. (1996) and
a chimeric yeast tRNAAspbearing the anticodon stem and loop (nucleotide
positions 27–44) identical to that of yeast tRNAAla was also constructed
by stepwise assembling of synthetic oligonucleotides. After purification
by electrophoresis on a denaturing 10% polyacrylamide gel, the synthetic
gene was ligated into the polylinker of the PUC118 phagemid and
transformed in JM101 competentE.coli cells. The wt gene ofB.mori
tRNAAla

2 (Younget al., 1986) was kindly provided by Dr Karen Sprague
(University of Oregon). This tRNA gene was amplified by PCR with
two oligonucleotides complementary to the 15 terminal nucleotides and
subcloned into pUC118. The primer complementary to the 59-end sense
strand contained an extra T7 promoter sequence and aHindIII-restriction
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site at its 59 end, while the one complementary to 39-end antisense
strand had a 59 extra sequence corresponding to the tandem restriction
sitesBamHI/MvaI. The resulting purified PCR product was subcloned
into HindIII/BamHI sites of pUC118. All variants of yeast andB.mori
tRNAAla were generated by site-directed mutagenesis on double-stranded
DNA with the ‘MORPH Mutagenesis Kit’ (5 Prime→3 Prime Inc.,
Boulder, CO, USA) according to the manufacturer’s recommendations
and sequenced in both directions.

Cloning of the TAD1 gene and plasmids
All techniques used for manipulating DNA were as described (Sambrook
et al., 1989). The ORF YGL243w was amplified from 10 ngS.cerevisiae
genomic DNA by PCR with the primers YD1 and YD2, both containing
SpeI-restriction sites, and cloned subsequently into these sites in the
polylinker of pBluescript KS (Stratagene). Three clones (pKS-TAD1)
from parallel PCRs were sequenced with a Dye Terminator Cycle
Sequencing Ready Reaction Kit (Perkin Elmer) on an Applied Biosystems
373A sequencer according to the manufacturer’s instructions. In the
same manner, PCR was performed with the primers YDreg1 and YDreg3
to amplify the ORF of YGL243w plus promoter and terminator sequences.
The 2111 bp PCR fragment was subsequently cloned into linearized
pCR2.1 (Invitrogen). The resulting plasmid pCR-YDr13 was further
used to generate plasmids for disruption of theTAD1 gene and for
rescuing theTAD1 disruption mutants AG3 and AG4.

Yeast strains, genetic methods and media
The ORF ofTAD1 (YGL243w) was disrupted in the diploidS.cerevisiae
strain BMA41 (MATa/α, ade2/ade2, leu2/leu2, ura3/ura3, trp1∆/trp1∆,
his3/his3) (Amraniet al., 1996) as follows. A blunt endedBglII fragment
of the plasmid pGURT (Jennyet al., 1996) containing theTRP1gene,
was inserted into pCR-YDr13 linearized either withStuI/HincII or HincII
only resulting in two constructs. In the first, the coding sequence for
amino acids (aa) 48–186 ofTAD1 were replaced by theTRP1marker
(pCR-YDr13T), in the second one theTRP1 gene was inserted at aa
186 via theHincII restriction site (pCR-YDr13HT). pCR-YDr13T was
cut with NsiI/AccI and pCR-YDr13HT withXhoI/AccI respectively, and
the fragments encompassing theTRP1gene were purified and transformed
into yeast strain BMA41. Tryptophan prototrophs were selected and the
correct genomic integration of theTRP1gene was verified by PCR. In
the diploid strain AG1 (MATa/α, ade2/ade2, leu2/leu2, ura3/ura3, trp1∆/
trp1∆, his3/his3, TAD1/tad1::TRP1) TRP1 replaces aa 48–186 of one
TAD1 allele, leading to the mutant alleletad1-1. In strain AG2
(MATa/α, ade2/ade2, leu2/leu2, ura3/ura3, trp1∆/trp1∆, his3/his3, TAD1/
tad1::TRP1) TRP1 is inserted at coding aa 186 of oneTAD1 allele
(tad1-2). After sporulation and tetrad dissection (Guthrie and Fink, 1991)
Trp1 haploids of strain AG1 and AG2 were selected and will be referred
to as AG3 (ade2, leu2, ura3, trp1∆, tad1-1) originating from AG1 and
AG4 (ade2, leu2, ura3, trp1∆, tad1-2) originating from AG2, respectively.
An EcoRI fragment of pCR-YDr13 was subcloned into the vector
pFL-38 (Bonneaudet al., 1991), generating a centromeric plasmid with
URA3 marker andTAD1. The resulting construct pFL38-YDr13 was
transformed into AG3. Trp1/Ura1 haploids were selected and are further
designated AG5 (ade2, leu2, ura3, trp1∆, tad1-1, pFL38-YDr13). In
addition, the ORF ofTAD1was subcloned from theP.pastorisexpression
vector pSK-FLIS6-Tad1 (see below) viaEcoRI into pGAL∆Trp1 [Trp1-
cassette was removed from a pGAL vector (Blumet al., 1989)]. In the
resulting plasmid pGAL∆Trp1–TAD1, the TAD1 gene is under the
control of an inducible galactose promoter. Transformation into strain
AG3 and selection of Trp1/Ura1 haploids resulted in the isolation of
strain AG6 (ade2, leu2, ura3, trp1∆, tad1-2, pGAL∆Trp1–TAD1).

Yeast cells were cultured in YPD or synthetic medium as described
(Guthrie and Fink, 1991). The cells were harvested at OD6005 1–2 and
extracts were prepared in liquid nitrogen as described (O’Connell
et al., 1998). Yeast S100 extracts were prepared according to Auxilien
et al. (1996).

Expression of Tad1p in P.pastoris and purification of the
recombinant protein
The coding sequence ofTAD1 was subcloned from pKS-TAD1 into the
vector pSK-FLIS6 (Gerberet al., 1997; O’Connellet al., 1998) viaSpeI
restriction sites and analyzed for correct orientation. Electroporation of
pSK-FLIS6–Tad1 into theP.pastorisstrain GS115 (Invitrogen), screening
and expression were carried out as described (Gerberet al., 1997;
O’Connell et al., 1998). Expression of the recombinant protein was
monitored by immunoblot analysis with a mouse anti-FLAG M2 mono-
clonal antibody 1:5000 (Eastman Kodak). The cells were harvested at
OD600 5 28 and the pellet was washed twice with water and buffer A
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(50 mM HEPES–KOH pH 7.9, 50 mM KCl, 10 % –glycerol, 1 mM
β-mercaptoethanol, 0.5 mM phenylmethylsulfonyl fluoride, 0.7µg/ml
pepstatin, 0.4µg/ml leupeptin) and liquid nitrogen extracts were prepared.

All further manipulations were carried out at 4°C; fractions were
frozen in liquid nitrogen and stored at –70°C. The lysate (100ml) was
mixed with 2 ml of a 50% slurry of Ni21-nitrilotriacetic acid (NTA)
agarose (Qiagen) in buffer A, adsorbed for 30 min on ice and poured
into a column. The column was washed with buffer A containing 10 mM
imidazole (pH 8.0) and the recombinant protein was eluted with buffer
A containing 250 mM imidazole (pH 8.0). EDTA (pH 8.0) was added
to a final concentration of 2.5 mM to each fraction. Aliquots from fractions
were analyzed by electrophoresis on a 10% SDS–polyacrylamide gel
and proteins were either stained with Coomassie Blue R-250 (Bio-Rad)
or detected with the anti-FLAG antibody. Enzymatic activity was
determined by a tRNA-specific adenosine deaminase assay. Peak fractions
of the Ni/NTA column were loaded on a 1 ml HiTrap™ SP (Pharmacia)
column that had been equilibrated in buffer B [buffer A containing
2.5 mM EDTA, 0.01% NP-40 and 1 mM dithiothreitol (DTT) instead
of β-mercaptoethanol]. The column was washed with 10 column volumes
buffer B and developed with a 30 ml gradient from 50 mM to 1 M KCl.
0.5 ml fractions were collected and analyzed as described above. tRNA
editing activity eluted from 100–200 mM KCl. Half of the active pool
of the HiTrap™ SP column was loaded on a Superdex™ 200 gel
filtration column (HiLoad™ 16/60 prep grade, Pharmacia). The column
was run with buffer C (buffer B containing 20% glycerol) and 1 ml
fractions were collected. A peak of Tad1p activity eluted after 78 ml.
The column was standardized with aldolase (158 kDa, Stokes’ radius5
48.1 Å), bovine serum albumin (BSA) (63.3 kDa, 35.5 Å) and ovalbumin
(42.7 kDa, 30.5 Å). Fractions 77–79 were pooled and concentrated in a
Centricon 10 (Amicon) at 4°C. Aliquots were further used forin vitro
activity assays. Protein concentrations were determined by the Bradford
method (Bradford, 1976) or on a silver stained 10% SDS–polyacrylamide
gel with different amounts of BSA as a reference standard.

In vitro transcription of the tRNA genes and enzyme assays
In vitro T7 RNA polymerase transcription with [α-33P]ATP and purifica-
tion of the transcripts on 6% urea gels was mainly performed as described
(Auxilien et al., 1996), except that the transcription mixture was
incubated with 10 units of RNase-free DNase I (Boehringer, Mannheim)
for 20 min at 37°C before being loaded on the gel.

Tad1p activity was assayed by TLC of nuclease P1-digested RNA
products (O’Connell and Keller, 1994; Auxilienet al., 1996) with minor
modifications. The reaction mixture was optimized for Tad1p activity
and contained 50 mM Tris–HCl (pH 7.9), 25 mM KCl, 2.5 mM MgSO4,
0.1 mM EDTA (pH 8.0), 1 mM DTT, 10% glycerol and 50–200 fmol
of 33P-labeled tRNA substrate in a 50µl reaction. 0.2 mg/ml BSA was
added to the reaction when pure enzyme was used. To test m1I formation,
0.02 mM SAM was added to the reaction mixture. Reactions were
incubated for 1 h at 30°C. The RNA was ethanol-precipitated, washed
with 70% ethanol and vacuum dried. The pellets were resuspended in
10 µl of P1 buffer (30 mM KOAc pH 5.3, 10 mM ZnSO4) and digested
with 0.5 µg of P1 nuclease (Boehringer, Mannheim) overnight at 37°C.
Unlabelled 59 IMP (Sigma) was added to the reaction mixture as an
internal standard. Reaction products were separated by one or two-
dimensional TLC and quantified on a PhosphorImager 425 (Molecular
Dynamics) as described (Auxilienet al., 1996; Grosjeanet al., 1996a).

Km andkcatwere determined on yeast wt tRNAAla (IGC). The substrate
was titrated in the concentration range from 0.5–15 nM and incubated
with pure recombinant Tad1p. The reaction was performed in 50µl for
15–30 min at 30°C and products were digested and quantified as
described above.Km and Vmax were determined graphically from a
Lineweaver–Burk plot. The average of three independentKm andVmax
determinations (performed in duplicate) corresponds to the indicated
values.

Sequence analysis of edited tRNAs
RT–PCR amplification and subsequent sequencing was performed with
in vitro edited tRNAs and with total RNA isolated from yeast strains.
Total RNA was isolated from yeast cultures with the ‘Total RNA Midi
Kit’ (Qiagen) according to the manufacturer’s instructions. Precipitated
RNA was eluted in sterile water and 50 fmol were heated with 5µM
RTAG2 primer in a volume of 20µl for 10 min at 70°C. After cooling
on ice 10µl of reverse transcription mix [6µl 53reverse transcription
buffer, 1.5µl 0.1 M DTT, 1.5 µl 10 mM each of dATP, dCTP, dGTP,
dTTP (dNTPs), 1µl RNAguard RNase inhibitor (Pharmacia)] was added
to the reaction and mixed. 10µl of the mix were removed for
mock incubation without reverse transcriptase. Oneµl (5U) of reverse
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transcriptase (Superscript™ II RT, Life Technologies, Inc.) was added
to the other 20µl of the mix and the reaction was incubated for 1 h at
42°C and 5 min at 95°C. PCR was carried out with 2µl of the RT
reaction and the mock reaction respectively. The 50µl PCR contained
13 PCR buffer (10 mM Tris–HCl pH 8.5, 50 mM KCl, 1.5 mM MgCl2,
200 µM dNTPs), and 0.3µM of each oligonucleotide primer PCRT2
and PCRK3. The reaction mixture was heated to 95°C for 3 min and
after cooling to 80°C, 2.5 U ofTaq-polymerase (Boehringer) were added
to each sample and 25 cycles were completed (30 s at 94°C; 30 s at
56°C; 45 s at 72°C). The PCR products were run on a 2.5% agarose gel
and purified. Approximately 50 ng was used in a sequencing reaction
with Dye Terminators (Perkin Elmer) and supplied to an automated
sequencer as described above. Alternatively, the gel-purified fragments
were subcloned into linearized pCR2.1 (Invitrogen) and individual clones
were sequenced with M13 reverse primer (Invitrogen).
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