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Abstract

In tRNA maturation, CCA-addition by tRNA nucleotidyltransferase is a unique and highly accurate reaction. While
the mechanism of nucleotide selection and polymerization is well understood, it remains a mystery why bacterial and
eukaryotic enzymes exhibit an unexpected and surprisingly low tRNA substrate affinity while they efficiently catalyze
the CCA-addition. To get insights into the evolution of this high-fidelity RNA synthesis, the reconstruction and char-
acterization of ancestral enzymes is a versatile tool. Here, we investigate a reconstructed candidate of a 2 billion years
old CCA-adding enzyme from Gammaproteobacteria and compare it to the corresponding modern enzyme of
Escherichia coli. We show that the ancestral candidate catalyzes an error-free CCA-addition, but has a much higher
tRNA affinity compared with the extant enzyme. The consequence of this increased substrate binding is an enhanced
reverse reaction, where the enzyme removes the CCA end from the mature tRNA. As a result, the ancestral candidate
exhibits a lower catalytic efficiency in vitro as well as in vivo. Furthermore, the efficient tRNA interaction leads to a
processive polymerization, while the extant enzyme catalyzes nucleotide addition in a distributive way. Thus, the
modern enzymes increased their polymerization efficiency by lowering the binding affinity to tRNA, so that CCA
synthesis is efficiently promoted due to a reduced reverse reaction. Hence, the puzzling and at a first glance contra-
dicting and detrimental weak substrate interaction represents a distinct activity enhancement in the evolution of
CCA-adding enzymes.

Key words: tRNA nucleotidyltransferase, CCA-adding enzyme, ancestral sequence reconstruction, RNA polymeriza-
tion, RNA interaction.

2016b; Sanchez-Ruiz and Risso 2018). Here, we investigated
a candidate for an ancestral tRNA nucleotidyltransferase
from Gammaproteobacteria with a corresponding age of
about 2 billion years, when this class of bacteria evolved
(Battistuzzi et al. 2004; Williams et al. 2010).

tRNA nucleotidyltransferases (CCA-adding enzymes)
are ubiquitous and highly specialized RNA polymerases
that add the invariant CCA terminus to the tRNA 3’-end
in all kingdoms of life (Xiong and Steitz 2006; Betat et al.
2010; Vortler and Morl 2010). Polymerization of this se-
quence is a highly accurate process and is discussed to ori-

Introduction

Ancestral sequence reconstruction (ASR) is a valuable tool
to infer the evolution of specific features of a modern pro-
tein. Originally described as a molecular approach by
Pauling and Zuckerkandl (Pauling et al. 1963), Benner
and coworkers used ASR in a pioneering work to recon-
struct an ancestral ribonuclease (Stackhouse et al. 1990;
Jermann et al. 1995). Since then, many predecessors of
modern enzymes were generated and biochemically inves-
tigated, and although these enzymes represent only ap-
proximations toward ancestral enzymes, they are very

useful tools revealing important information on function-
ality, specificity, velocity, and other parameters of their ex-
tant counterparts (Peltier et al. 2000; Thomson et al. 2005;
Carrigan et al. 2015; Risso et al. 2015; Merkl and Sterner

ginate from a primordial telomerase function in the RNA
world (Maizels and Weiner 1994, 1999; Maizels et al.
1999; Weiner and Maizels 1999). According to sequence
and structural composition, the responsible enzymes are
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divided into two different groups. While archaea carry
class 1 enzymes, eukaryotes, and bacteria possess class
2. In the latter, a set of templating amino acid residues
in a single nucleotide binding pocket form Watson-
Crick-like hydrogen bonds to the incoming NTP (Li et al.
2002). After the addition of two C residues to the tRNA,
a reorganization of this amino acid template dictates a spe-
cificity switch from C toward A incorporation (Li et al.
2002; Neuenfeldt et al. 2008; Toh et al. 2009; Betat et al.
2010; Tomita and Yamashita 2014).

While class 2 enzymes catalyze the CCA polymerization
at high fidelity and efficiency, it is a mystery why these en-
zymes exhibit a rather weak affinity toward the tRNA sub-
strate, so that in most cases, binding constants could not be
determined (Shi, Maizels, et al. 1998; Tretbar et al. 2017;
Ernst et al. 2015; Hennig et al. 2020). In contrast, in class 1
enzymes, binding constants in a range of 30-700 nM are de-
scribed (Shi, Maizels, et al. 1998; Okabe et al. 2003; Cho et al.
2005, 2008). To investigate the molecular reason for these
obviously conflicting features of catalytic efficiency versus
low substrate affinity, we set out to compare class 2 en-
zymes that differ in these parameters. However, only en-
zymes adapted to bizarre armless tRNA structures
(Hennig et al. 2020) or unconventional enzymes with a ser-
ies of Q/N insertions of unknown function exhibit a detect-
able affinity toward tRNA substrates (Erber et al. 2020).
Hence, we used the approach of ASR to generate a conven-
tional candidate enzyme with ancestral features that differ
from modern enzymes in terms of substrate binding, while
it is not adapted to bizarre tRNA substrates.

For this reconstruction, we focused on tRNA nucleoti-
dyltransferase sequences from Gammaproteobacteria, as
the Escherichia coli enzyme (EcoCCA) is one of the best
characterized enzymes of this class (Cudny et al. 1986;
Zhu and Deutscher 1987; Shi, Maizels, et al. 1998; Shi,
Weiner, et al. 1998; Hou 2000; Betat et al. 2004; Kim
et al. 2009; Hoffmeier et al. 2010). Furthermore, only one
gammaproteobacterial species is known carrying more
than a single tRNA nucleotidyltransferase, so that false an-
notations can be avoided (Tretbar et al. 2011). In addition,
Gammaproteobacteria exhibit a robust phylogeny, facili-
tating ASR (Williams et al. 2010).

In our analysis, the selected candidate enzyme turned out
to be active and showed remarkable properties. While fidel-
ity and specificity of the ancestral enzyme are comparable
to its modern counterparts, its binding to tRNA substrates
is unexpectedly high and differs dramatically from modern
gammaproteobacterial tRNA nucleotidyltransferases. This
tight interaction results in an enhanced reverse reaction
and an equally strong binding to substrate (tRNA) as well
as product (tRNA-CCA). As a consequence, the ancestral
enzyme candidate exhibits a lower turnover rate in vitro
and a reduced functionality in vivo. Hence, our results dem-
onstrate that the extant class 2 CCA-adding enzymes opti-
mized their catalytic performance by reducing the tRNA
substrate affinity, so that substrate inhibition as well as re-
verse reaction are minimized and allow for an efficient poly-
merization (forward) reaction.

2

Results

Sequence Reconstruction of Ancestral CCA-Adding
Enzyme Candidates

ASR is a four-step process that requires careful evaluation of
intermediate results, including taxon sampling, multiple se-
quence alignment, phylogenetic tree reconstruction, and an-
cestor reconstruction (Merkl and Sterner 2016a). Based on
experimentally verified bacterial class 2 CCA-adding en-
zymes, homologous protein sequences were identified from
representative gammaproteobacterial RefSeq genomes
(O'Leary et al. 2016). Sequence selection aimed at covering
as many orders and families as possible, resulting in coverage
of 13 of 22 orders and 32 of 66 families from NCBI taxonomy.
In order to avoid taxon sampling biases, the number of se-
quences in the corresponding orders was adjusted manually,
resulting in a final set of 102 candidate sequences from
11 Alteromonadales, 7 Cellvibrionales, 11 Chromatiales,
12 Enterobacteriales, 2 Kangiellales, 4 Legionellales, 4
Methylococcales, 10 Oceanospirillales, 5 Pasteurellales, 13
Pseudomonadales, 5 Thiotrichales, 11 Vibrionales, and 7
Xanthomonadales (supplementary table S1, Supplementary
Material online). Alignment was carried out using Clustal
Omega (Sievers and Higgins 2018) adding four sequences
from Betaproteobacteria as an outgroup. The reliability of
the alignment was verified using the Consistency of the
Overall  Residue Evaluation implemented in CORE
(Notredame et al. 2000; Wallace et al. 2006).

The phylogenetic gene tree required for ASR was com-
puted from the GBlocks-trimmed alignment to improve
the phylogenetic signal (fig. 1). The resulting tree is in good
agreement with the phylogeny of Gammaproteobacteria
reported by Williams et al. (2010). In most cases, sequences
from the same order clustered in subtrees with high
bootstrap  values  (95-100). Oceanospirillales  and
Alteromonadales were found in multiple positions of the
tree, which is in agreement with these taxonomic orders
not being monophyletic. The deepest splits of the tree had
very low bootstrap support with values ranging from 9 to
30. This, however, is expected given the divergence times
of gammaproteobacterial orders some 0.8-2 billion years
ago (Kumar et al. 2017).

Ancestral sequences were reconstructed using FastML
(Ashkenazy et al. 2012). FastML offers two different meth-
ods for character reconstruction, that is, joint and marginal
reconstruction, and a separate algorithm for indel recon-
struction. The results of the two methods for character re-
construction are highly similar (>90% sequence identity).
Indel reconstruction was performed using cutoff values be-
tween 0.1 and 1.0 in steps of 0.1. This results in two indels
of 4-6 aa at positions 340 and 350. An additional indel at
position 270 is reconstructed at cutoff values 0.7 or lower
(supplementary fig. S2, Supplementary Material online).

The selection of the best ancestral candidate sequences
for biochemical characterization was made using these
two indel variants of the joint character reconstruction
with indel cutoff 0.7 (AncCCAT1) and 0.9 (AncCCA3) and
without indel reconstruction (AncCCA2). In addition,


http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msac250#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msac250#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msac250#supplementary-data
https://doi.org/10.1093/molbev/msac250 

Substrate Affinity Versus Catalytic Efficiency - https://doi.org/10.1093/molbev/msac250

MBE

Tree scale: 1

Gammaproteobacteria

[l Ateromonadales
B celivibrionales
[ chromatiales

. Enterobacteriales
D Kangiellales

. Legionellales

[ Methylococcales
[] oceanaspirillales
[:| Pasteurellales
. Pseudomonadales
[l Thiotrichales

B vibrionales

B xanthomonadales
Il outgroup
bootstrap

Mo

W 2

B s

| RE

B 100

=,
Y // ==
= ‘/\[‘é

\

Fic. 1. Phylogenetic tree for ancestral sequence reconstruction of gammaproteobacterial CCA-adding enzymes. The tree is rooted using four
betaproteobacterial sequences from putative tRNA nucleotidyltransferases as an outgroup. To each of the 13 orders, an individual color is as-
signed to locate members of the respective order in the tree. Colors of inner branches indicate bootstrap values. Species names and accession
numbers for the respective enzyme sequences are listed in supplementary table S1, Supplementary Material online. A high resolution represen-
tation of this figure including species names is shown in supplementary figure S1, Supplementary Material online.

one indel variant of the marginal reconstruction with indel
cutoff 0.9 (AncCCA4) was selected (supplementary figs. S2
and S3, Supplementary Material online). All reconstructed
candidate sequences carry the conserved catalytic core mo-
tifs of class 2 tRNA nucleotidyltransferases (supplementary
fig. S3A, Supplementary Material online).

CCA-Adding Activity of Ancestral Enzyme
Candidates

The codon-optimized open reading frames of the four
reconstructed enzyme candidates were ordered at
GenScript (Rijswijk, Netherlands), cloned and recombi-
nantly expressed in E. coli BL21 (DE3) Acca. All recombinant
enzymes showed a comparable CCA-adding activity on a
radioactively labeled in vitro transcribed standard substrate
yeast tRNAP™ (supplementary fig. $3B, Supplementary
Material online). As candidate AncCCA2 shows a bipartite

C-terminal insertion of 10 amino acids (Positions 317-320
and 326-331; supplementary fig. S3A, Supplementary
Material online), this candidate was excluded from further
analysis. While candidates AncCCA1, AncCCA3, and
AncCCAA4 are highly similar in sequence, AncCCA1 showed
the highest recombinant expression levels and efficient puri-
fication. Hence, it was selected for a detailed characteriza-
tion. For comparison, the corresponding enzyme of E. coli
(EcoCCA), one of the best characterized class 2 enzymes
(Cudny and Deutscher 1986; Zhu and Deutscher 1987;
Shi, Maizels, et al. 1998; Shi, Weiner, et al. 1998; Hou 2000;
Betat et al. 2004; Kim et al. 2009; Hoffmeier et al. 2010),
was chosen as an extant gammaproteobacterial representa-
tive. When individual NTPs were offered, both AncCCA1
and EcoCCA selectively incorporated two C residues, while
the enzymes added a complete CCA end in the presence
of all four NTPs (fig. 2A, upper panel). Sequence analysis
of the cloned reaction product of AncCCA1 exclusively

3
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Fic. 2. CCA-addition of AncCCA1 in comparison with EcoCCA. (A) In vitro activity. Upper panel: Both EcoCCA and AncCCA1 selectively add two
Cresidues on a tRNA without CCA end, while other NTPs are not accepted. The full-length product generated by AncCCA1 in the presence of all
4 NTPs (NTP) was isolated and cloned. Sequence analysis of 40 individual clones revealed exclusively correct full or partial CCA ends, indicating
that this enzyme has a high fidelity comparable to extant enzymes. Lower panel: CCA-addition with increasing amounts of recombinant enzymes
in a time series. Here, EcoCCA exhibits a much higher efficiency in polymerization compared with AncCCA1, where products with complete CCA
ends occur only at higher enzyme concentrations (30 ng). (B) In vivo activity. E. coli cells express EcOCCA or AncCCAT1 in the presence of increas-
ing amounts of RNase T in a linear gradient across the agar plate. While EcoCCA expression leads to cell growth of up to 50% of the RNase T
gradient, AncCCA1 allows only for growth of up to 35%, indicating that the ancestral candidate is also in vivo less efficient in polymerization. The
shown agar plates are representative examples of this analysis. c: Size controls representing tRNA transcripts with or without CCA ends.

showed correct full (27 sequences, 68%) or partial CCA se-
quences (13 sequences, 32%), indicating that the ancestral
candidate exhibits a fidelity comparable to the modern en-
zyme. Concerning (t)RNA substrates, AncCCA1 shows a
comparably high specificity, as it accepts only conventional
tRNA structures, but not bizarre substrates such as armless
tRNAs recently identified in Enoplea (supplementary fig. S4,
Supplementary Material online; Hennig et al. 2020). In add-
ition, substrate RNAs artificially selected for modern
CCA-adding enzymes (Wende et al. 2015) were also not ac-
cepted by the ancestral candidate. Hence, AncCCAT1 is sur-
prisingly less promiscuous in RNA substrate selection
compared with its extant counterparts.

To compare the catalytic efficiency of EcoCCA and
AncCCA1, increasing amounts of recombinant enzymes
were incubated with tRNAP™ and NTPs for increasing
time (fig. 2A, lower panel). While the E. coli enzyme showed

4

a complete CCA-addition already at low concentrations
(10 ng) and 5-10 min of incubation, the ancestral candi-
date was much less active and synthesized CCA ends
only at concentrations of 30 ng (10 min) and higher.
These differences in catalytic efficiency are in very good
agreement with the determined turn-over numbers ob-
tained in steady-state kinetic analyzes, where EcoCCA is
more efficient than AncCCAT1 in both CC- (k. of 0.82 +
0.13 s~ for EcoCCA vs. 034 +0.04s™' for AncCCA1) as
well as A-addition (ke of 3.11+034s ' vs. 0.85+
0.12 s "). However, as such in vitro data frequently do
not match in vivo activities, a recently established ap-
proach to monitor tRNA A-adding activity in E. coli was
used, where the expression of RNase T, an enzyme involved
in tRNA end turnover, leads to tRNAs with incomplete
CCA ends in the cell (Wellner et al. 2019). The catalytic ef-
ficiency of a recombinantly expressed CCA-adding enzyme
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can then be monitored by growth restoration of E. coli on a
gradient plate that leads to a gradual increase of RNase T
expression and activity across the plate. Under these con-
ditions, cells expressing EcoCCA can grow up to a distance
of 48.5 + 1.4% of the RNase T gradient, while AncCCA1 ex-
pression leads only to cellular growth of up to 37.1 +2.5%
of the gradient distance, representing a significant differ-
ence (n=3; p=0.002). A representative example of the
growth behavior of EcoCCA and AncCCAT1 in this analysis
is shown in figure 2B. Accordingly, and in agreement with
the in vitro turnover numbers, the ancestral candidate is
considerably less efficient in catalysis than the extant
enzyme.

Substrate Affinity of AncCCA1 Leads to an Increased
Reverse Reaction

To characterize the ancestral candidate enzyme in more de-
tail, the binding affinity toward the tRNA substrate was in-
vestigated based on an electrophoretic mobility shift assay.
Radioactively labeled yeast tRNA™ ending with CC (sub-
strate) or CCA (product) was incubated with increasing
amounts of recombinant EcoCCA and AncCCAT1, respect-
ively, and separated on a nondenaturing polyacrylamide
gel (fig. 3A). As expected, the modern enzyme did not

A EcoCCA [uM]

show any binding to the substrate, so that no complex for-
mation could be observed over the whole concentration
range (0-1.5 uM). According to this weak tRNA affinity,
no binding constant could be determined for EcoCCA, as al-
ready described for several class Il CCA-adding enzymes (Shi,
Maizels, et al. 1998; Erber et al. 2020; Hennig et al. 2020). The
ancestral candidate, however, efficiently bound to the tRNA
and showed a strong complex formation. Interestingly, the
enzyme did not discriminate between a tRNA that carried
an incomplete (tRNA-CC) or a complete CCA end
(tRNA-CCA) and formed stable interactions with both tran-
scripts. The robustness of this interaction allowed for the
determination of binding constants for both tRNA-CC
and tRNA-CCA. For both tRNA versions, a Kp of 300 nM
was calculated, comparable to that of many class 1
CCA-adding enzymes in Archaea (Cho et al. 2005, 2008;
Shi, Maizels, et al. 1998).

As AncCCA1 efficiently binds to tRNA-CCA as the reac-
tion product of CCA-addition, it is conceivable that this
tight interaction promotes a reversal of the polymerization
process, leading to tRNA molecules where the CCA end is
removed by the enzyme. For class 2 enzymes like EcoCCA
and HsaCCA (corresponding enzyme from Homo sapiens),
such a reaction was described, catalyzed in the presence
of inorganic pyrophosphate (lgarashi et al. 2011). As this
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Fic. 3. Binding of EcoCCA and AncCCA1 to tRNA. (A) In the gel shift experiment, the recombinant E. coli enzyme shows no binding to the sub-
strate tRNA-CC, so that is impossible to determine a binding constant. In contrast, AncCCA1 efficiently interacts with a tRNA substrate
(tRNA-CC) as well as the final reaction product (tRNA-CCA). (B) Based on this strong tRNA binding, dissociation constants of 300 nM for
both tRNA-CC and tRNA-CCA could be determined. Data are means + SD; n =3.
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pyrophosphorolysis might interfere with the forward
polymerization reaction, it could represent the molecular
cause of the observed less efficient CCA-addition catalyzed
by the ancestral candidate. To address this question,
the pyrophosphorolysis reaction of both EcoCCA and
AncCCA1 was investigated. Radioactively labeled tRNA™™
ending with CCA was incubated with the recombinant en-
zymes in the presence of increasing amounts of pyrophos-
phate (PPi) for 5 min, and the reaction products were
separated on a denaturing polyacrylamide gel and visualized
by autoradiography (fig. 4A). For EcoCCA, a degradation of
the CCA end was visible at 0.1 mM PPi that further increased
at higher pyrophosphate concentrations. The ancestral en-
zyme candidate, however, showed a much more pro-
nounced degradation of the tRNA-CCA terminus, starting
already at 0.01 mM PPi. In a more detailed analysis, pyropho-
sphorolysis of both enzymes was investigated depending on
enzyme concentration and time (fig. 4B). To obtain compar-
able results from both enzymes, EcoCCA and AncCCA1 ac-

(CCA-addition). For pyrophosphorolysis, identical units de-
termined for CCA-addition were used. This forward normal-
ization allows for a direct comparison of the efficiency of the
reverse reaction. As shown in figure 4B, the ancestral enzyme
is much more efficient in CCA degradation than EcoCCA.
The reverse reaction is immediately visible after 5 min of in-
cubation with 1 forward unit, while for EcoCCA, such an ef-
fect is only detectable at higher enzyme unit numbers and
incubation times. The densitometric analysis exhibits a
strong decline of the radioactive signal of tRNA-CCA over
time, clearly demonstrating the effectiveness of AncCCA1
in this PPi-dependent CCA end degradation, while EcoCCA
is much less efficient in its reverse reaction.

Distributive Versus Processive Polymerization

A second possible consequence of the tight substrate
binding of AncCCAT1 is that this enzyme remains bound
to its substrate over the whole CCA-addition reaction,

tivities were normalized based on the forward reaction resulting in a processive polymerization mode.
A
]
PP, C
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Fic. 4. AncCCAT1 efficiently catalyzes the reverse reaction (pyrophosphorolysis). (A) In a pyrophosphate concentration series, AncCCA1 degrades
the CCA end of a radioactively labeled tRNA already at 0.01 mM PPi, while EcoCCA showed only a slight degradation starting at 0.1 mM PPi. (B)
Pyrophosphorolysis at 1 mM PPi with increasing enzyme concentrations. Both enzyme activities were normalized according to their forward
(polymerization) reaction, and equal units were used for pyrophosphorolysis. In the denaturing gel, the decline of the tRNA-CCA band correlates
with the increase of lower band intensities, corresponding to tRNAs with partial or no CCA ends. A densitometric analysis of the tRNA-CCA
bands clearly shows that AncCCA1 removes CCA ends from the tRNA at high efficiency, even at low enzyme concentrations. In contrast,
EcoCCA catalyzes the reverse reaction only at higher units and longer incubation times.
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Correspondingly, the very low affinity of EcoCCA for the
tRNA substrate might result in a more distributive reac-
tion, where the enzyme frequently releases the tRNA,
even though the CCA end is not yet completed. To identify
the polymerization modes of EcoCCA and AncCCA1, a
pulse-chase experiment was performed (fig. 5). 5 pmol
of labeled tRNAP™ substrate were incubated with the cor-
responding recombinant enzyme for 1, 2, and 5 min in
the presence of NTPs. Then, an increasing amount of un-
labeled tRNA" was added as a competitor to the 1 min
incubation assay, and the polymerization reaction was ex-
tended for additional 1 or 4 min (in total 2 and 5 min), re-
spectively. After electrophoresis, the EcoCCA-catalyzed
reaction shows that the addition of the competitor immedi-
ately stopped further nucleotide incorporations to the la-
beled substrate, as the enzyme now binds and adds
nucleotides to the excess of competitor (fig. 5A, left panel).
Hence, all reaction intermediates (tRNA, tRNA-C, and
tRNA-CC) of the labeled substrate remain and are visible
as individual bands. During incubation for further 4 min,
EcoCCA had sufficient time to complete the CCA-addition
on labeled as well as unlabeled tRNA, and only higher
competitor concentrations (25 and 30 pmol) still distract
the enzyme from the labeled substrate, so that reaction in-
termediates are again visible. The appearance of these reac-
tion intermediates is a clear indication for a distributive
polymerization, where the enzyme rapidly falls off its

A
EcoCCA

unlabeled tRNA [pmaol]

substrate after adding one nucleotide and binds again for
further polymerization steps, until CCA-addition is com-
pleted (fig. 5A, right panel).

AncCCA1, in contrast, shows a very different behavior
(fig. 5B, left panel). After 1 min incubation with labeled
tRNA®", only bands corresponding to the tRNA substrate
(tRNA without CCA end) and the complete reaction prod-
uct (tRNA with CCA end) are visible, while reaction inter-
mediates do not appear. The addition of unlabeled
competitor tRNA does not change this result, indicating
that AncCCA1 tightly binds to its substrate and adds a
complete CCA end before dissociating from the product
tRNA-CCA. Such a behavior represents a typical processive
polymerization reaction. Hence, while both enzymes show
a similar specificity and fidelity of CCA-addition, they differ
dramatically in their substrate affinity, and, as a conse-
quence, in the polymerization mode and the correspond-
ing efficiency of the reverse reaction (fig. 6).

Discussion

As an essential feature of functional tRNA molecules, the
CCA end represents the site of aminoacylation. In most or-
ganisms, this triplet is not encoded in the corresponding
tRNA genes and has to be added posttranscriptionally by
a highly specialized RNA polymerase, the CCA-adding en-
zyme (tRNA nucleotidyltransferase). E. coli is an exception

CCA-adding

enzyme ommm

*tRNA[Spmol] 5 10 25 30 5 10 25 30 (= P
e 1 2 sl 2 1 't [min] L
0
-CCA— —tRNA-CCA - C o
tRNA-CCA— Te e ‘ J— —
i i ‘ = tRNA-C Cig :
= tRNA >
B
AncCCA1
unlabeled tRNA [pmol] CCA-adding
enzyme g
*tRNA[Spmol] 5 10 25 30 5 10 25 30 . -
e 1 2 85! 2 1) 't [min] b |
c
C

- - e -
IRNA— S - -

- o @ ww s -tRNA-CCA

--.-----..tRNA

Fic. 5. EcoCCA and AncCCA1 differ in their polymerization modes. (A) During 1 min incubation with labeled tRNA (*tRNA) and NTPs, EcoCCA
adds individual nucleotides to the substrate, resulting in a band pattern that corresponds to the individual reaction intermediates. After addition
of increasing amounts of unlabeled competitor tRNA, the enzyme is distracted from the labeled substrate, so that these intermediates are not
completed and remain visible, a typical indication of distributive polymerization. (B) AncCCA1 shows no reaction intermediates during poly-
merization. The presence of the competitor tRNA in excess does not lead to the release of tRNA molecules with incomplete CCA ends.
Obviously, the enzyme remains bound to the tRNA substrate until CCA synthesis is completed, corresponding to a processive polymerization

reaction.
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EcoCCA:

AncCCA1:

G G
C C C
*S— «— —

distributive polymerization:
low tRNA affinity

reduced reverse reaction
efficient CCA-synthesis

A

processive polymerization:
enhanced tRNA affinity
enhanced reverse reaction
less efficient CCA-synthesis

Fic. 6. Consequences of distributive versus processive polymerization as a result of differences in substrate affinity. Despite a low substrate af-
finity, the extant E. coli enzyme shows an efficient CCA synthesis based on a distributive polymerization mode. In contrast, the ancestral can-
didate AncCCA1 acts as a processive polymerase, as it tightly binds its tRNA substrate. As a consequence, it efficiently promotes the reverse

reaction, leading to an overall less efficient CCA synthesis.

from this rule, as all tRNA genes encode for the CCA end.
Yet, this organism expresses a typical CCA-adding enzyme,
and while its deletion is not lethal, it leads to a substantial
growth restraint, as the enzyme is also required for repair
and proper maintenance of the CCA ends (Zhu and
Deutscher 1987). In addition, it is involved in tRNA quality
control (Wellner et al. 2018; Wilusz et al. 2011). While nu-
cleotide selectivity as well as reaction mechanism are
understood in quite some detail (Xiong and Steitz 2006;
Betat et al. 2010; Tomita and Yamashita 2014), the
bacterial and eukaryotic enzymes exhibit a highly puzzling
and at a first glance contradicting feature. For an efficient
polymerization reaction, one would expect that these en-
zymes show a considerable affinity to their tRNA sub-
strates. Yet, this is not the case—the substrate
interaction is so weak that no binding constants could
be determined so far. Only enzymes that are specialized
to aberrant tRNA structures or that carry Q/N repeats of
unknown function that might contribute to tRNA binding
show a detectable affinity to tRNAs (Erber et al. 2020;
Hennig et al. 2020).

To clarify how and why modern CCA-adding enzymes
evolved such conflicting properties, ASR was utilized to ob-
tain approximations of ancestral CCA-adding enzymes that
can be compared with their extant counterparts. With a fo-
cus on protein sequences from Gammaproteobacteria, the
resulting phylogenetic tree led to the reconstruction of
four individual ancestral enzyme candidates with efficient
CCA-adding activity, where AncCCA1 was selected for an in-
depth analysis (supplementary fig. S3, Supplementary
Material online). A first deviation from the extant EcoCCA
is that this reconstruction exhibits a less efficient catalysis
of CCA-addition, although it shows a polymerization fidelity
indistinguishable from that of the extant enzyme. A reason
for this reduced efficiency is the high tRNA substrate affinity
of AncCCAT1, as this tight binding results in an increased
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reverse reaction, where the CCA end is partially or complete-
ly removed from the tRNA. As a consequence, CCA synthesis
runs into a futile cycle of polymerization and
degradation (fig. 6). In addition, the enzyme does not dis-
criminate between substrate (tRNA without CCA end)
and product (tRNA with CCA end), as it has identical affin-
ities to both types of tRNA. Hence, a second parameter re-
ducing the polymerization efficiency is an inefficient
product release, as an enzyme bound to tRNA-CCA is
blocked for CCA-addition on another tRNA molecule, and
our results demonstrate that lower enzymatic efficiency is
visible both in vitro as well as in vivo.

In EcoCCA, however, efficient substrate binding was ob-
viously lost in evolution in order to avoid these detrimen-
tal side effects of reverse reaction and product inhibition.
As a consequence, the extant enzyme frequently dissoci-
ates from its tRNA substrate and represents a distributive,
not a processive polymerase. Yet, the catalytic activity of
the extant enzyme is superior to that of the ancestral
candidate.

Interestingly, several archaeal-type CCA-adding en-
zymes (comprising class 1) show similar or even better
binding affinities to the tRNA substrate while still catalyz-
ing the CCA-addition at high efficiency (Shi, Maizels, et al.
1998; Okabe et al. 2003; Cho et al. 2005, 2008). This obvious
discrepancy to the situation of class 2 enzymes can be ex-
plained by the fact that class 1 enzymes do not catalyze a
reverse reaction that would degrade the CCA terminus
and, consequently, reduce the catalytic efficiency (Igarashi
et al. 2011). How these enzymes manage to avoid the re-
verse reaction despite a high affinity toward the tRNA is
not known. A crystal structure of the Archaeoglobus fulgidus
enzyme bound to a tRNA-mimicking RNA minihelix ending
with CCA shows that the overall structure is not different to
the situation where reaction intermediates (minihelix with
partial CCA ends) are bound (Tomita et al. 2006). Yet, it
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appears that this structural state corresponds to the situ-
ation immediately after CCA-addition, when the pyrophos-
phate still is present in the catalytic core. A second
co-crystal structure of the same enzyme reveals a more
open conformation that seems to represent the state after
release of the pyrophosphate (Xiong and Steitz 2004). It is
possible that these two structures indicate the conform-
ational dynamics that allow the enzyme to get rid of the
pyrophosphate in order to promote the forward reaction
(CCA synthesis). Why class 2 CCA-adding enzymes follow
a different strategy of reduced substrate binding and not
the more obvious and straightforward efficient release of
one of the reaction products remains a mystery. Here,
detailed high-resolution crystal or cryo-EM structures
of the corresponding reaction states are required.
Nevertheless, it is fascinating to see that enzymes catalyzing
identical and essential reactions find different solutions
to solve the same problem, although it comes as a big
surprise that a significant lowering of substrate binding lead-
ing to a distributive polymerization mode results in a
considerable increase in polymerization efficiency. Hence,
this comparative analysis of enzymatic features demon-
strates an impressive potential of ASR as a tool to under-
stand an otherwise confusing catalytic behavior of a
modern RNA polymerase.

Materials and Methods

Sequences

Sequences for CCA-adding enzymes were taken from the
NCBI database (ncbi.nlm.nih.gov/assembly/), which included
43,865 gammaproteobacterial RefSeq entries and 3,387 com-
plete gammaproteobacterial genomes in December 2017.
Genome assemblies and assembly structure reports of 272 re-
presentatives of Gammaproteobacteria were downloaded.
Using Blastp (blast.ncbi.nlm.nih.gov/Blast.cgi? PAGE=
Proteins) and a small set of known CCA-adding enzyme se-
quences from Gammaproteobacteria, sequences of
CCA-adding enzymes were identified in the corresponding
proteomes.

Alignment and Phylogenetic Tree Reconstruction
Alignment was carried out using Clustal Omega (Sievers
and Higgins 2018). To verify the reliability of the alignment,
the tool CORE (Notredame et al. 2000) was applied to the
pre-computed alignment. The CORE (Consistency of the
Overall Residue Evaluation) index indicates the consist-
ency for each residue on an integer scale from 9 to 0, re-
spectively. 75% of residues had the highest CORE index,
while only 3% were considered to be not properly aligned
(CORE indices 0, 1, and 3). In addition to the higher num-
ber of gaps in the 17 shortest sequences, 10% of their resi-
dues were categorized as improperly aligned.

For phylogenetic reconstruction, columns with more
than 50% gaps were removed with GBLOCKS v.0.91b, re-
sulting in the retention of 347 of 470 alignment positions
(73%) (Castresana 2000; Talavera and Castresana 2007).

The gene tree was computed using the maximum likeli-
hood approach implemented in RAxML (Stamatakis
2014) and the following parameter settings: LG substitu-
tion model with gamma-distribution site rates and 100
bootstrap replicates (Le and Gascuel 2008).

Reconstruction of Ancestral Sequences

For computation of the ancestral state at the root of the
gene tree, FastML was used (Pupko et al. 2000). This algo-
rithm uses a maximum likelihood method and offers char-
acter reconstruction based on the computation of joint
and marginal probabilities as well as indel reconstruction,
a way to model the evolutionary insertion-deletion events.
The joint and marginal reconstructions gave highly similar
results, showing 3% of substitutions. With an indel cutoff
of 0.9, that is only highly likely indels are considered, the
sequences contained six indels, four smaller ones (1-2
aa) and two of 4 and 6 aa. At a cutoff of 0.7 or lower, a sev-
enth indel of 5 aa became apparent (supplementary fig. S2,
Supplementary Material online). Comparisons revealed
that all indel positions were associated with very low va-
lues for alignment consistency. Such a correlation between
measures of alignment quality and reconstruction accur-
acy has been previously described (Vialle et al. 2018). For
functional testing, the following reconstructed sequences
were used: the shortest sequence (AncCCAT) resulting
from joint reconstruction and indel cutoff 0.7, the joint re-
construction without indels (AncCCA2) and the joint and
marginal reconstructions with indel cutoff 0.9 (AncCCA3
and AncCCA4, respectively) (supplementary fig. S3,
Supplementary Material online).

To validate the robustness of the sequence reconstruc-
tion with respect to taxon sampling, we composed seven
new sets by removing or adding specific sequences to
the original set and computed ancestral sequences the
same way as for AncCCA1 (supplementary table S2,
Supplementary Material online). After alignment of the
ancestral sequences (AncCCA1 and ASR1-7) to the full
multiple sequence alignment, a distance matrix was com-
puted and visualized as a heatmap (supplementary fig. S5,
Supplementary Material online). The obtained distance
matrix is in good agreement with the phylogenetic gene
tree. The reconstructed ancestral sequences are very simi-
lar to each other (with a highest value of 20.0) and
more distant to all extant sequences (with a minimum dis-
tance of 28.2). Due to the pectinate tree topology,
Xanthomonadales split from all other orders at the ances-
tral node. Distances between Xanthomonadales and any
other order should therefore be larger than their distances
to the reconstructed ancestors. This was verified by look-
ing at triples composed of the set of reconstructed se-
quences and sequences from Xanthomonadales (Xan)
and either Enterobacteriales (Ent) or Chromatiales (Chr).
In both cases, the mean distances of the ancestral recon-
structions to sequences of the extant orders were smaller
than the distances between the extant orders themselves
(ASRs—Xan: 44.09, ASRs—Ent: 54.18, Xan—Ent: 75.47,
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ASRs—Chr: 40.15, Xan—Chr: 64.86; supplementary fig. S6,
Supplementary Material online).

Cloning, Expression and Purification of Recombinant
CCA-Adding Enzymes

Codon-optimized open reading frames encoding the
candidates for the ancestral gammaproteobacterial
CCA-adding enzyme were synthesized by GeneScript
(Rijswijk, Netherlands) and inserted into pET28a(+) using
Xbal/Xhol restriction sites. The ORFs were fused to a se-
quence encoding a C-terminal Hisg tag. The ORF for the
E. coli CCA-adding enzyme was cloned in an identical
way into the same vector system. Recombinant proteins
were expressed in E. coli BL21 (DE3) cca:cam lacking the
endogenous CCA-adding enzyme and purified as de-
scribed (Ernst et al. 2018). Purity of individual fractions
was monitored by SDS-PAGE electrophoresis followed
by staining with Coomassie Brilliant Blue R-250
(BioRad). Enzyme preparations were stored in the pres-
ence of 10% (w/v) glycerol at —80°C until use.

Preparation of RNA Substrates

In vitro transcribed tRNA substrates were prepared as de-
scribed (Schirer et al. 2002; Mérl and Hartmann 2014). For
internal labeling, o->*P-ATP (3,000 Ci/mmol) was added to
the transcription reaction.

In Vitro CCA-Incorporation and Determination of
Arbitrary Units

Nucleotide incorporation assays were performed as de-
scribed (Wende et al. 2015; Ernst et al. 2018). Sequence
analysis of reaction products was carried out according
to Wende et al. (2015). For the definition of arbitrary units,
enzyme activity was determined on the standard substrate
tRNA™™ from Saccharomyces cerevisiae as described
(Hennig et al. 2020). An arbitrary unit was defined as the
enzyme amount leading to 50% substrate turnover in
30 min.

Kinetic Analysis

Michaelis—Menten kinetic parameters for CC- and
A-addition were determined for EcoCCA and AncCCA1
as described (Just et al. 2008; Hennig et al. 2020) in three
independent experiments and calculated by nonlinear re-
gression (GraphPadPrism 7). Due to limited solubility,
tRNA transcripts cannot be used at excessive saturating
conditions. Hence, the calculated kinetic parameters re-
present apparent values, as frequently used for this type
of enzymes (Tomita et al. 2004, 2006; Hoffmeier et al.
2010; Wende et al. 2015).

In Vivo Complementation
Determination of in vivo activity of EcoOCCA and AncCCA1
was carried out according to Wellner et al. (2019).
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Electrophoretic Mobility Shift Assay

tRNA binding constants of EcoCCA and AncCCA1 were de-
termined according to Hennig et al. (2020). For each en-
zyme, dissociation constants of three independent
experiments were calculated using GraphPadPrism 7.

Pyrophosphorolysis

Analysis of CCA end degradation in the presence of increas-
ing amounts of KPPi was performed according to Igarashi
et al. (2011). Time and enzyme concentration series of pyr-
ophosphorolysis were performed at 37°C in standard
CCA-addition buffer (30 mM HEPES/KOH pH 7.6, 30 mM
KCl, 6 mM MgCl,, 2mM DTT), 5pmol >?P-labeled
tRNA"™ + CCA and 0-10 units CCA-adding enzyme (en-
zyme activities were normalized as arbitrary units according
to the forward reaction). KPPi was added to a final concen-
tration of 1 mM. Reaction was stopped by ethanol precipi-
tation, and reaction products were separated on denaturing
10% polyacrylamide gels and visualized by autoradiography.
Densitometric analysis was done with ImageQuant TL.

Pulse-Chase Analysis of CCA-Addition

Pulse-chase reactions were incubated at 37°C and con-
tained 30 mM HEPES/KOH pH 7.6, 30 mM KCl, 6 mM
MgCl, 2 mM DTT, 1 mM NTPs, and 5 ng of EcoCCA or
30 ng of AncCCAT1, respectively. Pulse reaction was in-
itiated by the addition of >2P-labeled tRNA" for 1 min.
The chase was started by adding 5-30 pmol of unlabeled
tRNAP™ as competitor and further incubation for 1 and
4 min. Reaction products were ethanol precipitated, sepa-
rated on denaturing 10% polyacrylamide gels and visua-
lized by autoradiography.
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