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Abstract RNA polymerases are important enzymes
involved in the realization of the genetic information
encoded in the genome. Thereby, DNA sequences are used
as templates to synthesize all types of RNA. Besides these
classical polymerases, there exists another group of RNA
polymerizing enzymes that do not depend on nucleic acid
templates. Among those, tRNA nucleotidyltransferases
show remarkable and unique features. These enzymes add
the nucleotide triplet C-C-A to the 3’-end of tRNAs at an
astonishing fidelity and are described as “CCA-adding
enzymes”. During this incorporation of exactly three
nucleotides, the enzymes have to switch from CTP to ATP
specificity. How these tasks are fulfilled by rather simple
and small enzymes without the help of a nucleic acid
template is a fascinating research area. Surprising results of
biochemical and structural studies allow scientists to
understand at least some of the mechanistic principles of
the unique polymerization mode of these highly unusual
enzymes.
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Introduction

The transfer of nucleotides onto acceptor molecules is a
frequent reaction in various biological processes. The
enzymes catalyzing this type of reaction belong to a huge
class of nucleotidyltransferases that add nucleotides to
substrates like nucleic acids, proteins, or antibiotics, and
are involved in a variety of reactions such as DNA repli-
cation, telomere maintenance, transcription, DNA/RNA
ligation, and RNA processing [1-3].

According to sequence and structural homologies,
nucleotidyltransferases are subdivided into distinct super-
families. A prominent member of such a subdivision is the
eukaryotic DNA polymerase f, one of the smallest DNA
polymerases identified so far. Phylogenetic analyses
revealed a series of other nucleotidyltransferases that share
a common sequence signature motif and, consequently, the
mechanistic basis of nucleotidyl transfer with this DNA
polymerase [1, 2]. Summarized as the polymerase f§ family,
these enzymes show a surprisingly broad substrate and
reaction spectrum that is not found in other nucleotidyl-
transferase superfamilies [4, 5].

The sequence motif common to all members of this
polymerase f§ superfamily consists of the amino acid sig-
nature hG[GS]x(9,13)DA[DE]k (x represents any amino
acid, h represents a hydrophobic amino acid) [2]. This
motif is part of the consensus fold, consisting of a five-
stranded antiparallel f§ sheet that is flanked by two o helices
[2]. The f sheet contains two highly conserved carboxyl-
ates (DxD or DxE) that coordinate two essential metal ions
involved in catalysis.

The polymerase f§ signature element is also present in a
series of small proteins of less than 100 amino acids that
were identified in archaea and bacteria. Interestingly, these
minimal nucleotidyltransferases (MNTs) carry no
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additional functional domains and probably depend in their
activity on the interaction with other regulatory or speci-
ficity subunits. Accordingly, it was speculated that modern
nucleotidyltransferases evolved by fusing MNT-like core
enzymes with new domains for substrate binding, regula-
tion, and further activities [1, 6].

Besides the common signature motif described above,
further sequence elements are used to divide the poly-
merase f superfamily into two subgroups that share only
little sequence homology besides the signature mentioned
above. Class I consists of polymerase f§ and other members
of the polymerase X family, terminal nucleotidyltransfer-
ases (TdT), antibiotic nucleotidyltransferases, protein
nucleotidyltransferases, 2'-5"-oligo(A) synthetases, Trf4-
like poly(A) polymerases, eukaryotic poly(A) polymerases,
archaeal tRNA nucleotidyltransferases, and many others.
Class II, on the other hand, is a rather small group of
bacterial and eukaryotic tRNA nucleotidyltransferases and
bacterial poly(A) polymerases [1, 5, 6]. Whereas class I
enzymes are rather heterogeneous and do not exhibit any
further sequence similarity, the members of class II share a
highly homologous N-terminal region of about 25 kDa
with several conserved active site motifs. Phylogenetic
analyses indicate that the two classes are only distantly
related and separated rather early in evolution [1, 5].

Poly(A) polymerase, terminal uridylyl transferase, ter-
minal deoxynucleotidyltransferase, and tRNA nucleo-
tidyltransferase represent a specific subgroup of these two
classes, as they add nucleotides to a DNA or RNA primer
without using a nucleic acid template. Whereas terminal
deoxynucleotidyltransferase adds all four types of deoxy-
nucleotides to DNA 3’-ends and promotes antigen receptor
diversity [7], the other three enzymes play key roles in the
processing of RNA transcripts, adding specific nucleotides
to RNA 3’-ends. Poly(A) polymerases synthesize long
homopolymeric poly-adenylate tails at the 3’-end of
mRNAs (in some cases also on tRNAs and other tran-
scripts) [8], while the RNA editing enzyme uridylyl
transferase adds UMP residues to mRNAs and several
small transcripts like gRNAs and U2 snRNA [9, 10].

A highly sophisticated enzyme in this group, however, is
tRNA nucleotidyltransferase. This protein represents an
important tRNA processing enzyme and synthesizes and
maintains the specific sequence C—-C-A at the 3’-end of
tRNAs (“CCA-adding enzyme”). After additional pro-
cessing steps, the resulting mature tRNA molecules play a
central role in protein biosynthesis, acting as adapter
molecules for translating the genetic information stored in
the genome into protein sequences [11-14]. During this
process, tRNAs are charged with their cognate amino
acid and deliver their cargo to the ribosome according to
the mRNA sequence to be translated. In these events, the
3'-terminal CCA end of the tRNA (added by tRNA

nucleotidyltransferase) plays an essential role. First, the
CCA end is the site of aminoacylation, and aminoacyl
tRNA synthetases fuse the individual amino acids to the
ribose moiety of the terminal A residue [15]. Second, the
CCA terminus is required for the correct positioning of the
aminoacyl-tRNA in the ribosome’s A- and P-site in order
to guarantee an efficient peptidyl transfer reaction [16].
Furthermore, the CCA sequence is involved in translation
termination when the nascent peptide is released from the
ribosome. Here, the CCA triplet is important for the
coordination of water molecules hydrolyzing the ester
linkage at the peptidyl-tRNA [17].

Despite these vital functions of the CCA terminus,
very few organisms encode this sequence in the tRNA
genes, while in most species, this triplet has to be added
posttranscriptionally [5, 18]. Consequently, the CCA-
adding enzyme represents an essential activity in the
majority of organisms. In E. coli, on the other hand,
where CCA ends are encoded, this enzyme is dispens-
able, and a corresponding gene knockout is not lethal.
Yet, the phenotype is a dramatic growth impairment,
indicating the repair function of the CCA-adding enzyme
on defective tRNAs lacking CCA ends due to hydrolytic
damage [19-21].

Hence, the CCA-adding enzymes represent vital com-
ponents of the cell’s tRNA maturation and maintenance
system. Due to their extraordinary mechanism of nucleo-
tide selection and incorporation, these enzymes are some of
the most fascinating nucleic acid polymerases.

Upon a closer look, the simple addition of two C and
one A residue catalyzed by the CCA-adding enzymes turns
out to be a rather complicated event. These enzymes have
to solve a series of tricky problems. First, a CCA-adding
enzyme has to recognize tRNA and tRNA-like structures as
substrates; second, the correct nucleotides CTP and ATP
have to be selected and discriminated against UTP and
GTP; third, after incorporation of two C residues, the
nucleotide specificity has to switch towards ATP without
the help of a nucleic acid template; fourth, the enzymes
have to stop polymerization exactly after three positions
(many other polymerases are rather sloppy in ending
nucleotide addition [22, 23]); and fifth, the enzymes do not
stubbornly add CCA-ends to their substrates, but recognize
partial CCA-ends and add only the missing residues for
completion.

Before crystal structures of CCA-adding enzymes
became available, biochemical and enzymological studies
as well as in vivo experiments led to the first—and in many
cases correct—ideas about the underlying reaction mech-
anisms [24-26]. In the last decade, however, crystal
structures as well as novel biochemical approaches led to
more detailed insights into architecture and reaction
mechanisms of these enzymes as well as their evolution
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[27]. Based on these new and surprising findings, we focus
in this review on the unique features and evolutionary
pathways of CCA-adding enzymes—essential RNA poly-
merases that emerged twice in evolution—leading to
different structural characteristics and unusual mechanistic
solutions for an error-free and sequence-specific CCA
polymerization reaction.

Class I CCA-adding enzymes
General structure

Although catalyzing identical reactions, CCA-adding
enzymes found in the three kingdoms of life are
remarkably different in the overall structure as well as in
the organization of the catalytic core. According to the
classification mentioned above, they fall into class I
(archaea) and class II (bacteria and eukaryotes) of the
polymerase f superfamily. Besides sequence alignments,
crystal structure analyses clearly demonstrate the different
catalytic strategies these enzymes have evolved. In 2003,
the first crystal structure of a class I CCA-adding enzyme,
isolated from Archaeoglobus fulgidus, was solved [28]. It
is organized in four individual domains named head,
neck, body, and tail in a U-like shape with a cleft between
body and tail domains. This architecture has a structural
similarity to eukaryotic poly(A) polymerase, confirming
the categorization of both enzyme types as class I mem-
bers (Fig. 1). The head domain of the Archaeoglobus
CCA-adding enzyme corresponds to the nucleotidyl-
transferase domain of the poly(A) polymerase (PAP),
carrying the typical five-stranded f sheet. The neck and
body domains also consist of o-helices and f-sheets and
correspond structurally to the central and the RNA-bind-
ing domain of PAP [28, 29].

Fig. 1 Crystal structures of a
class I CCA-adding enzyme

(A. fulgidus) in comparison with
a class I poly(A) polymerase
(S. cerevisiae). The rainbow
color indicates the sequential
order of the individual enzyme
regions, starting from N- (blue)
to C-terminus (red). Both
enzymes show a catalytic cleft
that is formed by the head, neck,
and body domains. The CCA-
adding enzyme carries an
additional tail domain. The
structures are extracted from
the corresponding pdb entries
[29, 90]

.. CCA-adding Enzyme
(A. fulgidus)

N o—

Interaction with the tRNA substrate

While CCA-adding enzymes specifically interact with
tRNA molecules (without CCA-terminus) as substrates, it
is not the whole tRNA structure per se that is recognized.
Shorter minihelix transcripts mimicking the top half of a
tRNA, consisting of acceptor stem and T-stem/loop, are
also tolerated for CCA-addition [30]. Modeling of
enzyme—primer interaction as well as co-crystal structure
analyses of a class I CCA-adding enzyme with bound
tRNA demonstrated that a cleft in the enzyme architecture
has the appropriate size and the required positive electro-
static potential to bind the tRNA top half in the correct
orientation for CCA-addition. In this cleft, the tRNA
acceptor stem interacts with a highly conserved long
a-helical element in an almost parallel orientation [31]. As
the position of nucleotide addition, the 3’-end is bound to
the active site located in the enzyme’s head domain, while
the T loop of the tRNA contacts the tail domain [28, 32,
33] (Fig. 5; in comparison with class II enzymes). Inter-
estingly, the enzyme almost exclusively interacts with the
sugar—phosphate backbone of the tRNA top half, but not
with individual bases or base pairs. Hence, short tRNA
duplex structures are recognized as substrates regardless of
their nucleotide composition, explaining the enzymes
ability to interact with all types of tRNA and tRNA-like
molecules without sequence preference [33, 34]. The dis-
crimination against DNA molecules of similar size,
however, comes exclusively from interactions with the
primer 3’-end, where an aspartic acid residue recognizes
the terminal 2’-hydroxyl group of the tRNA molecule [35].

Interestingly, the bound tRNA substrate remains fixed at
its binding site in the enzyme during the complete nucle-
otide incorporation process. This was demonstrated by the
finding that a tRNA that was immobilized on the enzyme
by crosslinking agents was still a substrate for CCA

Poly(A) Polymerase
(S. cerevisiae)

——
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addition. Furthermore, crystal structures of the enzyme in
complex with tRNAs representing the individual reaction
intermediates (ending without CCA, with C— and with CC-)
indicate that the contacts between tRNA substrate and
CCA-adding enzyme do not change during the individual
steps of CCA incorporation. These data clearly indicate
that the polymerization reaction proceeds without a trans-
location of the tRNA substrate relative to the enzyme [30,
33, 35]. However, if the tRNA indeed does not move, the
growing CCA terminus has to undergo a considerable
structural reorganization in the active site of the enzyme in
order to make room for the next nucleotide to be added.
Such a scenario of a refolding of the tRNA primer after
each step of CCA-addition postulates that the enzyme’s
interaction with the tRNA 3’-end is not very tight and does
not contribute to the overall substrate-binding efficiency.
This is supported by the fact that mutations around the
active site of the Sulfolobus shibatae enzyme (also a class [
member) that interfere with CCA-addition have only a
minor affect on tRNA binding [36]. Hence, it seems that
the tRNA body is anchored to the enzyme and ensures an
efficient interaction during polymerization, while the tRNA
3’-end as the actual primer site is only loosely associated
and is free to refold during nucleotide addition, allowing
the re-use of the active site for each individual nucleotide
incorporation step.

Catalytic core and reaction mechanism
of class I CCA-adding enzymes

Besides binding the tRNA primer, CCA-adding enzymes
must also specifically select the nucleotides to be incor-
porated in a sequence-dependent way. Again, most of the
available information for class I comes from the analysis of
the A. fulgidus enzyme. When crystals of this enzyme were
soaked with either ATP, CTP, or UTP, the individual bases
were rather disordered and did not show a well-defined

Enzyme

tRNA 3’-end

Fig. 2 Nucleotide-binding pocket of a class I CCA-adding enzyme
with templating region. A highly conserved arginine residue of the
enzyme (green) as well as phosphate groups of the tRNA backbone
(grey) form specific hydrogen bonds with the bound nucleotides (red).

Enzyme

electron density. The triphosphate-ribose moiety of these
NTPs, however, gave a clear signal. Here, a hydrogen bond
between a histidine residue of the enzyme’s binding pocket
and the 2'-hydroxyl group of the ribose is formed, probably
allowing to discriminate against deoxyribonucleotides [28,
29]. While this interaction explains the enzyme’s speci-
ficity for ribonucleotides, it was quite surprising that it is
obviously not able to discriminate efficiently between dif-
ferent nucleotides. However, when the tRNA primer is
present, a dramatic increase in the specificity of the single
nucleotide binding pocket can be observed. In a ternary
complex consisting of A. fulgidus enzyme, tRNA and one
sort of NTP (either CTP or ATP), the base moiety is
positioned in a well-ordered structural arrangement. A
highly conserved arginine residue in the NTP-binding
pocket of the enzyme and the ribose-phosphate backbone
of the 3’-terminal nucleotides of the tRNA acceptor stem
form a network of complementary hydrogen bonds with the
base (cytosine or adenine) of the incoming nucleotide
(Fig. 2). Specifically, N3 of CTP and N1 of ATP interact
with the arginine side chain, while the 4-amino group of
CTP and the 6-amino group of ATP form hydrogen bonds
with the phosphate backbone of the tRNA. This hydrogen
bond donor and acceptor pattern is not complementary to
the base moieties of UTP and GTP, which are therefore
efficiently excluded from binding [33, 37, 38].

For a specific recognition of CTP as well as ATP, the
arginine side chain adopts different rotameric positions that
allow stable interactions with either CTP or ATP [33, 38].
When CTP is bound, the side chain is oriented towards the
bound nucleotide and reduces the size of the binding
pocket, leading to a discrimination against ATP. After two
additions of CMP, however, the growing tRNA primer is
repositioned in the catalytic core and induces a reorienta-
tion of the arginine residue, enlarging the binding pocket in
order to accommodate ATP. In this specific addition of two
CTP and one ATP residue, a f-turn located between

ATP

72
tRNA 3’-end

The collaboration of both protein and tRNA is responsible for an
efficient and accurate templating during CCA-addition. The shown
structures are parts of the pdb entries of the A. fulgidus CCA-adding
enzyme [33]
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strands 3 and 4 of the nucleotidyltransferase domain plays
an important role [36]. Crystal structures as well as
mutational analyses indicate that this turn has two essential
functions. First, it positions the tRNA 3’-end with the
attacking 3’-OH group in the catalytic core for the incor-
poration of the next nucleotide. Here, it seems that the
f-turn is responsible for a 90° flipping of the 3'-terminal base
relative to the other acceptor stem positions, leading to an
unstacking and repositioning of this terminal nucleotide
[33-36]. Correspondingly, the f-turn was suggested to act
as a wedge that is positioned between terminal base and the
rest of the acceptor stem, preventing stacking interactions
between this residue and the tRNA [35]. Second, it is
involved in the re-organization of the tRNA part of the
NTP-binding pocket so that it can form the required
hydrogen bonds with the incoming base. Consequently, the
f-turn adopts a different conformation for each step of the
polymerization reaction in order to present the 3'-terminal
nucleotide of the growing tRNA to the active site [33, 36,
38].

This complex and elegant interplay between enzyme and
tRNA primer to select the nucleotides to be incorporated is
described best by the term collaborative templating, where
both enzyme (protein) as well as substrate (tRNA) form a
ribonucleoprotein-based active site that can change its
specificity from C to A incorporation [28, 39]. While the
enzyme is not moving relative to the tRNA primer, the
reorganization of the binding pocket is accompanied by a
conformational reorientation of the head domain relative to
body and tail regions [38]. After the addition of the last
nucleotide, the CCA terminus adopts a continuously
stacked conformation and the limited size of the binding
pocket does not allow a further repositioning required to
flip the terminal A residue for the attack on another NTP.
These facts seem to mediate the termination of polymeri-
zation after three rounds of nucleotide incorporation,
leading to the formation of a tRNA with a defined CCA
terminus.

Although the binding of tRNA primer and NTP sub-
strates as well as the sequential addition of two C and one
A residue is an obviously highly coordinated and chrono-
logical polymerization reaction catalyzed by the CCA-
adding enzyme, the basic chemical reaction mechanism is
comparably simple and identical for each individual addi-
tion reaction. A single active site is catalyzing these three
nucleotide additions. It carries two highly conserved car-
boxylates (DxD) present in the nucleotidyltransferase motif
[5] that are essential for catalysis as mutations of either of
these residues completely abolish CTP and ATP incorpo-
ration. Accordingly, the polymerization reaction takes
place by a two metal ion mechanism that was originally
described for DNA polymerases [40, 41] (Fig. 3). The two
carboxylates bind and position two Mg*" ions in the active

NTP

Fig. 3 Polymerization mechanism of CCA-addition according to the
general two-metal ion-catalyzed reaction. The two metal ions (Me?™,
grey balls) are bound to the two catalytically important carboxylates.
Metal ion A deprotonates the 3'-OH group of the tRNA primer (grey)
and activates the resulting 3’-O~ (red) for an attack at the o-phosphate
of the incoming nucleotide (red arrows). The second metal ion B
stabilizes the triphosphate moiety of the NTP and facilitates the
leaving of the pyrophosphate group. Modified from [40]

site of the enzyme, where metal ion A subtracts the proton
from the primer 3’-OH group and facilitates thereby a
nucleophilic attack on the a-phosphate group of the
incoming NTP. Metal ion B promotes the leaving of
pyrophosphate that is released from the bound NTP. In
addition, both metal ions stabilize the transition state of this
reaction. These events are repeated for each individual step
of CCA-addition in the catalytic core of the enzyme.

Quality control during CCA-addition

A puzzling fact concerning CCA-addition is the extreme
fidelity of this reaction, given that the CCA-adding
enzymes are independent of a nucleic acid template and
show no proofreading mechanism. The collaborative tem-
plating of enzyme and tRNA in combination with a f-turn
that positions the 3’-end of the primer and helps to reor-
ganize the binding pocket obviously guarantee a highly
accurate nucleotide addition. However, there seems to be
another checkpoint during CCA-addition that contributes
to the fidelity of the reaction [37]. When the A. fulgidus
enzyme was tested for A addition to RNA substrates end-
ing with -NC or -CN (N represents A, U or G residues
instead of C74 and C75 of the CCA sequence), the incor-
poration of the terminal A residue was either completely
abolished (on primer ends carrying A or G residues) or
dramatically reduced (on primer ends with U residues).
CTP incorporation, on the other hand, was more promis-
cuous and accepted primers with altered position 74.
Hence, at least for the addition of the terminal A residue,
there exists a quality control for the tRNA 3’-end that
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prevents the formation of aberrant and non-functional CCA
termini. This interpretation is corroborated by crystal
structures of the corresponding complexes consisting of
enzyme and tRNA minihelices. For substrates ending with
N74, all complexes showed an open conformation like that
of the complex with the correct substrate (ending with
C74). Correspondingly, these substrates were accepted for
addition of CMP at position 75. Substrates ending with
-NC or -CN that were not accepted for A incorporation,
however, did not lead to enzyme complexes in a catalyti-
cally active conformation.

Together with the intrinsic fidelity of the CCA addition,
this quality checkpoint leads to the amazing accuracy of
these enzymes. Furthermore, if one assumes that tRNAs
with erroneous 3’-ends are degraded in the cell, the amount
of such incorrect tRNAs will never reach a level deleteri-
ous to the cell [37].

Class II CCA-adding enzymes

In principle, class II CCA-adding enzymes catalyze the
same type of reaction as class I enzymes do. Yet, this group
differs dramatically from its class I counterpart not only in
primary sequence and overall architecture but also in the
catalytic strategy for a template-independent nucleotide
incorporation at a similar fidelity [5, 34, 42, 43].

Fig. 4 Structural organization
of class II CCA-adding
enzymes. Upper part The
catalytically important motifs
are indicated as red boxes with
consensus sequences in the
rainbow bar. In the three-
dimensional structure
(CCA-adding enzyme from
Thermotoga marimita [46]),
these motifs are indicated in
dark red in the head and neck
domain. Lower part The
nucleotide-binding site (green)
recognizes the incoming CTP
and ATP (red) by the formation
of Watson/Crick-like hydrogen
bonds between the amino acid
template EDxxR and the
corresponding edge of the bases.
The nucleotide-binding site

/A, Loop

Motif A b

Motif B

Motif C

B/A Motif and
Flexible Loop

MotifA oo Motif B

N comwoo lomo.  vox e re

Amino Acid Template + CTP

Opverall structural architecture

The crystal structures of class II CCA-adding enzymes
from B. stearothermophilus, H. sapiens and T. thermophi-
lus have been solved in the apo form as well as in
combination with bound nucleotides or tRNA primer [44—
46]. These enzymes share a high structural homology with
a hook- or seahorse-like shape composed of head, body,
neck and tail domains [45] (Fig. 4). In contrast to class I
enzymes, only the head domain carries an antiparallel
p-sheet, while neck, body and tail consist exclusively of
o-helical elements. The head domain is homologous to the
palm domain of DNA polymerase  and contains the
highly conserved carboxylates that coordinate the catalyt-
ically essential metal ions [44, 45]. In contrast to
polymerase f5, these enzymes lack a thumb domain that is
required for binding a double-stranded DNA primer [45].

Compared to class I, class II CCA-adding enzymes show
a much higher evolutionary conservation of individual
catalytic core motifs. The active site is located in the
N-terminal part of the enzyme and consists of five elements
(motifs A to E) that are involved in metal ion binding,
catalysis, ribose recognition, nucleotide selection, and
templating [32, 44-46].

Motif A is located in the head domain and includes the
general signature motif of all nucleotidyltransferases with
the two metal-binding carboxylates DxD (x is any amino

Motif C Motif D Motif E

- S C

_ head

Motif E

Motif D

Amino Acid Template + ATP

structure is derived from the
pdb entry of the

B. stearothermophilus
CCA-adding enzyme [45]
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acid) that are involved in catalysis and binding of the
triphosphate moiety of the incoming nucleotides.
Additionally, the head domain carries motif B, where
highly conserved residues play a critical role in discrimi-
nating between NTPs and dNTPs. The neck domain
contains motif D, a single nucleotide-binding pocket that is
specific for binding of CTP and ATP [45]. Furthermore,
head and neck domain form a cleft that binds the incoming
nucleotide as well as the 3’-end of the tRNA primer. The
body and tail domains at the enzyme’s C-terminus recog-
nize the top-half region of the tRNA primer [32, 46].

Similar to class I, the class Il CCA-adding enzymes also
have a poly(A) polymerase (PAP) counterpart. Here,
structural similarities could not be identified yet, as crystal
structures of class IT PAP are still missing. At the sequence
level, however, the poly(A) polymerases show a surpris-
ingly high homology with all conserved elements of the
catalytic core described above, while only very few
sequence motifs specific for poly(A) polymerases could be
identified [47].

CCA-adding enzymes recognize their tRNA substrates
via size, shape, and charge complementary

Similar to class I enzymes, class II CCA-adding enzymes
recognize predominantly the top half of a tRNA molecule.
In the crystal structures of several CCA-adding enzymes, a
positively charged cleft between head and neck domains
was observed and led to the assumption that the tRNA
substrate binds to this region [32, 45, 46]. This idea was
confirmed by crystal structures of enzyme in complex with
tRNA, where the tRNA top half is located exactly in this
cleft [32]. In addition, the 3’-end of the tRNA primer is
positioned close to the active site and forms hydrogen

Class |

bonds to several conserved amino acid residues. Corre-
spondingly, tRNA minihelices consisting of acceptor stem
and T-arm are readily accepted by the enzyme for CCA-
addition [20, 48, 49]. Furthermore, it seems that—Iike in
class I—the CCA-enzyme does not move along the tRNA
during synthesis but remains at a fixed position [30]. This
interaction of tRNA and enzyme indicates that the growing
3’-end must refold in the active site in order to accom-
modate the primer for further nucleotide incorporation (see
below). Obviously, the tRNA binding without slippage
restricts the enzyme to catalyze only one round of CCA-
addition. This anchoring function was shown in chimeric
enzymes where the C-terminal part of the CCA-adding
enzyme was replaced by the corresponding region of a
related poly(A) polymerase (see below: closely related
class II nucleotidyltransferases). The resulting chimeras
carried the complete catalytic core of the CCA-adding
enzyme and synthesized accordingly the CCA triplet on
tRNA primers. However, instead of stopping after one
CCA completion, the chimeras added multiple rounds of
CCA triplets, leading to a poly(CCA) tail, comparable to
polyadenylation. Hence, the original C-terminus of the
CCA-adding enzyme obviously inhibits this further poly-
merization, and it was speculated that the tRNA substrate is
bound in a fixed position that does not allow any gliding of
the enzyme along its substrate as believed to take place in
poly(A) polymerases [50].

Interestingly, the tRNA 3’-end enters the catalytic core
of class II CCA-adding enzymes from the opposite direc-
tion as in class I enzymes (Fig. 5). However, as both
classes use the same common mechanism of nucleotide
transfer, the 3’-terminal nucleotide has to rotate in class II
enzyme in order to adopt a position compatible with a
nucleophilic attack on the next NTP to be incorporated.

Class Il

Fig. 5 Binding of the tRNA primer in class I and II CCA-adding
enzymes. For a better visibility of tRNA and bound ATP, the
orientation of the enzymes was reversed compared to Figs. 1 and 4. In
order to compare the entry sites of the tRNA primer (blue, strand with
3'-OH, green, complementary strand with 5'-end), the bound ATP
(red) is oriented in identical positions in the proteins (grey). While in
class I enzymes (left), the primer enters the enzyme from the left, it is

bound to class II from the top. Due to these dramatically different
orientations, the 3'-terminal base of the primer in the class II enzyme
has to leave its original position in the tRNA and has to rotate for
about 90° in order to be in a position that allows a stacking interaction
with the bound NTP and an efficient nucleotide transfer. Structures
are extracted from the corresponding pdb entries [32, 33]
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Consequently, after this rotation, the primer 3’-termini have
very similar positions in the catalytic cores of both enzyme
classes [32, 34, 43] (Fig. 5).

Apart from the few specific interactions between the
3'-terminal bases of the tRNA and the catalytic site, crystal
structures indicate that the enzyme’s body and tail domains
interact almost exclusively with the sugar—phosphate
backbone of the tRNA top half, whereas the anticodon
region protrudes from the enzyme [32, 33, 46]. Hence,
class II enzymes use exactly the same strategy as class I to
recognize a whole set of tRNA molecules with different
sequence composition. Furthermore, this interaction of the
enzyme with the T-loop might represent the anchor func-
tion that avoids a sliding of the enzyme along the tRNA
substrate, allowing only one round of CCA-addition
[32, 50].

Taken together, CCA-adding enzymes of class I and II
use size, shape and charge complementary in order to
recognize their tRNA substrates and to distinguish them
from other RNAs present in the cell.

Class II enzymes carry a set of highly conserved motifs
important for catalysis

While in class I enzymes the nucleotidyltransferase sig-
nature is the only highly conserved sequence element, class
IT enzymes carry a whole set of equally conserved motifs
with defined individual roles in catalysis. These motifs are
located in the N-terminal part of the enzyme and come into
rather close contact in the three-dimensional structure in
order to form the active site as well as the nucleotide-
binding pocket [32, 44-46] (Fig. 4).

The most N-terminally located element is motif A,
which corresponds to the nucleotidyltransferase motif. It
carries the described two catalytically active carboxylates
DxD that position the two metal ions required for the
common polymerization process. As this mechanism is
already described for class I enzymes (see above), it is not
further explained at this point. In the second element (motif
B), located in the head domain, the highly conserved
sequence RRD is found that recognizes the 2’-OH group of
the bound NTP and discriminates against deoxynucleotides
[45]. The guanidinium group of the central arginine residue
of this amino acid triplet forms a single hydrogen bond
with the 2'-hydroxyl group of the incoming nucleotide.
When this arginine side chain is replaced by isoleucine, the
resulting enzyme variant does no longer discriminate
against deoxynucleotides and readily adds a dCdCdA
sequence to the tRNA primer [51].

While no specific function is assigned to motif C, motif
D (located in the neck domain) plays an important and
fascinating role during CCA-addition. Although biochem-
ical analyses pinned down a single nucleotide binding site

for the three individual NTPs to be incorporated, it
remained unclear how the enzyme specifically recognizes
CTP and ATP and discriminates against the remaining two
nucleotides [30, 39]. This question was answered by the
structural analysis of enzyme crystals soaked with ATP and
CTP [45]. A set of three conserved amino acid positions
EDxxR (x represents any amino acid) in motif D was
shown to form Watson—Crick-like hydrogen bonds to the
base moieties of the bound nucleotides (Fig. 4). Hence,
these amino acids have a true templating function com-
parable to that of nucleic acid templates in DNA
replication or transcription. For CTP binding, the guanid-
inium group of the arginine residue forms two hydrogen
bonds with the N3 and O2 positions of the Watson—Crick
interface. A third bond is contributed by the aspartic acid
side chain, recognizing the 4-amino group of the base. As a
result, enzyme and base form the same set of hydrogen
bonds that is found in base-paired nucleic acids. While
glutamic acid as the third amino acid residue does not
interact directly with the bases, it plays an important role in
the reorganization of the binding pocket in order to switch
its specificity from CTP towards ATP binding. In this
rearrangement, the glutamate together with the arginine
residue rotates and enlarges the binding pocket to accom-
modate the larger adenine base. Subsequently, two
hydrogen bonds (typical for A-T or A-U base pairs) are
formed. The arginine interacts with the N1 position of
ATP, while the aspartic acid residue forms a hydrogen
bond with the 6-amino group. While these hydrogen
interactions are highly similar to the ones found in nucleic
acid base pairs, the possibility to switch the base-pairing
properties is a unique and fascinating feature of this amino
acid template.

Furthermore, the selection mechanism of this protein-
based template explains why UTP and GTP are efficiently
excluded from binding to the enzyme’s active site, as these
bases show a different and therefore incompatible pattern
of hydrogen bond donors and acceptors [45]. Conse-
quently, an adjustment of the hydrogen bond interface in
the protein to interact with UTP and GTP should lead to a
switch in NTP specificity of the enzyme. Indeed, when the
EDxxR template was replaced by NNxxE or SNxxE, the
resulting binding pockets could form the corresponding
hydrogen bonds with guanine and uracil, leading to vari-
ants that favored GTP and UTP over CTP and ATP [51].

The importance of this amino acid template for nucle-
otide selection was further demonstrated by replacing the
arginine position by alanine which cannot form the
required hydrogen bonds with CTP and ATP. Conse-
quently, the resulting enzyme accepted any nucleotide for
incorporation, demonstrating a dramatic loss in specificity.
A replacement of the other two templating residues (glu-
tamate and aspartate), on the other hand, had only minor
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effects on the fidelity of the enzyme [20, 51]. However,
when all four NTPs were offered simultaneously, the
enzyme variant with the mentioned R to A replacement
showed an astonishing fidelity in CCA-addition, leading to
a considerable amount of tRNAs with correct CCA ends,
while tRNAs with misincorporations were not further
elongated [20]. Obviously, the CCA-adding enzyme con-
trols for the incorporation of correct nucleotides and stops
polymerization after an incorrect nucleotide was added.
Although the mechanism underlying this quality control is
not fully understood yet, it is discussed that the last
incorporated nucleotide is inspected and identified by a
further set of amino acids forming hydrogen bonds to the
base moiety. Two of these amino acids are located between
motif A and B and form a small but highly conserved
element consisting of a basic residue followed by any
amino acid and a subsequent acidic side chain, described as
basic/acidic motif (B/A) [32, 46, 52] (Fig. 4). As indicated
by crystal structures as well as mutational analyses, the
basic residue (in most cases an arginine) forms a hydrogen
bond to the O2 position of the tRNA’s C75. This and other
putative interactions seem to bring the 3’-OH of the tRNA
end into position for a nucleophilic attack at the o-phos-
phate of the next incoming nucleotide. If a nucleotide other
than CTP was incorporated, the 3’-end cannot be positioned
for the next nucleotide addition. Hence, only tRNAs with
correctly added residues are a proper substrate for further
incorporations. These findings show that class II enzymes
also possess a quality checkpoint comparable to class I
enzymes. However, class II nucleotidyltransferases obvi-
ously can use this mechanism as a back-up system that
allows a proper CCA-addition even in the presence of a
rather deleterious mutation in the amino acid template [20].

Although in class II enzymes the tRNA primer does not
play a templating role as observed in class I, the back-up
mechanism indicates that RNA and enzyme also interact
and collaborate in CCA-addition. Structures of ternary
complexes of class Il enzymes underline the existence of
such a dynamic ribonucleoprotein architecture [43, 46].
Whereas RNA and protein form a base-recognizing tem-
plate in class I enzymes, the protein part alone is
responsible for nucleotide selection in class II. Here, the
tRNA fulfils a different function in controlling the fidelity
of the incorporated nucleotide. Hence, two different and
surprising solutions for the same task (an error-free syn-
thesis of CCA-termini) evolved for the two types of CCA-
adding enzymes.

The function of the last motif E is not fully understood
yet. It seems to stabilize a helix-turn structure found in
motif D and might also bind to the tRNA primer [45].
However, besides these five motifs A to E, the catalytic
core of class II enzymes contains another element that is
involved in the specificity switch of the nucleotide-binding

pocket and that differs dramatically from the above-men-
tioned elements in terms of function and evolution.

During CCA-addition, the shift from CTP to ATP
binding is achieved by the reorientation of the templating
amino acids in motif D as described above. However, this
reorganization of the NTP-binding site is not a locally
restricted rearrangement of an individual protein region,
but seems to be involved in an extensive movement of
individual enzyme domains relative to each other. This is
supported by the fact that a co-crystal of a class II
nucleotidyltransferase with bound tRNA-CC readily dis-
solved upon soaking with ATP [32]. Furthermore, a kinetic
analysis of the E. coli CCA-adding enzyme showed that an
increased concentration of glycerol (35%) in the reaction
buffer leads to a considerable reduction of A incorporation.
This result suggests that the enzyme has to perform an
extensive movement for this reaction that is impeded by the
high viscosity of glycerol [53]. A prerequisite for such a
structural rearrangement is the existence of flexible ele-
ments that allow a movement of individual protein parts
relative to each other. A corresponding region was identi-
fied in the crystal structures of several class I enzymes.
Due to a highly disordered conformation, a loop of 10 to 20
amino acids located in the catalytic head domain was not
resolved in most of the structures, indicating that this
protein part is highly flexible [32, 44-46, 52].

Direct proof that this loop element is involved in A
incorporation was demonstrated by the introduction of
several mutations. Deletions as well as single point muta-
tions completely abolished the A addition, while the
incorporation of the two C residues remained unaffected
[32, 46, 52, 54-56]. Since the loop sequence of the E. coli
enzyme has some similarities to P-loop elements, a possi-
ble function in ATP binding was discussed [56]. However,
a loop mutation that strongly interferes with ATP incor-
poration still has an unchanged K,,, indicating that ATP
binding is not affected by this mutation. Consequently, a
direct and specific interaction with ATP can be excluded
[55]. Hence, the function of the flexible loop seems to be
rather indirect, acting as a hinge or lever that allows a
movement of the adjacent enzyme parts leading to the
required conformational reorganization of the nucleotide-
binding pocket [52]. Due to such an important function,
one would expect that this element shows a similarly high
conservation at the sequence level as the other motifs of the
catalytic core do. However, phylogenetic analyses revealed
that this is not the case, as the loop sequences of individual
CCA-adding enzymes show a remarkable sequence diver-
sity [52, 54] (Hoffmeier, unpublished data). Nevertheless,
when the loop sequences were assigned to the organisms
the analyzed CCA-adding enzymes were isolated from,
individual consensus sequences could be recognized that
allowed to classify the loops into distinct evolutionary
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conserved families. Interestingly, these sequence families
turned out to be rather incompatible, as reciprocal loop
exchanges completely abolished the A-adding activity in
the resulting chimeric enzymes, while exchanges within
these families were tolerated. This indicates that the loop
elements are only functional within a certain enzyme
context of the same phylogenetic origin, probably inter-
acting with amino acid residues in the enzyme’s body.
Consequently, it is very likely that the loop is not func-
tioning as a passive hinge module, but serves as a lever that
pulls the amino acid template of the nucleotide binding
pocket into the required position. One of these possible
contact points was identified in a recently solved crystal
structure of the CCA-adding enzyme of Thermotoga
maritima. Here, a tyrosine residue of the loop interacts with
an aspartate side chain at the first position of the amino
acid template (in 7. maritima, the templating motif carries
the sequence DDxxR, a slight deviation from the usual
EDxxR motif). This interaction might influence the orien-
tation of the templating arginine residue and contribute to
the specificity switch [46]. However, as this tyrosine resi-
due is not conserved in all loop families, this interaction
cannot be generalized. Rather, it seems more likely that
other positions within the different loop subtypes can
interact with the templating motif. It is also conceivable
that residues located outside of the amino acid template are
recognized and form the lever structure. The latter scenario
implies that these binding partners underlie a co-evolution
together with the individual loop sequences (Hoffmeier,
unpublished data). As a consequence, the loop does not
follow the usually observed co-evolution of catalytically
important motifs in order to optimize the enzymatic
activity, but has its own evolutionary path that depends on
sequence elements of the individual CCA-adding enzymes
that are not identified yet.

While these elements involved in CCA-addition are
found exclusively in class II enzymes, it seems that both
classes carry a important f-turn with identical function in
the catalytic core. In class I, the turn has a conserved
sequence and is located between f5-strands 3 and 4 of the
nucleotidyltransferase domain, where it is involved in
positioning the tRNA 3’-end for proper nucleotide incor-
poration (see above). In class II, a comparable turn is found
between strands 4 and 5. While the sequence of this turn is
only moderately conserved, the structural organization is
very similar to corresponding turns in other nucleotidyl-
transferases, as revealed by structural overlays [46, 47].
Accordingly, the function of this turn might be identical
between class I and II CCA-adding enzymes.

Taken together, these elements identified in class II
enzymes build up a complex three-dimensional structure
that brings the two substrates tRNA and nucleotides into
close proximity required for an efficient and accurate CCA-

addition. The tRNA substrate, on the other hand, serves not
only as a primer to accept further nucleotides, but has a
significant contribution to the fidelity of the reaction.
Although it is not directly involved in NTP recognition as
in class I, it is a similarly active component of the class II
ribonucleocomplex. As these enzymes also carry just a
single nucleotide-binding site, the growing 3’-end of the
tRNA must progressively refold and allow the binding of
the next NTP to be incorporated. This refolding occurs as a
concerted movement together with the enzyme, triggering
the specificity switch to ATP and—together with the
anchor function of the C-terminal domain—probably also
the termination of the reaction.

Alternative substrates for CCA-adding enzymes

Just like the class I enzymes, the CCA-adding enzymes of
class II recognize only the upper part of a tRNA molecule
(consisting of acceptor stem and T-arm) as a substrate, but
not the complete tRNA structure (Fig. 5). Hence, it is not
surprising that for both classes, artificial minihelices can be
used for efficient CCA-addition in vitro [20, 48, 49].
However, minihelix-like structures at the 3’-end of tran-
scripts are also present in vivo. In eukaryotic cells
harboring class II CCA-adding enzymes, there are many
cases where such structures carry additional non-encoded C
and A residues at the 3’-ends, probably added by class II
CCA-adding enzymes. One of the first examples was found
in tobacco mosaic virus, where individual transcripts car-
ried complete CCA termini [57]. Similarly, considerable
amounts of U2 snRNA, found in the nucleus of human
cells, end with a CCA sequence, where at least the terminal
A residue was incorporated posttranscriptionally [58].
Further examples for CCA ends at non-tRNA transcripts
were described in maize mitochondria, where rpsi2, cox2
and atp9 mRNAs have non-encoded 3'-terminal C and A
residues [59], as well as in Arabidopsis [60] and in chlo-
roplasts of tobacco [61]. Such alternative in vivo substrates
for CCA-addition can certainly be found for class I
enzymes as well. Yet, this type of CCA-adding enzymes
exists only in archaea, where non-tRNA-like molecules
were not analyzed yet in this aspect. However, the bio-
logical relevance of these events of CCA-addition to non-
tRNA like transcripts is unclear. It is rather likely that these
RNA molecules meet the substrate requirements of a CCA-
adding enzyme just by chance.

CCA-addition is stimulated by Hfq

As described above, class II enzymes catalyze the CCA-
addition at high efficiency and accuracy in vitro, without
the help of any assisting proteins or co-factors. In vivo,
however, the situation might be different, at least in some
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cases. For the E. coli enzyme, it was shown that the mul-
tifunctional protein Hfq, originally discovered as a host
factor for phage Qff [62], can stimulate the CCA-adding
activity [63]. Whereas a direct interaction with the enzyme
could not be documented, Hfq binds specifically to tRNAs
[63, 64]. A kinetic analysis of the stimulated reaction
revealed that the affinity of the CCA-adding enzyme to the
tRNA/Hfq complex was not increased compared to the
naked tRNA alone. However, it is very likely that Hfq
facilitates the release of the reaction product, after CCA-
addition took place, as kinetic analyses suggest that the
enzyme remains rather tightly bound to the completed
tRNA, representing the rate-limiting step of the reaction
[53, 63].

While the described Hfq effect is currently the only
documented case of a stimulation of CCA-addition, it is
possible that similar proteins also affect tRNA maturation
and maybe also CCA-addition. Hfq belongs to the Sm/
Lsm-like protein family, and the corresponding proteins in
yeast have already been demonstrated to play an important
role in the processing of several tRNA transcripts [65].
Furthermore, enzymes related to class II CCA-adding
enzymes are also likely to be stimulated by Hfq. For the
structurally closely related bacterial poly(A) polymerase,
such a stimulating effect has already been demonstrated
[66, 67].

Some class II enzymes have an additional function
as phosphatases

In contrast to the highly conserved N-terminal region
containing the catalytic core, the C-terminus of class II
CCA-adding enzymes shows a remarkable sequence vari-
ation and is obviously not required for CCA-addition, as
considerable parts can be deleted without affecting the
enzymatic activity [50]. However, in some bacteria like
E. coli, the C-terminus of the CCA-adding enzyme carries
an HD domain characteristic for metal dependent phos-
phohydrolases [68, 69]. Consequently, these enzymes have
an efficient phosphatase activity and can remove 3’-phos-
phate groups from tRNA substrates [20]. While in the first
instance, this additional moonlighting activity is surprising,
it definitely represents a very useful function in the cell.
RNA molecules are generally rather susceptible to hydro-
lytic damage, induced by spontaneous cleavage or
nucleolytic activity of RNases. This cleavage leads to 2'-3’
cyclic phosphate groups at the 3’-end of the transcripts [70,
71]. A corresponding damage at the tRNA CCA-terminus
results in tRNAs with shortened 3’-ends carrying cyclic
phosphate groups which are not functional anymore.
Furthermore, the cyclic phosphate group blocks the
3’-hydroxyl for a subsequent CCA-end restoration. The
phosphatase activity of the CCA-adding enzyme, however,

can remove this cyclic phosphate group, regenerating the
3’-OH group that is then used as a substrate for the
incorporation of the missing parts of the CCA-end [20].
Hence, in E. coli, the CCA-adding enzyme acts as a tRNA
repair enzyme with a coordinated and sequential activity as
a phosphatase and a nucleotidyltransferase (Fig. 6). Since
this described damage of tRNA molecules is ubiquitous
and occurs therefore also in organisms lacking such a
phosphatase/nucleotidyltransferase combination, it is very
likely that CCA-adding enzymes without HD domains
collaborate with separate phosphatases in order to provide
an efficient tRNA 3’-end repair.

Closely related class II nucleotidyltransferases

While each organism usually carries just one single gene
for a tRNA nucleotidyltransferase, there are several bac-
terial species which obviously express two such enzymes.
Interestingly, these enzymes do not synthesize the com-
plete CCA-end, but show a restricted activity. One enzyme
adds exclusively two C residues to the tRNA primer, while
the second one incorporates the terminal A. Consequently,
these enzymes are called CC- and A-adding enzymes,
respectively [52, 72-75]. The collaboration of both activ-
ities ensures a complete and efficient CCA synthesis. A
similar CC-adding enzyme was also found in humans as a
result of an alternative splicing event that removes two
a-helices located in the body of the enzyme. However, it is
not understood yet why a deletion in this region restricts
the activity to the addition of two C residues. Furthermore,
a corresponding A-adding enzyme has also not yet been
identified in humans. Hence, while this splicing event
seems to be conserved in eutherian mammals, its biological
role in these organisms is still unclear [76].

As both CC- as well as A-adding enzymes carry the
complete set of conserved motifs A to E, it was rather
difficult to distinguish between the individual activities at
the sequence level. In a detailed analysis based on
sequence alignments, a common deletion in CC-adding
enzymes could be identified. In these enzymes, the flexible
loop required for the specificity switch from C to A
incorporation is missing. Without this lever element, the
nucleotide-binding pocket of these proteins is fixed in a
conformation that allows only the interaction with CTP,
while the structural reorganization required for ATP rec-
ognition is no longer possible. Experimental evidence
comes from an analysis of closely related Bacillus
enzymes, where the loop of a CCA-adding enzyme was
transplanted at the corresponding position of a CC-adding
enzyme. The resulting chimera showed a full CCA-adding
activity, representing therefore a gain of function due to the
loop insertion. Accordingly, the artificial deletion of this
loop completely abolished the A incorporation of the CCA-
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Fig. 6 Repair scenario catalyzed by a class II CCA-adding enzyme
with phosphatase activity. Due to hydrolytic damage (black bolt), the
tRNA (grey) has lost the terminal A residue of the CCA-end and
carries now a 2'3'-cyclo phosphate. The phosphatase center of the

adding enzyme from E. coli [52]. However, when the loop
from the Thermotoga maritima CCA-adding enzyme was
inserted into the Aquifex aeolicus CC-adding enzyme, the
resulting chimera showed no complete CCA-addition [46].
Obviously, the Thermotoga loop is not functional in the
Agquifex enzyme body, supporting the incompatibility of
the loop families described above. Nevertheless, the exis-
tence of this deletion can be used as a hallmark to identify
CC-adding enzymes. For the A-adding enzymes, on the
other hand, the molecular basis for the restriction of their
catalytic activity to the addition of the terminal A residue is
still not understood. Neither deletions nor mutations in the
catalytically important motifs have been identified yet.
Consequently, the enzymatic activities have to be deter-
mined experimentally. In a phylogenetic analysis, however,
the A-adding enzymes are found in one separate branch of
the tree, while CC-adding enzymes and CCA-adding
enzymes do not strictly separate [52]. Hence, it is con-
ceivable that the A-adding enzymes are of monophyletic
origin and evolved in an early separating individual
lineage.

Another closely related member of class II CCA-adding
enzymes is the bacterial poly(A) polymerase (PAP). This
enzyme, although not present in all bacterial species [6, 47],
has an important function in RNA quality control. In the
bacterial system, the poly(A) tails do not confer mRNA
stability, but represent signals for exonucleolytic degrada-
tion by the RNA degradosome [77-79]. Unlike CCA-
adding enzymes, no crystal structures of bacterial poly(A)
polymerases have yet been determined. Consequently, the
exact mechanism of polyadenylation and the differences to
CCA-addition are not fully understood. However, sequence
alignments indicate a very close evolutionary relation to the
class II CCA-adding enzymes. Especially the N-terminal
catalytic core is highly similar and carries the same set of
catalytically important motifs [50, 80, 81]. Based on this

CCA—addmg enzyme

CCA-adding enzyme removes this phosphate group and converts the
tRNA 3'-end into a standard primer, carrying 2’- and 3’-OH groups.
Subsequently, the nucleotidyltransferase activity of the CCA-adding
enzyme incorporates a new A residue and restores the CCA terminus

high sequence similarity, it has been speculated that CCA-
adding enzymes and poly(A) polymerases share a common
ancestor and might have interconverted during evolution
[5]. Indeed, the conversion of a poly(A) polymerase into a
CCA-adding enzyme was demonstrated by the generation
of a chimera, where the C-terminal part of the E. coli PAP
was replaced by the corresponding region of the CCA-
adding enzyme from the same organism [50]. The resulting
chimeric enzyme did not produce poly(A) tails, as would
have been expected due to the catalytic core of PAP, but
exclusively synthesized CCA-termini on tRNA substrates.
This surprising CCA-addition is explained by the fact that
the nucleotide-binding pocket of the poly(A) polymerase
carries an amino acid template EDxxR identical to that
found in the CCA-adding enzyme. Hence, the binding
pockets of both enzymes have the intrinsic ability to rec-
ognize ATP as well as CTP. However, while the back-up
mechanism described for CCA-adding enzymes compen-
sates for mutations in this amino acid template (see above),
poly(A) polymerases with a mutated binding pocket show a
dramatically increased misincorporation [54]. Obviously,
the poly(A) polymerases do not have a back-up mechanism
for polyadenylation and the polymerization specificity does
not rely on the collaboration between RNA substrate and
enzyme, as it was observed for the CCA-adding enzymes.
Whereas this quality control checkpoint in the CCA-adding
enzymes underlines the vital importance of a correct CCA-
addition in the cell, poly(A) tails with misincorporated
additional nucleotides are tolerated to a certain extent,
making a similar back-up system dispensable [54, 82, 83].

Besides the amino acid template required for nucleotide
selection, bacterial poly(A) polymerases also carry the
flexible loop lever region originally identified in the CCA-
adding enzymes. However, while this element is essential
in CCA-adding enzymes for the incorporation of the ter-
minal A residue, it is not required for polyadenylation, as
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Fig. 7 Modular evolution of class II nucleotidyltransferases as
supported by experimental and phylogenetic data. From a starting
CCA-adding enzyme (center), new enzymes emerge by the insertion/
deletion/exchange of protein modules. Individual events of this
scenario are presented in a clockwise orientation: An mRNA-binding
site module transforms the enzyme into a poly(A) polymerase. The
deletion of the lever loop module restricts the activity to CC-addition.

the corresponding deletion variant of PAP readily synthe-
sizes long stretches of poly(A) tails [54]. These data clearly
support the idea that—instead of an evolutionary inter-
conversion—class II poly(A) polymerases descend from
CCA-adding enzymes and still carry active site elements
important for CCA-addition as an evolutionary relic.

Evolution of class II nucleotidyltransferases

The high sequence similarity of CCA-, CC-, and A-add-
ing enzymes as well as the bacterial poly(A) polymerases
led to an ongoing debate concerning their evolution.
Based on phylogenetic analyses it was hypothesized that
CC- and A-adding enzymes might represent the ancestral
rather primitive enzymatic activity that evolved into the
more complex CCA-adding enzymes that can switch from
CTP towards ATP specificity [74, 75]. In the case of the
A-adding enzymes, this idea is supported by two facts.
First, the Thermotoga maritima CCA-adding enzyme has
a striking similarity to A-adding enzymes, indicating that
it evolved out of this type of nucleotidyltransferase [75].
Second, phylogenetic analyses indicate that the A-adding
enzymes fall together in a separate branch of the

Exchange of large N- or C-terminal parts lead either to a poly(CCA)
polymerase or to a further CCA-adding enzyme with the catalytic
core of poly(A) polymerase. The insertion of the HD domain
introduces a phosphatase activity. The evolution of A-adding
enzymes, however, is not yet clarified (dashed arrow with question
mark). The individual insertions, deletions, and replacements are
indicated only at approximate positions

evolutionary tree, from which CC- and CCA-adding
enzymes might have emanated [52]. On the other hand,
the same phylogeny indicates that the CC-adding enzymes
descend from CCA-adding enzymes, since some of them
are located in the same branch as the CCA-adding
enzymes. This event obviously occurred at least twice in
evolution, as CC-adding enzymes are found in two dif-
ferent branches of the tree [52]. This scenario is
corroborated by the observation that the deletion of the
lever loop is responsible for the reduced activity of these
enzymes. It is much more likely that such a deletion
occurs during evolution than an insertion of a loop ele-
ment into a CC-adding enzyme at the correct position. As
there are many incompatible loop families, this insertion
has to have a sequence composition that is tolerated by
the catalytic core region of the CC-adding enzyme, which
is also highly unlikely. Further support for the idea that a
CCA-adding enzyme evolved into CC-adding enzymes
comes from kinetic analyses [51]. Hence, at least for
these two types of enzymes, the evolutionary path seems
to be clarified. In addition, it is also very likely that the
closely related bacterial poly(A) polymerase directly
descends from the CCA-adding activity, as it still carries
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elements required for CCA-addition but unnecessary for
polyadenylation. Taken together, the available experi-
mental as well as phylogenetic data indicate that the
CCA-adding activity represents the ancestral state that
evolved into different further activities based on a com-
binatorial exchange of individual functional modules.
Thus, the observed change in activity due to this transfer
of enzyme parts represents an impressive example of the
modular composition of proteins that is frequently dis-
cussed as one of the driving forces in enzyme evolution
[84-86] (Fig. 7).

Compared to class II, the class I nucleotidyltransferases
represent a much bigger group with members catalyzing a
broad variety of reactions [6]. Yet, no tRNA nucleotidyl-
transferases with partial activities or enzymatic
interconversions of CCA-adding enzymes and poly(A)
polymerases were described up to now. Hence, these
interesting evolutionary events obviously represent a spe-
cific feature of class II enzymes. Nevertheless, it is very
likely that class I enzymes also evolved out of an ancestral
primitive nucleotide transferring activity similar to the
MNTs mentioned in the introduction. By the addition of
new functional domains, these MNTSs evolved into the two
separate classes 1 and II with different CCA-adding
enzymes as well as poly(A) polymerases. Then, further
combinatorial module exchanges led to the observed vari-
ety of enzymatic activities within class II (Fig. 8).

CCA-adding enzymes: molecular fossils of an ancient
telomerase?

Although modern class I and class II CCA-adding enzymes
use different strategies to synthesize the CCA sequence on
tRNA 3’-ends at a surprisingly high fidelity, the shared
ability to accept minihelical structures as primers might
indicate a common evolutionary origin. The top half of a
tRNA (representing the mentioned minihelix) is discussed
to be a relic of the RNA world, when genomes were build
up of RNA or RNA-like polymers [87, 88]. A stem-loop
structure at the 3’-end of these transcripts might have been
the substrate for the addition of a CCA marker tag that
introduced a replication start signal for these molecules
[89]. This genomic tag was then used as a starting template
for RNA replication, guiding the replicase to initiate
polymerization with one or two G residues that base-pair
with the CCA sequence [88]. Such a GG replication start
has the advantage that the G:C base pairs have more
hydrogen bonds than A:U interactions, stabilizing thereby
the primer/template interaction. When later on modern
telomerases evolved, these enzymes possibly “borrowed”
the CCA tag for the endogenous RNA template that is still
rich in C and A residues [89]. The original participants,
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Fig. 8 Evolution of class I and class II CCA-adding enzymes as well
as poly(A) polymerases. Starting from a primitive minimal nucleo-
tidyltransferase MNT, class I and class II enzymes emerged rather
early by the addition of functional domains. Class I split into two
subgroups consisting of archaeal CCA-adding enzymes and eukary-
otic poly(A) polymerases. In class II, however, CCA-adding enzymes
probably emerged first and evolved then into enzymes with different
(poly(A) polymerases) or partial activities (CC-adding enzymes). The
evolution of A-adding enzymes is not understood (indicated by the
dashed arrows and the question marks). It is possible that these
enzymes present the ancestral state, leading to CCA-adding enzymes
and poly(A) polymerases. Vice versa, it is also possible that one of
these activities is the progenitor of the A-adding enzymes. Modified
after [5]. Graphical presentations are based on the available pdb
entries of the individual enzymes

however, the 3’-terminal RNA minihelix and the CCA-
tagging activity, evolved into their modern functions in the
protein world, the tRNA molecules and the two types of
CCA-adding enzymes. Although these enzymes have
obviously lost their original first jobs in the RNA world and
had to be re-trained in their new employment, they still
remain highly interesting and fascinating research objects
that we still do not fully understand.
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