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CCA-adding enzyme builds the 30-end CCA of tRNA without

a nucleic acid template. The mechanism for the mainte-

nance of fidelity during the CCA-adding reaction remains

elusive. Here, we present almost a dozen complex struc-

tures of the class I CCA-adding enzyme and tRNA mini-

helices (mini-D73N74, mini-D73N74C75 and mini-D73C74N75;

D73 is a discriminator nucleotide and N is either A, G,

or U). The mini-D73N74 complexes adopt catalytically in-

active open forms, and CTP shifts the enzymes to the

active closed forms and allows N74 to flip for CMP incor-

poration. In contrast, unlike the catalytically active closed

form of the mini-D73C74C75 complex, the mini-D73N74C75

and mini-D73C74N75 complexes adopt inactive open forms.

Only the mini-D73C74U75 accepts AMP to a similar extent

as mini-D73C74C75, and ATP shifts the enzyme to a closed,

active form and allows U75 to flip for AMP incorporation.

These findings suggest that the 30-region of RNA is proof-

read, after two nucleotide additions, in the closed, active

form of the complex at the AMP incorporation stage. This

proofreading is a prerequisite for the maintenance of

fidelity for complete CCA synthesis.
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Introduction

Every tRNA has an invariant CCA sequence at positions

74–76. The CCA is required for amino-acid attachment

(aminoacylation) to the 30-terminus of the tRNA by amino-

acyl tRNA synthetases (Sprinzl and Cramer, 1979), and is

required for peptide bond formation on ribosomes (Green

and Noller, 1997; Kim and Green, 1999; Nissen et al, 2000).

The CCA is built and/or repaired by the CCA-adding enzyme

(ATP (CTP): tRNA nucleotidyltransferase) without the use of

any nucleic acid template (Deutscher, 1990; Weiner, 2004).

The CCA-adding enzyme is a remarkable, template-indepen-

dent RNA polymerase, among the large number of nucleoti-

dyltransferases (Holm and Sander, 1995; Martin and Keller,

1996, 2004, 2007; Yue et al, 1996). Unlike other DNA or RNA

polymerases, this enzyme does not use any nucleic acid

template, but faithfully synthesizes the ordered sequence

CCA. Moreover, it recognizes three kinds of tRNAs, tRNA

lacking either CCA, CA, or A, and reconstructs the CCA as

needed. The CCA-adding enzyme has been identified in all

three kingdoms (Yue et al, 1996) and is classified into two

classes—archaeal CCA-adding enzyme (class I) and eubacter-

ial and eukaryotic CCA-adding enzymes (class II) (Yue et al,

1996). Although the class I and II CCA-adding enzymes

catalyse the same reaction, significant primary amino-acid

sequence similarity exists only in the region around the active

site signature motif. Moreover, in some ancient and slowly

evolving eubacteria, the CCA addition is catalysed by two

closely related class II enzymes: one adds CC and another

adds A (Tomita and Weiner, 2001, 2002; Martin and Keller,

2004; Bralley et al, 2005).

The crystal structures of both the class I and II CCA-adding

enzymes (Li et al, 2002; Augustin et al, 2003; Okabe et al,

2003; Xiong et al, 2003) revealed differences in their overall

structures. The class I enzyme adopts a U-shaped structure

similar to that of the eukaryotic polyA polymerase (Bard et al,

2000; Martin et al, 2000), whereas the class II enzyme has a

seahorse-like structure (Li et al, 2002). However, the struc-

tures of the catalytic core domains of both classes are homo-

logous and conserved among the nucleotidyltransferase

family, suggesting the divergent evolution of both classes

of enzymes (Okabe et al, 2003). The nucleotide selection

mechanisms between the class I and II enzymes seem to

differ (Li et al, 2002; Xiong et al, 2003). In class I, ATP and

CTP bind to the enzyme nonspecifically. In contrast, in class

II, CTP and ATP are recognized specifically through Watson–

Crick-like base pairing between the bases (cytosine and

adenine) and the side chains of aspartic acid and arginine

(Asp154 and Arg157 in Bacillus stearothermophilus CCA-adding

enzyme). The recent crystallographic analyses of complexes

of class I Archaeoglobus fulgidus CCA-adding enzymes with

duplex RNA primers revealed that the specificity for CTP and

ATP is determined by the arginine side chain (Arg224 in

A. fulgidus CCA-adding enzyme (AFCCA)) and the backbone

phosphate of tRNA (Xiong and Steitz, 2004; Tomita et al,

2006). The 4-amino group of CTP and the 6-amino group of

ATP hydrogen-bond with the phosphate backbone of the

discriminator nucleotide, and the O2 and N3 of the CTP

base and the N1 of the ATP base hydrogen-bond with the

side chain of Arg224. In class II, although the ternary complex

of A. aeolicus A-adding enzyme with tRNA was determined,

the underlying reaction mechanism for the specificity of CTP

and ATP in the conventional CCA-adding enzymes is still

obscure (Tomita et al, 2004).

More recent complete crystallographic analyses of the

class I AFCCA in complex with mini-helices containing a
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TCC loop revealed that CCA addition proceeds through

dynamic changes of the enzyme and the RNA primers during

the CCA-adding reaction (Tomita et al, 2006) (Figure 1). In

the binary complex with an RNA primer ending in C74, the

catalytic carboxylates (Glu59, Asp61, and Asp110) in the head

domain are not in the vicinity of the 30-OH of C74, where the

C74 base is stacked down by the b-turn in the head domain

and stacks with the base of D73 (discriminator nucleotide).

This enzyme state is the catalytically inactive open form.

Upon CTP binding, the head domain relocates towards the

neck domain, and the catalytic cleft of the enzyme shifts from

an open to a closed form. The transition from the open to

closed form of the enzyme is accompanied by the conforma-

tional change of the b-turn, which allows the 30-end nucleo-

tide to flip, where the base of C74 stacks with that of the

incoming CTP. In this state, the 30-OH of C74 is in the vicinity

of the catalytic carboxylates and the tri-phosphate of CTP,

and the complex adopts the active closed conformation for

CMP incorporation to proceed. After two CMP incorpora-

tions, the enzyme is locked in a closed form and the 30-end

nucleotide is locked in the flipped form. The 4-amino group,

O2, and N3 of the C74 base hydrogen-bond with the Oe of

Glu96, the main chain N of Glu96 and the main chain O of

His97, respectively, and N4 and O2 of C75 hydrogen-bond with

the phosphate backbone of D73 and Thr130, respectively. The

30-OH of C75 is in the vicinity of the catalytic carboxylates,

and AMP incorporation proceeds in the closed form of the

complex. The global motions of the enzyme and the 30-region

of the RNA primer change the conformation of the arginine

(Arg224) side chain, which determines the specificity for CTP

and ATP.

Some template-dependent DNA polymerases remove mis-

incorporated nucleotides by using 30–50 exo-nuclease do-

mains, which are distinct from the catalytic domains for

nucleic acid polymerization (Baker and Bell, 1998). It was

previously reported that the reaction catalysed by CCA-add-

ing enzyme is reversible. However, the reverse reaction of

CCA addition, pyrohydrolysis, is much slower than the for-

ward polymerization reaction, indicating that the CCA-adding

enzyme does not possess an activity to correct a mis-

incorporated nucleotide under physiological conditions

(Deutscher, 1973; Evans and Deutscher, 1978). Although

the molecular basis for the specific selection of CTP and

ATP by CCA-adding enzyme has been characterized, the

detailed molecular mechanism by which CCA-adding enzyme

prevents the synthesis of an incorrect 30-terminus, other than

by selecting the correct nucleotide at the reaction stage,

remains obscure.

Here, we analysed nine binary complex structures of the

class I AFCCA with nine mini-helix variants, and two ternary

complex structures of AFCCA with two mini-helix variants

and an incoming nucleotide. Our structural and biochemical

studies revealed a unique mechanism for the maintenance of

fidelity during the CCA-adding reaction for correct CCA

synthesis.

Results and discussion

Molecular basis for CMP incorporation into mini-helices,

mini-D73N74

The recent complete crystallographic analysis of CCA se-

quence addition by the class I AFCCA revealed the detailed

dynamics between the enzyme and the tRNA primer during

the CCA-adding reaction (Tomita et al, 2006) (Figure 1). In

the binary complex structure with mini-D73C74 (mini-D73C74

stage), the enzyme adopts an open form, and C74 is stacked

down by the b-turn of the enzyme, through a nonspecific

stacking interaction. On the other hand, in the ternary com-

plex structure with mini-D73C74 and CTP (mini-D73C74þCTP

stage), the enzyme shifts to a closed form. This conforma-

tional transition is accompanied by a drastic conformational

change of the b-turn, which in turn allows C74 to flip for CMP

incorporation to proceed. The Arg224 side chain hydrogen-

bonds with the O2 and N3 of the CTP base. The CTP-induced

conformational changes of both the enzyme and 30-region of

the primer are the underlying mechanism for the reaction and

the selection of the correct nucleotide at position 75.
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Figure 1 Catalytically inactive open form and active closed form of CCA-adding enzyme during the CCA-adding reaction. (A) Transition from
the open to closed form of the enzyme–RNA complex for CMP incorporation. For CMP incorporation, the catalytic cleft in the head domain
relocates towards the neck domain and the 30-end nucleotide flips. The complexes with mini-D73C74 and with mini-D73C74 and CTP are coloured
magenta and marine blue, respectively. CTP is coloured blue. (B) Closed conformation for AMP incorporation. For AMP incorporation, the
enzyme is fixed in the closed form and the 30-end nucleotide is flipped. The complexes with mini-D73C74C75 and with mini-D73C74C75 and ATP
are coloured magenta and green, respectively. ATP is coloured red.

Monitoring 30-sequence during CCA-adding reaction
Y Toh et al

&2008 European Molecular Biology Organization The EMBO Journal VOL 27 | NO 14 | 2008 1945



This scheme also occurs in CMP incorporation at position

74 of mini-D73, where D73 (discriminator nucleotide) is

stacked down by the b-turn of the enzyme, through a non-

specific stacking interaction. In tRNAs, D73 can be any

nucleotide, and it does not affect the CCA-adding reaction.

This has raised the possibility that an RNA primer ending

with N74 (mini-D73N74, N74 is either A, G, or U) might be able

to accept CMP at position 75. We first analysed CMP incor-

poration into mini-helices ending with N74 as primer sub-

strates by AFCCA. In the presence of 32P-labelled CTP and

unlabelled ATP, all of the mini-helices accepted CMP effi-

ciently, to the same extent as mini-D73C74 (Figure 2A).

Neighbouring nucleotide analyses of the 32P-labelled product

in Figure 2A showed that CMP is incorporated at position 75

in each mini-helix (Figure 2B). Therefore, the observed CMP

incorporations into mini-D73N74 were not due to the removal

of the nucleotide N74 and the re-incorporation of CMP at

positions 74 and 75. The mutation of Arg224 to Ala in AFCCA

reportedly reduced the CMP incorporation rate into mini-

D73C74 (Tomita et al, 2006) (Figure 2A). The incorporations of

CMP into mini-D73N74 were also reduced by the mutation of

AFCCA, suggesting that CMP incorporation into the mutant

mini-helices might proceed by a similar mechanism as that

observed for CMP incorporation into mini-D73C74.

The crystal structures of three complexes of AFCCA

and mini-helix variants (mini-D73A74, mini-D73G74, and

mini-D73U74) were determined (Supplementary Table 1 and

Supplementary Figure 1). As expected from biochemical

studies, in all of the complex structures, the enzymes adopt

inactive open forms (Figure 3A), and the N74 bases of the

mini-helices are stacked down by the b-turn motif, and lack

specific hydrogen-bond interactions. The Oe of Glu96 in the

b-turn hydrogen-bonds with the main chain N of Ala126. The

N74 riboses of mini-D73N74 do not superpose on the C74 ribose

of mini-D73C74, and the orientations of the N74 riboses of

mini-D73N74 are different from that of C74 in mini-D73C74. In

the complex with mini-D73C74, the 30-OH of the C74 ribose

hydrogen-bonds with the side chain of Arg224 and the phos-

phate backbone of D73. On the other hand, in the mini-D73N74

complexes, the 20-OH of the N74 ribose hydrogen-bonds with

the main chain O of Tyr94. As a result, the C74 and N74 bases

stack on the D73 base in an inverted manner. Despite the

different ribose orientation of N74 in the mini-D73N74 from

that of C74 in the mini-D73C74, the bases of N74 of mini-D73N74

superpose with that of C74 of mini-D73C74, and are stacked

with D73 and the b-turn. The 30 CCA end of tRNA reportedly

has to have different conformations, depending on the dis-

criminator nucleotide composition (Hou et al, 1998). The

different orientations of the riboses of the 30-end nucleotide of

the mini-D73N74 from that of mini-D73C74 might indicate that

the interaction between the bases of D73 and N74 is affected

by the nucleotide context at positions 73 and 74. A theoretical

study on the free energy of base stacking showed that A–C

stacking is weaker than those of A–A, A–G and A–U in single-

strand A-helices (Friedman and Honig, 1995). Therefore, it is

most likely that in the mini-D73C74 complex, the weaker

stacking interactions between the D73 (adenosine) base and

the C74 base (A73–C74) result in the alternative orientation of

the ribose, which is different from those of N74. In agreement

with this, the orientation of the D73 ribose in the mini-D73

complex is the same as that of the C74 ribose in the mini-

D73C74 complex (Tomita et al, 2006). In the mini-D73 com-

plex, the D73 (adenosine) base stacks with the adjacent C72

base, and this stacking (C72–A73) is also theoretically weaker
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Figure 2 CTP and ATP incorporation into mutant mini-helix variants. (A) CMP incorporation into mini-D73N74 in the presence of a-32P CTP
and unlabelled ATP by the wild-type AFCCA (left part) or the R224A mutant AFCCA (right part). The upper panel shows the autoradiograph of
the gel, and the lower graph shows the quantification of the relative initial velocity of CMP incorporation. The absolute CMP incorporation rate
was estimated as 1.95 pmol min�1 mg�1, and it was defined as 1.0. (B) Neighbouring nucleotide analysis of 32P-labelled products in (A) by thin-
layer chromatography. M indicates the RNase T2 hydrolysate of a uniformly a-32P UTP-labelled E. coli tRNAGlu transcript, as a marker. C, A, G,
and U indicate RNase T2 hydrolysates of 32P-labelled products in the gels in the left part of (A). (C) AMP incorporation into mini-D73N74 in the
presence of unlabelled CTP and a-32P ATP by the wild-type AFCCA. The upper panel shows the autoradiograph of the gel, and the lower graph
shows the quantification of the relative initial velocity of AMP incorporation. The absolute AMP incorporation rate was estimated as
0.256 pmol min�1mg�1, and it was defined as 1.0. (D) AMP incorporation into mini-D73N74C75 by the wild-type AFCCA (left part) and the R224A
mutant AFCCA (right part). The presentation is the same as in (A). The absolute AMP incorporation rate into mini-D73C74C75 was estimated as
3.34 pmol min�1mg�1, and it was defined as 1.0. The bars on the graphs indicate the standard deviations of more than three independent
experiments.
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than others (Friedman and Honig, 1995). It should also be

noted that the riboses in the present complex structures can

easily flip for CMP incorporation, as described below, and

this also explains the efficient CMP incorporation at position

74 (Figure 2A).

The above-mentioned observations suggest that an incom-

ing CTP can induce the conformational transition of the

enzyme from the open to the closed form, which in turn

would allow the nucleotide at position 74 to flip for CMP

incorporation to proceed. When CTP was soaked into the

complex crystal of AFCCA and mini-D73U74, the enzyme

adopted the closed form, and U74 flipped (Figure 3B and C;

Supplementary Figure 2). The 30-OH of the U74 ribose is in the

vicinity of the tri-phosphate of the incoming CTP. Arg224

hydrogen-bonds with the O2 and N3 of the CTP base, con-

sistent with the result showing that the mutation of Arg224 to

Ala in AFCCA reduced CMP incorporation into mini-D73U74,

as described (Figure 2A). The mechanism for the selection

and reaction of CMP incorporation into mini-D73U74 is exactly

the same as that observed in the CMP incorporation into

mini-D73C74. In the CMP incorporation stage into mini-D73U74

by AFCCA, the U74 base stacks with the CTP base. The CMP

incorporation into mini-D73A74 or mini-D73G74 might proceed

in a similar dynamic manner as the CTP selection, as

observed in mini-D73C74 and mini-D73U74. These results

suggest that a substrate with a mis-incorporated nucleotide

(either A, G, or U) at position 74 is not rejected by the enzyme

after nucleotide addition, and thus subsequent CMP incor-

poration at position 75 proceeds.

Molecular basis for the effect of N74 on AMP

incorporation at position 76

Although CMP is efficiently incorporated into mini-D73N74, in

the presence of unlabelled CTP and 32P-labelled ATP, AMP

incorporation into mini-D73N74 was remarkably reduced

(Figure 2C). These results imply that, after CMP incorpora-

tion into mini-D73N74, subsequent AMP incorporation at

position 76 does not proceed. These observations were

verified by analysing AMP incorporation into mini-

helices, mini-D73N74C75 (mini-D73A74C75, mini-D73G74C75 and

mini-D73U74C75). AMP incorporation into mini-D73A74C75 or

mini-D73G74C75 was not significantly detectable. AMP incor-

poration into mini-D73U74C75 was detected, but the AMP

incorporation rate was reduced, to less than 30% of that

into mini-D73C74C75 (Figure 2D).

To clarify the molecular basis of the sensitivity of subse-

quent AMP incorporation at position 76 to the nucleotide

at position 74, the crystal structures of three complexes

of AFCCA and mini-D73N74C75 were determined

(Supplementary Table 1). In the complex of AFCCA and

mini-D73C74C75, the enzyme adopts the active closed form

and the base of C74 hydrogen-bonds with the b-turn of the

enzyme (the 4-amino group, O2, and N3 of the C74 base

hydrogen-bond with the Oe of Glu96, the main chain N of

Glu96 and the main chain O of His97, respectively). This

interaction between C74 and the b-turn involves Watson–

Crick-like base pairing. The O2 of C75 hydrogen-bonds with

the Og of Thr130, and the 4-amino group of C75 interacts with

the phosphate group of D73. As a result, the 30-nucleotide of

the RNA assures the flipped form, and the RNA–enzyme

complex adopts the active closed conformation. On the

other hand, the enzymes of all complexes with mini-

D73N74C75 adopt open forms (Figure 4A). The b-turns of

AFCCA in the complexes with mini-D73N74C75 do not hydro-

gen-bond with the base of the nucleotide at position 74.

Instead, the b-turns stack down the nucleotide at position

74 of mini-D73N74C75, and the Oe of Glu96 hydrogen-bonds

with the main chain N of Ala126. In the complexes with mini-

D73A74C75 and mini-D73G74C75, except for the complex with

mini-D73U74C75, the 4-amino group of C75 does not interact

with the phosphate group of D73, and the O2 of C75 does not

hydrogen-bond with the Og of Thr130 (Figure 4B and

Supplementary Figure 3). The conformations of the Arg224

side chain in the AFCCA complexes with mini-D73N74C75 are

similar to that observed in the AFCCA complex with

mini-D73C74, rather than mini-D73C74C75 (Figure 4B). These
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structural features prevent the formation of the closed form of

the enzyme.

When ATP was soaked into the complex crystals of AFCCA

and mini-D73N74C75, no significant electron density corre-

sponding to the ATP was visible, and the enzymes remained

in the inactive open forms (data not shown). An ATP model

was built into the complex structures of AFCCA and mini-

D73N74C75 (Supplementary Figure 4). In the models, the bases

of C75 in mini-D73A74C75 and mini-D73G74C75 clash with the

ATP. This may explain the lack of detectable AMP incorpora-

tion into mini-D73A74C75 and mini-D73G74C75. On the other

hand, in the ATP docking model into the complex with mini-

D73U74C75, C75 does not clash with the ATP. This reflects the

fact that, due to the hydrogen bonds between the 4-amino

group of C75 and the phosphate group of D73 and between

the O2 of C75 and the Og of Thr130, the 30-end of RNA adopts

the flipped conformation. This quasi-open conformation

of the complex may explain the significant amount of AMP

incorporation into mini-D73U74C75, as described above

(Figure 2D). The AMP incorporation is reduced by the

Arg224Ala mutation of AFCCA (Figure 2D), suggesting that

AMP incorporation might proceed through an open to closed

conformational transition of the enzyme, accompanied by the

re-orientation of Arg224, as in the CMP incorporation

dynamics. This is strikingly different from the mechanism

for AMP incorporation into mini-D73C74C75, in which AMP

incorporation proceeds in the closed form of the enzyme and

the 30-region of the RNA (Tomita et al, 2006).

These results suggest that Watson–Crick-like base pairing

between the nucleotide at position 74 of the RNA and the

b-turn of AFCCA is a prerequisite for the proper orientation of

C75 for subsequent efficient AMP incorporation at position 76

in the closed form of the enzyme. This interaction highlights

the importance of the incorporated nucleotide at position 74,

after two nucleotides are incorporated at positions 74 and 75.

This also explains the absence of significant electron density

of ATP in the mini-D73U74C75 complex crystals soaked in

the solution containing ATP, although the extent of AMP

incorporation into mini-D73U74C75 was approximately 30%

of that into mini-D73C74C75 (Figure 2D).

Molecular basis for the effect of N75 on AMP

incorporation at position 76

The analyses described above revealed the mechanism for the

proofreading of the nucleotide at position 74 by the b-turn,

for complete CCA synthesis at the AMP incorporation stage,

after the addition of two nucleotides. Now, the question

arises as to how the second nucleotide added at position 75

is proofread by AFCCA during the CCA-adding reaction.

When the incorporation of AMP into mini-D73C74N75 (N is

either A, G, or U) was analysed, no significant incorporation

into either mini-D73C74A75 or D73C74G75 was detected.

However, AMP incorporation into D73C74U75 was observed

to almost the same extent as that into mini-D73C74C75

(Figure 5A). neighbouring nucleotide analyses of the
32P-labelled product in Figure 5A revealed that AMP is

incorporated at position 76 of mini-D73C74U75 (Figure 5B).

To clarify the molecular basis of the sensitivity of subse-

quent AMP incorporation at position 76 to the nucleotide at

position 75, the crystal structures of three complexes of

AFCCA and mini-helices (mini-D73C74A75, mini-D73C74G75,

and mini-D73C74U75) were determined (Supplementary

Table 1). Intriguingly, all of the enzymes in the mini-

D73C74N75 complexes adopt open forms, with the Oe atom

of Glu96 hydrogen-bonding with the main chain N of Ala126

(Figure 6A and B; Supplementary Figure 5). The C74 bases in

the mini-D73C74A75 and mini-D73C74U75 complexes are not

locked by the b-turn of the enzyme through Watson–Crick-

like base-pairing, as observed in the mini-D73C74C75 complex

(Figure 6B). In the mini-D73C74A75 complex, the 6-amino

group of the A75 base hydrogen-bonds with the Oe of Glu96,

and the O2 of the C74 base interacts with the main chain N of

Glu96. In the mini-D73C74U75 complex, the O4 of U75 and the

N3 of C74 hydrogen-bond with the 4-amino group of C74 and

the main chain N of Glu96, respectively. In the mini-D73C74G75

complex, the conformation of the 30-region of the RNA is
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completely different from that in the mini-D73C74C75 complex.

The bases of C74 and G75 stack on each other, and the O2 of

C74 hydrogen-bonds with the main chain N of Tyr173, the N1

and 2-amino group of G75 hydrogen-bond with the Od of

Asp61, and the phosphate groups of G75 and D73 hydrogen-

bond with Arg224.

These results suggest that the presence of C74 alone is not

sufficient for C74 to be locked by the b-turn through Watson–

Crick-like base-pairing, and that the locking is affected by the

nucleotide composition at position 75. When ATP was soaked

into the complex crystals of AFCCA and mini-D73C74N75, the

electron density of ATP was visible only in the mini-

D73C74U75 complex. In the mini-D73C74U75 complex, ATP

shifts the enzyme to the closed form (Figure 6C and D;

Supplementary Figure 6). This observation is consistent

with the biochemical studies showing that mini-D73C74U75

can accept AMP efficiently (Figure 5A). In the complex of

AFCCA, mini-D73C74U75 and ATP, the C74 base hydrogen-

bonds with the b-turn, U75 flips, and the O2 of U75 hydro-

gen-bonds with the Og of Thr130. The mutation of Thr130

to Ala reportedly reduces the AMP incorporation into mini-

D73C74C75 (Tomita et al, 2006). Arg224 changes its conforma-

tion, and it hydrogen-bonds with the N1 of ATP and the

phosphate backbone of D73, as observed with the AMP

incorporation into mini-D73C74C75. The mutation of Arg224

to Ala in AFCCA reduced the AMP incorporation rate into

mini-D73C74U75 by 50%, as compared with that by the wild-

type AFCCA (Figure 5A). This is distinct from the AMP

incorporation into mini-D73C74C75, where the R224A mutation

does not affect the AMP incorporation rate (Figure 5A; Tomita

et al, 2006). These observations also suggest that AMP

incorporation into mini-D73C74U75 proceeds through the

open to closed conformational transition of the enzyme,

accompanied by the re-orientation of Arg224, as in the CMP

incorporation dynamics. This is distinct from the AMP

incorporation reaction into mini-D73C74C75, which proceeds

in a static, closed form of the enzyme and the 30-region of the

RNA primer.

A model of ATP was built into the mini-D73C74A75 and

mini-D73C74G75 complex structures (Supplementary Figure 7).

In the ATP docking model into the mini-D73C74G75 complex

structure, ATP clashes with the 30-terminal region of

mini-D73C74G75, thus explaining the inability of mini-

D73C74G75 to accept AMP (Figure 5A). On the other hand,

in the ATP docking on the mini-D73C74A75 complex structure,

ATP can bind to the enzyme without any clashes. When the

U75 base, in the AFCCA complex with the mini-D73C74U75 and

ATP, is replaced with adenine, the adenine base does not

clash with the enzyme. However, in the transition from the

open to closed form of the enzyme for AMP incorporation,

which is accompanied by the flipping of the nucleotide at

position 75 in the complex of mini-D73C74U75 and ATP

(Figure 6D), the A75 base is too large to flip for catalysis.

The adenine base of A75 would clash with the loop between

b5 and a4 (amino-acid residues 125–128) of the closed form

of the enzyme (Supplementary Figure 8). Thus, A75 cannot

flip for AMP incorporation to proceed.

These results suggest that the enzyme proofreads the

nucleotide at position 75 by the size of its base—whether it

is a purine or pyrimidine—and by the presence of the

2-oxygen of pyrimidine at position 75 during the AMP

incorporation stage for complete CCA synthesis.

Maintenance of fidelity during the CCA-adding reaction

for complete CCA synthesis

CCA-adding enzyme synthesizes the CCA sequence without

the help of a nucleic acid template. CCA-adding enzyme lacks

an activity to remove an incorrectly incorporated nucleotide,

and the reverse reaction is much slower than the forward

reaction (Deutscher, 1973, 1990). Therefore, the question

remained as to how CCA-adding enzyme prevents the synth-

esis of a tRNA possessing an incorrect sequence at positions

74–76. In this study, we described the detailed molecular
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basis by which the class I CCA-adding enzyme highlights the

mis-incorporated nucleotide during the CCA-adding reaction

to prevent the synthesis of a tRNA possessing an incorrect

30-terminus. The present study has clarified the mechanism

for the maintenance of fidelity for the synthesis of the

complete CCA, as shown in Figure 7.

The nucleotide incorporated at position 74 is not proofread

by the enzyme at all after it is incorporated. An incorrect

nucleotide at position 74 is not removed by CCA-adding

enzyme, and the subsequent incorporation at position 75

proceeds (Figure 2A and B). This is consistent with the

previous observation that the reverse reaction of CCA synth-

esis is much slower than the forward reaction (Deutscher,

1990), and that the incorporation of the first two nucleotides

proceeds by the same mechanism (Tomita et al, 2006). The

first nucleotide addition at position 74 is not affected by the

nucleotide composition at position 73 (discriminator nucleo-

tide). This also holds for the nucleotide incorporation at

position 75. After the second nucleotide is incorporated at

position 75, the first two nucleotides are proofread by the

enzyme at the subsequent AMP incorporation stage to com-

plete CCA synthesis. The Watson–Crick-like base-pairing

between the b-turn of the enzyme and the base of the

nucleotide at position 74 is the primary condition that proof-

reads the correct nucleotide at position 74. In addition, the

size and the presence of hydrogen bonds between Thr130 and

the O2 of the pyrimidine of the nucleotide at position 75 are

the secondary conditions that proofread the correct nucleo-

tide at position 75. These two conditions in the closed form of

the enzyme and RNA complex ensure the synthesis of the

CCA end of tRNA. To support this, significant AMP incorpora-

tions into mini-helix variants, mini-D73N74N75 (N is either

A, G, or U), were not detected (Figure 5C). Mini-D73C74U75

can accept AMP efficiently, and mini-D73C74U75A76 can be

synthesized (Figure 5A). This is explained by the aforemen-

tioned proofreading mechanism, although the mechanism for

AMP incorporation at position 76 proceeds by a dynamic

change of the enzyme and the 30-end of RNA, as in CMP
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incorporation at positions 74 and 75. This also suggests that

the interaction between the 4-amino group of the pyrimidine

and the phosphate backbone of D73 does not have a signifi-

cant impact on the proofreading, although this interaction

contributes to the significant AMP incorporation into mini-

D73U74C75 (Figure 2D).

The extent of nucleotide mis-incorporation by the class I

CCA-adding enzyme is quite low. In the presence of all four

nucleotides (ATP, GTP, CTP, and UTP), CTP and ATP are

exclusively incorporated at positions 74 and 75, and 76,

respectively (Yue et al, 1996). In vitro analyses revealed

that the extent of UMP incorporation at position 74 of mini-

D73 or at position 75 of mini-D73C74 is estimated as B2–

5�10�3 of that of CMP incorporation (Supplementary Figure 9).

On the basis of complex crystal structures of AFCCA and the

mini-helices, the 30-region of the RNA does not contribute to

its affinity for the enzyme (Tomita et al, 2006). Indeed, the Km

values for mini-D73C74C75 and mini-D73C74U75 were estimated

as 0.09 and 0.19 mM, respectively, and the affinity of mini-

D73C74U75 for the enzyme is within the same order

of magnitude as that of mini-D73C74C75 (Supplementary

Figure 9). These results suggest that, when tRNA possessing

U74C75 or C74U75 end is synthesized by mis-incorporation of

UMP, the fraction of synthesized tRNAs possessing U74C75A76

or C74U75A76 would be less than 0.2–0.5% of the total tRNAs

in the cells. Moreover, tRNA possessing U74C75A76 or

C74U75A76, which is not usable, might be degraded in the

cells by a quality control system, such as by polyadenylation

(Kadaba et al, 2004; LaCava et al, 2005), as it cannot be

functional in the translational system. Therefore, the fraction

of tRNA carrying the incorrect 30-nucleotides remains low in

the cell. To synthesize the correct CCA sequence, the CCA-

adding enzyme selects the correct nucleotide during each

cycle of the polymerization reaction, and the extent of the

incorporation of incorrect nucleotides is severely prevented.

Nevertheless, the CCA-adding enzyme still possesses an

additional proofreading mechanism to identify the mis-incor-

porated nucleotide and prevent the synthesis of unusable

tRNA. The class I CCA-adding enzyme lacks an activity to

remove a mis-incorporated nucleotide. Instead, it acquired a

unique mechanism to enhance the fidelity of correct CCA

synthesis. In addition to the recently revealed mechanism for

the dynamic selection of a nucleotide by a protein–RNA

complex, the proofreading mechanism for the maintenance

of fidelity for CCA synthesis is also based on the function of a

protein–RNA complex, confirming the importance of protein–

RNA complexes exercising their functions in collaborative

manners.

Materials and methods

Preparation of AFCCA and mini-helices
AFCCA was overexpressed in Escherichia coli and purified as
described (Tomita et al, 2006). Nine distinct tRNA mini-helices,
derived from Thermotoga maritima tRNAPhe, ending in A74, G74,
U74, C74A75, C74G75, C74U75, A74C75, G74C75 and U74C75 (referred to
as mini-D73A74, mini-D73G74, mini-D73U74, mini-D73C74A75, mini-
D73C74G75, mini-D73C74U75, mini-D73A74C75, mini-D73G74C75, and
mini-D73U74C75, respectively; thereafter, D is the discriminator
nucleoside, A) were synthesized by T7 RNA polymerase using
synthetic DNAs as templates, and were purified by polyacrylamide
gel electrophoresis under denaturing conditions. The purities of the
mini-helices were more than 99%, as judged from electrophoresis.

Crystallization and data collection
We co-crystallized AFCCA complexes with nine distinct tRNA mini-
helices, as described (Tomita et al, 2006). All of the binary and
ternary complex crystals belong to the space group P43212, and
contain one complex molecule in the asymmetric unit. For the
preparation of the ternary complex with an incoming CTP or ATP,
the crystals were soaked in a reservoir solution containing 2 mM
NTP (CTP or ATP) at 201C for 2 h. The crystals were cryo-protected
with 20% (v/v) ethylene glycol and were flash-cooled in a 100-K
nitrogen stream, and the data were collected at the beam-lines NW-
12A, BL5A, and BL17A of KEK (Tsukuba, Japan). All of the data
were processed using the program HKL2000 (Otwinowski and
Minor, 1997).

Structure determination of AFCCA complexes with
mini-helices
The crystal structures were solved at 2.50- to 3.05-Å resolutions by
molecular replacement with the program AMoRe (Navaza, 1994),
using the refined complex structures with the mini-D73C74 as a
search model (Tomita et al, 2006). The initial model was manually
modified using the program O (Jones et al, 1991), and then
underwent several cycles of refinement with CNS (Brunger et al,
1998). The refinement statistics are shown in Supplementary
Table 1.

In vitro CMP and AMP incorporation assays
In vitro CCA adding assays were performed as described (Tomita
et al, 2006), with slight modifications. For AMP incorporation into
mini-D73N74N75, reaction mixtures containing 50 mM glycine-KOH,
pH 8.5, 15 mM KCl, 10 mM MgCl2, 10 mM b-mercaptoethanol,
100mM ATP, 100 nM a-32P ATP (3000 Ci/mmol; GE Healthcare),
5 mM mini-helix, and 1 mg/ml AFCCA were incubated at 451C for
5 min. The assay procedures for CMP incorporation into mini-
D73N74 were the same as those described above, except that 100mM
CTP, 100mM ATP, and 100 nM a-32P CTP (3000 Ci/mmol; GE
Healthcare) were used instead of the 100mM ATP and 100 nM
a-32P ATP. The reaction was stopped by adding an equal volume of
stop buffer (9 M urea, 0.02% BPB, 0.02% XC). Under these
conditions, the reaction proceeds in a linear range. The products
were separated by 12% (w/v) polyacrylamide gel electrophoresis
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under denaturing conditions, and the intensity of 32P-labelled RNAs
was quantified by a BAS-2500 imager (Fuji Film, Japan).

Neighbouring nucleotide analysis by thin-layer
chromatography
32P-labelled products were separated by 12% (w/v) polyacrylamide
gel electrophoresis under denaturing conditions, and were excised
from the gels and eluted from the slices. The 32P-labelled products
were completely digested in a 10ml solution containing 50 mM
Tris-Cl, pH 7.0, 10 000 cpm 32P-labelled RNA, and 1 unit of RNase T2

(Invitrogen, Japan) at 371C for 4 h. The hydrolysed products were
separated by thin-layer chromatography (Kodak) using a developing
solution (2-propanol/HCl/water (70:15:15 v/v/v)) (Kuchino et al,
1987), and the 32P-labelled nucleotides were visualized by a BAS-
2500 imager (Fuji Film).

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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