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Throughout all three kingdoms of life, many
genomes do not encode the universal CCA
sequence found at the 3′ ends of tRNAs.
Among eukaryotes a genome-encoded CCA
triplet is especially rare1. Transfer RNAs are
usually composed of 76 nucleotides that fold
into a four-arm cloverleaf structure that, in
turn, rearranges in three dimensions into a
two-domain L-shaped molecule2,3 (Fig. 1a).
One domain is known as the minihelix, a 
12-base-pair helix formed from the stacking
of one arm on the other. The other domain
contains the anticodon triplet, and results
from the fusing of the other two arms. The
amino acid attachment site is at the 3′ end
(A76) of the minihelix domain, which ends
in the single-stranded tetranucleotide 
N73-CC-A76, where N73 is any of the four
nucleotides.

The CCA-adding enzymes take tRNA tran-
scripts that end at N73 and add three
nucleotides, stopping at A76. This task is
accomplished in a template-independent
manner by mechanisms that have been elu-
sive4–11. One question has been: how does this
enzyme ‘know’ which nucleotides to add and
when to stop the addition of nucleotides? A
second question has to do with selection of
tRNA and not other RNAs. Several papers on
structures of the CCA-adding enzymes have
appeared previously12–14. None has satisfac-
torily resolved the key questions. Two recent
papers in Nature from the Steitz15 and
Nureki16 laboratories zero in on the problem
with the needed structures of ternary com-
plexes of enzyme, RNA and nucleotide.

The CCA-adding enzymes are divided into
two classes—class I and class II—that are 
distinguished by their sequences17. The for-
mer are present in archaebacteria, whereas
the latter are in eubacteria and eukaryotes
(Fig. 1b). The CCA-adding enzymes are
members of the nucleotidyltransferase

superfamily that includes DNA polymerase
β, terminal deoxynucleotidyltransferase and
the poly(A) polymerase that is found in
eukaryotes18–20. In each class, earlier struc-
tural work established that the enzymes are
made up of four domains—head (catalytic
domain), neck, body and tail12–14. The earlier
work also showed that only the catalytic
domains are similar between the classes, and
that only a single nucleotidyl transfer site is
present—not multiple sites for ATP and
CTP6. These studies led to the idea of a pro-
gressive adjustment or repositioning of the
emerging CCA terminus, so that the same
site could be used reiteratively.

In the case of the class I archaebacterial
enzyme from Archeoglobus fulgidus that adds
all three nucleotides to the 3′ end of tRNA, a
low-resolution structure of the protein with
yeast tRNAPhe was first obtained. Then, using
a minihelix terminating in C74 and, sepa-
rately, C74-C75, together with the incoming
CTP or ATP, ternary complexes were solved at
resolutions of 3.4 and 2.2 Å, respectively15.
Significantly, the minihelix binds in the same
place and in the same orientation as seen with
the minihelix domain of the full tRNA.
Indeed, only the minihelix portion of the
tRNA interacts with either the class I or class
II enzyme and, for that reason, the minihelix
is a good substrate.

An important conclusion from the class I
structure is the role of tRNA in forming the
nucleotide-binding site. Incoming CTP and
ATP interact not only with specific protein
determinants, but also with backbone phos-
phates near the 3′ end of the bound RNA
(Fig. 1c). The structure explains the long-
standing observation that the apoenzyme of
class I CCA-adding enzyme cannot distin-
guish between the correct and incorrect
NTPs14. The tRNA contributes phosphate
oxygens that, as hydrogen-bond acceptors,
can bond only to donors such as N2 of CTP
and N6 of ATP.  A second point is that the size
of the nucleotide-binding site adjusts at each
step of nucleotide addition. This adjust-
ment—a snug fit for addition of C75 and a
pocket expansion to accommodate addition

of the larger A76—is remarkable (Fig. 1c). Of
course, the larger pocket for A76 addition
should also allow for incorporation of the
smaller C. Indeed, in the absence of ATP, C is
added, albeit at a lower efficiency10.

The Aquifex aeolicus ‘A-addition-only’
enzyme solved by Tomita et al.16 is a rare
example in class II where the CC- and 
A-additions are split between two enzymes9,21

(Fig. 1b), rather than combined into one 
(as is most common). It was pointed out that
the A-addition-only enzyme, based on phylo-
genetic analysis, to be the progenitor of the
common class II CCA-adding enzyme21. The
structure of this A-addition-only enzyme
offers an explanation for why tRNA and not
other RNAs are selected: hydrogen-bonding
interactions to the sugar-phosphate backbone
along the minihelix region allow the enzyme
to “monitor the length of the acceptor 
T-helix”16 (Fig. 1c). For the class I enzyme,
protein-tRNA contacts at the acceptor stem
and the TψC (ψ = pseudouridine) loop
region are likely to serve the same purpose.
Moreover, the A. aeolicus protein seems to
form a complementary pocket that is a 
‘protein template’ for C74-C75 (the penulti-
mate two nucleotides at the 3′ end) to recog-
nize the correct 3′ nucleotide overhang. The
base of the incoming ATP analog stacks on
C75 in a ‘preinsertion’ complex that seems to
represent the stage just before nucleotide (A)
addition and completion of the tRNA. In the
class I examples, the single-base N73 over-
hang may also play a role in RNA (that is,
tRNA) selection.

In the case of the class II enzyme, a tRNA
phosphate does not seem to play a role in ATP
selection, as it does in the class I example.
Nonetheless, the tRNA collaborates with the
protein to achieve A-selection. In particular,
the pyrimidine ring of C75 of tRNA stacks
with the purine ring of the incoming ATP, 
and both are part of a larger ‘stacking arc’ 
that includes Phe106 and the π electrons 
of Asp105:Arg155 hydrogen bonds. This
stacking arc cannot accommodate more
nucleotides, and may therefore be unable 
to incorporate additional AMP moieties. 
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Two classes give lessons about CCA 
Paul Schimmel & Xiang-Lei Yang

In a world where nature has designed elegant template-dependent mechanisms for the reproduction of nucleic acid
sequences, template-independent RNA polymerases have long been mysterious. Now, two papers provide structural
insight into one of these template-independent systems—the addition of the sequence CCA onto the 3′ ends of
transfer RNAs.
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The reaction to insert AMP to the 3′ end of
tRNA is speculated to trigger a conforma-
tional change. Indeed, when ATP itself 
(and not the analog) is soaked into the
enzyme-tRNA crystal, the crystal dissolves.
In contrast, when CTP is added, the crystal 
is stable.

If the A. aeolicus A-addition-only enzyme
is the progenitor of the class II CCA-adding
enzymes, as suggested by the phylogenic
analysis21, then the challenge is to figure out
how this structural framework could be

adapted for the more common trinucleotide
addition of CCA. Interestingly, the structure
of the active site of this rare class II 
A-addition-only enzyme is very similar to
the Bacillus stearothermophilus class II CCA-
adding enzyme. This being the case, it is not
entirely clear whether the subtle conforma-
tional variation associated with conserved
residues is responsible for selecting only
ATP in one case and selecting both ATP and
CTP in the other, as speculated by the
authors. Nevertheless, it is possible that

mechanistic elements associated with the
class I enzyme—such as the development of
an adjustable pocket—could be incorpo-
rated into the class II A-addition-only
enzyme framework.

The two structures remind us that the
transition from the RNA world to the theater
of proteins probably went through a phase
where emerging proteins collaborated with
catalytic RNAs and RNA aptamers to form
ribonucleoproteins (RNPs). At that point,
the role of tRNA backbone phosphates in
nucleotide selection by the class I CCA-
addition enzyme, and the stacking of the
base at the 3′ end of tRNA with the incoming
nucleotide in both the class I and class II
enzyme–tRNA complexes, give each enzyme
features of an RNP—with tRNA having
characteristics of both substrate and cofac-
tor. Specific nucleotides in tRNA also have
an important role in the amino-acid-editing
complexes formed with aminoacyl tRNA
synthetases22,23. Thus, as an ancient mole-
cule that was at the heart of the emerging
genetic code, tRNA may have been both sub-
strate and cofactor in the RNPs that bridged
the gap between the RNA and protein
worlds. The lessons learned from these CCA-
addition enzymes do not discourage this
speculation.
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Figure 1  Two classes of enzymes for CCA addition. (a) The two-domain organization of tRNA. The
cloverleaf structure of tRNA (left) folds into a two-domain L-shaped molecule (right). One domain is the
minihelix (green), a 12-base-pair helix formed from the stacking of the acceptor stem on the TψC 
stem-loop. The other domain (blue) contains the anticodon triplet, and results from the fusing of the
anticodon stem-loop and D stem-loop. The amino acid attachment site is at the 3′ end. (b) CCA
addition reaction and classification of the enzymes. Class I and class II enzymes are differentiated by
their sequences. Rare examples of class II enzymes split CC- and A-addition between two proteins.
(c) Mechanism of CCA-adding enzymes revealed by crystal structures of the enzyme, RNA and
nucleotide ternary complexes. The enzymes are yellow, with the active sites in orange. Class I CCA-
adding enzyme from Archeoglobus fulgidus (left) uses two phosphates of bound tRNA and a protein
determinant to recognize (dotted lines) the correct nucleotide substrates. In addition, the size of the
nucleotide-binding pocket increases to accommodate the larger ATP after two CMPs are incorporated.
Class II A-addition-only enzyme from Aquifex aeolicus (right) uses protein determinants for nucleotide
selection, while hydrogen-bonding interactions to the sugar-phosphate backbone along the minihelix
region allow the enzyme to monitor the appropriate length of the RNA substrate. For the class I enzyme,
protein-tRNA contacts at the acceptor stem and the TψC loop region probably serve the same purpose.
In addition, the stacking of the base at the 3′ end of tRNA with the incoming nucleotide (gray line) is a
common feature that facilitates nucleotide incorporation for both the class I and II enzymes.
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