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The 3'-terminal CCA nucleotide sequence (positions 74-76) of
transfer RNA is essential for amino acid attachment' and inter-
action with the ribosome®™ during protein synthesis. The CCA
sequence is synthesized de novo and/or repaired by a template-
independent RNA polymerase, ‘CCA-adding enzyme’, using CTP
and ATP as substrates®. Despite structural and biochemical
studies®®, the mechanism by which the CCA-adding enzyme
synthesizes the defined sequence without a nucleic acid template
remains elusive. Here we present the crystal structure of Aquifex
aeolicus CCA-adding enzyme, bound to a primer tRNA lacking
the terminal adenosine and an incoming ATP analogue, at 2.8 A
resolution. The enzyme enfolds the acceptor T helix of the tRNA
molecule. In the catalytic pocket, C75 is adjacent to ATP, and
their base moieties are stacked. The complementary pocket for
recognizing C74-C75 of tRNA forms a ‘protein template’ for the
penultimate two nucleotides, mimicking the nucleotide template
used by template-dependent polymerases. These results are
supported by systematic analyses of mutants. OQur structure
represents the ‘pre-insertion’ stage of selecting the incoming
nucleotide and provides the structural basis for the mechanism
underlying template-independent RNA polymerization.

CCA-adding enzyme, also known as ATP(CTP):tRNA nucleo-
tidyltransferase, is a unique nucleotidyltransferase’"', because it
extends a specific primer (tRNA) by adding a defined sequence
(CCA) in a template-independent fashion. It also monitors the
status of the tRNA 3’ terminus and reconstructs the CCA sequence
as needed. Structural studies of CCA-adding enzyme, alone and in
complex with CTP or ATP, have shown that both NTP substrates are
recognized in a single catalytic pocket'>™*. The template-indepen-
dent polymerization mechanism remains, however, to be
elucidated.

On the basis of sequence homology, CCA-adding enzymes are
divided into two classes, the archaeal enzyme (class 1) and the
eubacterial/eukaryotic enzymes (class II)'". Although both classes of
CCA-adding enzyme catalyse the same reaction and crossreact with
each other’s tRNA substrates, structural studies have shown that,
other than a similar catalytic domain, the overall structures of class I
and class II enzymes are fundamentally different, suggesting their
divergent evolution'. Furthermore, in ancient and slow-evolving
bacteria (A. aeolicus, Deinococcus radiodurans and Synechocystis sp.),
the CCA-adding activity is catalysed by the two highly specific
C74-C75- and A76-adding enzymes'>'®, suggesting that the
CCA-adding activity may have been originally accomplished by
two different enzymes. Phylogenic analysis has indicated that the
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modern CCA-adding enzyme may have evolved from A-adding
enzymes, rather than CC-adding enzymes'®.

The carboxy-terminal half of A. aeolicus A-adding enzyme
(Aa.LC) has the same activity as the full-length A-adding enzyme
both in vitro and in vivo'®. The tRNA-bound Aa.LC structure
resembles a seahorse, similar to the tRNA-free structures of class
IT CCA-adding enzymes'?, and consists of four domains referred to
as the head, neck, body and tail domains'>'” (Fig. 1). The amino-
terminal head domain is a catalytic domain that is conserved in all
of the known template-independent DNA and RNA polymerases.
This domain comprises antiparallel 3-sheets containing the three
conserved catalytic carboxylates that are thought to be essential for
catalytic activity and for coordinating the Mg** ion®'®. The catalytic
domain of template-independent polymerases might be function-
ally equivalent to the palm domain of template-dependent
polymerases.

One Aa.LC molecule binds one tRNA molecule. As compared
with the tRNA-free structure of Bacillus stearothermophilus
CCA-adding enzyme'?, the head and neck domains of the tRNA-
bound Aa.LC adopt an expanded arrangement to accommodate the
3" end of the tRNA (Fig. 1). Aa.LC enfolds the acceptor T helix of the
L-shaped tRNA molecule (Fig. 1). The body domain contacts both
the T and acceptor stems, with an overall interface of 1,817 A2,
Several hydrogen-bonding interactions anchor the acceptor end of
the tRNA to the enzyme. The O2' atoms of the A73, G2 and C3
riboses are recognized by Od of Asn 194, Oy of Ser 281 and Nn2 of
Arg 287, respectively (data not shown). The phosphate groups of
C74, C62 and C3 are recognized by N2 of Arg 191, Ne2 of His 321
and O of Ser 284, respectively (data not shown).

These interactions may allow the enzyme to monitor the length of
the acceptor T helix, which might explain why tRNAs (and a
minihelix) are predominantly selected as primers by CCA-adding
enzyme. These structural observations are consistent with the
results of previous damage-selection studies using eubacterial/
eukaryotic CCA-adding enzymes' and biochemical studies using
Aa.LC and a minihelix primer (data not shown). Our complex
structure also supports the previous implication that the directions
in which the tRNA approaches the catalytic domain are reversed
between class I and class II CCA-adding enzymes'>'>*.

The head and neck domains form an interdomain cleft that
accommodates an incoming nucleotide and the 3’ terminus of the
primer tRNA. In the cleft, the electron density of the ATP analogue,
AMPCcPP (o,8-methyleneadenosine 5'-triphosphate), is readily
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Figure 1 Overall structure of the ternary complex of Aa.LC, tRNA-CC and AMPcPP. Shown
are a ribbon representation (left) and a contact surface (right). The AMPcPP molecule
bound in the catalytic cleft is shown in ball-and-stick representation. tRNA is also shown in
stick representation in the translucent surface on the right. The head (residues 1-137),
neck (138-252), body (253—-351) and tail (375-390) domains are coloured cyan, green,
magenta and orange, respectively. Only the visible acceptor (pink) and T arms (blue) of the
tRNA are shown.
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apparent (Fig. 2a). The 2'- and 3'-OH groups of the ATP analogue
hydrogen bond with the main chain CO group of Asn 109 and the
main chain NH group of Gly 18, respectively (Fig. 2b). This
recognition of the 2'-OH group may favour the incorporation of
ribonucleotides. In the Aa.LC ternary complex, the N1 atom and the
N6 amino group of the adenine base form hydrogen bonds with
Nn2 of Arg 152 and O82 of Asp 149, respectively (Fig. 2b). The
adenine base is stabilized by stacking interactions with the side
chains of Asp 105 and Arg 155, which form planar bipartite
hydrogen bonds (Fig. 2¢).

The recognition manner of this adenine base in the Aa.LC
complex is similar to that in the B. stearothermophilus CCA-adding

Figure 2 Stereoview of the primer C74-C75 and the incoming ATP. a, o 5-Weighted
simulated-annealing F, — F. omit maps contoured at 3.5¢ around C74-C75 and
AMPCPP. The carbon atoms of Aa.LC, tRNA and AMPCPP are coloured white, pink and
blue, respectively. b, Recognition of the incoming ATP. Ball-and-stick representations of
tRNA C75, AMPcPP and the ATP-interacting residues are shown on the Aa.LC head and
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enzyme bound to ATP". However, there is no hydrogen bond
between Arg 152 and Glu 148 in the Aa.LC complex, whereas the
corresponding hydrogen bond (between Arg 157 and Glu 153) is
present in the B. stearothermophilus tRNA-free CCA-adding
enzyme. In the tRNA-free CCA-adding enzyme, the conformational
change of Glu 153 is thought to switch enzyme specificity between
ATP and CTP by rotating Arg 157 (ref. 12). Therefore, the active-site
structure of the present Aa.LC complex may ensure the specific
incorporation of only ATP into the tRNA primer and may prevent
CTP incorporation. Accordingly, the Aa.LC complex crystals dis-
solved when soaked in an ATP-containing solution, whereas CTP
was observed in the nucleotide pocket without affecting the crystals

neck domains. The colouring scheme is the same as in Fig. 1. ¢, Recognition of the
C74-C75 terminus. Ball-and-stick representations of tRNA A73-C74-C75, AMPcPP and
the tRNA-interacting residues are shown. Phe 106 and the Asp105-Arg155 pair, which
are part of the ‘stacking arc’, are also shown in ball-and-stick representation. In b and c,
hydrogen bonds are shown as dotted lines.
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when soaked in a CTP-containing solution. This suggests that
CTP, unlike ATP, does not activate Aa.LC into an ‘insertion’ state
(see below), which may explain not only why Aa.LC does not
incorporate CMP into tRNA-CC but also why Aa.LC does not
have C74-C75-adding activity. In fact, CCA-adding enzymes from
classes I and Il add a string of CMPs in the absence of ATP?, whereas
Aa.LC lacks this property (data not shown).

The triphosphate moiety of the incoming ATP is recognized by
arginine clusters (Fig. 2b). The a-phosphate hydrogen bonds with
Nyl of Arg 155. The 3-phosphate group of the ATP analogue
hydrogen bonds with Nm2 of Arg 155 and Nm1 of Arg 21, whereas
the y-phosphate group hydrogen bonds with Nn1 and Nw2 of Arg
158 and Nq1 of Arg 162. An Mg”" ion is not coordinated to any of
the a-, 8- and y-phosphates.

On the basis of the crystal structure, we introduced a series of site-
directed mutations into the catalytic pocket of Aa.LC and measured
the in vitro AMP incorporation activity (Fig. 3). The mutagenesis
results confirmed that, in addition to the putative catalytic carboxy-
lates Asp 31, Asp 33 and Glu 74, all of the amino acids directly
involved in ATP recognition are essential for incorporating AMP
into tRNA lacking A76. Furthermore, Phe 106, Phe 159 and Glu 195,
which interact with the ATP-recognizing residues and may form the
catalytic pocket, are important for activity. We also identified amino
acid residues that are necessary for AMP incorporation but are not
involved in ATP recognition. These residues, Phe 61, Arg 79, Glu 81,
Tyr 83, Pro 90, Arg 104 and Arg 191, are likely to recognize the
C74-C75 terminus of tRNA.

The C74-C75 sequence of tRNA is a determinant for AMP
incorporation into position 76 by Aa.LC: mutation of either C74
or C75 impaired the AMP incorporation rate in vitro (Fig. 3a). This
result implies that both C74 and C75 must be recognized by Aa.LC
at a specific stage during the RNA polymerization cycle. In our
ternary complex structure, C74-C75 is basically flexible, in contrast
to the incoming ATP analogue. The most feasible model was
confirmed by the o 5-weighted 2F, — F. and simulated-annealing
F, — F. omit maps (Fig. 2a). Furthermore, our site-directed
mutagenic studies supported this atomic model of C74-C75 of
tRNA (Fig. 3b). In the structure, the terminal single-stranded
region, A73-C74-C75, enters the catalytic cleft, and C75 is accom-
modated in the complementary pocket comprising Arg 79, Glu 81,
Arg 103, Arg 104, Asp 149 and Arg 191 (Fig. 2¢). The O2 atom of
C75 hydrogen bonds to Nm2 of Arg 79, whereas the N4 amino group

a b
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hydrogen bonds to 082 of Asp 149 (Fig. 2¢), which contributes to
the discrimination of C75 from other nucleotides. The Ny2 atom of
Arg 103 hydrogen bonds to the ribose 2'-OH group of C75 (Fig. 2c),
discriminating ribose from deoxyribose at the 3'-end nucleotide of
the primer, consistent with previous biochemical studies®*'. Glu 81,
which is also essential for AMP incorporation, is located in the
proximity of the N3 atom of C75 (Fig. 2¢) and may recognize C75 in
the subsequent ‘insertion’ step (see below).

C75 is positioned adjacent to the incoming ATP analogue, and
their base moieties are stacked on each other (Fig. 2). Asp 149
bridges the base moieties of the terminal C75 and the incoming ATP.
This structural arrangement of the primer and the incoming
nucleotide in the Aa.LC ternary complex is similar to that in the
ternary complexes of rat polymerase-3 and T7 RNA polymerase,
which represents a snapshot of template-dependent DNA or
RNA polymerization***. Notably, the side chain of Phe 106, the
w-electron platform formed by Asp105-Argl55 hydrogen bonds,
the adenine base of ATP, and the cytosine base of C75 form a
‘stacking arc’ to stabilize the location of the incoming ATP and
tRNA C75 (Fig. 2¢). In this context, Phe 106 and Aspl105-Argl55
mimic the continuously stacked base moieties of RNA. The stacking
arc leaves no room to accommodate any more incoming nucleo-
tides, which may prevent the addition of more AMP molecules onto
A76 of the tRNA.

In the Aa.LC ternary complex structure, an Mg>" ion is not
coordinated to either the putative catalytic carboxylates (Asp 31,
Asp 33 and Glu 74) or the triphosphate moiety of the ATP analogue.
The side chain of Asp 31 is not directed towards the a-phosphate
group of the ATP analogue but protrudes in the opposite direction
(Fig. 4a). Furthermore, the arrangement of the incoming ATP, tRNA
C75 and the putative catalytic carboxylates is less compact in the
Aa.LC ternary complex than in the ternary complexes of T7 RNA
polymerase (Fig. 4). Therefore, the ternary complex structure may
represent a state in which Aa.LC has already selected the incoming
substrate ATP but is not ready to catalyse the polymerization. As
described above, when ATP was soaked into the crystals instead of
the non-hydrolysable AMPcPP analogue, the crystals dissolved,
implying that a conformational change affecting the crystal packing
had occurred. Thus, the structure should be equivalent to the ‘pre-
insertion’ step before the reactive ‘insertion’ step during a single
nucleotide addition cycle, as defined for template-dependent RNA
polymerases®?’.
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Figure 3 /n vitro AMP incorporation. a, Incorporation of AMP into mutant tRNAs
(tRNA-N74N75, where N is A, G, C or U). The initial rate of AMP incorporation into
tRNA-N74N75 is shown. b, Incorporation of AMP into tRNA-CC by Aa.LC mutants. The

702

©2004 Nature Publishing Group

initial rate of AMP incorporation into tRNA-CC is shown. Error bars indicate the s.d. of
three independent experiments.
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In our pre-insertion complex of Aa.LC, no amino acid interacts
specifically with C74, in contrast to C75. Only Phe 61, which affects
the nucleotidyl-transfer activity, is located in the vicinity of the C74
base moiety (Fig. 2¢), and these residues may stack together in the
subsequent insertion state. In the Aa.LC complex structure, amino
acid residues 83-90 are disordered. This region is close to the
3'-terminal C74-C75 sequence and is likely to be involved in the
recognition of C74. Indeed, our biochemical studies showed that
Tyr 83 and Pro 90 might participate in tRNA recognition (Fig. 3b).
On the basis of spatial requirements, the OH group of Tyr 83 may
specifically recognize the N4 or N3 atom of C74 in the subsequent
insertion step. Notably, this flexible loop of the A-adding enzymes
contains more proline residues than do the loops of the common
CCA-adding enzymes'®. This abundance of proline residues might
affect the loop conformation, such that A73 or C74 of tRNA cannot
enter the catalytic pocket for CMP incorporation. This may explain
how the A-adding enzyme could have evolved and adapted for the
more common addition of CCA.

Structural studies of T7 RNA polymerase have shown that the
enzyme active site shifts between catalytically inactive ‘open’ and
active ‘closed’ states during the nucleotide addition cycle. These two
states of the enzyme correspond to the pre-insertion (open) and
insertion (closed) binding modes for the incoming substrate and

Figure 4 Comparison of template-independent and template-dependent RNA
polymerases. a, Ball-and-stick representations of tRNA, AMPCPP, the catalytic
carboxylates and the ATP-interacting residues are shown on the Aa.LC head and neck
domains. The colouring scheme is the same as in Fig. 2, except that the carbon atoms of
Aa.LC are coloured orange. b, Ball-and-stick representations of the primer RNA, the
template DNA, AMPcPP, the catalytic carboxylates and the ATP-interacting residues are
shown on the O helix in the T7 RNA polymerase structure. In a and b, hydrogen bonds are
shown as dotted lines.
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the acceptor DNA template. The pivoting rotation of one helix
(termed the ‘O helix), as in the Escherichia coli Klenow fragment),
which interacts with both the base and the triphosphate moieties of
an incoming NTP at both of its ends, in the fingers domain has a key
role in the conformational transition®** (Fig. 4b).

In the Aa.LC structure, the second helix in the neck domain
(ATP-interacting helix, residues 151-164) is likely to be the counter-
part of the O helix (Fig. 4a). This helix interacts with both the
adenine and triphosphate moieties of the incoming ATP at both of
its ends, as in T7 RNA polymerase. However, the directions and
orientations of the helices are different and, in the Aa.LC complex,
the ATP-interacting helix binds the incoming ATP more tightly
and fixes the locations of both the base and triphosphate moieties
(Fig. 4a). Therefore, the pivoting rotation of the ATP-interacting
helix, as in T7 RNA polymerase, would not cause any productive
conformational transition in the CCA-adding enzyme. Instead, in
the insertion state of the CCA-adding enzyme, the head (palm)
domain may move towards the active site so that the primer
C74-C75 is strictly recognized and pushed towards the o-phosphate
group of the incoming ATP, and the catalytic carboxylates of the
head (palm) domain may interact with the triphosphate moiety
through Mg”*" recruitment, enabling the 3'-OH group of C75 to
attack the ATP a-phosphate.

The structure of a class I CCA-adding enzyme in complex with an
RNA duplex mimicking the tRNA acceptor stem, and the incoming
NTP, accompanies our paper. The structure represents a reactive
‘insertion’ step, and presents a significantly similar arrangement of
C74, C75 and the incoming ATP at the catalytic site, as compared
with our class II complex structure, although the methods of
approach of tRNA towards the enzyme are basically different. [

Methods

Crystallization of the Aa.LC ternary complex

Aa.LC" was overexpressed in BL21(DE3) codon plus and purified with a HiTrap chelating
column, followed by anion- and cation-exchange columns. Selenomethionine-labelled
Aa.LC was overexpressed in B834 (DE3) codon plus and purified as the wild-type enzyme.
Thermotoga maritima tRNA"™ lacking the terminal A76 was cloned downstream of the T7
RNA promoter and was in vitro transcribed using the BbsI-digested plasmid. The
transcript was purified with HiLoad Q-Sepharose, followed by 10% denaturing PAGE. We
crystallized the complex by the hanging-drop method at room temperature in 50 mM
sodium cacodylate (pH 6.0), 40 mM magnesium acetate and 30% (v/v) MPD. For the
Aa.LC-tRNA-AMPCcPP ternary complex, the crystals were soaked into a reservoir solution
containing 2mM AMPcPP (Sigma).

Data collection and structure determination

For phasing, a selenomethionine derivative data set was collected at the BL41XU station at
SPring-8 (Harima, Japan). The crystal was cryo-protected with reservoir solution and
flash-frozen in a 100-K nitrogen stream. We processed the diffraction images with the
programs Denzo and Scalepack™. At first, the crystal apparently belonged to the space
group P2,2,2 with cell parameters a = 58.79 A, b = 109.16 A, ¢ = 124.90 A. The data set
collected at 12.662 keV was used to locate the seven selenium atoms with the program
SnB*. Phase calculation was carried out with the program MLPHARE* (Supplementary
Table 1). The initial phases were improved by density modification with solvent flattening
and histogram matching with the program RESOLVE?. The resultant electron density was
readily interpretable, except for about 80 residues at the C terminus of the protein.
Although the density around the tRNA was faint, the RNA double strands in the acceptor
and T stems could be assigned. The model containing the protein (residues 1-81 and
92-341) and the tRNA (residues 1-7 and 49-72) was built by the program 0.

Structure refinement

We subjected the initial atomic model of the complex to structure refinement using the
selenomethionine derivative data set processed with P2,2,2. Five per cent of the total
unique reflections were randomly selected for the R g, calculation. After three rounds of
conjugate gradient minimization, the difference between the R o and Ry, values was
over 10%, and the resultant 2F, — F. map was worse than the experimental map. We
therefore suspected pseudo-symmetry and expanded the data from the P2,2,2 space group
to P2. This assisted the refinement procedure, but the Ry, value was still around 40%.
Finally, we suspected the pseudo-merohedral perfect twinning. The introduction of the
twinning parameter to the refinement markedly improved the R g values and the electron
density map.

The atomic model was refined with a few rounds of conjugate gradient minimization
and used for molecular replacement phasing of the Aa.LC-tRNA-AMPcPP ternary
complex. The native crystal of the ternary complex belonged to space group P2, with cell
constants a = 109.48 A, b = 125.91 A, ¢ = 58.93 A, 8 = 90.00°. Using this data set, we
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added a model of C73-C74 of the tRNA and residues 342—351 and 375-390 of Aa.LC. The
refinement was carried out by conjugate gradient minimization and torsion angle
dynamics simulated annealing™. Iterative model building and refinement improved the
model, resulting in final R and R, values of 23.0% and 28.7%, respectively.

The final model includes two AMPcPP molecules and 79 water molecules. All of the
refinement calculations were done with CNS*'. Refinement statistics are shown in
Supplementary Table 1. All of the figures were prepared with the programs Que
(http://www.biochem.s.u-tokyo.ac.jp/~ishitani/que/) and PyMol (http://
pymol.sourceforge.net/).

In vitro assays

Mutations were generated by the QuickChange mutagenesis kit (Stratagene). The mutant
proteins were overexpressed and purified as described for the wild-type enzyme. We
assayed activity in a solution containing 50 mM glycine (pH 8.5), 10 mM MgCl,, 35 mM
KCl, 1 mM dithiotheitol, 5% (v/v) glycerol, 0.2 wM tRNA, 10 .M ATP, 100 nM [c->*P]ATP
(3,000 Cimol ") and 10 nM enzyme at 50 °C. After the reactions were stopped, the
samples were separated by 10% denaturing PAGE. The assay conditions were developed,
on the basis of the wild-type Michaelis constant (K,,) values for tRNA (2.3 pM) and ATP
(47 pM), to be sensitive enough to evaluate mutant activity. Assays of mutant tRNAs
(tRNA-N74N75, where N is A, G, C or U) were done as described above, except that the
concentrations of tRNA-N74N75 and ATP were 5 and 250 pM, respectively.
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erratum

Single-crystal metallic nanowires
and metal/semiconductor nanowire
heterostructures

Yue Wu, Jie Xiang, Chen Yang, Wei Lu & Charles M. Lieber
Nature 430, 61-65 (2004).

In Fig. 2b of this Letter, the units of the abscissa should be volts (V).
In Fig. 3a, the step labels (3) and (4) should be interchanged. [
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