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ABSTRACT

Archaeal class I CCA-adding enzymes use a ribonucleoprotein template to build and repair the universally conserved 3'-
terminal CCA sequence of the acceptor stem of all tRNAs. A wealth of structural and biochemical data indicate that the
Archaeoglobus fulgidus CCA-adding enzyme binds primarily to the tRNA acceptor stem through a long, highly conserved -
helix that lies nearly parallel to the acceptor stem and makes many contacts with its sugar-phosphate backbone. Although the
geometry of this a-helix is nearly ideal in all available cocrystal structures, the helix contains a highly conserved, potentially
helix-breaking proline or glycine near the N terminus. We performed a mutational analysis to dissect the role of this residue in
CCA-addition activity. We found that the phylogenetically permissible P295G mutant and the phylogenetically absent P295T
had little effect on CCA addition, whereas P295A and P295S progressively interfered with CCA addition (C74>C75>A76
addition). We also examined the effects of these mutations on tRNA binding and the kinetics of CCA addition, and performed a
computational analysis using Rosetta Design to better understand the role of P295 in nucleotide transfer. Our data indicate that
CCA-adding activity does not correlate with the stability of the pre-addition cocrystal structures visualized by X-ray
crystallography. Rather, the data are consistent with a transient conformational change involving P295 of the tRNA-binding
a-helix during or between one or more steps in CCA addition.
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INTRODUCTION

The CCA-adding enzyme (ATP[CTP]:tRNA nucleotidyl-
transferase) is an unusual RNA polymerase that adds a
defined sequence of three nucleotides to tRNA without
benefit of a nucleic acid template. Although CCA-adding
activity is universal except in the minimal genomes of the
eubacterial endosymbionts Mycoplasma and Ureaplasma
(Mushegian and Koonin 1996), there are two evolutionarily
distinct classes of CCA-adding enzymes. Class I enzymes
are found in Archaea, class II in eubacteria and eukaryotes
(Yue et al. 1996); the two classes of enzymes exhibit no
homology outside of the catalytic nucleotidyltransferase

domain that is shared with many RNA and DNA poly-
merases, aminoglycoside resistance enzymes, and eubac-
terial regulatory proteins (Aravind and Koonin 1999).
CCA-adding enzymes of both classes accept all three
incomplete tRNA species as substrates (tRNA-D, tRNA-
DC, and tRNA-DCC, where D is the discriminator base)
and faithfully add one nucleotide at a time, using CTP and
ATP as precursors to generate mature tRNA. The ability to
add CCA without a nucleic acid template is all the more
remarkable because the enzyme has only a single active site
(Yue et al. 1998) and the tRNA does not translocate along
the enzyme as each successive nucleotide is added; thus,
the growing 3’ end of the tRNA must refold after each
nucleotide addition in order to reposition the new primer
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terminus for attack on the next incoming NTP within the
active site (Shi et al. 1998; Cho et al. 2006).

Complexes of class I CCA-adding enzymes with incom-
plete tRNAs, mature tRNA, and tRNA substrate mimics
have been extensively characterized both biochemically and
by X-ray crystallography. All of the crystal structures of the
Archaeoglobus fulgidus enzyme, including the apoenzyme
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and the enzyme bound to tRNA or tRNA mimics, are
remarkably similar (overall Ca RMSD 0.89-2.1 A) with
most of the structural variation occurring within the
catalytic (“head”) domain. The precise mechanism by
which the CCA-adding enzyme recognizes and holds the
top half of tRNA in the proper register for CCA addition
has been subject to some controversy (Xiong and Steitz
2004; Cho et al. 2005; Tomita et al. 2006), but the cocrystal
structures agree quite well regarding interactions of the
protein with the 3’ end of the acceptor stem and the
growing 3’ end of the tRNA substrate. As predicted by
the “collaborative templating” model (Shi et al. 1998), the
CCA-adding enzyme directs and accommodates refolding
of the growing 3’ end of the tRNA; a flexible, highly
conserved B-turn in the head domain plays a key role in
this collaborative process, adopting at least three consecu-
tive conformations as the 3’ terminal CCA sequence is
added (Shi et al. 1998; Xiong and Steitz 2004; Cho et al.
2006). The detailed mechanism of nucleotide addition has
also been revealed at atomic resolution by cocrystallization
of the enzyme with and without NTPs and with different
tRNA substrates (Xiong and Steitz 2004; Tomita et al.
2006). Nonetheless, despite the wealth of structural and
biochemical data, consensus has not been reached regard-
ing the exact mechanism of nucleotide discrimination
(Xiong and Steitz 2004; Tomita et al. 2006), the mechanism
of the specificity switch from CTP to ATP (Martin et al.
2008), or the role of a progressive conformational change in
the head domain relative to the neck, body, and tail (Xiong
and Steitz 2004). Finally, and most importantly for this
report, X-ray crystallography can only characterize stable
structures; transient conformational changes between or
even during nucleotide addition steps cannot be visualized
and must be inferred from biochemical experiments or
from cocrystals with transition state mimics.

In all available cocrystal structures of tRNA or tRNA-like
substrates with the class I A. fulgidus CCA-adding enzyme,
the acceptor stem of the tRNA substrate is bound to a
nearly parallel a-helix in the protein (Xiong and Steitz
2004; see Fig. 1A in Tomita et al. 2006). Highly conserved
residues near the N terminus of this a-helix bind the tRNA
substrate in the proper register for CCA addition; less
highly conserved basic residues toward the C terminus of
the a-helix contribute to overall binding affinity, but do
not appear to affect register (see Fig. 5 in Cho et al. 2006).
We had previously noted that residue 295 near the N
terminus of the tRNA-binding a-helix is either proline or
(less frequently) glycine in 19 of 20 sequenced Archaeal
genomes, and we therefore speculated that the a-helix
might break or partially dislocate at some step in CCA
addition (Cho et al. 2006). Genomes encoding several new
archaeal CCA-adding enzymes have since been sequenced,
and residue 295 is proline or glycine in 32 of 33 homol-
ogous archaeal CCA-adding enzymes covering the entire
spectrum of known Archaea (Supplemental Fig. 1). We

were intrigued that P295 does not cause the tRNA-binding
a-helix to bend or kink in any of the cocrystal structures of
the A. fulgidus enzyme with various tRNA substrates or
mimics (Xiong and Steitz 2004; Tomita et al. 2006). On the
one hand, proline and glycine are frequently considered
helix-breakers (Chakrabartty et al. 1994), and proline can
redirect a transmembrane «-helix by as much as 30°
(Chakrabarti and Chakrabarti 1998). On the other hand,
proline can be readily accommodated within an a-helix,
where it forms C-H---O hydrogen bonds through the 8
carbon (Chakrabarti and Chakrabarti 1998). In an attempt
to reconcile phylogenetic conservation of a potential helix-
breaker at residue 295 with structural evidence for a con-
tinuous tRNA-binding «-helix (Fig. 1), we performed a

FIGURE 1. The tRNA acceptor stem binds primarily to a tRNA-
binding «-helix in class I CCA-adding enzymes. (A) Structure of
mature tRNA bound to the A. fulgidus CCA-adding enzyme (Xiong
and Steitz 2004). tRNA is shown in orange, the head domain of the
enzyme in lavender, the neck in light green, the body in blue, and the
tail in green. The B-sheet containing the two catalytic aspartates of the
nucleotidyltransferase motif is highlighted in magenta, and the tRNA-
binding a-helix is shown in lighter blue. (B) Hydrogen bonds between
tRNA backbone and side chains extending from the tRNA-binding a-
helix. Proline 295 is shown in yellow; other side chains are in standard
stick representation with carbon gray, nitrogen blue, and oxygen red.
See Cho et al. (2006) for residue numbers and a detailed description
of the binding interactions. (Inset) Interaction of the tRNA acceptor
stem with the tRNA-binding a-helix in the P295S mutant. The
additional hydrogen bond is indicated by a dashed line. Prepared
using PyMol (DeLano 2002).
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mutational analysis designed to determine whether this
a-helix may undergo a conformational change at P295 (or
the equivalent glycine in homologous archaeal enzymes)
during one or more steps in CCA addition.

RESULTS AND DISCUSSION

The effect of mutagenesis of P295
on CCA-addition activity

To guide our experimental mutational analysis, we first
subjected residue 295 in the tRNA-binding o-helix to
virtual mutagenesis using Rosetta Design (Kuhlman et al.
2003; Ashworth et al. 2006). We replaced P295 with each
of the other 19 amino acids and scored the point mutants
using a potential energy function that approximates the
free energy of the RNP by summing the score of each
residue, the individual residue scores themselves being a
weighted sum of component scores. (Table 1; data not
shown). Only those mutants with a negative (favorable)
residue score are shown (Table 1, column 5, residue score).
The results are sorted by the score of residue 295; the
overall score of the RNP complex is also given (Table 1,
column 6, RNP score) along with selected components of
the residue score. As inferred from the negative residue
scores, only five amino acids are structurally compatible
with the crystal structure conformation of the tRNA-—
enzyme complex: Pro, Ala, Ser, Gly, and Thr. We therefore
expressed and purified histidine-tagged A. fulgidus CCA-
adding enzymes with each of these P295 mutations and
assayed their effect on enzyme activity. As shown in Figure
2, the P295G and P295T mutants displayed close to wild-
type activity for all three steps of CCA addition, whereas

TABLE 1. Virtual mutagenesis of residue 295

Residue RNP

Mutation LJ-atr  AA-type  H-bond score score

P295 (WT) —4.3 0.1 =1.3 —4.8 —644.70
P295A 2.7 -0.2 —-1.3 —4.3 —643.49
P295S —3.2 0.2 —1.8 —3.7 —643.30
P295G -2.1 0.4 —-1.3 —3.2 —642.07
P295T =3 0.2 =13 =19 —639.66

Rosetta scores for virtual mutagenesis of residue 295. LJ-atr,
Lennard-Jones score, attractive portion; AA-type, statistically
derived term for the stability of the residue in this a-helical context;
H-Bond, hydrogen-bonding score; Residue score, total score for
residue 295, a weighted sum of component scores given in
columns 2—4 and others not shown; RNP score, total score of
tRNA-enzyme complex for each mutant enzyme, the weighted
sum of all individual residue scores. Note that the Rosetta scores
are given in arbitrary units; scores have not been parameterized
on the “real” AG of folding. Several other amino acids were also
predicted to favor an a-helical conformation of the tRNA-binding
helix in the apoenzyme, but both Rosetta calculations and visual
inspection indicated that van der Waals clashes with the tRNA
would prevent these mutants from binding tRNA substrates.
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FIGURE 2. Mutations in helix L of the A. fulgidus CCA-adding
enzyme differentially affect addition of C74, C75, or A76. (A) Gel
electrophoresis assay of the enzymes with tRNA substrates lacking A,
CA, or CCA (tRNA-NCC, tRNA-NC, or tRNA-N, where N is the
discriminator base), all four unlabeled nucleotides, and [a-**P]-
labeled CTP or ATP as appropriate. Standard assays in the linear
range for wild-type enzyme. (B) Activity of enzymes relative to wild
type (P295). The average of three independent experiments is shown,
with error bars indicating standard deviation.

the P295A and P295S mutants were less active than wild
type and progressively more impaired for each successive
nucleotide addition (C74>C75>>A76). Although it was
unsurprising that the phylogenetically permissible P295G
mutant would retain wild-type activity, the high activity of
the phylogenetically absent P295T mutant and the impaired
activity of the structurally compatible P295S and P295A
mutants was puzzling, and we therefore attempted to
correlate the individual components of the Rosetta Design
scores with the activities of the mutant enzymes.

We first considered the P295A mutant. In principle, the
impaired activity of this mutant compared with the wild-
type P295 could reflect loss of interdomain van der Waals
interactions: Note the lower (more favorable) score of P295
compared with P295A in the Lennard-Jones attractive
(LJ-atr) portion of the Rosetta scores (Table 1, column 2).
However, P295G is also destabilized in the LJ-atr compo-
nent of the Rosetta score (Table 1), yet it displays wild-type
activity (Fig. 2). This indicates that loss of interdomain
van der Waals interactions cannot account for the decreased
activity of the P295A mutant. As we had previously
hypothesized that P295 might be involved in a transient
conformational change, we examined the effect of muta-
tions at position 295 on the predicted stability of the tRNA-
binding «-helix. In fact, P295A is the only mutation that
stabilizes the helical backbone conformation at position
295 (Table 1, column 3, AA-type), consistent with the
known property of alanine as a strong helix former
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(Chakrabartty et al. 1994). Taken together with the desta-
bilization of the helical conformation in the highly active
P295G and P295T mutants (Table 1, column 3), the effects
of these mutations suggest that CCA-adding activity corre-
lates with helix destabilization at residue 295.

Rosetta Design predicts that the P295S mutant, like
P295G or P295T, destabilizes the helical backbone confor-
mation of the tRNA-binding a-helix (Table 1, column 3),
yet P295S decreases enzyme activity (Fig. 2). This seemingly
contradictory result is not difficult to explain, because
Rosetta Design also predicts that the y-hydroxyl of serine
295 makes an additional hydrogen bond between the
tRNA-binding a-helix and the tRNA acceptor stem (Fig.
1B, inset). This would stabilize the tRNA-binding a-helix
in the P295S mutant (Table 1, column 4, H-bond),
consistent with our hypothesis that enzyme activity corre-
lates with destabilization of the structure in the vicinity of
residue 295.

Mutations at P295 do not affect tRNA binding

The progressive inhibition of C74>C75>>A76 addition
seen for P295A and P296S (Fig. 2) could be caused by
defects in tRNA binding, NTP binding, catalysis, or some
intermediate reaction step. To separate these effects, we
compared binding of tRNA-N, tRNA-NC, and tRNA-NCC
to the P295, P295A, and P296S enzymes by electrophoretic
mobility shift assays (summarized in Table 2). We consid-
ered it unlikely that stabilization of the tRNA-binding
a-helix by the P295A mutation, or creation of an extra
hydrogen bond to the tRNA by the P295S mutation, would
significantly weaken formation of the tRNA—enzyme com-
plex, and, indeed, the Ky for enzyme binding to each tRNA
processing intermediate was affected by 4.5-fold or less
(Table 2). This is consistent with the Rosetta prediction
that the P295A and P295S mutations would have little
effect on the stability of the cocrystal structures (Table 1,
columns 5,6), and also with our previous evidence that
tRNA binding is almost entirely dependent on interactions
with the acceptor stem and is not significantly affected by
binding of the growing 3’-terminal CCA sequence within
the active site (Cho et al. 2006). Thus, the significant
defects in CCA-adding activity displayed by these mutants
(Fig. 1) are likely to reflect impairment of one or more
steps in CCA addition subsequent to initial tRNA binding.

TABLE 2. Dissociation constants (Ky, uM) for binding of tRNA
substrates to the CCA-adding enzyme calculated from
electrophoretic mobility shift assays

tRNA-N tRNA-NC tRNA-NCC
P295 (WT) 0.08 0.13 0.14
P295A 0.17 0.47 0.15
P295S 0.18 0.55 0.24

Defects in CCA-addition activity correlate
with increases in apparent K, for NTPs
and decreases in catalytic efficiency

As the identity of residue 295 in the tRNA-binding a-helix
does not appear to affect tRNA binding (Table 2), a
subsequent step in the complex CCA-addition reaction
must be responsible for the effects of mutating P295. We
therefore determined an apparent K,;, and k., for CTP and
ATP using the natural substrates tRNA-N, tRNA-NC, and
tRNA-NCC (Table 3). As expected, the P295T and P295G
mutants have little effect on K, and k., for C74, C75, and
A76 addition. P295A has relatively small effects on C74 and
C75 addition; however, the K,;, for ATP increases by about
26-fold and kg, decreases by about threefold, reducing
overall catalytic efficiency (k../K,) by two orders of
magnitude. P295S progressively increased K,, for each
NTP addition by 20- to 40-fold, while decreasing k., by
no more than threefold; this reduced catalytic efficiency for
each nucleotide addition step by two orders of magnitude
or more (Table 3).

In the original Michaelis-Menten equation of enzyme
kinetics (Michaelis and Menten 1913), ks, which for our
purposes represents the observed rate constant for all steps
subsequent to NTP binding to the binary tRNA—enzyme
complex, was assumed to be much smaller than the off-rate
for NTP binding. As a result, the Michaelis—Menten con-
stant (K,) for NTP addition was equivalent to the equilib-
rium dissociation constant (Ky), or affinity, of the binary
complex for the NTP. Briggs and Haldane (1925) showed
that this assumption was unnecessary, and that K, could
more correctly be defined as an upper limit for the Ky of the
NTP with the binary tRNA—enzyme complex under steady-
state conditions. However, even this generalization fails to
hold for more complex reactions; the Michaelis—Menten
constant may even be smaller than the dissociation constant,
depending on the complexity of the enzyme reaction
pathway and the relative magnitude of each elemental rate
constant (Northrop 1998). For a complex reaction such as
CCA-addition, where little is known about the elemental
rate constants, and at least six molecular species (tRNA-N,
tRNA-NC, tRNA-NCC, tRNA-CCA, CTP, and ATP) com-
pete for binding to overlapping sites, the meaning of the
Michaelis—Menten constant cannot be precisely defined as
referring to binding of a particular substrate; nor can
catalytic efficiency (k. /Ky,) be associated with a particular
step such as catalysis or polymerization. Rather, these terms
must be interpreted as referring to any, and perhaps all steps
from NTP binding to catalysis to product release.

The CCA-adding enzymes may be partially processive,
further complicating the use of Michaelis—Menten kinetics.
On the one hand, the ability of the enzymes to use all three
incomplete tRNAs as substrate (tRNA-N, tRNA-NC, and
tRNA-NCC), as well as the existence of organisms where
CCA-addition is the joint responsibility of CC-adding and
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TABLE 3. Steady-state kinetic parameters for P295 mutants

C74 addition C75 addition A76 addition
Enlyme Km kcat kcat/Km(rel) Km kcat kcat/Km(reI) Km kcat kcat/Km(re[)
WT 10 3.68 1 17.5 3.21 1 300 2.56 1
A295 37 3.53 0.28 40 2.49 0.33 7640 0.83 0.01
$295 200 2.55 0.03 650 1.83 0.01 12,500 0.76 0.01
T295 25 3.80 0.36 25 2.93 0.67 350 2.72 0.92
G295 10 3.43 0.94 90 2.46 0.15 233 2.55 1.29

Addition of [a-*?P]CTP to tRNA-N and tRNA-NC and [a ->*PJATP to tRNA-NCC was assayed under standard conditions in the presence of 100
M of the other unlabeled nucleotides. The kinetic parameters, K, (@M) and ke, (s7"), were determined from a Michaelis—Menten plot of the
initial reaction rate over a range of NTP concentrations. The relative catalytic efficiencies [kea/Kn(rel)] are normalized to wild type.

A-adding enzymes (Tomita and Weiner 2001, 2002), argue
against strict processivity. On the other hand, the presence
in both Archaea and Gram-positive Eubacteria of tRNA
genes encoding either all or none of CCA, but never part of
it, is most easily rationalized by processivity: There would
be no selection for encoded C74 or C75, because a pro-
cessive enzyme would quickly add these two nucleotides
once tRNA-N was bound.

In conclusion, the P295A and P295S mutants have large
effects on the K, for NTP addition, small effects on tRNA
binding, and are spatially distant from the nucleotide bind-
ing site. This suggests that residue 295 is involved in some
step(s) other than substrate binding or catalysis. Moreover,
the greater the calculated stability of the tRNA-binding
a-helix as seen in various cocrystal structures, the lower
the CCA-adding activity with C74>C75>A76 addition. This
suggests that P295 undergoes a transient conformational
change during or between one or more steps of CCA addi-
tion, and that this conformational change becomes progres-
sively more important or difficult as each new nucleotide is
added. The proposed conformational change would explain
the conservation of a “helix-breaking” residue at position
295 of the tRNA-binding a-helix in archaeal CCA-adding
enzymes, and would highlight how much we still have to
learn about the mechanism of this unique RNA polymerase.

MATERIALS AND METHODS

Virtual mutagenesis

Using the Rosetta Design program (Kuhlman et al. 2003; Ashworth
et al. 2006), all 20 amino acids were substituted at position 295
of A. fulgidus CCA-adding enzyme (PDB code 1SZ1) (Xiong and
Steitz 2004), while allowing the conformations of nearby contact-
ing residues to vary. Side-chain conformations were from the
Dunbrack backbone-dependent rotamer library (Bower et al.
1997), supplemented with the native side-chain conformations
from the crystal structure. A Monte Carlo search procedure was
used to identify the combination of rotamers with the lowest
energy according to a potential that includes a Lennard-Jones
potential to describe atomic packing interactions (van der Waals
forces), an orientation-dependent hydrogen-bonding potential
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(Kortemme et al. 2003), statistical terms approximating the
backbone-dependent amino acid type and rotamer probabilities
(Kuhlman et al. 2003), a generalized Born model of electrostatics
(Ashworth et al. 2006), an implicit solvation model (Lazaridis and
Karplus 1999), and an estimate of unfolded reference state energies
(Kuhlman et al. 2003). Only protein—protein and protein—RNA
interactions were considered in the final score; intramolecular
RNA interactions were constant in each virtual point mutant and
were not used, because the RNA energy would simply result in a
constant offset to the final score. The relative stability of the
enzyme—tRNA complex in the context of each amino acid substi-
tution was scored, as well as the stability of mutated residue itself.

We were initially concerned that the relatively low resolution of
the cocrystal structures (Xiong and Steitz 2004) might affect the
Rosetta calculations; however, what ultimately matters is not the
resolution of the diffraction data, but how good a model is made
from those data, and, in fact, we obtained essentially identical
results (data not shown) using the higher resolution data of
Tomita et al. (2006). We therefore chose to present our results
using the more biologically relevant cocrystal structure of the
enzyme complexed with a natural tRNA substrate. There are
several reasons why the signal-to-noise ratio is much less
worrisome for this unusual application of Rosetta than it would
be for more typical uses of a protein design program. Even at
lower resolution, the backbone of the protein is almost certainly
correct, and those are the only coordinates necessary for accurate
AA-type scores, which is one key component in our calculations.
The other key component of our calculations is the hydrogen
bonding score, and this is easily verified as a real computational
signal by visual inspection of the modeled hydrogen bond. In
addition, one would not expect a larger signal for “real” hydrogen
bonds than for incorrect ones. If the design program makes a
mistake, it assigns just as good a score to the mistake as to a cor-
rectly predicted bond. Thus, although the various virtual mutants
exhibit very similar Rosetta scores, this is the expected result for
mutating a single residue and repacking only a few nearby
residues, no matter how high the resolution of the data used to
build starting model. If many mutations were being made at once,
small inaccuracies in the score function could add up, and one
would indeed expect to see larger differences in the RNP scores.

Mutagenesis and enzyme assays

Mutations were introduced into the A. fulgidus CCA-
adding enzyme using the QuickChange (Stratagene) kit, and
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hexahistidine-tagged enzymes were prepared as described (Cho
et al. 2003). tRNA substrates lacking A, CA, or CCA were prepared
as described (Cho et al. 2002, 2003) by runoff transcription from a
Bacillus subtilis aspartate tRNA template (Oh and Pace 1994) or
modifications thereof (Cho et al. 2003). Standard 10 pL CCA
addition assays were performed as described (Cho et al. 2003).

Electrophoretic mobility shift assays were performed as
described (Shi et al. 1998) and quantified by Storm Phosphor-
Imager (Amersham Biosciences). The ratio of free to bound tRNA
was measured as a function of enzyme concentration, and Ky
calculated from the slope of a double reciprocal plot (Carey and
Uhlenbeck 1983).

Kinetic parameters were assayed by addition of [a-**P]CTP
to tRNA-N or tRNA-NC and [a-*’P]JATP to tRNA-NCC under
standard assay conditions in the presence of all four unlabeled
nucleotides (100 wM each), 40 nM enzyme, and 2 uM tRNA-N,
tRNA-NC, or tRNA-NCC (a >3.5-fold excess over the Ky for even
the weakest binding mutant; see Table 2). For analysis of C74
addition, electrophoresis was performed for a short enough time
to allow comigration of C74 and C75 addition products; these
were quantified together, as any C75 addition product must by
definition include a C74 addition. Linear-reciprocal plots of initial
velocities against NTP concentrations were used to determine K,
values for NTP addition. CTP concentrations were varied from
6.25 to 50 wM for the C74 and C75 addition reactions, and ATP
concentrations from 250 to 2000 pM for the A76 reaction.
Incorporation was measured in arbitrary Storm PhosphorImager
(Amersham Biosciences) units proportional to counts per minute.

SUPPLEMENTAL DATA

Supplemental material can be found at http://www.rnajournal.org.
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