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Abstract: The incorporation of non-proteinogenic amino acids
represents a major challenge for the creation of functionalized
proteins. The ribosomal pathway is limited to the 20-22
proteinogenic amino acids while nonribosomal peptide syn-
thetases (NRPSs) are able to select from hundreds of different
monomers. Introduced herein is a fusion-protein-based design
for synthetic tRNA-aminoacylation catalysts based on com-
bining NRPS adenylation domains and a small eukaryotic
tRNA-binding domain (Arclp-C). Using rational design,
guided by structural insights and molecular modeling, the
adenylation domain PheA was fused with Arclp-C using
flexible linkers and achieved tRNA-aminoacylation with both
proteinogenic and non-proteinogenic amino acids. The result-
ing aminoacyl-tRNAs were functionally validated and the
catalysts showed broad substrate specificity towards the
acceptor tRNA. Our strategy shows how functional tRNA-
aminoacylation catalysts can be created for bridging the
ribosomal and nonribosomal worlds. This opens up new
avenues for the aminoacylation of tRNAs with functional non-
proteinogenic amino acids.

I n nature, aminoacyl-tRNAs are generated by the ancient
and ubiquitous enzyme family of aminoacyl-tRNA synthe-
tases (aaRSs) in a two-step process:!"! Firstly, the respective
amino acid is selected and activated in an ATP-dependent
reaction resulting in the generation of a reactive adenylate
intermediate. Secondly, this intermediate is then transferred
to the terminal 3’ adenosine residue of the appropriate tRNA.
In eukaryotes and archaea aaRSs associate into large multi-
synthetase complexes (MSCs) which in addition to the
synthetases themselves contain other accessory protein fac-
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tors.”! Eukaryotic MSCs can contain between two (S.
cerevisiae) and nine different synthetases (mammals) and up
to three noncatalytic protein components.’! The protein
factors present in MSCs have been shown to be important
for complex formation and stability by acting as scaffolds for
complex assembly.>® In addition, the accessory protein
Arclp has been shown to facilitate tRNA recruitement to
the yeast MSC, thus increasing its overall aminoacylation
efficiency.">¥ Domains homologous to Arclp have been
identified as C-terminal appendages in different eukaryotic
aaRSs, thus highlighting the fusion of protein domains as an
important mechanism for molecular evolution which can lead
to improved functionalities.’***! In contrast to ribosomal
protein synthesis, the nonribosomal assembly of peptides,
found in the secondary metabolism of many microbes, is
carried out by large multimodular enzyme complexes called
nonribosomal peptide synthetases (NRPSs).!) NRPSs repre-
sent another important example of the successive fusion of
protein domains leading to highly sophisticated enzyme
catalysts over evolutionary time.”” Numerous important
bioactive compounds are synthesized by NRPS-dependent
pathways and are used as last-resort antibiotics (e.g. vanco-
mycin, NRPS),®l immunosuppressants (e.g. rapamycin, PKS/
NRPS),”! or antineoplastic compounds (e.g. epothilone D,
PKS/NRPS).™! Each NRPS core module contains adenyla-
tion (A) domains responsible for monomer recognition and
activation. The two reactions catalyzed by NRPS A-domains
closely resemble those carried out by aaRSs (Figure 1a). In
both cases, the initial activation of a building block results in
the formation of a high-energy adenylate intermediate which
is subsequently attacked by a reactive nucleophile. In the case
of A-domains, a nucleophilic attack by the thiol group of the
4’-phosphopantethein cofactor (4-PPant) of the downstream
peptidyl carrier protein (PCP) domain links the monomer to
the assembly line through a thioester linkage. In aaRS
catalysis, the reactive adenylate intermediate is attacked by
the 2'- or 3'-hydroxy group of the terminal adenosine residue
of a tRNA molecule, thus forming an oxoester bond between
amino acid and tRNA. Thus, from a chemical perspective, the
only difference between the reactions catalyzed by NRPS A-
domains and aaRSs is the final nucleophile which is used as
the acceptor of the initially selected monomer. However,
aaRSs are restricted to the 20-22 proteinogenic amino acids,
while A-domains can select from hundreds of proteinogenic
and non-proteinogenic building blocks.!!! Inspired by this
notion we envisioned to exploit the large monomer repertoire
of NRPSs and to utilize it within the context of the ribosomal
assembly pathway, thus combining the ribosomal and non-
ribosomal worlds of peptide biosynthesis.
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Figure 1. Design strategy for the construction of synthetic adenylation-

domain-based fusion proteins for tRNA-aminoacylation based on
structural insights and molecular models. a) Comparative overview of
the two reactions catalyzed by aaRSs and NRPS A-domains, respec-
tively. b) Exemplary catalytic cycle of A-domain-based tRNA-aminoacy-
lation. Note that the shown order of tRNA-binding and adenylate
formation only represents one of several possibilities. ¢) Docking
model showing the interaction of tRNA with Arc1p-C. Shown is the
functionally most reasonable model, where both the acceptor stem
and the anticodon are accessible. Arc1p-C is colored from blue to
yellow (N- to C-terminus).
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We set out to rationally design a synthetic tRNA-amino-
acylation catalyst by exploiting the analogous chemistry of
aaRSs and NRPS A-domains (Figure 1b). From a design
perspective, every tRNA-aminoacylation catalyst needs to
possess two important functionalities: Firstly, the capability to
activate monomers because oxoester formation between
unactivated carboxylic acids and alcohols does not proceed
efficiently under physiological conditions.”?! Secondly, it
needs the ability to facilitate the binding and positioning of
reactants (monomers and tRNAs), thus leading to a local
increase in effective molarity. This local increase in reactant
concentration is able to elevate reactant molarities from the
nano- and micromolar range to the millimolar and molar
range , respectively.'?! In our design, the well-characterized
A-domain PheA from Bacillus brevis is used as the catalytic
domain. PheA has been shown to be active outside of the
context of its cognate NRPS module as a lone-standing
enzyme.®! Additionally, Phe A can form reactive adenylate
intermediates of both L- and D-phenylalanine (Phe) equally
well,'* thus giving us the opportunity to test if it is possible to
load a non-proteinogenic b-amino acid onto tRNAs using our
synthetic fusion-protein-based catalyst. To confer tRNA-
binding capabilities to our synthetic fusion protein, the
functionally characterized C-terminal part of Arclp (S.
cerevisiae) was employed (referred to as Arclp-C),>>4
which was previously used to construct a MetRS-Arclp-C
fusion protein in yeast that showed improved aminoacylation
activity.'"¥! To now rationally design a functional tRNA-
aminoacylation catalyst based on the above-mentioned com-
ponents, we initially aimed at constructing a molecular model.
With the crystal structure of Phe A known,*® we still needed
to solve the crystal structure of Arclp-C to build an accurate
model which would allow us to rationally design expression
constructs for activity testing. The crystal structure of Arclp-
C was determined at 1.40 A resolution (see Figure S1 and
Table S1 in the Supporting Information; atomic coordinates
and structure factors have been deposited with the Protein
Data Bank (PDB) under the accession code 4R1J). Arclp-C
superimposes very well with the C-terminal domain of human
EMAPII (see Figures S2 and S3) with RMSD values of 0.71 A
(over 163 Ca. atoms).">!* To acquire a deeper understanding
of the Arclp-C—tRNA interaction, we used the DUCK-BP
server employing the FTdock algorithm”! for docking experi-
ments using yeast tRNA™, While five docking sets were
generated, only the highest-scoring set was reasonable from
a functional perspective, leaving the acceptor stem accessible
for aminoacylation (Figure 1c; see Figures S4 and S5). For all
sets, the tRNA molecule interacted precisely with the
previously proposed groove and loop regions of Arclp-C
(Figure S4).181  Additionally, a C-terminally appended
EMAPII domain in human TyrRS, homologous to Arclp,
was shown to very likely interact with tRNA™" in the same
way as suggested here.'”) Interestingly, a glycerol molecule is
found inside the hydrophobic pocket of Arclp-C, likely
mimicking the interaction with a tRNA ribose (Figure S1).
Our results suggest that the observed promiscuity of Arclp
with regard to tRNA binding likely stems from the particular
interaction mode proposed here where no specificity-confer-
ring structural determinants (anticodon-loop or acceptor
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stem) are directly involved in the interaction. With both
structures in hand and a proposed tRNA-binding mode
established, we were able to generate a molecular model
where both functional domains (PheA and Arclp-C) were
connected by flexible glycine-serine-linkers of various lengths
([GSSG],, n=0-8, ~0-120 A, Figure S6). Our models sug-
gest that all catalysts, except for the linkerless version, should
in principle allow the 3-end of bound tRNA to be in
proximity to the active site of PheA. However, it is evident
that the longer linkers would likely lead to too much
flexibility, thus drastically lowering the likelihood of amino-
acylation. Based on our models, we expect that a linker length
of n=1 or 2 should be optimal for both reactant positioning
and increase in local reactant concentration. Guided by the
insights gained through our molecular models, we designed
various expression constructs for activity testing (see Fig-
ure S7). We focused on constructs where Arclp-C was C-
terminally fused to PheAl (PheA-Arclp-C). The reasoning
was that the opposite domain configuration (Arclp-C-PheA)
would block the observed tRNA binding site of Arclp-C. As
additional controls, single Phe A and Arclp-C constructs, not
connected by a linker, were used to make sure that any
observed activities were actually a result of the fusion of both
domains.

All proteins used in this study were recombinantly
produced in E. coli as Hiss-tagged fusion constructs (see
Figure S8). Prior to carrying out aminoacylation assays, the
ability of all PheA constructs to adenylate L-Phe was tested to
ensure that fusion of Arclp-C did not disturb PheA catalysis.
All investigated constructs showed similar levels of Phe
activation compared to the stand-alone PheA construct (see
Figure S9). To test the designed constructs for their ability to
aminoacylate tRNAs, we initially used commercially avail-
able tRNA™™ (E. coli) and carried out standard amino-
acylation assays using either L- or D-Phe.”” To determine
aminoacylation levels, we employed a formerly established
method based on size-exclusion chromatography, hydrolysis
of bound amino acids, and subsequent LC-MS analysis of the
released previously tRNA-bound monomers (see Figures S10
and S11).”! To validate this approach we employed an
additional analysis strategy where '“*C-labled amino acids
were used in aminoacylation assays, followed by phenol
extraction, size-exclusion chromatography, and scintillation
counting of elution fractions (see Figure S12). Phenylalanyl-
tRNA synthetase (PheRS) from E. coli was employed as
a positive control. By using our analysis strategy, good
aminoacylation levels could be observed for PheRS which
were comparable to values reported in the literature.! In
general, all fusion constructs were able to load both L- and D-
Phe onto tRNAP™ (Figure 2; see FiguresS13 and S14).
Varying linker length revealed a clear influence of domain
distance on the observed aminoacylation levels, with the 2x-
construct, possessing an eight-amino-acid linker ([GSSG],),
showing the highest aminoacylation efficiency and reaching
11% loaded tRNAs after 30 minutes (corresponding to
275 pmol of Phe-tRNAP™). The 8x-construct ([GSSG]s)
showed only about 3% loaded tRNAs after 30 minutes,
while the linkerless fusion constructs showed similar results.
All other constructs yielded intermediate levels of amino-
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Figure 2. Functional characterization of fusion proteins. Results for
assays containing L-Phe are shown in blue, while results for p-Phe-
containing assays are shown in red. Error bars represent the standard
deviation of three independent experiments. a) Observed aminoacyla-
tion activity of fusion constructs and controls. b) Time-dependence of
aminoacylation of the 2x-construct compared with single and positive
controls. Maximal aminoacylation is shown in the inset. c) Substrate
specificity with regards to the tRNA acceptor.

acylation. Importantly, assays where the single PheA and
Arclp-C constructs were used, showed only background
levels of aminoacylation, thus clearly indicating that the
fusion proteins did facilitate tRNA-loading through spatial
control and reactant positioning. The observation that the 1x-
and 2x-constructs exhibit the highest aminoacylation effi-
ciency is in agreement with our molecular models. Although,
other artificial tRNA-aminoacylation systems have been
previously devised using self-acylating ribozymes, ! our
approach is the first one to exploit the inherent modularity
of protein domains to create a synthetic protein-based tRNA-
aminoacylation catalyst. Our results highlight the importance
of interdomain distance and domain configuration, which is
often observed for synthetic fusion constructs.” The time-
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dependence of aminoacylation showed that both L- and D-
Phe loading levels reached a maximum after 30 minutes with
no further increase in aminoacylation levels over time
(Figure 2b).

To address the question of whether our 2x-construct
would also be able to utilize other acceptor tRNAs as
substrates, we carried out aminoacylation assays with both L-
and D-Phe using five additional E. coli tRNAs (tRNAM™,
tRNAY tRNAD, tRNA®® and tRNA™). Our results
indicate that, in agreement with previous studies where
Arclp-C was shown to bind to various tRNA species, all the
tested tRNAs could be aminoacylated similarly well (Fig-
ure 2¢).>*1 Although, previous competition experiments
using total yeast tRNA suggest that Arclp may exhibit
limited tRNA specificity, favoring tRNA®™ and tRNAM®
(part of the yeast MSC),? no preference could be observed
here. This lack of preference may indicate that not tRNA
binding, but aminoacylation represents the rate-limiting step
in fusion protein catalysis.

To determine at which position the 2x-construct attaches
L- and D-Phe to tRNAs, we used a combined approach based
on P1 nuclease digestion coupled with Antarctic phosphatase
5'-dephosphorylation and subsequent high-resolution MS,
together with a functional analysis of the resulting aminoacyl-
tRNAs (Figure 3a). It could be shown that both - and p-Phe
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were coupled to adenosine residues (Figure 3b; see Figur-
es S15-S18) while no other Phe-nucleoside adducts could be
detected (Figure S14 and S15). The intensities observed for
the phenylalanine-adenosine (Phe-A) species in the assays
containing the 2x-construct or PheRS correlate well with the
previously determined aminoacylation levels, where the 2x-
construct generates about ten percent of the aminoacyl-
tRNAs synthesized by PheRS. To finally verify that the
loaded tRNAs produced by our 2x-construct are functional,
meaning that Phe would be bound to the terminal 3'-
adenosine residue, we devised an assay where an enzyme
which exclusively uses aminoacyl-tRNAs as substrates was
employed. The enzyme used was AIbC (Streptomyces nour-
sei), belonging to the family of cyclodipeptide synthases
(CDPSs).®1 CDPSs are able to use loaded tRNAs to carry out
two successive peptide-bond formations, thus resulting in the
generation of a cyclic dipeptide scaffold (Figure 3¢). AlbC in
particular is able to use Phe-tRNA™ (E. coli) to form cyclic
diphenylalanine (cFF) as one of its main products in vivo and
in vitro. We were able to show that the aminoacyl-tRNAs
resulting from assays containing both the 2x-construct and L-
Phe could be used by AIbC to form cFF, while loaded tRNAs
resulting from D-Phe assays were no valid substrates for AIbC
(Figure 3d; see Figure S19). Considering the structure of the
active site pocket of AIbC and its catalytic ping-pong
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Figure 3. a) The analysis strategy used to determine the aminoacylation position. All steps are carried out under acidic conditions to minimize
hydrolysis of tRNA-bound monomers. b) LC-MS analysis of nucleoside solutions resulting from successive P1 nuclease and Antarctic phosphatase
treatment. Shown are the results for the positive control PheRS (ochre), assays containing the 2x-construct using L- and p-Phe (colored in red and
green, respectively), and a control without enzyme (blue). To the right of the chromatograms peak intensities are shown [NL: normalized intensity
level (counts per second)]. c) Reaction catalyzed by the CDPS AlbC. d) LC-MS analysis of aminoacylation assays treated with AIbC. Shown are
chromatograms (single-ion monitoring: m/z 295.1233 to 295.1649) of 2x-construct assays in the presence of L- and p-Phe (shown in red and
green, respectively) and a control resulting from an L-Phe/2x-construct assay without the addition of AIbC (blue).

Angew. Chem. Int. Ed. 2015, 54, 24922496

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.org

2495


http://www.angewandte.org

Angewandte

2496

Communications

mechanism, it can be easily rationalized that only L-config-
ured amino acids represent substrates for cyclic dipeptide
formation.”® Taken together, those results indicate that our
synthetic fusion-protein-based aminoacylation catalyst is able
to generate functional aminoacyl-tRNAs.

In summary, we introduced a new modular design for
protein-based tRNA-aminoacylation catalysts starting from
rationally designed models. Our catalysts are able to load
proteinogenic and non-proteinogenic monomers onto various
tRNAs. It can be easily imagined that many other catalysts
could be created based on this design, thus opening up a new
approach to produce tRNAs loaded with specific functional
non-natural monomers.
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