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Abstract: Synthetic biology is a broad and emerging discipline that capitalizes on recent advances in
molecular biology, genetics, protein and RNA engineering as well as omics technologies. Together
these technologies have transformed our ability to reveal the biology of the cell and the molecular
basis of disease. This Special Issue on “Synthetic RNA and DNA Programming” features original
research articles and reviews, highlighting novel aspects of basic molecular biology and the molecular
mechanisms of disease that were uncovered by the application and development of novel synthetic
biology-driven approaches.
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RNA metabolism; tRNA; synthetic biology; unnatural amino acids; unnatural nucleotides

Synthetic biology is a broad and emerging discipline that capitalizes on recent advances in
molecular biology, genetics, protein and RNA engineering, as well as omics technologies. Together
these biotechnologies have transformed our ability to reveal the biology of the cell and the molecular
basis of disease. This special issue of Genes on “Synthetic DNA and RNA Programming” features
12 original research articles and reviews that highlight novel aspects of basic molecular and cellular
biology, uncovered by the application and development of synthetic biology-driven approaches.

The approaches highlighted here involve programming genes, RNAs, and proteins, both in the
test tube and in living cells, to explore areas of molecular biology related to genetic code evolution [1,2]
and genetic code expansion [3-5], including applications in programming protein modifications [6,7],
RNA metabolism [8,9], and genetic systems for genome engineering [10,11] and biocontainment of
modified microorganisms [12]. These contributions showcase both the diversity of research approaches
emerging as synthetic biology tools and the extreme level of detail with which these tools enable
studies and the manipulation of individual protein modifications or cellular pathways. The contributed
articles cluster into four thematic categories: genetic code expansion, genetic code evolution, novel genetic
systems and molecular tools, and RNA programming.

1. Expanding the Genetic Code

Genetic code expansion studies focus on methods that enable the production of proteins with
amino acids beyond the canonical or standard 20 genetically encoded amino acids. Cells with
engineered and expanded genetic codes can produce proteins with 21 [13] or even 22 [14,15] different
genetically encoded amino acids. These additional amino acids allow the introduction of new and
specific chemically functionalized side chains.

Genetic code expansion normally requires the addition of a new aminoacyl-tRNA synthetase
and tRNA pair. Efficient and high-fidelity genetic encoding requires that the AARS tRNA pair is
mutually orthogonal to the endogenous AARSs and tRNAs in the cell. These methods normally
reassign the meaning of a stop codon, usually UAG, to the direct incorporation of an additional,
non-canonical amino acid (ncAA). The most commonly used orthogonal pairs include the archaeal
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enzymes tyrosyl-tRNA syntetase (TyrRS) [13], the pyrrolysyl-tRNA synthetase (PyIRS) [16,17], and
the phosphoseryl-tRNA synthetase (SepRS) [18]. Balasuriya et al. used the phosphoserine system to
produce highly active human kinases with programmed phosphorylation from facile Escherichia coli
expression systems [7]. The authors used these reagents to identify a specific phosphorylation site on
protein kinase B (Akt1) that interferes with a clinically relevant kinase inhibitor.

Genetic code expansion also enables the incorporation of other posttranslational modifications
at specific or programmed sites in proteins. Umehara et al. [6] used a mutant of the PyIRS tRNAFY!
orthogonal pair to genetically encode N*-acetylated lysine into the E. coli alanyl-tRNA synthetase.
The resulting acetylated AlaRS was catalytically deficient. The authors next used in vivo assays to
determine that two Cob deacetylases were able to remove the K73 acetylation, identifying a novel
regulatory pathway to control AlaRS activity.

The study from Hoffmann et al. focused on the central role of tRNAs in genetic code expansion [3].
Specifically, this review article addressed two ‘fundamentally different translation systems’ that evolved
in natural organisms. These include the systems that genetically encode selenocysteine and pyrrolysine,
the so-called 21st and 22nd amino acids. Design and engineering of tRNA variants for optimal genetic
code expansion were examined, as were synthetic biology applications of genetic code expansion.

Finally, Gang et al. focused on the application of peptides with ncAAs as antibiotics. Antibiotic
development is a matter of urgent clinical need and one of the most promising areas is related to the
development of synthetic cyclic peptides. These compounds are often inspired by natural products,
but through the use of genetic code expansion, ncAAs can be included in these antibiotic peptides [4].
The review article from Gang et al. focused on methods for peptide cyclization and applications of
cyclic peptides.

2. Genetic Code Evolution

Although Crick’s frozen accident hypothesis once envisioned a perfectly interpreted genetic
code [19], recent studies have found that cells tolerate surprisingly high levels of amino acid
misincorporation [20]. The next pair of featured articles [1,2] investigated biochemical mechanisms
that regulate translation fidelity.

Berg et al. [1] provided the first detailed characterization of human tRNAS®" identity elements.
These are the critical nucleotides that are essential for tRNA recognition by the cognate aminoacyl-tRNA
synthetase and determine the serine accepting identity of this tRNA. The tRNA identity elements define
the correspondence of amino acids with anticodons and thus are fundamental to the accurate decoding
of the genetic code. Using a unique in vivo assay, relying on the misincorporation of serine at proline
codons in yeast, this work identified the evolution of new identity elements in the human tRNAS".

Similarly, the article by Rathnayake et al. [2] also highlighted the fact that the mechanisms and
molecular entities tasked with ensuring the faithful interpretation of genetic code have evolved over
time into idiosyncratic variants. The aspartyl-tRNA synthetase (AspRS) enzymes occur as two variants,
the discriminating AspRS, which exclusively charges Asp to tRNAASP, as well as a non-discriminating
variant (ND-AspRS). ND-AspRS charges Asp onto tRNAA in a pathway generating Asn-tRNAAS
via Asp-tRNAAS", In some bacteria, both AspRS and ND-AspRS are capable of not only charging Asp
to tRNAASP and tRNAAS", but also of have an unexpected glutamyl-tRNA synthetase (GluRS)-like
activity. In these cases, AspRS acts as a GIuRS, and is able to ligate Glu to tRNAC!" but not to tRNAASP,
Although the AspRS enzyme targets a non-cognate tRNA, amino acid misincorporation does not occur,
thus preserving translation fidelity.

3. Novel Genetic Systems and Molecular Tools

Gordon et al. opened the door to studying the unusual biology of yeast of the genus
Metschnikowia [11]. These yeasts have a genetic code variation in which the leucine CUG codons are
instead decoded as serine. The authors developed a new and efficient transformation system for
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Metschnikowia and an additional 21 yeast species, providing new platforms for genome synthesis and
engineering efforts.

Protein expression is an essential methodology for biochemical studies, including those mentioned
above, as well as for the production of biopharmaceuticals such as antibodies and therapeutic peptides.
Chen et al. [10] used a high-throughput approach to screen for the impact of the expression of any
E. coli gene on cell growth. The most significant impact on E. coli growth was observed upon the
overexpression of membrane proteins. Interestingly, the authors found that for certain proteins, the use
of lower copy number plasmids stabilized cell growth rate and increased overall recombinant protein
yields. The impact on cell growth could also often be remedied by amino acid supplementation. Using a
related methodology, Schwark et al. used a fluorescent protein reporter system and investigated
an E. coli release factor deletion strain with a highly efficient archaeal orthogonal AARS tRNA pair.
Their data suggested that the engineered strain will be a highly useful tool for applications requiring
the incorporation of multiple ncAAs [5].

A major ethical responsibility for synthetic biologists is the ability to retain control or confinement
of genetically modified microorganisms. This drove the field to develop fascinating and effective
methods for containing microorganisms in the lab that are commonly referred to as biocontainment.
Some of these approaches included the use of genetic code expansion to create synthetic auxotrophs,
such as an E. coli strain dependent on ncAAs for growth [21]. Diwo et al. further extended this idea
with their novel formulation of an “alien genetic code’ [12]. The authors presented the concept that
an ideal biocontainment system would involve the creation of microbes with genetic codes that are
totally incompatible or ‘alien’ to the natural genetic code. The construction of such an organism is
considered to be achieved via the directed evolution of an existing cell or through de novo construction
of ‘synthetic’ genomes and cells.

4. RNA Programming

RNAs play important roles in controlling translation, yet there are still limited tools to study and
engineer RNAs and their activity in cells. Turk et al. developed a novel reporter system to quantify the
activity of microRNAs (miRNAs) in living cells [9]. While microRNAs can be quantified by methods
such as quantitative PCR, a variable and unknown portion of cellular miRNAs is inactive. To assess the
amount of active miRNA in the cell, the authors developed a GFP-based reporter system that allows
for time- and space-resolved monitoring of active miRNAs in single cells.

Another limitation of analyzing RNAs is the limitation of commercially available polymerases to
extend RNAs in the forward 5 to 3’ direction. Chen et al. [8] reviewed recent progress made towards
the characterization and engineering of tRNAMS guanylyltransferase homologs capable of reverse 3’
to 5" nucleotide polymerization. Tools and enzymes with broadened RNA substrates and extended
template-dependent reverse polymerization activity were discussed and will be invaluable for RNA
labeling, engineering, and analysis efforts.

In summary, this collection of articles represents new directions in multiple areas of interest to
synthetic biologists. From expanding the number of genetically encoded amino acids to creating new
genetic tools in diverse microbes, these articles are each exemplars of the sophisticated synthetic biology
approaches that produce cells with new capabilities, enabling the production of designer proteins and
RNAs. Some of these tools reveal molecular events in living cells that were previously inaccessible.
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Abstract: microRNA (miRNA) activity and regulation are of increasing interest as new therapeutic
targets. Traditional approaches to assess miRNA levels in cells rely on RNA sequencing or quantitative
PCR. While useful, these approaches are based on RNA extraction and cannot be applied in real-time
to observe miRNA activity with single-cell resolution. We developed a green fluorescence protein
(GFP)-based reporter system that allows for a direct, real-time readout of changes in miRNA activity
in live cells. The miRNA activity reporter (MiRAR) consists of GFP fused to a 3’ untranslated
region containing specific miRNA binding sites, resulting in miRNA activity-dependent GFP
expression. Using qPCR, we verified the inverse relationship of GFP fluorescence and miRNA
levels. We demonstrated that this novel optogenetic reporter system quantifies cellular levels of the
tumor suppressor miRNA let-7 in real-time in single Human embryonic kidney 293 (HEK 293) cells.
Our data shows that the MiRAR can be applied to detect changes in miRNA levels upon disruption
of miRNA degradation pathways. We further show that the reporter could be adapted to monitor
another disease-relevant miRNA, miR-122. With trivial modifications, this approach could be applied
across the miRNome for quantification of many specific miRNA in cell cultures, tissues, or transgenic
animal models.

Keywords: fluorescent reporter; live cell imaging; microRNA quantification; optogenetics; small
molecule drug screening

1. Introduction

Human gene expression and RNA transcript stability can be regulated before, during, and after
transcription. MicroRNAs (miRNAs) regulate transcript stability by binding to messenger RNAs
(mRNAs) in complementary regions, inducing endonuclease-mediated cleavage or inhibiting protein
synthesis [1]. In mammals, miRNAs usually contain sequence homology to their target transcript
in their 5" and 3/ untranslated regions (UTR) [2,3]. Genes encoding miRNAs are transcribed as long
precursor transcripts and processed to yield short 18-24-nucleotide-long miRNAs. These miRNAs are
subsequently integrated into protein complexes to induce mRNA silencing. While translational aspects
of miRNA research are primarily focused on cancer, deregulation of miRNA stability and activity has
relevance to many diseases. Dysfunctional miRNA expression, processing, and degradation have
been found in diseases including breast cancer [4], acute myeloid leukemia [5], ovarian cancer [6], and
hepatocellular carcinoma [7], but links between miRNAs and Alzheimer’s disease [8], diabetes [9], and
schizophrenia [10] are also emerging.

The miRNA let-7 is often implicated in disease and the let-7 miRNA sequence and timing of
expression during development are highly conserved amongst vertebrates [11]. In normal cells and
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tissues, let-7 suppresses tumor proliferation and cell survival by negatively regulating oncogenic
signaling pathways [12]. Let-7 directly binds to complementary regions of mRNAs with protein
products involved in cell cycle proliferation and apoptosis, such as e.g., Ras, high mobility group A2
(Hmga2), Caspase 3, and others [11,13-17]. Let-7 levels are significantly lower in cancer cells and stem
cells compared to differentiated cell types, highlighting the role for let-7 in cell cycle regulation [18,19].
Similarly, let-7 is down-regulated in numerous cancers [20-22] and low let-7 levels are associated with
shortened post-operative survival [23].

Recent work has begun to reveal the role of let-7 in maintaining cell differentiation and cancer
proliferation [12,13,15]. In lung cancers, let-7 and the oncogene Kirsten rat sarcoma viral oncogene
homolog (kras) have a reciprocal relationship [16]. High KRas levels and low let-7 levels generate
a highly cancerous phenotype. Increasing let-7 levels, however, cause KRas levels to decrease and
normal cell morphology to return. The KRas mRNA has seven predicted let-7 binding sites in its
3/-UTR [16]. Other genes regulated by let-7 include Hmga2 and Caspase 3. Hmga2 regulates the G2/M
checkpoint in cell cycling and contains binding sites for let-7 miRNA in its 3'-UTR [24]. Let-7 also
regulates apoptosis via let-7 binding sites in the 3'-UTR of Caspase 3. By interfering with Caspase 3
expression, let-7 allows cells to escape apoptotic effector caspases [17].

KRas, Hmga2, Caspase 3, and other oncogenes are directly regulated by let-7 levels in the cell.
Thus, let-7 biosynthesis and the regulation of let-7 levels are of increasing interest as new therapeutic
targets [25]. Current treatments have focused on a let-7 replacement strategy [20], yet the delivery of
RNA therapeutics has proven difficult [26]. Another approach focuses on inhibitors of let-7 degradative
enzymes Lin28 [27,28] and the terminal uridylyltransferase Tut4 [29] as targets for small molecule
chemotherapeutics. Lin28 binds to precursor miRNA (pre-miRNA) let-7 and recruits Tut4, which
subsequently polyuridylates the pre-miRNA. Polyuridylated RNAs are degraded by the U-specific
exonuclease Dis3L2 [1]. Screening for small molecule inhibitors of let-7 degradative enzymes currently
relies on in vitro biochemical assays to screen for functional inhibition of the respective proteins.
Unfortunately, identified small molecule inhibitors often fail to effectively alter miRNA metabolism
in vivo due to off-target activities, unspecific side effects, and failure to efficiently enter the cell.
Screens directly assessing miRNA levels and activity in the cell would circumvent these technical
difficulties. Several methodologies are available to assess overall and specific expression levels of
miRNAs in cells. Next-generation sequencing and miRNA arrays are used to identify changes in the
overall miRNome. Real-time quantitative polymerase chain reaction (RT-qPCR) and northern blotting
are tools to probe individual miRNAs [30,31], yet these assays are not amenable to studies in live cells
and they fail to report the level of active miRNA.

The observed variability between tissues and even between single cells call for the development
of methods to follow expression and activity of miRNAs in tissues or individual living cells [27-29].
Furthermore, miRNA quantity does not necessarily correspond to miRNA activity, as miRNAs
can be silenced by single nucleotide additions without affecting miRNA prevalence in the cell [32].
We developed an optogenetic green fluorescence protein (GFP)-based reporter to assess the level of
active let-7 in live cells. We fused a let-7 regulated 3’-UTR from the human kras gene to a GFP reporter,
allowing for a direct readout of let-7 activity in vivo, thus generating a miRNA activity reporter (MiRAR).
We further show that this MiRAR reporter system can be adapted as a reporter for other miRNAs.
Our proof using principle experiments shows that genetically encoded sensors of miRNA activity will
be highly useful tools in investigating the biological role of RNA-regulating enzymes in vivo.

2. Materials and Methods

2.1. Genomic DNA Extraction

Genomic DNA was prepared as a template for the amplification of 3-UTRs as described
previously [33]. Briefly, human embryonic kidney 293 (HEK 293) cells were grown to confluency
in Dulbecco’s modified eagle medium (DMEM) from Gibco (Thermo Fisher Scientific, Waltham, MA,
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USA) and 10% fetal bovine serum (FBS). Cells from half of a 150 mm plate (~107 cells) were resuspended
in 2.4 mL lysis buffer (0.6% sodium dodecyl sulfate (SDS), 10 mM ethylenediaminetetraacetic acid
(EDTA), 10 mM Tris-HCI pH 8.0) and 25 units RNase I (NEB M0243S) and incubated at 37 °C for 1 h.
This was followed by the addition of 240 1L 5 M NaCl (6 mmol) and 1 h of incubation on ice. The solution
was centrifuged at 10,000 g for 30 min at 4 °C and the DNA was extracted from the supernatant via
phenol chloroform extraction. The extracted DNA was stored at —20 °C until further use.

2.2. Reporter Gene Construct for Let-7

We generated a reporter system to link miRNA content in the cell to GFP fluorescence. GFP was
cloned into pcDNA3.1. The 3’-UTR of human wildtype kras was amplified from pRL KRas 3’-UTR
(plasmid 14804, Addgene, Cambridge, MA, USA) and mutant KRas 3’-UTR from pRL KRas 3'-UTR
(plasmid 14805 Addgene) [34] using primers KRasfor (5'-TCTGGGTGTTGATGATGCCTTC-3') and
KRasrev (5'-CCTGGTAATGATTTAAATGTAGTTATAGAAATAAATAATATG-3'). The resulting PCR
product was cloned downstream of GFP into pcDNA3.1-GFP using Kpnl and BamHI restriction sites,
yielding the plasmid pMiRAR-let-7 and pMiRAR-let-7-mutant. Successful cloning was verified by
DNA sequencing at the London Regional Genomics Centre (London, ON, Canada). The construct
sequences are supplied in the supplementary file S1.

2.3. Reporter Gene Construct for miR-122

As a reporter system for miR-122, we chose the cytoplasmic polyadenylation element
binding protein (CPEB) 3’-UTR. The CPEB 3/-UTR (NM_001079533.1) was amplified from HEK
293 genomic DNA with primers CPEB-Kpnl-for (5'-ATCAGGTACCTAAAGGAGCTGGCCTTG-3')
and CPEB-BamHI-rev (5-TTAAGGATCCCTGCTGCAACGTGTT-3'). The amplified DNA was then
inserted into pCDNA3.1 downstream of GFP, yielding pMiRAR-miR-122. Successful cloning was
verified by DNA sequencing at the London Regional Genomics Centre. The construct sequence is
supplied in the supplementary file S1.

2.4. Quantification of Green Fluorescent Protein Fluorescence in Live Cells

HEK 293 cells were grown to ~80% confluency as described above on a 6-well plate using
DMEM supplemented with 1% v/v penicillin-streptomycin (Wisent Inc., Saint-Jean-Baptiste, QC,
Canada). Cells were then co-transfected with pMiRAR plasmids, pCMV-tdTomato (632534, Clontech,
Mountain View, CA, USA), and RNAs as indicated using Lipofectamine 2000 in Opti-MEM
transfection media (11668019, Invitrogen, Carlsbad, CA, USA). Cells were harvested 48 h after
transfection. Cell fluorescence was measured using the Synergy H1 microplate reader (BioTek,
Winooski, VT, USA) at excitations of 480 nm and 554 nm, and emissions at 509 nm and
581 nm. In each well, a grid of 11 x 11 fields was scanned and fluorescence intensity was
recorded. The data reported represent the average GFP and tdTomato fluorescence intensity per
well. RNAs co-transfected were as follows: let-7 (5'-p-UGAGGUAGUAGGUUGUGUGGUU-3)
and anti-let-7 (5'-p-AACCACACAACCUACUACCUCA-3') at 80 pM concentration; hsa-miR-122
(5’-p-UGGAGUGUGACAAUGGUGUUUG-3') and anti-hsa-miR-122 (5'-p-CAAACACCAUUGUCA
CACUCCA-3') at 100 nM. Tut4 knockdown was carried out with anti-Tut4 small interfering RNA
(siRNA) (Dharmacon OnTargetPlus System, L-021797-01-0005, Lafayette, CO, USA) according to
manufacturer’s instructions. Successful Tut4 knockdown was confirmed by separating 50 pug of
total protein from HEK 293 cells treated with Tut siRNA or a scrambled control via SDS-PAGE
(SDS-polyacrylamide gel electrophoresis). Proteins were transferred to a polyvinylidene difluoride
(PVDF) membrane by western blotting and Tut4 and GAPDH were detected with protein specific
antibodies 18980-1-AP (Proteintech, Chicago, IL, USA) and MAB374 (Sigma-Aldrich, St. Louis, MO,
USA). All experiments were carried out at least in triplicate; representative cell images are shown.
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2.5. MicroRNA Quantification by Real-Time Quantitative Polymerase Chain Reaction

RT-qPCR was performed as described previously [35]. Briefly, a primer with an internal
stem loop structure was designed to target mature let-7 miRNA (5-GTTGGCTCTGGTGCAGG
GTCCGAGGTATTCGCACCAGAGCCAACAACTAT-3') or miR-122 (5-GTCGTATGCAGAGC
AGGGTCCGAGGTATTCGCACTGCATACGACCAAACA-3). This primer was unfolded for 5 min
at 65 °C and then refolded for 2 min on ice to form a stem loop structure. The primer was
then incubated with total purified cellular RNA. Then, 0.125 pmol RNA was synthesized into
complementary DNA (cDNA) using SuperScript III RT (200 units/uL) and stem loop primers.
cDNA synthesis was carried out for both RNA extracted from wildtype and Tut4-knockdown cell
lines. The reaction was incubated in a thermocycler for 30 min at 16 °C, followed by pulsed RT
of 60 cycles at 30 °C for 30 s, 42 °C for 30 s, and 50 °C for 1 min. The cDNA generated was
later diluted 10-fold, and quantitative PCR was conducted using SYBR Green qPCR MasterMix
(Thermo Fisher Scientific) and gPCR primers (300 nM). Forward primers were designed for miR-122
(5-AGGCTGGAGTGTGACAATG-3'), let-7 (5'-TGAGGTAGTAGGTTGTATAGTTGTTGG-3') and
universal miR reverse (5-GAGCAGGGTCCGAGGT-3'). Samples were amplified for 35 cycles with
Eppendorf Realplex (Eppendorf, Hamburg, Germany), and miRNA levels were extrapolated using a
comparative Ct (Cycle Threshold)method described previously [35].

3. Results

3.1. Let-7 micro RNA Reduces Green Fluorescent Proteins Fluorescence in Live Cells

To assess miRNA levels in live cells, we generated a GFP-based reporter system. The 3'-UTR of
KRas was cloned downstream of a gfp gene into pcDNA3.1 to generate a reporter system where GFP
fluorescence is responsive to changes in let-7 concentration in the cell (Figure 1a). Cells transfected
with the reporter construct pMiRAR-let-7 expressed GFP (Figure 2a,c), indicating that endogenous
let-7 levels do not entirely silence gfp expression. Background fluorescence of cells without miRAR
(1858 + 44 RFU (relative fluorescence units)) was subtracted from the fluorescence intensities.
To evaluate the responsiveness of GFP production, we co-transfected the reporter pMiRAR-let-7
with 80 pMlet-7 miRNA or separately with anti-miR RNA complementary to let-7 (anti-let-7).
Supplementing cells with exogeneous let-7 effectively inhibited GFP translation, reducing fluorescence
by more than 3-fold (Figure 2a,c). In contrast, supplementing cells with anti-let-7, which binds to and
de-activates cellular let-7, led to a marked decrease in active let-7 molecules in the cell as reported by a
1.3-fold increase in GFP production and fluorescence (Figure 2a,c).

3.2. Visualizing Let-7 Accumulation due to Inhibition of Let-7 Degradative Enzymes

We further tested the reporter system by assessing miRNA levels in cells depleted for the let-7
degradative enzyme Tut4, which has been shown previously to affect miRNA degradation [1,29,36,37].
Tut4 polyuridylates let-7 miRNAs, marking them for degradation by the exonuclease Dis3L2
(Figure 1b) [1]. Tut4 was knocked down using siRNA, and partial knockdown of ~50% of Tut4
was confirmed by western blotting (Figure 2b). As expected, the depletion of Tut4 resulted in a
decrease of GFP fluorescence by 2.4-fold, confirming an increase in cellular let-7 levels (Figure 2a,c).
Thus, elevation of miRNA concentrations caused by inhibition of the uridylyltransferase Tut4, and the
subsequent lack of U-dependent let-7 degradation can be measured using our GFP reporter system.
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Figure 1. Schematic of the microRNA (miRNA) activity reporter (MiRAR) for let-7 levels in vivo.
The KRas 3'-UTR was fused downstream of green fluorescence protein (GFP) to allow quantification
of cellular let-7 levels. (a) Schematic of pMiRAR-let-7 construct; (b) miRNA degradative enzymes
Lin28 and Tut4 collaborate to mark let-7 miRNA for degradation by the exonuclease Dis3L2. The RNA
binding protein Lin28 recruits Tut4 to polyuridylate miRNA and pre-miRNAs, leading to degradation
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by the U-specific exonuclease Dis3L2. Lowered miRNA levels lead to an increase in GFP translation
and fluorescence. KRas: Kirsten rat sarcoma viral oncogene homolog, UTR: untranslated region.
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Figure 2. The MiRAR in live cells. Fluorescence intensity measurements and cell images for different
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treatments of MiRAR-transfected cells. Human embryonic kidney 293 (HEK 293) cells were grown
to confluency, transfected with the MiRAR containing the KRas-3'-UTR, and treated as outlined.
(a) Fluorescence intensities validate miRAR-let-7 as a miRNA reporter. Background fluorescence of
untreated cells was subtracted from the experiments. Error bars are based on at least three biological
replicates and represent one standard deviation; (b) Western blot of untreated HEK 293 cells and
treated cells after a knockdown of Tut4, confirming partial depletion of Tut4; (c) Images of live cells
co-transfected with MiRAR and indicated as small interfering RNAs (siRNAs) or miRNAs. Row 1:
overlay of phase light microscopy and GFP UV microscopy; row 2: GFP UV microscopy alone.
The white bar represents 200 um. p values are *** < 0.001.
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3.3. Mutation of Let-7 Binding Sites Abolishes the Sensitivity of the pMiRAR to Changes in Let-7 Levels

To confirm that the changes in fluorescence were indeed exclusively due to let-7 binding to
the KRas-UTR in our reporter, we generated a variant of the reporter gene construct with mutated
let-7 binding sites. Mutations in the let-7 binding sites abolish the regulatory effect of let-7 on gene
expression. The let-7 un-responsive KRas-3'UTR mutant was described previously [34], and cloned
downstream of the gfp coding sequence. As before, we observed a significant decrease in florescence in
cells co-transfected with the wildtype pMiRAR-let-7 construct with Tut4 siRNA compared to untreated
cells (Figure 3a,b). In contrast, GFP fluorescence in cells carrying a plasmid with a mutated KRas-UTR
fused to GFP (pMiRAR-let-7-mutant) did not respond to a Tut4 knockdown (Figure 3a,b). These data
confirm that the change in fluorescence is indeed due to binding of let-7 to the KRas-3'-UTR. As a
control experiment, a second plasmid coding for tdTomato was co-transfected to probe for differences
in transfection efficiency. No significant changes in transfection efficiency of tdTomato were observed
(Figure 3a), indicating that variation in transfection efficiency does not account for the decrease or
increase of GFP fluorescence. To further confirm that the Tut4 knockdown decreases let-7 levels in the
cell, we quantified let-7 miRNA levels by qPCR (Figure 4). Indeed, in the Tut4 knockdown, a 2.7-fold
increase in let-7 miRNA levels was observed, correlating with the 2.4-fold decrease in GFP fluorescence
in the pMiRAR-let-7 reporter. These data further confirm that depletion of Tut4 leads to an increase
of let-7 levels in the cells, as described previously [29]. We here show that a 2.4-fold decrease in GFP
fluorescence corresponds to a 2.7-fold increase in cellular let-7 levels, showing direct inverse reporting
of let-7 levels by pMiRAR-let-7.

( a) 3500 1 o oEp
= ®tdTomato ok ke

tdTomato

pMiRAR-let-7 - + - + -
pMiRAR-let-7- - - + - +
mutant

Tut4 siRNA - - - + +
(b)
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Brightfield GFP
+
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Figure 3. MiRAR-let-7 with KRas-3-UTR is let-7 specific. Fluorescence intensities (a) and cell
images (b) for HEK 293 cells co-transfected with pMiRAR-let-7 and tdTomato. HEK 293 cells
were grown to confluence and treated as outlined. Cells were either transfected with the original
PMiRAR-let-7 construct (Wild Type (WT)-KRas) or a construct containing mutated let-7 binding sites
(pPMiRAR-let-7-mutant). Error bars are based on three biological replicates and show one standard
deviation. White bars represent 200 um. p values are *** < 0.001.
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Figure 4. qPCR for let-7 miRNA in wildtype and Tut4-knockdown HEK293 cells. Cells were grown to
confluence and total RNA was extracted. (a) Let-7 levels were quantified in relation to miRNA miR-122.
miRNA levels in the wildtype and Tut4 knockdown are significantly different (p < 0.03). Error bars are
based on three biological replicates and show one standard deviation. (b) Melting curves of let-7 and
miR-122 primers are distinct and specific. p values are * < 0.05.

3.4. Adapting the Optogenetic Reporter for Quantifying miR-122

To investigate whether the reporter system is applicable and useful for the reporting of other
miRNAs, we generated a similar reporter system for miR-122. The CPEB 3/-UTR encodes 2 miR-122
binding sites and CPEB translation is regulated by cellular miR-122 levels [38]. We fused the CPEB
3/-UTR to gfp to generate a reporter system for miR-122 (pMiRAR-miR-122). Low concentrations of
co-transfected miR-122 and anti-miR-122 showed no significant change in fluorescence and transfected
RNA concentrations were increased to 100 nM. This led to significant changes in GFP fluorescence
(Figure 5a). Transfection with miR-122 at 100 nM led to a 1.2-fold decrease in fluorescence, while
the anti-miR-122 led to a 1.3-fold increase in fluorescence (Figure 5a,b). Thus, a reporter with two
miRNA binding sites is applicable to more pronounced changes in miRNA activity, while a reporter
with five miRNA binding sites may be useful for subtle changes. This demonstrates that with minor
modification the MiRAR can be adapted to likely any desired target miRNA or range of sensitivity.
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Figure 5. MiRAR-miR-122: Reporter gene construct for cellular miR-122 levels. Fluorescence intensities
(a) for HEK 293 cells co-transfected MiRAR-miR-122 (CPEB-3'UTR) and miR-122 or anti-miR-122.
HEK 293 cells were grown to 60-80% confluency and treated as indicated. Fluorescence intensities
were measured by the Synergy H1 microplate reader at an excitation of 480 nm and emission of 509 nm.
Error bars represent one standard deviation. (a) Cells transfected with 100 nM RNA; (b) MiRAR cell
images of cells treated with RNAs as indicated. White bars show 400 um. p values are * < 0.05 and
** <0.01. AU: arbitrary units.

4. Discussion

The level of miRNA in cells is usually determined by next-generation sequencing or qPCR,
which are methods that require cell lysis and subsequent RNA extraction. To observe and quantify
miRNA activity in live cells and to capture real-time responses to environmental or chemical changes,
a genetically encoded reporter system that allows for a time-resolved quantification of miRNA
activity is required. Previously, several luciferase-based reporter systems were generated [34,39-41].
These reporters allowed for the quantification of miRNA levels without cell lysis but required the
addition of luciferin or a luciferin synthesis plasmid. Luciferase-based reporters provide a snapshot
of cellular miRNA levels, rather than the ability to continuously report miRNA activity over an
uninterrupted time course.

To generate a reporter system that is independent of external supplementation with chemicals
and allows for a time-resolved quantification of miRNA activity in the cell, we developed a GFP-based
miRNA activity reporter. The 3'-UTR of KRas contains several let-7 miRNA binding sites (Figure 1a),
and KRas mRNA stability is well known to be regulated by let-7 miRNA [16]. We showed that
our reporter accurately reports cellular miRNA concentrations via an inverse response from MiRAR
fluorescence. Co-transfected miRNA let-7 or anti-let-7 efficiently reduced or elevated GFP fluorescence
in the anticipated inverse relationship. The let-7 reporter displayed high sensitivity, with changes in
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fluorescence corresponding to pM of miRNA transfected. Thus, we can utilize the reporter to observe
small changes in miRNA activity resulting from increasing and decreasing let-7 levels.

Our MiRAR system can also monitor changes in cellular miRNA metabolism. A 2.4-fold decrease
in fluorescence corresponds to a 2.7-fold increase in miRNA content upon depletion of the let-7
degradative enzyme Tut4. MiRAR may thus be a highly useful tool to screen small molecule inhibitor
libraries for compounds active in altering miRNA metabolism. Previous studies relied on biochemical
assays to identify inhibitors of let-7 degradative enzymes Lin28 [27,28] and Tut4 [29]. Utilizing a
live-cell reporter to quantify the impact of small molecule inhibitors may lead to a more efficient
screening in a physiologically relevant model system. Screening drugs with MiRAR can circumvent
time and effort spent on in vitro hits that subsequently fail to permeate the cell or increase let-7 levels
in the cell.

For the miRNA let-7, we observed a less pronounced change in GFP fluorescence when adding
anti-miR RNA complementary to let-7. This decrease in sensitivity compared to supplementing
additional let-7 is most likely due to reaching the level of endogenous let-7 levels in HEK 293 cells.
Supplementation of the anti-miRNA will eventually bind and deactivate free cellular let-7, and if
provided in excess will not further decrease GFP fluorescence. Thus, the reporter system can also be
utilized as a tool to not only quantify changes in let-7 levels, but our data suggest that MiRAR may also
be a valuable tool to quantify absolute let-7 levels by titrating increasing concentrations of anti-let-7
until no further increase in GFP fluorescence is observed.

To demonstrate the generality of our approach, we generated a MiRAR for another miRNA,
miR-122. miR-122 is associated with both Hepatitis B and C infections [42-44] and hepatic cancer [45-49].
We used an miR-122-responsive CBEB 3/-UTR in generating this MiRAR contruct. The CBEB 3’-UTR
contains only two miR-122 binding sites [38], compared to the five binding sites of let-7 in our
KRas-derived MiRAR. Consistent with a reduced number of miRNA binding sites, we observed that a
significant change in GFP fluorescence was only observed upon an increase to 100 nM of transfected
miR-122 compared to 80 pM in the MiRAR-let-7. The MiRAR-miR-122 reporter is thus approximately
1000-fold less sensitive to changes in miRNA concentration. Thus, our data indicate that the sensitivity
of the MiRAR can be tuned depending on the concentration range of miRNA of interest. In the future,
we envision that changes in sensitivity or adaptation to other miRNA species can be achieved by either
fusing the 3’-UTR of a miRNA-regulated gene to gfp, or by mutating the binding sites of e.g., miR-122
or let-7 in the existing constructs to another seed sequence.

In summary, we present a versatile reporter system that is adaptable to different miRNAs and is
scalable in terms of sensitivity. Changes in miRNA metabolism in response to extracellular stimuli
or over the lifetime of a cell can be monitored in a time resolved manner at the single-cell level
without further interfering with the cellular environment. This tool will allow unprecedented insight
into miRNA metabolism and biology. Future efforts will include the generation of stable cell lines
containing MiRARs directed at certain miRNAs, and adaptation of the current constructs to other
target miRNAs. Compared to luciferase-based reporters, our GFP-based reporter circumvents use of
chemicals (luciferin) as an additional screening step and may provide a useful tool for high-throughput
screening of small molecule chemotherapeutics that are effective in altering miRNA content or activity.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2073-4425/9/6/305/s1,
File S1: Reporter gene constructs.
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Abstract: Recombinant protein production plays an essential role in both biological studies and
pharmaceutical production. Escherichia coli is one of the most favorable hosts for this purpose.
Although a number of strategies for optimizing protein production have been developed, the effect
of gene overexpression on host cell growth has been much less studied. Here, we performed
high-throughput tests on the E. coli a complete set of E. coli K-12 ORF archive (ASKA) collection to
quantify the effects of overexpressing individual E. coli genes on its growth. The results indicated that
overexpressing membrane-associated proteins or proteins with high abundances of branched-chain
amino acids tended to impair cell growth, the latter of which could be remedied by amino acid
supplementation. Through this study, we expect to provide an index for a fast pre-study estimate of
host cell growth in order to choose proper rescuing approaches when working with different proteins.

Keywords: Escherichia coli; recombinant protein production; gene overexpression; growth effect;
ASKA collection; codon bias; branched-chain amino acids; gene ontology

1. Introduction

After the whole-genome sequences of thousands of organisms have been well documented,
overexpressing genes to get highly pure proteins for further characterization and engineering becomes
an indispensable part of biochemistry, molecular biology, cell biology, and synthetic biology. Moreover,
among the 239 US-FDA (Food and Drug Administration) approved therapeutic peptides and proteins,
as well as their 380 drug variants, the majority are manufactured by recombinant protein production [1].

In both basic research and drug production, Escherichia coli is one of the most widely-used hosts to
express recombinant proteins due to a number of advantages. First, it grows quickly, with a doubling
time of about 20 min in rich growth media [2], which means the total time of expressing target proteins,
from inoculation to cell harvest, is only a few hours in most circumstances. Second, it readily reaches
a high cell density for good protein yields. Commonly, 1 to 2 g dry cell weight or 10'3 cells could be
obtained from 1 L of liquid Lysogeny broth (LB) medium [2]. Third, it is cheap and easy to make growth
media for E. coli such as the LB medium and the Terrific Broth (TB) medium. Fourth, the genetics
of E. coli is well known, and it is convenient to remove certain genes from the genome for different
purposes [3]. Fifth, it is easy to introduce heterologous genes into E. coli by plasmid transformation.
Last but not least, a large number of vectors, fusion tags, and mutant strains have been developed for
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optimal expression of target proteins in E. coli. Several review articles have been published recently to
cover these topics [4,5].

A commonly encountered problem for recombinant protein production is impeded cell growth
or reduced biomass accumulation. There are two major reasons for this phenomenon. The first
is the general metabolic burden, which could be explained as the competition between biomass
accumulation and recombinant protein production for metabolic materials such as cellular energy, ATP,
and substrates, amino acids, [6]. This competition leads to stress responses including the stringent
response and RNA polymerase subunit S-mediated stress responses, which could further decrease
or even inhibit cell growth [7]. This competition also causes increased protease activities for the
overexpressed proteins [8]. The second reason is the specific protein toxicity, which is caused by
the harmful functions of overexpressed proteins on normal proliferation and homeostasis of host
cells [9]. For the metabolic burden, several improving approaches have been developed such as
decreasing inducer concentrations, lowering plasmid copy numbers, and adding more nutrients in
growth media [10,11]. Although the protein toxicity could depend on individual proteins case by case,
we aimed to find general features to facilitate recombinant protein production.

For this purpose, we utilized the a complete set of E. coli K-12 ORF archive (ASKA) collection,
which is a complete set of E. coli strains for overexpressing individual E. coli K-12 genes [12].
Although the authors who constructed the ASKA collection also tested the cell growth of individual
strains in the library qualitatively by using the LB agar plate, the determination of growth effects
was not clearly described, and the list of genes which impaired cell growth was not provided [12].
Thus, in this study, we quantified the effects of overexpressing individual E. coli genes on its own cell
growth and combined the results with bioinformatical analyses to identify shared features of proteins,
which could hamper cell growth.

2. Materials and Methods

2.1. Strain and Plasmid Construction

The ASKA (—) collection was obtained originally from the Coli Genetic Stock Center at Yale
University. The no insert control of pCA24N was constructed by the Q5 Site-Directed Mutagenesis
Kit (New England BioLabs, Ipswich, MA USA), with the F primer: 5'-taagggtcgacctgcagccaage-3/
and the R primer: 5-atccgtatggtgatggtgatggtgagatec-3’.  The plasmid pCA24N-gfp was
constructed by the HiFi DNA Assembly Cloning Kit (New England BioLabs) with the
F primer: 5'-gaattcattaaagaggagaaattaactatgagcaagggcgaagaactgtttacgg-3’ and the R primer:
5'-ctaattaagcttggcetgcaggtegacecttaatgatgatgatgatgatgtgagectttatacag-3'. The gene of green fluorescent
protein (GFP) was expressed under the control of the same promoter used for the ASKA strains.
The E. coli AG1 strain, which is the host strain of the ASKA collection was purchased from Agilent
Technologies (Wilmington, DE, USA).

2.2. Cell Growth Experiments

Individual plates of the ASKA collection were replicated by inoculating 3 uL stock culture into
150 uL fresh LB media with 50 pg/mL chloramphenicol in each well of 96-well plates, and incubated
at 37 °C overnight. The absorbance at 600 nm of each well was then read by the microplate reader.
The overnight culture in each well was diluted to ODgponm = 0.15 with a total volume 150 puL of fresh LB
media with 50 ug/mL chloramphenicol. Each plate had three biological replicates. The 96-well plates
were sealed with oxygen-permeable membranes (Sigma-Aldrich, St. Louis, MO, USA). The cell growth
was monitored by reading the absorbance at 600 nm with microplate readers at 37 °C continuously.
The doubling time was calculated by the equation: Doubling time = 1g2/1gX. X is the growth rate in
the exponential phase, which was automatically provided by Gen5 software designed for the BioTek
microplate reader (Winooski, VT, USA). The monitoring of GFP expression by fluorescence followed
previous studies [13,14].
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2.3. Bioinformatical Analyses

The software and online resources used for bioinformatical analyses were described in each
subsection of Results and Discussion.

3. Results and Discussion

3.1. Growth Condition Selection

First, GFP was used as a reporter to determine the optimal concentration of the inducer
isopropyl (3-D-1-thiogalactopyranoside (IPTG) for high-throughput growth tests. We monitored both
recombinant protein production by the fluorescence intensity (Figure 1a,b) and biomass accumulation
by ODgponm (Figure 1c). Interestingly, there was a high fluorescence reading, even without IPTG in the
growth medium, indicating that the pCA24N vector is not tightly controlled. Lower concentrations
of IPTG (0.05 to 0.2 mM) significantly increased the GFP expression (p < 0.01 by the t-test),
while commonly used concentrations of IPTG (0.5 to 1 mM) decreased the GFP expression significantly
(Figure 1a). This result was consistent with previous studies, which showed that decreasing
concentrations of inducers could enhance recombinant protein production [6]. On the other hand,
the concentration of IPTG also affected cell growth. Starting from 0.2 mM, higher concentrations of
IPTG hindered normal cell growth (Figure 1b). Considering both recombinant protein production
and biomass accumulation, 0.05 mM IPTG was chosen for high-throughput growth tests, since this
concentration provided the best protein yield without negative effects on cell growth.

3.2. High-Throughput Growth Tests of the ASKA Collection

With 0.05 mM IPTG as the inducer, the doubling time of the strain containing the no insert control
of the pCA24N vector was 42 min, which is longer than the previously reported 20 min [2]. This was
because that 96-well plates used in this study have relatively smaller top space and lower oxygen
supply than regular culture tubes. To better demonstrate the growth effect of overexpressing individual
genes on cell growth, delay factor was defined as the ratio of the doubling time of individual strains
in the ASKA collection over the doubling time of the strain harboring the no insert control of the
pCA24N vector. The delay factors for all the 4071 E. coli genes tested in this study were summarized
in Table 1 and listed in Table S1, respectively. Among them, 921 strains had no or moderate growth
effects (delay factor < 2), 3049 strains had significant growth effects (delay factor between 2 and 7),
and 101 strains had severe growth effects (delay factor > 7). More than 75% of strains had significant
or severe growth effects, indicating that the metabolic burden could be a general issue in recombinant
protein production. Only a small portion of strains severely impaired cell growth, possibly due to both
the metabolic burden and specific protein toxicity.

3.3. Bioinformatical Analyses of Factors Affecting Cell Growth

3.3.1. The Effect of Protein Length on Cell Growth

We expected that a longer gene length or protein length needs more materials, thus affecting cell
growth. To test this factor, the delay factor versus the protein length of each ASKA collection strains
was plotted (Figure 2). The median E. coli protein length is 280 aa. The median delay factor for E. coli
proteins less than 280 aa is 2.37, while that for E. coli proteins more than 280 aa is 2.44. The difference is
not significant, consistent with the trend line which shows only a slight rise of the delay factor with
increasing protein length (Figure 2).
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Figure 1. The effects of isopropyl p-D-1-thiogalactopyranoside (IPTG) concentrations on green
fluorescent protein (GFP) expression and cell growth. (a) The normalized fluorescence intensity
was used for determining protein production, which was the absolute fluorescent intensity subtracted
with the fluorescence background of AG1 cells in the same growth condition over the cell density
(ODggonm); (b) The effects of IPTG concentrations on the normalized fluorescence intensity at 10 h and
20 h after inoculation; (c) The cell density was used for determining cell growth. The mean values and
standard deviations were calculated from three biological replicates.
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Table 1. The summary of delay factors of individual a complete set of E. coli K-12 ORF archive

(ASKA) strains.
Growth Effects ! Delay Factors 2 Numbers of Strains Percentage
No or moderate <2 921 22.6%
Significant 2to7 3049 74.9%
Severe >7 101 2.5%

! The classification of growth effects was based on delay factors subjectively. 2 Delay factors were calculated by
dividing the doubling time of individual strains in the ASKA collection by the doubling time of the strain harboring
the no insert control of the pCA24N vector.

40
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Delay factor
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uy
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Figure 2. The effects of protein length on cell growth. The delay factor and protein length of individual
ASKA collection strains were plotted with red color. The blue dot line is the trend line.

3.3.2. The Effect of Amino Acid Compositions on Cell Growth

Because the amount of individual free amino acids in cells are different, we assumed that the
abundance of each amino acids in a target protein might affect cell growth when overexpressing it. Thus,
the amino acid compositions of proteins overexpressed in the strains that had severe growth effects were
calculated (Table S2). Comparing with the mean values of all the E. coli proteins, the abundances of
isoleucine (Ile), leucine (Leu), and valine (Val) are significantly increased in proteins which had severe
effects on cell growth (Figure 3a). Interestingly, these three amino acids all belong to branched-chain
amino acids (BCAAs), which have been shown to be essential for bacterial growth [15,16].

To test if the severe growth effect was really caused by insufficient intracellular BCAAs,
we randomly selected ten strains from the severe growth group, which overexpress proteins with high
abundance of BCAAs, and tested their growth in LB media supplemented with 2 mM (each) of Ile,
Leu, and Val. Most of the strains had improved growth, indicating that overexpressing proteins with
high abundance of BCAAs could indeed impair cell growth, which could be then remedied by adding
those BCAAs in growth media. (Figure 3b). We also tested the effect of BCAA supplementation on
growth of strains expressing proteins with average abundance of BCAAs. The results showed that the
improvement was not as significant as that for proteins with high abundance BCAAs (Figure S1).
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Figure 3. The effects of amino acid compositions on cell growth. (a) The abundance of each amino acids
in proteins with severe growth effects. One-letter abbreviations of amino acids were used. The t-test was
used and significant differences (p < 0.05) were marked with *. (b) The delay factors of selected strains
grown in media with or without supplementary branched-chain amino acids (BCAAs). The abundances
of ILV in the selected genes are potB (37.46%), wzxC (36.19%), yehY (35.58%), metI (35.02%), atpB (34.44%),
hyfF (33.64%), yqeG (33.25%), ybaL (33.16%), ynfH (33.10%), and agaW (33.08%). The delay factor was
defined as the ratio of the doubling time of individual strains in the ASKA collection over the doubling
time of the strain harboring the no insert control of the pCA24N vector. ILV means isoleucine, leucine,
and valine. The mean values and deviations were calculated from three biological replicates.

3.3.3. The Effect of Codon Bias on Cell Growth

Another common issue in recombinant protein production is codon bias, which means the
occurrence of synonymous codons in target genes is largely different from that of host cells.
The depletion of rare tRNAs by overexpressing recombinant proteins could cause early termination or
mistranslation of recombinant proteins [17,18]. We expected that the shortage of rare tRNAs could
also cause similar problems for native protein production, thus affecting cell growth. To test this
assumption, the rare codon usage in all the E. coli K12 proteins and in the group with severe growth
effects was compared (Figure 4, listed in Table S3). We focused on the seven rare codons in E. coli
K12 cells, which are AGG, AGA, CGA, and CGG for arginine, AUA for isoleucine, CUA for leucine,
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and CCC for proline [19]. Unexpectedly, no significant differences were observed between the severe
group and all the E. coli K12 proteins in rare codon usage.

0.70
M Severe group
0.60 m E. coli K12
050
& 040
3
5 030
0.20
0.10
0.00

AGG AGA AUA CUA CGA CGG cCcc
Rare codons

Figure 4. The effects of rare codon usage on cell growth. The codon usage of all the E. coli K12 genes
was cited from Kazusa DNA Research Institute, Japan (http://www.kazusa.orjp). The t-test was used.

The result is consistent with previous studies, which have shown that tRNA availability for rare
codons is not the most important factor for protein production during gene overexpression [20,21].
Common strategies for dealing with codon bias include codon optimization and special strains
harboring rare tRNAs in plasmids [22]. However, these approaches were reported to cause mRNA
instability and protein aggregation [23,24], as rare codons could play important roles in forming
specific RNA secondary structures for its stability and interaction with ribosomes [20,25,26], and in
translational pausing which could help proper protein folding [27].

3.3.4. Gene Ontology Analyses

In the above three subsections, we focused on the metabolic burden resulting from the general
properties of proteins rather than their functions. From this subsection, we started to consider the
protein toxicity associated with their functions. We first categorized proteins which were overexpressed
in strains with severe growth effects into different groups according to their annotated molecular
functions, cellular components, and biological processes in UniProt-GOA database [28] (Figure 5).

For molecular functions, those proteins are distributed evenly in the three major categories:
Enzymes, transporters, and binding proteins. Compared with the analysis of all the E. coli genes
(Figure S2a), the fraction in transporters was significantly higher in the group with severe effects
(p < 0.01 by the t-test). For cellular localization, most of them are associated with membranes, which is
consistent with the previous analysis of amino acid compositions, since membrane proteins tend to
have higher abundances of nonpolar amino acids, including BCAAs due to their interactions with
membrane lipids. Compared with the analysis of all the E. coli genes (Figure S2b), the fraction
in membranes was significantly higher in the group with severe effects (p < 0.01 by the t-test).
For biological processes, they span on all essential cellular processes. Compared with the analysis of
all the E. coli genes (Figure S2c), the fraction in metabolism was significantly lower in the group with
severe effects (p < 0.01 by the t-test).
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Figure 5. Gene ontology of proteins overexpressed in strains with severe growth effects. (a) Molecular
functions; (b) Cellular components; and (c) Biological processes.
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3.3.5. Protein Functional Interaction Network Analyses

Next, we analyzed the functional interaction network of proteins in the severe growth group by
STRING database (http://string-db.org) [29] (Figure 6). Consistent with the gene ontology analyses,
which demonstrated that target proteins are distributed evenly in different functional categories and
biological processes, the interaction map only showed three clusters of proteins with five-six members.

/@ msapc

Figure 6. The functional interaction network analysis of proteins with severe growth effects by
using STRING database. Network nodes represent proteins, and splice isoforms or post-translational
muodifications are collapsed. Edges represent protein-protein associations, and associations are meant
to be specific and meaningful.

One cluster includes asmB, IptD, IptG, dppC, IptF, and ftsQ. LptD, LptF, and LptG are three essential
proteins in the lipopolysaccharide transport system [29-31]. DppC is a membrane subunit for dipeptide
ABC transporter [32]. FtsO is an essential cell division protein, which is required for localization of
transporter proteins to the cell poles [33]. AsmB is also associated with cell division and involved in
lipid A biosynthesis. Clearly, overexpression of these genes could interfere with normal cell division
and membrane formation, which are essential for cell growth.

Another cluster contains pheT, rplQ, rpsD, rpsG, and rnc. RplO, RpsD, and RpsG are components
of ribosomes [34-36]. RNase III (Rnc) is a key enzyme in rRNA processing [37]. PheT is one subunit
of phenylalanyl-tRNA synthetase, which has the binding site with tRNAPhe and editing activity [38].
Overexpressing these genes may affect the proper assembly of ribosomes and translation fidelity,
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thus impeding protein biosynthesis and cell growth. Actually, growth effects have also been observed
in our studies with other aminoacyl-tRNA synthetases [39].

The last cluster includes bglH, mdtO, yciQ, yegl, and yihF. BglH is a carbohydrate-specific outer
membrane porin [40]. MdtO is a component of a putative multidrug efflux pump [41]. YciQ is involved in
membrane integration [42]. YihF and Yegl have unknown functions, but they have high gene co-occurrences
across genomes with both MdtO and YciO [43]. Again, overexpressing membrane-associated proteins
tends to have growth effects, which is consistent with previous plate tests [12].

4. Conclusions

In summary, we quantified the effect of overexpressing individual E. coli genes on its cell growth.
Overexpression of membrane-associated proteins, or proteins with high BCAA abundances, tended to
hinder cell growth. For recombinant protein production, it is suggested that the first thing is to check
BCAA abundances, and supplementing BCAAs in growth media could recover cell growth when
overexpressing proteins with high BCAA abundances. For membrane-associated proteins or proteins
related to protein biosynthesis, it is recommended to reduce the rate of protein production with lower
inducer concentrations, weaker promoters, or lower copy numbers of vector to improve cell growth
for an increased total protein yields.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2073-4425/9/8 /414 /51,
Figure S1. The delay factors of selected strains with average BCAA abundance. Figure S2. Gene ontology of all
E. coli K12 genes. Table S1. The complete list of delay factors for the ASKA collection. Table S2. The list of amino
acid compositions of proteins overexpressed in strains with severe growth effects. Table S3. The list of rare codon
abundances in proteins overexpressed in strains with severe growth effects.

Author Contributions: Conceptualization, C.F; Data curation, H.C., S.V,, JW., PM., A.C.,, Q.G. and C.F;
Formal analysis, H.C., S.V., Q.G. and C.F,; Funding acquisition, C.E; Investigation, H.C., JW., PM., A.C., Q.G. and
C.F,; Methodology, C.E,; Project administration, C.E.; Resources, Q.G. and C.F,; Supervision, C.E; Validation, Q.G.
and C.F; Visualization, C.E; Writing—original draft, C.F.; Writing—review & editing, H.C.,S.V,, JW.,PM,, A.C,,
Q.G.and C.E

Funding: This work was supported by Ralph E. Powe Junior Faculty Enhancement Awards to C.F. from Oak
Ridge Associated Universities, the seed fund to C.F. from Arkansas Biosciences Institute, and the start-up fund to
C.F. from University of Arkansas.

Conflicts of Interest: All authors declare no conflict of interest.

References

1. Usmani, S.S.; Bedi, G.; Samuel, ].S.; Singh, S.; Kalra, S.; Kumar, P.; Ahuja, A.A.; Sharma, M.; Gautam, A.;
Raghava, G.P.S. THPdb: Database of FDA-approved peptide and protein therapeutics. PLoS ONE 2017, 12,
e0181748. [CrossRef] [PubMed]

2. Sezonov, G.; Joseleau-Petit, D.; D’Ari, R. Escherichia coli physiology in Luria-Bertani broth. ]. Bacteriol. 2007,
189, 8746-8749. [CrossRef] [PubMed]

3. Datsenko, K.A_; Wanner, B.L. One-step inactivation of chromosomal genes in Escherichia coli K-12 using PCR
products. Proc. Natl. Acad. Sci. USA 2000, 97, 6640—-6645. [CrossRef] [PubMed]

4. Jia, B.; Jeon, C.O. High-throughput recombinant protein expression in Escherichia coli: Current status and
future perspectives. Open Biol. 2016, 6. [CrossRef] [PubMed]

5. Rosano, G.L.; Ceccarelli, E.A. Recombinant protein expression in Escherichia coli: Advances and challenges.
Front Microbiol. 2014, 5, 172. [CrossRef] [PubMed]

6.  Bentley, W.E.; Kompala, D.S. Optimal induction of protein synthesis in recombinant bacterial cultures.
Ann. N. Y. Acad. Sci. 1990, 589, 121-138. [CrossRef] [PubMed]

7.  Hoffmann, F; Rinas, U. Stress induced by recombinant protein production in Escherichia coli.
Adv. Biochem. Eng. Biotechnol. 2004, 89, 73-92. [PubMed]

8. Dong, H; Nilsson, L.; Kurland, C.G. Gratuitous overexpression of genes in Escherichia coli leads to growth
inhibition and ribosome destruction. J. Bacteriol. 1995, 177, 1497-1504. [CrossRef] [PubMed]

26



Genes 2018, 9, 414

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Dumon-Seignovert, L.; Cariot, G.; Vuillard, L. The toxicity of recombinant proteins in Escherichia coli:
A comparison of overexpression in BL21(DE3), C41(DE3), and C43(DE3). Protein Expr. Purif. 2004, 37,
203-206. [CrossRef] [PubMed]

Trepod, C.M.; Mott, J.E. A spontaneous runaway vector for production-scale expression of bovine
somatotropin from Escherichia coli. Appl. Microbiol. Biotechnol. 2002, 58, 84-88. [PubMed]

Chang, D.E.; Smalley, D.J.; Conway, T. Gene expression profiling of Escherichia coli growth transitions:
An expanded stringent response model. Mol. Microbiol. 2002, 45, 289-306. [CrossRef] [PubMed]

Kitagawa, M.; Ara, T.; Arifuzzaman, M.; Ioka-Nakamichi, T.; Inamoto, E.; Toyonaga, H.; Mori, H.
Complete set of ORF clones of Escherichia coli ASKA library (a complete set of E. coli K-12 ORF archive):
Unique resources for biological research. DNA Res. 2005, 12, 291-299. [CrossRef] [PubMed]

Venkat, S.; Nannapaneni, D.T.; Gregory, C.; Gan, Q.; McIntosh, M.; Fan, C. Genetically encoding
thioacetyl-lysine as a non-deacetylatable analog of lysine acetylation in Escherichia coli. FEBS Open Biol. 2017,
7,1805-1814. [CrossRef] [PubMed]

Venkat, S.; Sturges, J.; Stahman, A.; Gregory, C.; Gan, Q.; Fan, C. Genetically incorporating two distinct
post-translational modifications into one protein simultaneously. ACS Synth. Biol. 2018, 7, 689-695.
[CrossRef] [PubMed]

Yamamoto, K.; Tsuchisaka, A.; Yukawa, H. Branched-chain amino acids. Adv. Biochem. Eng. Biotechnol. 2017,
159, 103-128. [PubMed]

Massey, L.K.; Sokatch, J.R.; Conrad, R.S. Branched-chain amino acid catabolism in bacteria. Bacteriol. Rev.
1976, 40, 42-54. [PubMed]

Kurland, C.; Gallant, J. Errors of heterologous protein expression. Curr. Opin. Biotechnol. 1996, 7, 489—493.
[CrossRef]

Gustafsson, C.; Govindarajan, S.; Minshull, J. Codon bias and heterologous protein expression.
Trends Biotechnol. 2004, 22, 346-353. [CrossRef] [PubMed]

Kane, J.F. Effects of rare codon clusters on high-level expression of heterologous proteins in Escherichia coli.
Curr. Opin. Biotechnol. 1995, 6, 494-500. [CrossRef]

Li, G.W,; Oh, E.; Weissman, ].S. The anti-Shine-Dalgarno sequence drives translational pausing and codon
choice in bacteria. Nature 2012, 484, 538-541. [CrossRef] [PubMed]

Pedersen, S. Escherichia coli ribosomes translate in vivo with variable rate. EMBO ]. 1984, 3, 2895-2898.
[PubMed]

Sorensen, H.P.; Mortensen, K.K. Advanced genetic strategies for recombinant protein expression in
Escherichia coli. . Biotechnol. 2005, 115, 113-128. [CrossRef] [PubMed]

Wu, X; Jornvall, H.; Berndt, K.D.; Oppermann, U. Codon optimization reveals critical factors for high level
expression of two rare codon genes in Escherichia coli: RNA stability and secondary structure but not tRNA
abundance. Biochem. Biophys. Res. Commun. 2004, 313, 89-96. [CrossRef] [PubMed]

Rosano, G.L.; Ceccarelli, E.A. Rare codon content affects the solubility of recombinant proteins in a codon
bias-adjusted Escherichia coli strain. Microb. Cell Fact. 2009, 8, 41. [CrossRef] [PubMed]

Chu, D.; Kazana, E.; Bellanger, N.; Singh, T.; Tuite, M.F,; von der Haar, T. Translation elongation can control
translation initiation on eukaryotic mRNAs. EMBO J. 2014, 33, 21-34. [CrossRef] [PubMed]

Oresic, M.; Shalloway, D. Specific correlations between relative synonymous codon usage and protein
secondary structure. J. Mol. Biol. 1998, 281, 31-48. [CrossRef] [PubMed]

Tsai, C.J.; Sauna, Z.E.; Kimchi-Sarfaty, C.; Ambudkar, S.V.; Gottesman, M.M.; Nussinov, R. Synonymous
mutations and ribosome stalling can lead to altered folding pathways and distinct minima. J. Mol. Biol. 2008,
383, 281-291. [CrossRef] [PubMed]

Huntley, R.P; Sawford, T.; Mutowo-Meullenet, P.; Shypitsyna, A.; Bonilla, C.; Martin, M.J.; O’'Donovan, C.
The GOA database: Gene ontology annotation updates for 2015. Nucleic Acids Res. 2015, 43, D1057-D1063.
[CrossRef] [PubMed]

Wu, T.; McCandlish, A.C.; Gronenberg, L.S.; Chng, S.S.; Silhavy, TJ.; Kahne, D. Identification of a protein
complex that assembles lipopolysaccharide in the outer membrane of Escherichia coli. Proc. Natl. Acad. Sci. USA
2006, 103, 11754-11759. [CrossRef] [PubMed]

Daley, D.O.; Rapp, M.; Granseth, E.; Melen, K.; Drew, D.; von Heijne, G. Global topology analysis of the
Escherichia coli inner membrane proteome. Science 2005, 308, 1321-1323. [CrossRef] [PubMed]

27



Genes 2018, 9, 414

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Narita, S.; Tokuda, H. Biochemical characterization of an ABC transporter LptBFGC complex required for
the outer membrane sorting of lipopolysaccharides. FEBS Lett. 2009, 583, 2160-2164. [CrossRef] [PubMed]
Abouhamad, W.N.; Manson, M.D. The dipeptide permease of Escherichia coli closely resembles other bacterial
transport systems and shows growth-phase-dependent expression. Mol. Microbiol. 1994, 14, 1077-1092.
[CrossRef] [PubMed]

Fixen, K.R; Janakiraman, A.; Garrity, S.; Slade, D.].; Gray, A.N.; Karahan, N.; Hochschild, A.; Goldberg, M.B.
Genetic reporter system for positioning of proteins at the bacterial pole. MBio 2012, 3, €00251-11. [CrossRef]
[PubMed]

Robert, E.; Gagnon, M.; Sans, D.; Michnick, S.; Brakier-Gingras, L. Mapping of the RNA recognition site of
Escherichia coli ribosomal protein S7. RNA 2000, 6, 1649-1659. [CrossRef] [PubMed]

Ramaswamy, P.; Woodson, S.A. Global stabilization of rRNA structure by ribosomal proteins S4, S17, and
$20. J. Mol. Biol. 2009, 392, 666-677. [CrossRef] [PubMed]

Metspalu, E.; Maimets, T.; Ustav, M.; Villems, R. A quaternary complex consisting of two molecules of tRNA
and ribosomal proteins L2 and L17. FEBS Lett. 1981, 132, 105-108. [CrossRef]

Robertson, H.D.; Dunn, ]J.J. Ribonucleic acid processing activity of Escherichia coli ribonuclease III.
J. Biol. Chem. 1975, 250, 3050-3056. [PubMed]

Ling, J.; Roy, H.; Ibba, M. Mechanism of tRNA-dependent editing in translational quality control.
Proc. Natl. Acad. Sci. USA 2007, 104, 72-77. [CrossRef] [PubMed]

Venkat, S.; Gregory, C.; Gan, Q.; Fan, C. Biochemical characterization of the lysine acetylation of tyrosyl-tRNA
synthetase in Escherichia coli. Chembiochen: 2017, 18, 1928-1934. [CrossRef] [PubMed]

Andersen, C.; Rak, B.; Benz, R. The gene bglH present in the bgl operon of Escherichia coli, responsible
for uptake and fermentation of 3-glucosides encodes for a carbohydrate-specific outer membrane porin.
Mol. Microbiol. 1999, 31, 499-510. [CrossRef] [PubMed]

Shimada, T.; Yamamoto, K.; Ishihama, A. Involvement of the leucine response transcription factor LeuO in
regulation of the genes for sulfa drug efflux. J. Bacteriol. 2009, 191, 4562—-4571. [CrossRef] [PubMed]
Skretas, G.; Georgiou, G. Simple genetic selection protocol for isolation of overexpressed genes that
enhance accumulation of membrane-integrated human G protein-coupled receptors in Escherichia coli.
Appl. Environ. Microbiol. 2010, 76, 5852-5859. [CrossRef] [PubMed]

Kim, PJ.; Price, N.D. Genetic co-occurrence network across sequenced microbes. PLoS Comput. Biol. 2011, 7,
€1002340. [CrossRef] [PubMed]

@ © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
BY

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

28



B4 ccnes MbPY

Article

Phosphorylation-Dependent Inhibition of Aktl

Nileeka Balasuriya !, McShane McKenna !, Xuguang Liu !, Shawn S. C. Li !
and Patrick O’Donoghue 1/%*

1 Department of Biochemistry, Schulich School of Medicine and Dentistry, The University of Western Ontario,

London, ON N6A 5C1, Canada; bbalasur@uwo.ca (N.B.); mmcken22@uwo.ca (M.M.); xliu329@uwo.ca (X.L.);
sli@uwo.ca (S.S.C.L.)

Department of Chemistry, Faculty of Science, The University of Western Ontario,

London, ON N6A 5C1, Canada

*  Correspondence: patrick.odonoghue@uwo.ca; Tel.: +1-519-850-2373

Received: 20 July 2018; Accepted: 10 August 2018; Published: 7 September 2018

Abstract: Protein kinase B (Aktl) is a proto-oncogene that is overactive in most cancers.
Aktl activation requires phosphorylation at Thr308; phosphorylation at Ser473 further enhances
catalytic activity. Aktl activity is also regulated via interactions between the kinase domain
and the N-terminal auto-inhibitory pleckstrin homology (PH) domain. As it was previously
difficult to produce Aktl in site-specific phosphorylated forms, the contribution of each activating
phosphorylation site to auto-inhibition was unknown. Using a combination of genetic code expansion
and in vivo enzymatic phosphorylation, we produced Aktl variants containing programmed
phosphorylation to probe the interplay between Aktl phosphorylation status and the auto-inhibitory
function of the PH domain. Deletion of the PH domain increased the enzyme activity for all
three phosphorylated Aktl variants. For the doubly phosphorylated enzyme, deletion of the PH
domain relieved auto-inhibition by 295-fold. We next found that phosphorylation at Ser473 provided
resistance to chemical inhibition by Akti-1/2 inhibitor VIII. The Akti-1/2 inhibitor was most effective
against pAkt1™% and showed four-fold decreased potency with Aktl variants phosphorylated at
Ser473. The data highlight the need to design more potent Akt1 inhibitors that are effective against
the doubly phosphorylated and most pathogenic form of Aktl.

Keywords: genetic code expansion; protein kinase B; phosphoinositide dependent kinase 1;
phosphoseryl-tRNA synthetase; tRNASCP

1. Introduction

Protein kinase B (Akt) is a human serine-threonine kinase and a member of the AGC family of
protein kinases [1,2]. The pathway regulated by Akt is the most commonly activated signaling pathway in
human cancers [3]. Given that more than 50% of human tumors contain hyperactivated Akt [2], effective
inhibition of active Akt has the potential to treat several distinct cancers. There are three AKT genes in
humans, encoding the isozymes Aktl, Akt2, and Akt3. The Aktl isozyme has well-established roles in
many human cancers. Overactive Aktl is a hallmark of diverse human malignancies [3,4] and linked to
reduced survival outcomes [5,6]. Indeed, Akt1 is as a leading drug target in cancer [7,8]. Over 300 clinical
trials have been completed or are under way that involve targeting the Akt1 signaling pathway [9,10].

Aktl is a key regulator of the phosphoinositide 3 kinase (PI3K)/Aktl signaling cascade
that controls cell growth and survival [1]. In human cells, the activation of Aktl occurs
in response to growth factor stimulation. Following activation by a receptor tyrosine kinase
at the plasma membrane, PI3K phosphorylates its immediate downstream target, a lipid
second messenger called phosphatidylinositol-4,5-bisphosphate (PIP;), converting PIP, into
phosphatidylinositol-3,4,5-triphosphate (PIP3) (Figure 2) [2]. Membrane-anchored PIPj is a binding
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site for pleckstrin homology (PH) domain—containing proteins such as Aktl and one of the upstream
kinases that activates Aktl, phosphoinositide-dependent kinase 1 (PDK1) [11]. Co-localization
of Aktl with PDK1 leads to partial activation of Aktl by PDKl-mediated phosphorylation of
Thr308 in the kinase domain of Aktl. Mechanistic target of rapamycin complex 2 (mTORC2) is
responsible for phosphorylating Akt at Ser473 in the C-terminal hydrophobic motif of Aktl (Figure 2).
The phosphorylation of Ser473 further increases the kinase activity of Aktl. Although the cellular
role of Ser473 phosphorylation is not well defined, several studies point to the idea that pSer473 may
impact Aktl substrate selectivity (reviewed in [2]).

Leveraging our ability to produce Aktl protein in specifically phosphorylated forms (Figure 1),
we recently quantified the precise contribution of pThr308 and pSer473 to Aktl activity in vitro
and in mammalian cells [12]. In studies with purified full-length Aktl, we found that pAkt1T308
achieves 30% of the activity of the doubly phosphorylated kinase. We also observed in COS-7
cells that pSer473 is dispensable for Aktl signaling [12]. In close agreement with our findings,
studies in adipocytes found that half-maximal Aktl cellular signaling activity is achieved when
the kinase is 5-22% phosphorylated [13]. In studies of human tumors [12-15] and in clinical diagnostic
settings [14,15], the phosphorylation status of Aktl at Ser473 only is often used as a marker or proxy
for Aktl activity. Our work [12] and work by others [16] found that phosphorylation of Thr308 alone
was sufficient for maximal Akt1 signal prorogation in cells. These results indicated that compared to
Ser473, Thr308 phosphorylation status is a superior biomarker for Akt1 activity.

unphosphorylated Akt1 pAKkt17308 pAkt15473 phosphoserine ppAKkt1T308.5473

translation system o
wr WAk EnDo:;Lorylales u:é?va St (RNA POKI Pt
wr Poki)» hosphona p.er < pDS- POKL) phosphorylates
\ pSer2 T308 in vivo
* '
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T308 S473 T308 pS473ﬁ T308 * pS47;§
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_5‘ pT308 pS473%
phosphorylated Akt1 pT308 Dual-phosphorylated Akt1

pT308 and pS473

Figure 1. Production of Aktl variants with programmed phosphorylation. To produce pAkt17308,
PDK1 (Akt1’s natural upstream kinase) was co-expressed along with Aktl. To produce pAkt15473,
the phosphoserine orthogonal translation system was used to genetically incorporate phosphoserine
at position 473 in response to an amber (UAG) codon. The ppAkt1T3%5473 variant was produced by
combining both methods. WT: wild type.

The N-terminal PH domain is auto-inhibitory to Aktl activity. Due to previous roadblocks
in preparing Aktl with programmed phosphorylation(s), there are no reports that measure the
contribution of a phosphate at each key regulatory site to the auto-inhibition of Aktl by the PH domain.
In the current model, Aktl exists in an auto-inhibited (PH-in) and activated (PH-out) conformation.
In its auto-inhibited conformation (PH-in), the PH domain binds between the N- and C-terminal lobes
of the unphosphorylated Aktl kinase domain. During growth factor-mediated activation of Aktl,
the PH domain forms a new interaction with PIP3, causing it to move outward, away from the now
more accessible kinase domain. This PH-out conformation is readily activated via phosphorylation
at Thr308 by PDK1 and Ser473 by mTORC2. Disruption of the PH and kinase domain interaction
was identified as a plausible cause of increased Aktl phosphorylation and subsequent activity in
cancer [18].
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Here we quantified the ability of the PH domain to auto-inhibit Akt1 variants phosphorylated at
either or both key regulatory sites Thr308 and Ser473. We produced novel recombinant Akt1 variants
lacking the PH domain (APH-Akt1) that also contained programmed phosphorylation at each site
separately or with both sites phosphorylated. In the context of full-length phosphorylated Aktl
variants, we quantified the contribution of both regulatory phosphorylation sites to chemical inhibition
with the PH domain-dependent allosteric inhibitor Akti-1/2.

s

P%EE

i

PDK1 mTORC2

Figure 2. Simplified schematic of protein kinase B (Akt1) activation via phosphorylation of sites Thr308
and Ser473. The transition from Aktl’s inactive state (PH-in) to its fully active state (ppAkt1T308/ 5473)
requires the release of pleckstrin homology (PH) domain-mediated auto-inhibition. This release occurs
when Aktl’s PH domain interacts with PIP; (PH-out). In the PH-out conformation, Akt1 is more susceptible
to phosphorylation at Thr308 and Ser473 by phosphoinositide dependent kinase 1 (PDK1) and mechanistic
target of rapamycin complex 2 (mTORC2), respectively. Upon release from PIP3, Akt1 distributes rapidly in
the cytosol and translocates to the nucleus to phosphorylate >100 cellular proteins [2,17].

2. Materials and Methods

2.1. Bacterial Strains and Plasmids

We designed a codon-optimized PH domain-deficient (APH) human AKT1 gene
(residues 109-480), which was synthesized by ATUM (Newark, CA, USA). The APH-AKT1 gene
was subcloned (Ncol/Notl) into an isopropyl B-D-1-thiogalactopyranoside (IPTG)-inducible
T7lac  promoter—driven pCDF-Duetl vector with CloDF13-derived CDF replicon and
streptomycin/spectinomycin resistance (pCDF-Duet1-APHAkt1). The PDPK1 gene was purchased
from the Harvard PlasmidID repository service (plasmid ID: HsCD00001584; Boston, MA, USA)
and subcloned (Kpnl/Ndel) into the second multicloning site (MCS) of pCDF-Duet-1. Full-length
pAktl variants were produced from pCDF-Duetl plasmids as described previously [12]. The genetic
code expansion system for phosphoserine (pSer) is encoded on the pDS-pSer2 plasmid [12,19,20],
which contains 5 copies of tRNASP [21], phosphoseryl-tRNA synthetase (SepRS9), and elongation
factor Tu mutant (EFSep21) [22]. Incorporation of pSer also required site-directed mutagenesis of the
Ser473 codon to TAG in the APH-akt1 constructs. Successful cloning was verified by DNA sequencing
at the London Regional Genomics Centre (London, ON, Canada) and Genewiz (Cambridge, MA,
USA).

2.2. Protein and Phosphoprotein Production

Recombinant Aktl protein variants were expressed in BL21(DE3) (ThermoFisher Scientific,
Waltham, MA, USA) (Figure 1). The pDS-pSer2 plasmid [20] was used as before [12] to incorporate
pSer in response to a UAG codon at position 473 in APHAKkt1 and full-length Akt1 variants. To produce
both full-length and PH domain-deficient Aktl variants containing pSer473 (Supplementary Table S1),
the pCDFDuet-1 Aktl-bearing plasmid was co-transformed with pDS-pSer2 into Escherichia coli
BI21(DE3) and plated on Luria broth (LB) agar plates with 25 ug/mL kanamycin and 50 pg/mL

11308

streptomycin. To produce pAkt variants, a pCDF-Duet1 plasmid containing both the Akt1 variant
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(MSC 2) and PDK1 (MSC 1) was transformed into E. coli BL21(DE3) and plated on LB agar plates
with 50 pg/mlL streptomycin. To produce ppAkt1T™985473 variants, a pCDF-Duet1 plasmid containing
both the Aktl variant, MSC 2, with a TAG codon at position 473 and PDK1 variant, MSC 1 [12] was
co-transformed with pDS-pSer2 into E. coli BI21(DE3) and plated on LB agar plates with 25 ug/mL
kanamycin and 50 pug/mL streptomycin.

In all cases, a single colony was used to inoculate 70 mL of LB (with 50 pg/mL streptomycin and,
if needed, 25 nug/mL kanamycin), which was grown, shaking, overnight at 37 °C. From this starter culture,
a 10 mL inoculum was added to 1 L of LB with antibiotics (as above) and, for pSer473-containing variants
only, O-phospho-L-serine (Sigma Aldrich, Oakville, ON, Canada) was added to a final concentration of
2.5 mM. The cultures were grown at 37 °C until ODgg = 0.6, at which point, for pSer473-containing variants
only, 2.5 mM of additional pSer was added to the culture. Protein expression was induced by adding
300 uM of IPTG at ODggp = 0.8. Cultures were then incubated at 16 °C for 18 h. Cells were grown and
pelleted at 5000x g and stored at —80 °C until further analysis. Aktl protein variants were purified from
the cell pellets using Ni-nitrilotriacetic acid affinity column chromatography (see Supplementary Material,
affinity column chromatography description).

2.3. Parallel-Reaction Monitoring Mass Spectrometry of ppAkt1

The ppAktl protein produced as described above and the commercially available active Aktl
(Abcam, lot 1, Cambridge, MA, USA) were precipitated in ice-cold acetone/ethanol/acetic acid (50/50/0.1,
vol/vol/vol). The protein precipitate was resuspended in 8 M urea, then reduced in 5 mM dithiothreitol
(DTT) at 37 °C for 1 h and alkylated in 14 mM iodoacetamide (IAA) in darkness at room temperature for
1 h. Unreacted IAA was neutralized by adding 5 mM DTT. The final protein concentration was determined
by Bradford assay. Glu-C digestion was performed at 37 °C overnight with a Glu-C—to—protein ratio of
1:20 (w/w). The digest was desalted in C18 column (Phenomenex, Torance, CA, USA) according to the
manufacturer’s protocol and resuspended in mass spectrometry (MS)-grade water. A Q Exactive Hybrid
Quadrupole Orbitrap MS (Thermo Fisher Scientific, Waltham, MA, USA) was used to analyze the peptides.
Data were analyzed using Skyline software [23].

2.4. MALDI-TOF/TOF Mass Spectrometry Analysis

In-gel digestion was performed using MassPREP automated digester station (PerkinElmer,
Downers Grove, IL, USA).  Gel pieces were de-stained using 50 mM ammonium bicarbonate and 50%
acetonitrile, which was followed by protein reduction using 10 mM DTT, alkylation using 55 mM IAA, and tryptic
digestion in 50 mM ammonium bicarbonate, pH 8. Peptides were extracted using a solution of 1% formic acid
and 2% acetonitrile and lyophilized. Prior to mass spectrometry analysis, dried peptide samples were re-dissolved
in a 10% acetonitrile and 0.1% trifluoroacetic acid solution. MALDI matrix, a-cyano—4-hydroxycinnamic acid,
was prepared as 5 mg/mL in 6 mM ammonium phosphate monobasic, 50% acetonitrile, 0.1% trifluoroacetic
acid and mixed with the sample at a 1:1 ratio (v/v). Mass spectrometry data (Figure S1) were obtained using an
AB Sciex 5800 MALDI TOF/TOF system (Framingham, MA, USA). Data acquisition and data processing were
done using a TOF/TOF Series Explorer a nd Data Explorer (both from AB Sciex, Boston, MA, USA), respectively.
The instrument was equipped with a 349 nm Nd:YLF OptiBeam On-Axis laser. The laser pulse rate was 400 Hz.
Reflectron positive mode was used. Reflectron mode was externally calibrated at 50 ppm mass tolerance and
internally at 10 ppm. Each mass spectrum was collected as a sum of 500 shots.

2.5. Akt1 Kinase Activity Assay

The activity of each Aktl variant was characterized by performing kinase assays in the
presence of 200 uM substrate peptide CKRPRAASFAE (SignalChem, Vancouver, BC, Canada) derived
from the natural Aktl substrate, glycogen synthase kinase (GSK-3f3). Assays were performed in
3-(N-morpholino) propanesulfonic acid (MOPS, 25 mM, pH 7.0), 3-glycerolphosphate (12.5 mM),
MgCl, (25 mM), ethylene glycol-bis(B-aminoethyl ether)-N,N,N’,N'-tetraacetic acid (EGTA, 5 mM,
pH 8.0), ethylenediaminetetraacetic acid (EDTA) (2 mM), ATP (0.02 mM), and 0.4 uCi (0.033 M)
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Y-[32P]-ATP in a 30 uL reaction volume. Reactions were incubated at 37 °C and time points were taken
over 30 min time courses. As previously [12], reactions were initiated by the addition of 18 pmol of the
indicated Aktl variant to yield a final enzyme concentration of 600 nM and quenched by spotting on
P81 paper [24]. For highly active Aktl variants, the level of Aktl was titrated to identify a linear range
to accurately determine initial velocity (v,) (Figure S2). For this reason, Akt1 activity was compared
based on the apparent catalytic rate (kapp) = 0o /[Akt1]. Samples from each reaction (5 uL) were spotted
on P81 paper at specified time points. Following washes with 1% phosphoric acid (3 x 10 min) and
95% ethanol (1 x 5 min), the P81 paper was air-dried. Incorporation of 3P into the substrate peptide
was detected by exposing the P81 paper to a phosphor-imaging screen. The 3?P-peptide products
were imaged and quantitated using a Storm 860 Molecular Imager and ImageQuant TL software
(GE Healthcare, Mississauga, ON, Canada).

2.6. Kinase Inhibition Assay

A concentration gradient (0.001, 0.05, 0.5, 1, 5, 10 uM) of Akti-1/2 inhibitor VIII
(Sellekchem, Houston, TX, USA) [25] was selected to determine the concentration dependence of
Aktl inhibition. Kinase inhibition assays were performed exactly as described above (Section 2.5) and
with the addition of dimethyl sulfoxide at 10% (vol/vol) (control) or the indicated concentration of
Akti-1/2 inhibitor. For each condition, initial velocity was determined over a time course of 10 min
with time points at 0, 2, 5, and 10 min (Figure S3). In the inhibition assays, following established
protocols [18], the inhibitor was preincubated with the enzyme for 5 min at 37 °C before addition of ATP
and Aktl substrate peptide to start the reaction. The time courses were used to determine the initial
velocity of each reaction. The fraction of enzyme inhibition was measured based on initial velocities
of uninhibited and inhibited reactions. From these data, half maximal inhibitory concentration (ICsg)
values were calculated using Sigma Plot (Systat Software, Inc., San Jose, CA, USA).

3. Results

3.1. Production of Recombinant Akt1 Variants

We recently established a method to produce full-length Aktl variants with programmed
phosphorylations [12]. Here we applied this method to produced site-specifically phosphorylated
Aktl variants lacking the auto-inhibitory PH domain. The approach combines in vivo enzymatic
phosphorylation with genetic code expansion to produce Aktl variants containing either or both
pThr308 and pSer473 (Figure 1).

Using genetic code expansion [12,20], we incorporated pSer in response to a UAG stop codon
at position 473 in the relevant Aktl constructs. Thr308 was site-specifically phosphorylated by
co-expression of the upstream kinase PDK1 in E. coli. We [12] and others [26] have demonstrated that
PDK1 is strictly specific in phosphorylating only the 308 site in Akt1l. We used these methods in isolation
or in combination to produce the three physiologically relevant Aktl variants pAktlS473, pAktlTSOS,
and ppAkt1T3085473 (Figure 1). We observed that the APH-Akt1 variants were all more soluble and
were produced at 1.5- to 7-fold greater yield per liter of E. coli culture than the corresponding full-length
Aktl variants (Table 1). As previously reported [12], we confirmed phosphorylation of the Thr308 site
(Figure 3C) and the Ser473 site (Figure S1) by mass spectrometry.

Table 1. Protein yields for Akt1 variants.

Protein Yields (ug/L Escherichia coli Culture)

Akt1 Variant Full Length APH Aktl
Akt1 (unphosphorylated) 46 330
pAkt15473 100 150
pAkt1T308 37 235
ppAkt1 13085473 45 224
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3.2. Recombinant Akt1 Produced in E. coli Versus Sf9 Cells

Earlier work established production of partially active and truncated Aktl in E. coli, which
was unsuccessful at producing a sufficient amount of full-length Aktl to determine activity [27].
Although we recently overcame these difficulties and developed a robust protocol to produce
full-length Aktl from E. coli with programmed phosphorylation, studies in the intervening period
relied on insect Sf9 cell culture to produce recombinant Akt1 [28]. The ability to generate ppAktl from
insect cells, however, requires a complex and low-yield in vitro procedure to phosphorylate Akt with
two additional purified upstream kinases in the presence of lipid vesicles [28]. Protein production in
Sf9 cells failed to yeild Aktl with site-specific or programmed phosphorylation. The resulting protein
was a mixture of singly and doubly phosphorylated species [29].

In order to benchmark the activity of the recombinant phosphorylated Aktl protein we produced
in E. coli, we compared the activity of full-length ppAktl to active Aktl purchased from Abcam.
The commercially available full-length Aktl is made by a protocol similar to that established
previously [28], in which Akt1 protein production in Sf9 cells is followed by in vitro phosphorylation
of the purified Aktl with purified PDKI. In testing an initial lot of active Akt1 (lot 1), we found that
the commercially available Aktl enzyme was catalytically deficient by eight-fold (Table 2) compared
to the full-length ppAktl we produced (Figure 3A).

Table 2. Activity of Aktl variants.

. Aktl Amount  Initial Veloci Apparent Catalytic Rate Activation
Akt Variant (pmol) Vo (fmollmint)y k;p: }(,fmollmin]pfnnl Aktl)  (Fold Increase) Reference
Akt1 (unphosphorylated) 18 06+02 0.03 4 0.01 1.04+03 [12]
pAkt15473 18 46 +5 26403 85+9 [12]
pAkt1T208 1.8 22+4 12+2 400 £ 70 [12]
PppAkt1T3085473 1.8 79+ 11 4+6 1500 =+ 200 [12]
APHAKt1 (unphosphorylated) 18 14401 0.079 £ 0.006 27+£02 this study
APH pAkt15473 18 210 + 20 1241 390 + 40 this study
APH pAkt1T308 0.18 370 + 100 2100 + 600 6900 =+ 1800 this study
APH ppAkt1T3085473 0.18 2300 =+ 600 (13 +3) x 10° 4+1) x10° this study
Commercial Aktl (Abcam)
Lot1 18 100 + 20 6+1 200 + 30 this study
Lot 2 18 2200 + 700 120 + 40 4000 + 1000 this study

Parallel-reaction monitoring mass spectrometry (PRM-MS/MS) was used to determine the
identity of the residue at position 308 and the level of phosphorylation in ppAktl we produced
and in the purchased protein. Mass spectrometry revealed that the low activity of lot 1 enzyme
was attributable to the low level of phosphorylation at position 308 (peak intensity 1.3 x 10') and
a relatively high level of unphosphorylated Thr at position 308 (Figure 3B). In contrast, ppAkt1T308/5473
that we produced showed a high level (peak intensity 1.6 x 10°) of Thr308 phosphorylation and
unphosphorylated Thr308 was not detected (Figure 3C). We then purchased a second lot of Aktl
enzyme (lot 2), and this enzyme displayed significantly more but highly variable activity compared
to lot 1 (Table 2). Presumably, the second lot was quantitatively phosphorylated during production.
In contrast to the method we developed for pAktl production in E. coli (Figure 1), the protocol to
generate active Aktl relying on Sf9 cells and subsequent in vitro phosphorylation appears to lead to
a variable level of phosphorylation and activity in the resulting Akt1 preparations.

3.3. Impact of PH Domain Deletion on Differentially Phosphorylated Akt1

In order to determine the impact of the PH domain on each phospho-form of Aktl, we next
assayed the activity of specifically phosphorylated APH-Aktl variants using vy-[32P]-ATP and
a substrate peptide for Aktl (CKRPRAASFAE) that was derived from GSK-3§, a well-established
Aktl substrate [12,30]. In kinase assay conditions that we previously optimized [12] to measure
a wide range of Aktl activity, we determined the apparent catalytic rate of each APH-Akt1 variant
(unphosphorylated, pAkt15473, pAkt1T308, pp Akt1T308:5473) We then compared the apparent catalytic
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rates to the measurements we made previously with full-length Aktl and pAkt1 variants to ascertain
the relative impact of each phosphorylation state on auto-inhibition by the PH domain.

. commercial Akt1 (lot 1) C 1.8 ppAkt1
commercial 357 pT308
Akt1 (lot 2) a0l T308 1.6
ppAkt1 2 o 2 14

e 254 2 12
x i x
2 204 2 10
2 H 2]
5 15: 5 08
£ 1 £ 06
10 04
commercial 05+ pT308 02
Akt1 (lot 1) 0ol N 00
» a a8 % 4 3 a7 38 3 0
time (min) Retention Time Retention Time

Figure 3. Activity of full-length ppAktl and commercially available active Aktl. (A) Kinase activity
assays over a 30 min time course show substantially reduced activity of commercial Aktl (lot 1,
green squares) compared to full-length ppAktl (blue diamonds) produced in E. coli. Commercial Aktl
lot 2 (red circles) showed highly variable but similar activity to full-length ppAktl. (B) Tryptic peptides
from commercial Aktl and ppAktl were analyzed by parallel-reaction monitoring mass spectrometry
(PRM-MS). The purchased active Aktl (lot 1) showed a low-intensity peak for phosphorylation at
Thr308 (green peak at a retention time of ~40 min) and high-intensity peak for non-phosphorylated
Thr308 (cyan peak, retention time of ~37 min). (C) PRM-MS analysis of ppAkt1T3085473 showed
a high-intensity peak for phosphorylation at Thr308 (green peak at a retention time of 40 min) and the
non-phosphorylated Thr308 was undetectable.

As anticipated, all Aktl variants lacking the PH domain were significantly more active than their
full-length counterparts (Table 2). Doubly phosphorylated APH-Akt1 (ppAktT2085473) showed the
highest activity among all three variants (Figure 4). The unphosphorylated APH-Akt1 showed a basal
level of activity that was significantly higher (2.7 £ 0.3-fold) than the background activity we recorded
for full-length unphosphorylated Aktl (Table 3). Although both unphosphorylated Aktls would not
have sufficient activity to induce Aktl-dependent signaling in cells [2,12], it is interesting to note that
the auto-inhibitory effect of the PH domain is indeed measurable in the increased minimal activity of
unphosphorylated APH-Akt1 (Figure 4B).

Compared to unphosphorylated APH-Akt1, the most active doubly phosphorylated Aktl variant
(APH-ppAkt™95473) showed a 150,000-fold increase in apparent catalytic rate (Table 2, Figure 4).
Since rapid enzyme kinetics were observed with 18 pmol of enzyme with both of these variants
containing Thr308 phosphorylation, the enzyme concentrations were subsequently reduced by 10-fold
and 100-fold to obtain a highly accurate initial velocity with which to determine the apparent rate
(kapp = Vo/[enzyme]) (Figure S2).

Table 3. Relative activity of full-length Aktl versus variants lacking the PH domain (APH Akt1) *.

Aktl Variant Full-Length Aktl APH-Akt1
Aktl (unphosphorylated) 1.0+£03 2.7+02
pAkt15473 1.0 £0.1 4.6+04
pAkt1T308 1.0+ 02 175 £ 50
ppAkt1T308,5473 1.0+£0.1 295 + 68

* The fold increase in kapp for each APH-Akt1 enzyme variant was calculated by normalizing to the corresponding
full-length Akt1 variant kapp.

Interestingly, dual phosphorylation of APH-Akt1 led to a 100-fold greater increase in activity
than that observed upon dual phosphorylation of the full-length enzyme, which was 1500-fold
more active than the unphosphorylated full-length enzyme. The data indicate that the PH domain
significantly dampens the catalytic activity endowed by phosphorylation at Thr308 and Ser473
(Figure 5). The APH-Akt1 variant with a single phosphorylation at the Thr308 site was robustly active,
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2500-fold above the unphosphorylated APH-Akt1, yet with 60-fold reduced activity compared to the
doubly phosphorylated enzyme APH-ppAkt™8/5473 (Table 2). Phosphorylation at the C-terminal
site Ser473 activated the enzyme 140-fold above the unphosphorylated control, but to a lesser extent
(18-fold) than APH-pAkt1T3%8, We previously observed a quantitatively similar pattern of activity with
the full-length Aktl variants (Table 2, [12]).

A ©°
T308, pS473
o P ' P » un-phosphorylated
APH Akt1
= ~ 0.06
]
2 40 2
= e
g g 0.04 -
b= a
2 2 2 0.02
& a un-phosphorylated
z full length Akt1
10 pT308, S473 o 9
W T308, pS473 0
0 un-phosphorylated Akt1 0 10, . 2 %
0 10 20 30 time (min)

time (min)

Figure 4. Enzyme activity of APH-Aktl variants. (A) The activity of differentially phosphorylated
APH Aktl variants with the GSK-3f3 substrate peptide was measured over a 30 min time course.
Akt1 phosphorylated at 308 and 473 (APH-ppAkt>*3T308 plue diamonds) showed maximal activity
compared to unphosphorylated APH-Akt1 (gray circles) and singly phosphorylated Aktl variants
APH-pAkt1™% (black diamonds) and APH-pAkt15#73 (pink triangles). (B) The basal activity of
unphosphorylated APH-Akt1 (gray circles) was compared to full-length unphosphorylated Aktl
(green triangles). All reported values represent the mean of triplicate experiments, with error bars
indicating one standard deviation.

We found that the PH domain exerts an auto-inhibitory effect, the strength of which depends
on the phosphorylation status of the Aktl enzyme. We compared apparent catalytic rates, kapp,
(Figure 5A) and normalized relative catalytic rates (Figure 5B) between the full-length [12] and
PH domain—deficient Aktl variants. In the context of a single phosphorylation at Ser473, the PH
domain is associated with an approximately five-fold reduction in activity (Table 3, Figure 5).
In the singly phosphorylated pAkt1™% enzyme, the auto-inhibition was far stronger (175-fold).
The two phosphorylations together led to a super-additive inhibitory effect (295-fold) in the doubly
phosphorylated enzyme (Figure 5).

A 100000 B 1,000
o full length Akt1 ofull length Akt1
10,000 & —
O APH-Akt1 —~ 0 APH-Akt1 A
| g 100
1,000 F
L el
g o)
<& 100 =
;— £ 10
2 10 2
2
" I
1
0.1
0.01 ’—}l H 0.1
Akt1 pAk“ 473 pAkﬁ T308 ppAk“ T308,5473 Akt1 pAkﬁ 8473 pAk“ T308 ppAkﬁ T308,5473

Figure 5. Impact of PH domain on the activity of differentially phosphorylated Aktl. (A) Apparent
catalytic rates (kapp) and (B) normalized kapp values of full-length Aktl variants (blue) and APH-Akt1
variants (red) are shown. Error bars represent one standard deviation of triplicate measurements.
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3.4. Chemical Inhibition of Phosphorylated Akt1 Variants

Given the differential impact of Aktl phosphorylation on auto-inhibition, we next identified
phosphorylation dependence in the interaction between Akt and a clinically relevant drug scaffold,
Akti-1/2 inhibitor VIII. Several classes of chemical inhibitors were developed to repress aberrant Akt1
activity in cancer cells [10]. Early Akt1 inhibitors focused on ATP competitive compounds [31], yet these
molecules suffered from significant cross-reactivity with other AGC family kinases [32]. For this reason,
subsequent efforts focused on allosteric Aktl inhibitors. Akti-1/2 is an allosteric inhibitor that binds
Aktl in a cleft between the kinase and PH domains, locking the enzyme in a noncatalytic conformation
(Figure 6). Biochemical data with different Aktl preparations has provided estimates of IC5y of Aktl
for the Akti-1/2 inhibitor ranging from 58 nM to 2.7 uM [24,33,34] (Table 4). We suspected that this
range of values resulted from preparations of Aktl with various levels of phosphorylation, with less
active Aktl preparations leading to an underestimate of ICsy. In addition, previous studies were
unable to isolate the contribution of each regulatory phosphorylation site to inhibition by Akti-1/2.

kinase domain

Figure 6. Structure of Akt1 in active and inhibitor bound forms. (A) Structure of APH-pAkt1Thr308
Ser473Asp (PDB 106K [35]) is shown in complex with ATP analog (ANP-PNP) and substrate peptide
(purple). (B) Structure of the full-length Aktl (unphosphorylated) is shown in complex with the
Akti-1/2 inhibitor VIII (PDB 1096 [36]) binding in the cleft between the kinase domain (green) and the
N-terminal PH domain (red).

We conducted Aktl inhibition assays using Akti-1/2 concentrations varying from 0.01 to 10 uM.
All three full-length phosphorylated Akt1 variants showed concentration-responsive enzyme inhibition
(Figure 7, Figures S3-56). Akti-1/2 was most potent (IC5y = 300 nM) when only the Thr308 site was
phosphorylated (Table 4). Interestingly, at the lower concentrations of Akti-1/2 (0.001, 0.05, 0.5 uM),
the compound was not effective at inhibiting the activity of pAkt15473. Akt1 phosphorylated at the
C-terminal Ser473 site was overall more resistant to inhibitor VIII inhibition, resulting in an ICsg
value of 1.3 uM. In a surprising finding, the doubly phosphorylated enzyme had an indistinguishable
ICsg from the pAkt15473 enzyme. Together the data indicate that Ser473 phosphorylation provides
a four-fold increase in resistance to the Akti-1/2 inhibitor even in the presence of phosphorylation at
Thr308. This is the first report demonstrating phosphorylation dependence in the interaction between
Aktl and an inhibitor.
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Table 4. Akti-1/2 inhibitor half maximal inhibitory concentration (ICs() for pAktl variants.

Aktl Variant Inhibitor Type 1Csp (uM) Expression System Reference
ppAkt1T308,5473 Akti-1/2 inhibitor VIII 1.2+03 E. coli this study
pAkt1T308 Akti-1/2 inhibitor VIII 03401 E. coli this study
pAl<t15473 Akti-1/2 inhibitor VIII 1.34+0.1 E. coli this study
active Akti-1/2 inhibitor VIII 0.058 Drosophila S2 cells [25]
active Akti-1/2 inhibitor VIII 0.1 HEK 293 cells [33]
active Akti-1/2 inhibitor 2.7 Drosophila S2 cells [34]
active Akti-1 inhibitor 4.6 Drosophila S2 cells [34]
pAkt‘] $473 pAkt1 T308 ppAkt'] T308,5473
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Figure 7. Chemical inhibition of full-length phosphorylated Akt1 variants. Inhibition of (A) pAkt15473,
(B) pAkt1T3% and (C) ppAkt1T085473 with varying concentrations (0.001, 0.05, 0.5, 1, 5, 10 uM) of
Akti-1/2 inhibitor VIIL The resulting ICs values are in Table 4.

4. Discussion

Aktl is a prime target for therapeutic intervention due to its involvement in regulating a multitude
of cellular pathways [37,38]. Aberrant Akt function has been linked to cancers and a variety of
human diseases related to metabolic regulation, immune function, and neurological development [2].
The broad range of cellular processes governed by Akt, therefore, presents an opportunity for
single-target therapeutic intervention in a variety of conditions. To capitalize on this opportunity,
compounds that selectively attenuate Akt1 activity rather than global kinase inactivation are required.
This need is reflected in clinical trials showing that nonspecific Akt inhibition in cancer therapy,
due to inadvertent off-targeting of closely related kinases or multiple Akt isozymes, can result
in detrimental side effects including liver damage and metabolic disorders [39-42]. Accordingly,
the development of small molecule inhibitors for Akt reflects this sentiment of engineering greater
target specificity [10]. From the earliest ATP-competitive inhibitors that unintentionally inhibited
related AGC kinases, to more recent allosteric inhibitors that preferentially target Akt or even a subset of
Akt isozymes, the continued pursuit for Aktl inhibitor specificity requires an expanded understanding
of the molecular basis of Aktl activation and inhibition.

Previous work was unable to uncover the role of each regulatory site (Thr308 and Ser473) in the inhibition
kinetics of Aktl. Given this critical knowledge gap, we investigated the role of Aktl phosphorylation status
on the auto-inhibitory effect of the PH domain and on allosteric inhibition by Akti-1/2.

4.1. Phosphorylation-Dependent Auto-Inhibition of Akt1

The N-terminal PH domain is shared among all three Akt isozymes and its direct function
is to mediate protein-lipid interactions. It is well documented that PH domain binding to a lipid
second messenger PIP3 in cell membranes releases the inhibitory effect of the PH domain [2]. Here,
we produced differentially phosphorylated Aktl variants with and without the PH domain in E. coli
using genetic code expansion to incorporate pSer473, and the upstream Thr308 kinase PDK1 was
co-expressed in E. coli, leading to quantitative phosphorylation of the recombinant Aktl protein.
Compared to unphosphorylated Aktl, all phosphorylated variants showed increased enzyme activity.

Previously, live cell imaging studies revealed that, once phosphorylated, Akt favors a PH-out
conformation that increases Akt1 activity in the downstream phosphorylation of substrate proteins in
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both the cytoplasm and the nucleus. In addition, binding of Akt1 to PIP3 in the plasma membrane
further releases the auto-inhibitory effect of the PH domain [43,44]. Although phosphorylation
of the kinase domain at Thr308 is known to reduce the PH domain’s affinity for the kinase
domain [42], the contribution of Thr308 and Ser473 phosphorylation to auto-inhibition by the PH
domain was unknown.

We quantitated the release of PH domain-mediated inhibition corresponding to each
phosphorylation site and both sites in combination. Our data revealed that the magnitude of the
auto-inhibitory effect of the PH domain was sensitively dependent on the phosphorylation status
of Aktl. In comparison to the activity of full-length Aktl phospho-variants, deletion of the PH
domain significantly increased activity. In comparison to singly phosphorylated Aktl variants,
the auto-inhibitory effect of the PH domain was strongest (295-fold) in the most active and doubly
phosphorylated Aktl variant. Interestingly, the doubly phosphorylated Aktl displayed increased
activity upon PH domain deletion that was greater than the sum of the effects observed for the singly
phosphorylated Aktl variants. The data suggest a novel finding that the PH domain dampens the
activity of Aktl variants in a phosphorylation-dependent manner.

The combination of phosphorylation and PH domain release regulates the kinase activity of
Aktl over a 400,000-fold range. The data indicate the degree to which the unphosphorylated PH-in
conformation of Aktl is suppressed in comparison to the PH-out doubly phosphorylated version
of the enzyme that exists at the plasma membrane in living cells. Recent in vitro biochemical work
suggested that association with PIP3-containing lipid vesicles stimulated the activity of a full-length
Aktl protein by seven-fold [44]. The authors suggested that this may be an underestimate due to low
levels of phosphorylation (10% pThr308, 1% pSer473) in their Aktl prepared from Sf9 cells. Our data
suggest that release of the PH domain in the context of doubly phosphorylated Aktl would lead to
a maximal activity increase of 300-fold; a PH domain-dependent reduction lower than this value
would indicate that there may be significant interaction between the Akt1 kinase and PH domains
even in the PIP3-bound state at the plasma membrane.

Indeed, a recent debate in the literature [45] is under way to explain how Aktl activity can be
maintained far from the membrane. Recent findings suggest that Aktl is dephosphorylated on a time
scale of ~10 min following dissociation from PIP3 on the plasma membrane [46]. Multiple nuclear
substrates of Aktl are, however, known to be phosphorylated much more rapidly, on a time
scale of seconds [47]. Although the authors suggested that all or perhaps most of the active
Aktl is membrane-associated [46], this finding disputes several independent studies identifying
many cytosolic and nuclear targets of Aktl-dependent phosphorylation. Multiple studies clearly
identified both phospho-Akt1 (e.g., [47-49]) and directly measured Aktl activity in the nucleus [17].
Using a fluorescent reporter that quantifies Aktl activity in live cells in real time, Kunkel and Newton
observed Aktl activity distributed in both the cytoplasm and nucleus on a time scale of seconds
to minutes following growth factor stimulation. Their data further show similar levels of Aktl
activity in the nucleus and cytoplasm, with a delay in the peak activity in the nucleus of ~2 min.
Additional experiments confirmed that this lag is related to the time it takes for active Aktl to
translocate from the plasma membrane to the nucleus [17]. In light of our data and these findings,
membrane-associated Akt1 is likely significantly more active than doubly phosphorylated Akt1 found
in the nucleus and cytosol. Phosphorylated Aktl, nevertheless, does persist away from the membrane,
retaining significant activity in comparison to unphosphorylated Akt1.

4.2. Phosphorylation-Dependent Chemical Inhibition of Akt1

Posttranslational modifications, of which phosphorylation is the most common, are ubiquitous
mechanisms that cells use to tune the activity of individual proteins and increase the functional
diversity of the proteome. Phosphorylation can have a significant impact on the activity of proteins
(kinases are a prime example), and the phosphorylation status of a protein target can accordingly
impact the ability of small molecules to inhibit enzyme activity. In the experiments presented
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here, we determined precisely how the phosphorylation status of Aktl influences the repression
of kinase activity by chemical inhibition. We investigated the Akt-specific allosteric inhibitor Akti-1/2.
Based on the results of our assays, the phosphorylation status of Aktl can indeed influence the
degree to which Akti-1/2 is able to act on Akt1. Akti-1/2 was most effective at inhibiting pAkt1T3%8,
whereas phosphorylation at position Ser473 in either pAkt>*”3 or pp Akt™8/5473 reduced the relative
effectiveness of the inhibitor by four-fold.

Ser473 phosphorylation appears to act as a built-in mechanism of drug resistance for Aktl.
It is well established that hyperphosphorylation of Aktl at both regulatory sites is linked to poor
prognosis and therapeutic resistance [3-6,50]. The accepted model for Akti-1/2 activity suggests that
the compound locks Aktl into the auto-inhibited or PH-in conformation and prevents Aktl from
binding PIP3 in the plasma membrane, inhibiting phosphorylation at Thr308 and Ser473 [51]. Our data
also suggest that, although limited by Ser473 phosphorylation, Akti-1/2 has significant activity in
inhibiting the pre-phosphorylated Aktl variants that the inhibitor initially encounters in the cell.
Studies in cell culture and mouse models show that the short-term impact of Akti-1/2 treatment is that
pThr308 and pSer473 levels are depleted within hours. A related allosteric Akt inhibitor, and the most
clinically promising [52] compound, MK-2206 significantly reduces Ser473 phosphorylation after 10 h
in mouse models with patient-derived xenografts of endometrial tumors [53].

Surprisingly, breast cancer cells (BT474) treated with Akti-1/2 (1 uM) showed a rebound effect in
Akt1 phosphorylation status following Akti-1/2 treatment. These cells have amplified HER2 genes and
constitutively activate the PI3K/ Akt signaling cascade. In short-term experiments (minutes to hours),
Aktl phosphorylation reduced in response to inhibitor treatment, but at longer times (2-3 days) Aktl
phosphorylation status returned to stimulated levels in these cancer cells. In this longer time frame,
phosphorylation of the downstream Akt1 target S6K was not restored, but PRAS40 phosphorylation
was partially restored concomitant with increased Aktl phospho-status. The study provided evidence
that Akti-1/2 ultimately induces the expression and activation of receptor tyrosine kinases EGFR,
HERS, and HER4, which in turn reactivate Akt [54]. Interestingly, in mouse models a similar rebound
in Ser473 phosphorylation following treatment with MK-2206 was observed on time courses of 5 to
20 days [55]. In these cases, Ser473 phosphorylation may provide the tumor cell with a means to
reduce the effectiveness of Aktl inhibitors. The data suggest a need to develop an inhibitor that is
more effective against the most active and doubly phosphorylated form of Aktl.

4.3. Synthetic Biology Approach to Generate Active Akt1

In our current study and previous work [12,19-21], we demonstrated that genetic code expansion
with pSer in E. coli provides a simple route to produce designer phosphoproteins. Here, we produced
differentially phosphorylated Aktl variants with and without the PH domain in E. coli using genetic
code expansion and enzymatic phosphorylation in E. coli. We found that the variants lacking the
PH domain were produced at significantly higher yield compared to the full-length Aktl protein.
The ability to produce recombinant Aktl protein with programmed phosphorylation(s) was essential
for our investigation into the role of each phospho-site in Aktl inhibition.

In agreement with our previous work [12], we found that the system we developed to produce
Aktl with either or both regulatory phosphorylation sites (Figure 1) leads to a consistently active
Aktl variant with indistinguishable batch-to-batch variability. This is in contrast to the commercially
available Aktl produced using the Sf9 cell system followed by in vitro PDK1 phosphorylation of
Thr308 [28]. We observed vast batch-to-batch variability of enzyme activity in the commercially
available Aktl, which warrants cautious attention in its experimental use. Previous work also
established that Akt1 produced in 5f9 cells leads to a mixture of singly and doubly phosphorylated Akt1
variants [29], at times leading to low stoichiometry of phosphorylation [44] (Figure 3B). Our approach
consistently results in site-specifically phosphorylated and active Akt1 variants that provide a reliable
and consistent source of protein for biochemical studies and applications in inhibitor screening.
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Abstract: Protein lysine acetylation is a widely conserved posttranslational modification in all three
domains of life. Lysine acetylation frequently occurs in aminoacyl-tRNA synthetases (aaRSs) from
many organisms. In this study, we determined the impact of the naturally occurring acetylation at
lysine-73 (K73) in Escherichia coli class II alanyl-tRNA synthetase (AlaRS) on its alanylation activity.
We prepared an AlaRS K73Ac variant in which N¢-acetyl-L-lysine was incorporated at position 73
using an expanded genetic code system in E. coli. The AlaRS K73Ac variant showed low activity
compared to the AlaRS wild type (WT). Nicotinamide treatment or CobB-deletion in an E. coli led to
elevated acetylation levels of AlaRS K73Ac and strongly reduced alanylation activities. We assumed
that alanylation by AlaRS is affected by K73 acetylation, and the modification is sensitive to CobB
deacetylase in vivo. We also showed that E. coli expresses two CobB isoforms (CobB-L and CobB-S)
in vivo. CobB-S displayed the deacetylase activity of the AlaRS K73Ac variant in vitro. Our results
imply a potential regulatory role for lysine acetylation in controlling the activity of aaRSs and
protein synthesis.

Keywords: alanyl-tRNA synthetase; class I aminoacyl-tRNA synthetase; expanded genetic code;
lysine acetylation; posttranslational modification

1. Introduction

The recent development of mass spectrometry (MS)-based proteomic analysis enables the
discovery of a wide variety of posttranslational modifications (PTMs) in prokaryotes [1]. Acetylation
of lysine residues in proteins is distributed across all domains of life and is thought to be functionally
important. Proteomic studies of acetylated protein (acetylome) indicated a large number of acetylated
proteins in bacteria and archaea [2-7]. Since they also possess homologs of eukaryotic lysine
acetyltransferases (KATs) and deacetylases (KDACs) [8], acetylation in bacteria and archaea are
expected to be involved in the regulation of cellular processes as in eukaryotes. Recently, there has
been growing interest in the role of acetylation [9-14]; however, the regulatory mechanisms and
functional implications of prokaryotic acetylation are still largely unknown.

In Escherichia coli, acetylation is introduced to lysine residues by a KAT-dependent reaction utilizing
acetyl-CoA and a non-enzymatic reaction utilizing acetyl-phosphate [15,16]. The non-enzymatic system
is involved in global protein acetylation under carbon stress [17]. Moreover, the sirtuin-type KDAC
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CobB is responsible for deacetylation of many proteins [18]. Acetylome analyses in E. coli have identified
hundreds of acetylated proteins [7,15-17,19,20]; the most abundant group was metabolism-related
proteins followed by translation-related proteins. Many of the translation-related proteins interact with
RNA and nucleotides for their function. As the positive charge of lysine residues in those proteins is
often crucial for their interaction with RNA and nucleotides, acetylation that cancels the charged lysine
may affect function. We therefore searched for lysine acetylation found in aminoacyl-tRNA synthetases
(aaRSs) (Table A1), which are essential enzymes to synthesize aminoacyl-tRNA in the first step of protein
translation. Acetylation has been identified in all species of aaRSs and most of the acetylation sites seem
to be located away from the catalytic and substrate-binding sites. However, some acetylations were
detected at lysine residues, which are important for their aminoacylation activity and are expected to
control the reaction.

Recently, it has been shown that naturally occurring acetylation of lysine residues in class I aaRSs,
leucyl-tRNA synthetase (LeuRS), arginyl-tRNA synthetase (ArgRS), and tyrosyl-tRNA synthetase
(TyrRS) in E. coli downregulates their enzymatic activities by using the expanded genetic code system
with N¢-acetyl-L-lysine (AcK). It was demonstrated that acetylation of K619 and K624 in LeuRS, which
are located within and next to the conserved KMSKS motif involved in ATP recognition [21], and
acetylation of K809, which interacts with leucine tRNA, impaired enzymatic activity [22]. They further
elucidated that acetylation of K126 and K408 in ArgRS, which are involved in ATP binding and
interaction with arginine tRNA, respectively, also decreases the enzymatic activity. Acetylation of K85,
K235 and K238 in TyrRS reduced the enzyme activity; K235 and K238 are conserved lysine residues
of the KMSKS motif and form the catalytic domain with K85 [23]. All of the acetylations in the three
aaRSs are sensitive to CobB.

Although the impact of lysine acetylation on the class I aaRSs has been shown, the impact on class
IT enzymes, which have structurally different catalytic domains from those of class I [21], has not been
examined. In this study, we demonstrate that one of the class II aaRSs, alanyl-tRNA synthetase (AlaRS)
from E. coli, is regulated by acetylation at lysine-73 (K73). We further provide the first evidence that
E. coli expresses two CobB isoforms in vivo and that its short variant (CobB-S) has deacetylase activity
for K73 of AlaRS.

2. Materials and Methods

2.1. General

Custom oligonucleotide synthesis was ordered from Eurofins Genomics (Tokyo, Japan). The primer
sequences used in this study are described in Table A2. DNA sequencing was performed by an ABI
3130x1 (Applied Biosystems, Foster City, CA, USA) in the Research Equipment Center, Tokyo University
of Science. Commercially available chemicals and enzymes were purchased from Wako Pure Chemical
(Osaka, Japan) and Takara Bio (Shiga, Japan), respectively, unless otherwise noted. The plasmids and
E. coli strains used in this study are listed in Tables A3 and A4, respectively.

2.2. Plasmid Constructions

The pT5C plasmid originated from pACYC184, in which a tetracycline resistant gene (tetR)
was replaced by the T5/lac promoter, C-terminal His-tagged sequence, the r*nB terminator, and
the lacl9 gene (Figure Ala). The AlaRS gene (alaS; ACB03816) from E. coli DH10B (Invitrogen,
Carlsbad, CA, USA) was inserted between the Ndel and Xhol site in pT5C, resulting in pT5C-Ec-alaS.
The lysine codon (AAA) at position 74 of the alaS gene on pT5C-Ec-alaS was substituted to an alanine
(GCG) or amber stop (TAG) codon by site-directed mutagenesis, resulting in pT5C-Ec-alaS-K74A and
pT5C-Ec-alaS-K74amb, respectively. The discrepancy between K73 and the codon number is due to the
posttranslational removal of the first methionine (Met) in cells [24].

PKTS-AcKRS1-PylT (Figure Alb), which was used for genetic incorporation of AcK, was constructed
by inserting a Methanosarcina mazei pyrrolysine tRNA (tRNAPY!) expression cassette from pTECH-PyIT
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into the Nhel site of pKTS-AcKRS1, which overexpresses an N°-acetyl lysyl-tRNA synthetase (AcKRS) in
E. coli [25].

For expression and promoter analyses, the pACYC184P was constructed from pACYC184, in
which tetR was replaced by the artificial transcription terminator (BBa_B1006), C-terminal His-tagged
sequence, and the rnB terminator (Figure Alc). CobB open reading frames (ORFs) (cobB gene;
ACB02313) with the 1218, 417, and 30 nucleotide upstream sequences, cobB-L ORF, and cobB-S ORF
(starts from the second Met codon of cobB-L ORF; Figure 5b) were inserted between the Bg/II and Xhol
site in pACYC184P, resulting in pACYC184P-1218-cobB, pACYC184P-417-cobB, pACYC184P-30-cobB,
pACYC184P-cobB-L, and pACYC184P-cobB-S.

For purification of the N-terminal His-tagged CobB protein, cobB-L and cobB-S ORFs were inserted
between the Ndel and BamHI site of pET15b (Novagen, Madison, WI, USA), resulting in pET15b-cobB-L
and pET15b-cobB-S, respectively.

2.3. Construction of CobB-Deleted Escherichia coli Strain

To construct the CobB-deleted E. coli (ACobB) strain, the cobB gene was removed from the E. coli
DH10B genome by using the A-red recombination system [26,27]. The kanamycin resistant gene was
next removed by FLP-FRT recombination. The gene deletion was verified by PCR.

2.4. Protein Expression and Purification

For preparation of the C-terminal His-tagged AlaRS wild type (WT) and its K73A mutant, E. coli
DHI10B transformed with pT5C-Ec-alaS or pT5C-Ec-alaS-K74A were grown in Luria-Bertani (LB)
medium (1% Trypton, 0.5% yeast extract, and 1% NaCl) supplemented with 34 ig/mL chloramphenicol
at 37 °C. When the ODg of the culture reached 0.6, Isopropyl-f-D-1-thiogalactopyranoside (IPTG)
was added to a final concentration of 0.2 mM and the cultivation was continued for 4 h. The cell pellet
was resuspended with lysis buffer (20 mM Tris-HCl pH 8.0, 300 mM NaCl, and 10 mM imidazole)
supplemented with 0.2 mg/mL lysozyme and 0.2% Triton X-100, and broken by sonication. After
centrifugation (13,000x g, 4 °C, 20 min) to remove cell debris, the supernatant was charged onto
a Ni-NTA agarose (Qiagen, Hilden, Germany) column equilibrated with lysis buffer. The column
was washed with wash buffer (20 mM Tris-HCl pH 8.0, 300 mM NaCl, and 50 mM imidazole), and
His-tagged AlaRS was eluted with elution buffer (20 mM Tris-HCI pH 8.0, 300 mM NaCl, and 250
mM imidazole). Fractions containing a homogeneous protein enzyme were pooled and dialyzed
twice in 1 L of dialysis buffer (20 mM Tris-HCl pH 8.0, 10 mM MgCl,, and 50 mM KCl) followed
by concentration by Amicon Ultra Ultracel-30K (Merck Millipore, Billerica, MA, USA). Finally, the
enzymes were stored in 10 mM Tris-HCl pH 8.0, 5 mM MgCl,, 25 mM KCl, 2 mM dithiothreitol (DTT),
and 50% glycerol.

For preparation of C-terminal His-tagged AcK-incorporated AlaRS (AlaRS K73Ac), E. coli DH10B
or its ACobB strain co-transformed with pKTS-AcKRS1-PylT and pT5C-Ec-alaS-K74amb were grown
in LB medium supplemented with 25 pg/mL kanamycin and 34 ug/mL chloramphenicol at 37 °C.
Twenty millimolar of nicotinamide (NAM; Sigma-Aldrich, St. Louis, MO, USA), which is an inhibitor
of CobB deacetylase, was added if necessary. When the ODy of the culture reached 0.5, IPTG and
AcK (Sigma-Aldrich) were added to a final concentration of 0.2 mM and 2 mM, respectively, and the
cultivation was continued for 8 h. His-tag affinity purification was performed as described above.

For preparation of N-terminal His-tagged CobB protein used for the deacetylation assay, E. coli
BL21(DE3) (Nippon Gene, Tokyo, Japan) transformed with pET15b-cobB-S was grown in LB medium
supplemented with 100 pg/mL ampicillin at 37 °C. When the ODgq of the culture reached 0.6, IPTG
was added to a final concentration of 0.2 mM. The cells were continuously cultivated for 4 h and then
harvested. His-tag affinity purification was performed as described above. The purified enzyme was
dialyzed in 1 L of dialysis buffer (20 mM Tris-HCI pH 8.0 and 100 mM NaCl) twice and concentrated
by Amicon Ultra Ultracel-10K (Merck Millipore). Finally, the enzyme was stored in 10 mM Tris-HCl
pH 8.0, 50 mM NaCl, 2 mM DTT, and 50% glycerol.
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2.5. Western Blotting

After SDS-PAGE, proteins were electroblotted onto a Hybond-ECL membrane (GE Healthcare,
Buckinghamshire, UK), which was blocked in Tris-buffered saline containing 0.1% Tween-20 (TBS-T)
and 5% skimmed milk. Proteins on the membrane were probed with antibody in blocking buffer and
then the membrane was washed with TBS-T. Rabbit polyclonal anti-AcK antibody (ImmuneChem,
Burnaby, BC, Canada) and Anti-His-tag mAb-HRP-DirecT (Medical & Biological Laboratories, Aichi,
Japan) were used at a 1/3000 and 1/10,000 dilution respectively as primary antibodies. Anti-Rabbit
IgG HRP conjugate (Promega, Madison, WI, USA) was used as the secondary antibody. Proteins
on the membrane were probed with the primary antibody in blocking buffer and then washed with
TBS-T. Proteins were detected by Immobilon Western Chemilum HRP substrate (Merck Millipore) and
visualized on a LAS 4000 (GE Healthcare).

2.6. Alanylation Assay

Alanine tRNA (tRNAA1?) from E. coli was transcribed in vitro by T7 RNA polymerase and purified
by 12% polyacrylamide gel with 7 M urea. The alanylation assay was performed at 37 °C in a reaction
mixture (50 puL) containing 50 mM HEPES-NaOH pH 7.4, 10 mM MgCl,, 30 mM KCl, 2 mM ATP,
10 uM [U-1#C] Ala (164 mCi/mmol; GE Healthcare), 5 1M transcribed tRNAA?, and 5 ng/uL (50 nM)
His-tagged AlaRS or its variants. At time points of 2 min, 4 min, 8 min, and 10 min, 10 uL aliquots of
the reaction mixture were spotted onto Whatman 3MM filter paper (GE Healthcare) and the reaction
was immediately quenched with 5% trichloroacetic acid (TCA). After washing the filter paper with
5% TCA and drying, radioactivity on the filter paper was counted by a Beckman LS 6500 Scintillation
Counter (Beckman Coulter, Brea, CA, USA).

2.7. Circular Dichroism Spectrometry Analysis

The circular dichroism (CD) spectra of AlaRS and its derivatives were recorded on a J-805 CD
Spectrometer (JASCO Corporation, Tokyo, Japan). AlaRS WT, K73A, and K73Ac (NAM+) were
respectively prepared at a concentration of 0.1 mg/mL (1.0 uM) in a buffer containing 5 mM Tris-HCI
pH 7.5 and 5 mM MgCl,, and scanned from 195 nm to 265 nm with a 50 nm/min speed.

2.8. Expression and Promoter Analysis for CobB-L and CobB-S

E. coli DH10B cells harboring pACYC184P-1218-cobB, pACYC184P-417-cobB, pACYC184P-30-
cobB, pACYC184P-cobB-L, or pACYC184P-cobB-S were cultivated in LB medium at 37 °C overnight.
The cells were broken in lysis buffer (50 mM Tris-HCI pH 8.0, 100 mM NaCl, 1 mM EDTA, 2%
Triton X-100, 1% SDS, and 10% glycerol) by sonication. The protein concentration of the lysates was
determined by an XL-Bradford (APRO SCIENCE, Tokushima, Japan). Ten micrograms of protein were
subjected to 15% SDS-PAGE and Western blotting analysis using Anti-His-tag mAb-HRP-DirecT to
detect the His-tagged CobB expression.

2.9. Deacetylation Assay

The assay was performed at 37 °C for 12 h in a reaction mixture (30 uL) containing 25 mM
Tris-HC1 pH 8.0, 100 mM NaCl, 27 mM KCl, 0.5 mM NAD™" (Nacalai, Kyoto, Japan), 0.5 uM AlaRS
K73Ac (ACobB), and 1.5 or 5 uM His-tagged CobB-S. The reaction was stopped by adding an equal
volume of 2x sample buffer for SDS-PAGE. The resulting samples containing 0.2 pmol of AlaRS were
separated by 7.5% SDS-PAGE and acetylation levels of the AlaRS K73Ac (ACobB) were determined by
Western blotting analysis using anti-AcK antibody.
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3. Results

3.1. Preparation of AlaRS K73Ac Variant by Expanded Genetic Code

The previously reported E. coli acetylome studies identified 15 lysine acetylation sites in AlaRS
(Table A1). Of them, K73 is an essential residue in motif II of the enzyme active site (Figure 1a) [28] and
interacts with the 3’-end of the cognate tRNAAR [29,30]. In addition, this residue is well-conserved
among several bacteria and eukaryotes (Figure 1b). We therefore investigated the impact of acetylation
at K73 of AlaRS using the genetic incorporation of AcK into position 73 of AlaRS. The expanded genetic
code system is a technology to reassign non-canonical amino acids to one of the stop codons (usually
the amber codon) by pairs of engineered aaRS and its cognate suppressor tRNA [31]. One such pair,
AcKRS/tRNAPY! from M. mazei, can co-translationally introduce AcK at the amber codon, resulting
in production of a protein with AcK at the specified sites [25]. Since the protein homogenously
prepared by this system contains AcK, the protein with AcK is suitable to examine the impact of
lysine acetylation.

(@) motit (b) p2 p3 __ B4 m2
[ 1l tRNA recognition Oligomerization et | T e 0 0 0
milinm & Ecol RATTS RIAG GKHN[DILEN[VG|Y TA
| Active site I—IEditingH | Sent RATTS RAGGKHNDLENVG[YTA
1 250 461 547 675699 875 Eamy RAASS RAGGKHNDLENVG[YTA
K73 Vpar RATTA RAGGKHNDLENVGFTA
Abau RATTS RAGGKHNDLDNVG[YTA
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Figure 1. Schematic position of lysine-73 (K73) acetylation site in alanyl-tRNA synthetase (AlaRS).
(a) Schematic representation of AlaRS with functional domains. K73 is located within the motif
II, an essential constituent for the active site. (b) The alignment of sequences surrounding K73 in
AlaRS. Parentheses indicate accession number. Ecol, Escherichia coli (ACB03816); Sent, Salmonella enterica
(WP_065680553); Eamy, Erwinia amylovora (WP_004155915); Vpar, Vibrio parahaemolyticus (WP_086591229);
Abau, Acinetobacter baumannii (ACC56466); Paer, Pseudomonas aeruginosa (WP_034012995); Nmen, Neisseria
meningitidis (WP_010980961); Rpal, Rhodopseudomonas palustris (WP_044410751); Hpyl, Helicobacter pylori
(WP_000354743); Aaeo, Aquifex aeolicus (WP_010880825); Bsub, Bacillus subtilis (WP_086344136); Tthe,
Thermus thermophilus (WP_011228945); Mtub, Mycobacterium tuberculosis (WP_055366958); Sfil, Streptonyces
filamentosus (WP_006123197); Mpne, Mycoplasma pneumoniae (WP_014574975); Hsap, Homo sapiens
(NP_001596); Dmel, Drosophila melanogaster (NP_523511); Scer, Saccharontyces cerevisiae (EDV10897); Aful,
Archaeoglobus fulgidus (WP_010879744); Phor, Pyrococcus horikoshii (WP_010884393); whole sequences were
aligned by ClustalW [32] and ESPript 3 [33]. K73 in E. coli AlaRS is shown with the gray box and lies on
the loop in the 3-turn (TT). Strictly conserved residues among all organisms are shown with open boxes.

We prepared the AlaRS K73Ac variant using the AcKRS/tRNAFPY! system and verified AcK-
incorporation in AlaRS by Western blotting with the anti-AcK antibody (Figure 2a). Specific
incorporation of AcK into position 73 of AlaRS was also verified by MALDI-TOF/TOF analysis
(Figure A2). It has been reported that CobB is responsible for deacetylation against many proteins
in E. coli [18]. In order to know whether acetylation of K73 was reversed by CobB, we examined the
acetylation levels of AlaRS K73Ac purified from NAM-treated (NAM+) and untreated (NAM—) E. coli
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DH10B. NAM is an inhibitor of sirtuin-type lysine deacetylases including CobB. AlaRS K73Ac (NAM+)
showed higher acetylation signals than AlaRS K73Ac (NAM—), although AlaRS WT and its K73A
mutant as negative controls did not give a signal of acetylation. The observation that acetylation of the
AlaRS WT and K73A mutant could not be detected by Western blotting is thought to be due to the
amount of the overexpressed enzymes being excess to a capability of endogenous lysine acetylation,
resulting in reducing populations of acetylated AlaRS. We next examined the acetylation level of
K73Ac purified from the ACobB strain. The acetylation level of K73Ac (ACobB) was almost the same
as that of K73Ac (NAM+). Quantification of the band intensity showed that the acetylation levels of
K73Ac (NAM+) and K73Ac (ACobB) were 3.3-fold and 4.0-fold higher than that of K73Ac (NAM—),
respectively (Figure 2b). These results indicated that NAM treatment and CobB deletion enhanced
the acetylation of AlaRS, suggesting that CobB can deacetylate K73Ac in vivo. It should be noted
that lysine acetylation was not detected in the AlaRS WT and K73A mutant purified from the ACobB
strain (Figure 2c). Taken together, these results support that the acetylation signal of the Western blot
represented the K73 acetylation and CobB was responsible for the decreased acetylation of K73Ac.
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Figure 2. The verification of K73 Ac-incorporation in AlaRS by Western blotting. (a) The acetylation
levels of AlaRS variants were detected by Western blotting analysis using an anti- N°-acetyl-L-lysine
(AcK) antibody. Western blotting analysis using an anti-His-tag antibody showed the loaded protein
control. NAM indicates nicotinamide. The data is representative of three independent SDS-PAGE
and Western blotting assays. (b) Quantification of the band intensities of three independent Western
blotting assays. The relative acetylation levels of K73Ac (NAM+) and K73Ac (ACobB) to that of K73Ac
(NAM—) were calculated. (c) Acetylation levels of the AlaRS wild-type (WT) and K73A mutant that
were expressed under the same conditions as the K73Ac (ACobB) variant.

3.2. Alanylation Activity of AlaRS K73Ac Variants

Given that the K73 in AlaRS was important for the alanylation activity [29,30], we inferred
that acetylation of the residue should influence the activity and consequently downregulate protein
translation. To examine the activity of a series of AlaRS K73 variants, we performed alanylation assays
in vitro (Figure 3). We confirmed that the K73A mutation abolished the alanylation activity of AlaRS,
as reported previously [30]. AlaRS K73Ac (NAM—) showed decreased alanylation activity compared
to the AlaRS WT. The alanylation activities of K73Ac (ACobB) and K73Ac (NAM+) variants, which
showed higher levels of acetylation than K73Ac (NAM—), were more impaired. Considering that the
acetylation signals reflect only K73 acetylation, these results indicated that K73 acetylation inhibits the
alanylation activity of AlaRS.
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Figure 3. Alanylation activities of E. coli AlaRS K73Ac variants. In vitro transcribed E. coli tRNAAR
was alanylated with AlaRS WT (filled circles), K73A (opened circles), K73Ac (NAM—; diamonds),
K73Ac (NAM+; squares), and K73Ac (ACobB; triangles). The data is shown as the average of three
independent assays with the standard deviations.

3.3. Circular Dichroism Spectrum of AlaRS K73Ac Variants

To exclude the possibility of a structural defect caused by genetic incorporation of AcK, we
compared CD spectra of AlaRS WT, K73A and K73Ac (NAM+). Almost the same spectral curves
were observed among the three proteins (Figure 4). The proportion of secondary structures contained
in those proteins was calculated by the CAPITO web server [34]. WT, K73A and K73Ac (NAM+)
contained 21%, 13%, and 22% «-helix, and 22%, 24%, and 29% [3-sheet, respectively. This suggested
that incorporation of AcK did not impair the protein structure of AlaRS.

20

—WT K73A v K73Ac (NAM+)

_5_

195 205 215 225 235 245 255 265
Wevelength (nm)

Figure 4. Circular dichroism (CD) spectral analysis. The black, gray, and dotted lines indicate AlaRS

WT, K73A, and K73Ac (NAM+), respectively. Scanning was performed three times for each sample
and the average was plotted.

3.4. Escherichia coli Expresses Two CobB Isoforms with Each Promoter

It has been reported that there are long and short isoforms of CobB (CobB-L and CobB-S,
respectively) in Salmonella enterica, both of which are biologically active in the cell [35]. The existence
of the two CobB isoforms has not been experimentally confirmed in E. coli yet. The cobB ORF in the
public E. coli database encodes a 279-amino acid isoform (CobB-L), while a shorter 242-amino acid
isoform (CobB-S) can be translated from the 112 nt-downstream second Met codon in the ORF. CobB-L
contains a 37-amino acid N-terminal extension comprised of 15 basic and 13 hydrophobic residues,
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similar to CobB-L of S. enterica (Figure 5a). We expressed a C-terminal His-tagged CobB ORF with
different upstream regions from pACYC184P plasmids in E. coli DH10B (Figure 5b). We detected
two His-tagged protein bands by Western blotting, which corresponded to CobB-L and CobB-S from
PACYC184P-1218-cobB and pACYC184P-417-cobB plasmids (Figure 5c). Meanwhile, CobB-S was only
expressed from pACYC184P-30-cobB and pACYC184P-cobB-L. Neither form of CobB was detected
with pACYC184P-cobB-S. These results indicated that the promoter for CobB-L expression existed
between —417 and —30 within the nagK ORF and that for CobB-S expression existed between +1
and +111 within the cobB ORFE. Using the online BPROM web tool (Softberry, Inc., Mount Kisco,
NY, USA), we detected the candidates of the —10 and —35 consensus sequences between —347 and
—319 for CobB-L and between +51 and +83 for CobB-S expression, respectively (Figure 5d). These
results indicated that two isoforms of CobB-L and CobB-S exist in E. coli and they are directed from
each promoter.
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Figure 5. Expression of two CobB isoforms (CobB-L and CobB-S) in E. coli. (a) The primary sequence of
N-terminal extension in CobB-L. The single and double underlines show the first methionine (Met) of
CobB-L and CobB-S, respectively. The open and gray boxes indicate basic and hydrophobic amino acids,
respectively (without Met). (b) Schematic representation of cobB-containing fragments in pACYC184P
plasmid derivatives. (c) Expression of CobB isoforms in E. coli. Ten micrograms of lysate from E. coli
DH10B harboring the pACYC184P derivatives was separated by 15% SDS-PAGE and analyzed by
Western blotting using an anti-His-tag antibody to detect His-tagged CobB protein. (d) The nucleotide
sequence of the cobB region. Open and gray boxes show the 3'-region of 7agK and 5’'-region of the cobB
gene, respectively. The promoter containing —10 and —35 (black boxes) for CobB-L and CobB-S was
predicted by BPROM of the Softberry web tool.
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3.5. Deacetylation of K73 by CobB-S In Vitro

We attempted to produce N-terminal His-tagged CobB isoform proteins for deacetylation assays
in vitro, but CobB-L could not be successfully obtained as soluble protein after several attempts.
CobB-S contains the conserved Sir2 catalytic core and has been shown to have the deacetylase activity
for a histone H4 acetylated peptide [36]. We therefore performed an in vitro deacetylation assay
with CobB-S. After incubation of the His-tagged CobB-S and AlaRS K73Ac (ACobB) for 12 h, the
residual acetylation was determined by Western blotting (Figure 6a). An NAD"*-dependent decrease
in acetylation was observed and it was enhanced by increasing concentrations of CobB-S; 27% and
39% decreases in acetylation were observed when 1.5 uM or 5.0 uM of CobB-S were used, respectively
(Figure 6b). The deacetylase activity of CobB-S for AlaRS K73Ac seemed to be moderate, suggesting
that CobB may require additional factors for full activity.
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Figure 6. Deacetylation assay in vitro. (a) His-tagged AlaRS K73Ac (ACobB) (0.5 tM) and indicated
concentrations of His-tagged CobB-S were reacted at 37 °C for 12 h. After the reaction, the remaining
acetylation in AlaRS was determined by Western blotting with an anti-AcK antibody. This experiment
was repeated three times. (b) The proportion of acetylation levels was calculated from the ratio of band
intensities with NAD* to those without NAD™ (negative control). The data is shown as the result of
three independent reactions with the standard deviations. The p values were determined by Student’s
t-test.

4. Discussion

Serine phosphorylation in glutamyl-tRNA synthetase [37], lysine succinylation in methionyl-tRNA
synthetase (MetRS) [38], and lysine acetylation in LeuRS, ArgRS [22] and TyrRS [23] have been reported
as meaningful PTMs toward the aaRS function in E. coli. These modifications, with the exception of
lysine succinylation in MetRS, downregulate their tRNA synthetase activities. The lysine succinylation
of MetRS decreases the discrimination of cognate tRNA under stress conditions [38]. In this study, we
newly found K73 acetylation that downregulates the activity of E. coli AlaRS which belongs to class
1T aaRSs.

K73 in AlaRS is known to be an essential residue that interacts with the 3’-end of tRNAA1 [29].
Substitution of this residue to glutamine, asparagine, alanine or glutamate significantly reduces the
alanylation activity but not the alanine activation, suggesting that the positive charge of the lysine
plays an important role in the interaction [30]. The recently described crystal structure of AlaRS with
the cognate tRNAA? from Archaeoglobus fulgidus elucidated the recognition mechanism of tRNAA? by
AlaRS [39]. Although A. fulgidus AlaRS lacks the corresponding lysine residue in the primary sequence,
the cytidine-75 in the tRNAAR of the complex is located in the vicinity of K73 of the E. coli enzyme
when its structure is superposed on the complex structure. Based on the above-mentioned evidence,
our results suggest that downregulation of AlaRS activity by K73 acetylation is due to the loss of the
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positive charge in the lysine residue, resulting in interference of the interaction between AlaRS and
tRNAAR,

Our invivo and invitro studies indicate that the acetylation of K73 is reversed by CobB
deacetylase. Systematic analysis to search for substrates of CobB has shown that CobB does not
recognize a specific sequence, but tends to prefer aspartate (D), glutamate (E), alanine (A), glycine
(G) and tyrosine (Y) on (3-sheet or loop structures adjacent to an acetylated lysine [18]. The K73 exists
in the AGGKHND sequence of the 3-turn, which contains the favored amino acids of CobB (shown
with underline). This observation supports our result that the acetylated K73 is a substrate of CobB.
Our in vitro study showed the deacetylase activity of CobB-S for AlaRS K73Ac, but it seemed to be
moderate. We consider the possibility that CobB-L may prefer to remove this acetylation or another
factor like a chaperone might be required for the reaction.

We clarified the CobB-dependent deacetylation mechanism of K73 in AlaRS in vivo, while the
mechanism of K73 acetylation remains elusive. The K73 acetylation has been detected at the stationary
phase of growth without glucose [7,16] and at the early stationary phase when glucose is present [17].
In both cases, the intracellular level of acetyl-phosphate is likely increased by carbon overflow in
the central metabolism pathway [16,40]. Thus, the acetylation of K73 is thought to be introduced by
a non-enzymatic mechanism with acetyl-phosphate. This K73 acetylation has also been detected in
Vibrio parahaemolyticus, mice, and humans [41,42]. The conserved K73 acetylation among different
organisms may be of physiological significance, although it remains to be experimentally determined
in other organisms.

Promoter analysis for CobB expression in E. coli was previously performed using an enhanced
green fluorescent protein (EGFP)-based reporter system and real time quantitative PCR (RT-qPCR),
showing that promoter activity for a nagK-cobB transcription was detected in the 5'-upstream region
(—300 to +50) of nagK but no significant activity was detected in the upstream region (—400 to +151)
of cobB [43]. Contrary to a previous report, we could find two promoter activities within the region
of —417 to +111 of cobB: the one within nagK directs CobB-L expression and the other within cobB
directs CobB-S expression (Figure 5d). These findings are similar to the case of S. enterica, in which the
upstream and downstream promoters correspond to P2 and P3 promoters, respectively [35]. Since
CobB-S contains the conserved catalytic core which is sufficient for the deacetylase activity [35,36],
the extended N-terminal region composed of positively charged and hydrophobic amino acids may
add an alternative function to CobB-L. It was proposed in S. enterica that the extended N-terminal
region may be involved in interaction with other molecules such as nucleic acids and acetylated protein
substrates, and cellular localization [35]. Our failure to purify N-terminal His-tagged CobB-L might
be due to masking of the N-terminal His-tag by unknown interacting partners. Elucidation of the
physiological significance of CobB-L and CobB-S is an intriguing challenge for the future studies.

As aaRSs are essential enzymes, severe inhibition of their activities causes growth retardation and
cell death [44]. Therefore, it is thought that downregulation of AlaRS activity by K73 acetylation is
likely transient and AlaRS should be rapidly reactivated by deacetylation when growth conditions are
improved. Hence, our findings will provide insight into a new regulatory mechanism of translation
by post-translational lysine acetylation of aaRSs. Future studies will shed light on the acetylation
introduced into other aaRSs for a more comprehensive understanding of translation regulation.
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Appendix

Table Al. Lysine acetylation sites in all aminoacyl-tRNA synthetases (aaRSs) from E. coli. The data was
collected from the acetylomes performed by Kuhn et al. [16] and Schilling et al. [17].

2aRS Acetyl [16] [17] 23RS Acetyl [16] [17]
Site Mascot Score Mascot Score Site Mascot Score Mascot Score
AlaRS 55 454 58.7 GInRS 160 71.2
73 55.3 68.5 170 95.0 49.3
278 85.2 195 93.0
535 39.8 140.6 273 51.4 50.1
591 53.8 712 399 41.8
604 51.7 408 53.5 41.7
647 70.8 419 57.9
721 59.0 515 34.3 65.4
730 64.5 102.7 GIuRS 102 411
743 57.6 97.9 215 50.9 65.0
749 59.2 74.3 293 43.9
763 53.9 345 107.9 77.7
783 86.0 94.0 377 44.5 60.8
819 54.8 101.2 423 704
873 51.8 459 443
ArgRS 112 53.4 GlyRS-a 3 38.1 425
126 83.3 103.8 281 41.3
152 73.6 GlyRS-B 72 53.1 110.1
198 50.6 86 724 73.5
216 45.8 40.6 89 58.6
295 44.5 112 75.6
306 54.3 141 54.1
473 64.2 472 431
AsnRS 194 54.1 475 53.5 734
199 51.9 423 592 55.1 99.6
286 33.7 75.5 607 76.1 47.0
294 53.1 67.1 624 43.5 59.1
351 52.0 58.1 662 63.1 71.2
357 66.1 674 52.4 46.3
375 41.2 HisRS 53 51.5 72.0
AspRS 186 49.8 56.5 189 74.2
283 65.2 80.6 370 47.3
315 55.7 378 443 494
332 57.1 54.9 IleRS 23 57.3 98.3
353 58.5 78.1 112 61.9 82.3
370 48.5 116 83.0 106.4
399 35.8 183 56.6 66.6
415 74.3 95.2 390 109.4
513 73.1 398 90.2 96.7
CysRS 73 54.3 971 428 76.6 107.6
76 50.8 90.9 436 57.1 58.1
175 444 439 55.7 529
282 53.4 59.4 605 49.1
310 48.4 619 108.3 104.3
895 78.7
913 50.0
934 64.1 93.2
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Table A1. Cont.

2aRS Acetyl [16] [17] 2aRS Acetyl [16] [17]
Site Mascot Score Mascot Score Site Mascot Score Mascot Score
LeuRS 21 56.1 74.8 SerRS 17 54.2
145 47.3 24 73.7 109.8
182 54.7 29 49.6 102.6
598 51.8 62.4 43 53.6 97.1
619 53.2 814 77 422
837 45.6 86 83.1
LysRS 82 1129 109.9 115 68.7
114 88.0 123.2 ThrRS 122 87.8 95.8
115 56.7 108.4 169 61.0 76.5
156 57.9 132.8 200 52.3
335 91.8 226 61.8 76.3
LysRS 114 522 109.1 227 56.3 86.8
(Inducible) 115 52.0 109.2 286 56.9
156 119.0 116.1 314 68.6
179 57.2 60.0 577 52.4 444
322 76.7 95.4 599 52.6 58.6
326 84.6 614 55.2 422
335 37.9 103.6 TrpRS 173 47.2
MetRS 115 38.2 181 55.2 66.8
121 48.6 214 57.6 76.6
133 77.0 85.4 274 40.2
143 38.2 307 46.9
343 98.3 140.0 TyrRS 8 62.0 109.0
403 50.0 54.8 85 76.7 131.3
466 66.5 144 40.1 105.3
498 85.4 235 55.2 62.5
529 68.3 64.3 238 77.6 109.4
597 68.1 124.5 416 55.1
PheRS-a 34 47.1 ValRS 3 73.5
75 71.0 178 52.7 459
265 82.8 209 454
324 319 248 35.2
PheRS-B 66 56.9 271 48.1 65.9
104 709 86.8 291 529 101.4
235 55.1 317 116.6 117.1
371 66.6 85.0 334 70.9 68.6
441 61.8 57.5 358 50.2
496 42.1 593 65.9 96.3
655 58.6 126.3 600 79.6
780 429 633 41.2
ProRS 34 76.2 45.0 644 53.6 56.8
126 782 91.0 861 76.9 110.1
420 80.7 898 70.4
495 41.8 909 108.8 104.5
554 56.7 57.0 926 449 76.2
568 78.9 930 48.3 80.0
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Table A2. List of primers for PCR.

Name

Sequence

Purpose

pT5C-Ec-alaS-F

AGAGGAGAAATTACATATGAGCAAGAGCACCGCTG

pT5C-Ec-alaS-R

TGGTGGTGGTGGTGCTCGAGTGCGGCTTGCAATTTC

Construction of
pT5C-Ec-alaS

Ec-alaS-K74A-F

CTGCGTGCGTGCGGGTGGTGCGCACAACGACCTGGAAAAC

Ec-alaS-K74A-R

GTTTTCCAGGTCGTTGTGCGCACCACCCGCACGCACGCAG

Construction of
pT5C-Ec-alaS-K74A

Ec-alaS-K74amb-F

CTGCGTGCGTGCGGGTGGTTAGCACAACGACCTGGAAAAC

Ec-alaS-K74amb-R

GTTTTCCAGGTCGTTGTGCTAACCACCCGCACGCACGCAG

Construction of
pT5C-Ec-alaS-K74amb

pTECH-1960-Nhe-F

GGAAGCTAGCCTGTTGCCCGTCTCACTGGTGAAAAG

pTECH-1683-Nhe-R

GGAAGCTAGCCTGGCGAAAGGGGGATGTGCTG

Construction of
pKTS-AcKRS1-PyIT

cobB-Nde-F GTCACATATGCTGTCGCGTCGGGGTCATC Construction of

cobB-S-Nde-F TGCCATATGGAAAAACCAAGAGTACTCGTACTGAC gg}gg:ﬁgﬁgg and

cobB-Bam-R GACTGGATCCTTAGGCAATGCTTCCCGCTTTTAATC

e cobBKOLE GTGGTGCGGCCTTCCTACATCTAACCGATTAAACAACAGAG
GTTGCTATGATTCCGGGGATCCGTCGACC Disruption of cobB gene
CCCCTTGCAGGCCTGATAAGCGTAGTGCATCAGGCAATGCT

Ec-cobB-KO-R

TCCCGCTTTTGTAGGCTGGAGCTGCTTCG

cobB-1218-BglII-F

AGCAGATCTGTTCGGCAGCCTGTGTGGTGTG

cobB-417-BglII-F

AGCAGATCTGATTTCCCGTTACGCCGCTG

cobB-30-BglII-F

AGCAGATCTCATCTAACCGATTAAACAACAGAGGTTGC

cobB-L-BglII-F

CAGAGATCTATGCTGTCGCGTCGGGGTC

cobB-S-BglII-F

CAGAGATCTATGGAAAAACCAAGAGTACTCGTACTG

cobB-XhoI-R

GCTCTCGAGGGCAATGCTTCCCGCTTTTAATCC

Construction of
pACYC184P-1218-cobB,
-417-cobB, -30-cobB,
-cobB-L, and -cobB-S

Table A3. List of plasmids in this study. nts, nucleotides.

Plasmids Description

pT5C-Ec-alaS

AlaRS wild type expression

pT5C-Ec-alaS-K74A
pT5C-Ec-alaS-K74amb
PKTS-AcKRS1-PylT
pACYC184P

pACYC184P-1218-cobB

pACYC184P-417-cobB
pACYC184P-30-cobB
pACYC184P-cobB-L
pACYC184P-cobB-5
pET15b-cobB-L
pET15b-cobB-S

AlaRS K73A expression

AlaRS K73Ac expression

AcK incorporation system

Empty vector for CobB expression analysis
cobB gene with 1218 nts upstream sequence
cobB gene with 417 nts upstream sequence
cobB gene with 30 nts upstream sequence
cobB gene (long length) ORF

cobB gene (short form) ORF

CobB-L expression

CobB-S expression

Table A4. E. coli strains in this study.

E. coli Strains Genotype Source
DH10B F~, mcrA, A(mrr-hsdRMS-mcrBC), ¢p80lacZAM15, AlacX74, recAl, Invitrogen
endA1, araD139, Aara-lew)7697, galU, galK, A=, rpsL(StrR), nupG 5
BL21(DE3) F~, dcm, ompT, hsdS(rg~ mp~), gal, A(DE3) Nippon Gene
ACobB DH10B cobB:frt This study
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Figure A1. Plasmid maps of (a) pT5C, (b) pKTS-AcKRS1-PylT, and (c) pACYC184P. Prsc, Py, and
P4 indicate promoter. T,,,p and T,,c, and Tgp, p10os indicate transcription terminator. The artificial
terminator BBa_B1006 blocks intrinsic promoter activity.
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Figure A2. MS/MS ion spectrum of the K73Ac-acetylated peptide (71-AGGKA“HNDLENVGYTAR-86,
m/z 1743.839). AlaRS K73Ac (ACobB) was reduced with 20 mM dithiothreitol (DTT) and subsequently
alkylated with 30 mM iodoacetamide and digested with a sequence-grade trypsin (Promega).
The proteolytic peptides were cleaned using a ZipTip C18 column (Merck Millipore) and analyzed by

an autoflex speed TOF/TOF mass spectrometer (Bruker, Billerica, MA, USA).
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Abstract: Transfer RNA (tRNA) is a dynamic molecule used by all forms of life as a key component
of the translation apparatus. Each tRNA is highly processed, structured, and modified, to accurately
deliver amino acids to the ribosome for protein synthesis. The tRNA molecule is a critical component
in synthetic biology methods for the synthesis of proteins designed to contain non-canonical amino
acids (ncAAs). The multiple interactions and maturation requirements of a tRNA pose engineering
challenges, but also offer tunable features. Major advances in the field of genetic code expansion
have repeatedly demonstrated the central importance of suppressor tRNAs for efficient incorporation
of ncAAs. Here we review the current status of two fundamentally different translation systems
(TSs), selenocysteine (Sec)- and pyrrolysine (Pyl)-TSs. Idiosyncratic requirements of each of these TSs
mandate how their tRNAs are adapted and dictate the techniques used to select or identify the best
synthetic variants.

Keywords: genetic code expansion; transfer RNA; synthetic biology; non-canonical amino
acids; selenocysteine

1. Introduction

Genetic code expansion (GCE) involves the engineering of protein synthesis machinery to
site-specifically incorporate non-canonical amino acids (ncAAs) into a desired protein [1,2]. This is
routinely done by assigning the ncAA to recoded stop or sense codons and delivering the ncAA to the
ribosome via a suppressor transfer RNA (tRNA). The successful charging of an ncAA to the suppressor
tRNA and incorporation at a defined codon requires an aminoacyl-tRNA synthetase (aaRS)etRNA pair
to function orthogonally (restricting interactions with host tRNAs, aaRSs, or canonical amino acids;
Figure 1). Non-canonical amino acids endow proteins with unique chemical and physical properties
that make them useful for a wide range of applications. They serve as affinity tags, imaging probes,
environmental sensors, post-translational modifications, are used for protein crosslinking, conjugation,
and altering pK, or redox potential [3].

The most versatile aaRS for incorporating ncAAs is pyrrolysyl-tRNA synthetase (PyIRS). Naturally,
PyIRS attaches pyrrolysine (Pyl), the 22nd genetically encoded amino acid, to its cognate tRNAPYl,
a natural UAG suppressor. In archaea, PyIRS is a single polypeptide chain; however, bacteria harbor a
split protein where the C-terminal catalytic domain is only active in the presence of the N-terminal
domain [4,5]. PyIRS and its variants are polyspecific; to date they have facilitated the incorporation of
over 100 ncAAs into proteins [6]. Moreover, PyIRSotRNAPY! pairs are used to engineer proteins with
unique properties and functions in bacteria, viruses, insects, yeast, and animals [7-11].

Another valuable building block for protein engineering is the 21st amino acid, selenocysteine
(Sec). Sec is a naturally occurring amino acid that resembles cysteine but has a selenol group instead of
the thiol. Sec is found in the active site of redox enzymes of species that span all three domains of life,
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providing enhanced nucleophilic and reducing properties [12]. The site-specific incorporation of Sec
can enhance enzyme activity when replacing cysteine (Cys), increase protein stability via diselenide
bonds, and improve therapeutic peptides [13-15].
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Figure 1. Suppressor transfer RNAs (tRNAs) interact with cognate orthogonal aminoacyl-tRNA
synthetases (0-aaRSs) and the translational machinery of the host. For successful non-canonical amino
acid (ncAA) incorporation, the suppressor tRNA needs to be recognized by its cognate 0-aaRS and
charged with the cognate ncAA (up). When not orthogonal, the tRNA can be erroneously recognized by
an endogenous noncognate aaRS and aminoacylated with a canonical AA (cAA; down). The formation
of cAA-tRNA can lead to cAA incorporation at the ribosome in response to UAG (depicted as a dotted
arrow). Elements of the tRNA secondary structure are shown in light blue (acceptor stem), pink (D-arm),
green (anticodon arm), red (variable loop), and yellow (T-arm). The 0-aaRS is shown in yellow,
noncognate, endogenous aaRS in cyan, elongation factor EF-Tu in purple, and the large and small
ribosomal subunit in tan and light grey, respectively. NcAA is depicted as a red hexagonal shape, while
the natural AAs are given in orange. The position of the UAG codon is indicated.

While PyIRS directly ligates an ncAA onto tRNAPY, there is no aaRS to form Sec-tRNASe. Rather,
Sec is biosynthesized in a tRNA-dependent manner (reviewed in [4]). In bacteria, this first involves the
charging of serine (Ser) by seryl-tRNA synthetase (SerRS) to form Ser-tRNAS, followed by the transfer
of selenium from selenophosphate by selenocysteine synthase (SelA) for conversion to Sec-tRNASe
(Figure 2). In eukaryotes and archaea, Ser-tRNAS is phosphorylated to form O-phosphoseryl-tRNASe
(Sep-tRNAS) by Sep-tRNA kinase (PSTK) [16], to which the phosphate group is displaced with
selenophosphate by Sep-tRNA:Sec-tRNA synthase (SepSecS) [17-19]. Sec-tRNAS delivery to
the ribosome is aided by a selenocysteine-specific elongation factor (SelB in bacteria or EFSec
in eukaryotes) [20,21]. Furthermore, the Sec insertion sequence (SECIS), an RNA structure in
selenoprotein mRNA, recruits the SelB/EFSec-bound Sec-tRNAS® to the ribosome for the recoding of
a UGA stop codon [22,23] (Figure 2). Given the diverse set of interactions and different mechanisms
for Sec incorporation versus PylRS-mediated ncAA incorporation, the task of improving each system
requires very different considerations.

When refining Sec- and Pyl-orthogonal translation system (OTS) components for GCE, it is ideal
to produce a high amount of the ncAA-tRNA while retaining orthogonality and limiting the effects on
cellular fitness. Heterologous aaRSetRNA pairs for the OTS of a particular host organism are often
imported from a different domain of life, since tRNA identity elements and substrate recognition
are dissimilar enough to function orthogonally [24]. Moreover, the malleable active site of PyIRS
allows straightforward directed evolution methods to identify new ncAA-activating variants; however,
these variants are polyspecific [25], and mutations that decrease the orthogonality must be selected
against. Selenocysteine-OTSs are often used in bacteria or mammalian cells that already have the Sec
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pathway. Therefore, Sec pathway components are removed to prevent interaction with the OTS. Recent
work in Escherichia coli has focused on improving the Sec incorporation efficiency and discovering
EF-Tu compatible tRNAS variants for selenoprotein expression without the requirement for SECIS in
the coding sequence [26-31].

o - 9Y8 «x ”l-

. ' ’ ' ' SelB-Sec-tRNAS -,

&= — —_— — .
‘ SerRS ‘ SelA '\
SECIS
tRNASec Ser-tRNAS« Sec-tRNASee

Figure 2. Idiosyncratic features of the natural Sec-incorporation pathway. tRNASC is first misacylated
with serine (white star) by seryl-tRNA synthetase (SerRS; purple). The intermediate, Ser-tRNASe
is a substrate for selenocysteine synthase (SelA) which converts the Ser moiety to Sec (orange star).
Sec-tRNAS is recognized by the Sec-specific elongation factor SelB (dark blue). In contrast to the
general elongation factor EF-Tu, SelB approaches the ribosome bound to a Sec insertion sequence
(SECIS), an RNA structure in its cognate mRNA. In this manner Sec-tRNASe js directed to bind
an upstream UGA codon and deliver Sec to the growing polypeptide chain.

The production of Sec-tRNAS® is naturally inefficient compared to canonical aminoacyl-tRNA
formation; SerRS serylates tRNASe 100-fold less efficiently than tRNASer [32]. Tt is likely that this
kinetic inefficiency of SerRS correlates with the low demand for Sec incorporation; there are a limited
number of proteins requiring Sec. Thus, the most challenging aspect of Sec-OTS engineering is
to achieve efficient serylation by SerRS, as well as complete conversion to Sec-tRNAS to ensure
limited amounts of Ser misincorporation during selenoprotein expression [28]. Similarly, Pyl-tRNAPY!
formation is inefficient compared to other aaRSs and PyIRS has a moderate level of catalytic
activity [25,33]. It has been a candidate for the evolution of enzyme variants with increased catalytic
turnover, as well as more desirable ncAA specificity [34,35].

As a result of increasing ncAA-tRNA concentrations, the cellular levels of the PyIRSetRNAFY!
pairs and components of the Sec pathway must be manipulated to out-compete host tRNAs or
release factors for the targeted codon, while maintaining cellular fitness. Furthermore, altering
the stoichiometry of the Sec-OTS components is important for the efficiency and homogeneity of
selenoprotein production [26,29]. Thus, in addition to mutagenesis approaches to improving OTS
interactions, the expression levels of each individual component are critical.

Due to their interactions with various parts of the translation machinery, tRNAs are central to
achieving highly efficient ncAA incorporation, and both Sec- and Pyl-OTSs can be significantly improved
through tRNA engineering. This is often accomplished through rational design, structure-guided
mutagenesis, and random mutagenesis. Current molecular biology techniques facilitate the construction
of large libraries of mutants, while combining positive and negative selection has been a successful
approach to finding better variants. Here, we discuss the aspects of tRNA biology that should be carefully
considered prior to OTS engineering and review the recent developments of Sec- and Pyl-OTSs with
a main focus on tRNA design.
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2. Aspects of Heterologous tRNA Expression

2.1. Identity Elements and Recognition

The identity elements of tRNAs are nucleotides and their modifications, which function as
substrate recognition determinants. These determinants are found throughout the tRNA molecule and
are essential for interaction with enzymes for aminoacyl-tRNA formation, as well as elongation factors.
Moreover, tRNA recognition involves anti-determinant nucleotides and modifications to prevent the
binding and charging of non-cognate tRNAs. In some cases, a single nucleotide mutation can change
the tRNA identity and allow aminoacylation by a non-cognate aaRS [36]. Similarly, modifications
may also confer identity; for example, m'Gs; modification of tRNAA®P in yeast is required to inhibit
erroneous charging by ArgRS [37]. While some tRNAs (such as tRNAASP [38]), maintain their identity
elements across all domains of life through divergent evolution, domain-specific idiosyncratic features
required for aminoacylation are also present [39]. For this reason, aaRSetRNA pairs can be transplanted
from one domain of life to another and function orthogonally with respect to host aminoacylation.

Genetic code expansion designates a particular stop codon, or an “open” codon in genetically
recoded organisms, for the insertion of an ncAA. Nonsense suppression is the most common way to
insert ncAAs, since recoding is less detrimental to the proteome, given the low occurrence of stop
codons. In this regard, the tRNAs of interest for GCE are typically those without identity elements in
the anticodon, as their anticodons can be mutated to decode a stop codon of interest, while retaining
aminoacylation capabilities. Conversely, if the active site of an aaRS is suitable for engineering
ncAA substrate specificity, the anticodon binding domain can be evolved to recognize a nonsense
suppressor tRNA [40-43].

The genetic code naturally expanded to include Sec and Pyl, through the recoding of UGA and
UAG, respectively. However, Sec can be efficiently inserted at sense codons [44,45] and improving
incorporation in a SECIS-independent manner is achieved through UAG suppression [26,28,29,31].
Anticodon mutations are sufficient to recode sense and stop codons with Sec and Pyl, since cognate
SerRS and PyIRS do not utilize identity elements in the anticodon loop of tRNAS and tRNAMY!.
Thus, ncAA insertion can be easily directed towards a codon of interest using tRNAS and tRNAY!,
within the limitations of the host organism fitness and proteome perturbation.

2.2. Heterologous tRNA Modification and Maturation

Various factors influence the available pools of the aa-tRNA that can be used for peptide synthesis
in the cell. These include amino acid and nutrient availability, tRNA expression and maturation
(transcription, gene copy number, processing, and modifications), aaRS levels, and tRNA stability
and degradation [46]. For GCE applications, the supply of ncAAs is controlled either by adding it
in excess amounts to the growth medium or through metabolic engineering of the host organism
(e.g., [47]). The biosynthesis and maturation of tRNA are more difficult processes to monitor and
control. In E. coli, orthogonal tRNAs can be transcribed from “standard” constitutive and inducible
promoters (e.g., Ipp, proK, and Pgap). To mimic the coding sequences of bacterial tRNAs, the naturally
absent terminal CCA sequence is added to the 3’-end of the archaeal tRNA gene. In contrast,
to ensure proper processing in eukaryotes, the 3'-CCA sequence of bacterial orthogonal tRNA genes is
typically removed.

While archaeal tRNAs in principle are not orthogonal to eukaryotic aaRSs (one exception being
tRNAPYY), bacterial tRNAs are utilized for GCE in eukaryotic hosts [1]. However, the normal
transcription of tRNA genes in eukaryotic cells relies on RNA polymerase III, which recognizes
A- and B-box promoter elements, present in the tRNA gene itself [48,49]. The majority of prokaryotic
tRNAs lack such internal promoter sequences and the engineering of these o-tRNAs may lead to the
artificial creation of A- and B-boxes in an o-tRNA variant (see below). To adapt the o-tRNAs of bacterial
origin for transcription in yeast, two yeast Pol III promoters—the RPR1 promoter and the SNR52
promoter—have been shown to efficiently drive the expression of E. coli tRNAs [50]. Alternatively,
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a strong RNA polymerase II promoter with tandem tRNA repeats [51] or the yeast tRNAA™S (used as
a part of a dicistronic construct) fused upstream of the target tRNA [52] have also been developed.

Between 6.5% and 16.5% of tRNA nucleosides are post-transcriptionally modified, depending on
the organisms [53], and over 100 different tRNA modifications have been identified (http:/ /modomics.
genesilico.pl/modifications/). Furthermore, tRNA processing is quite complex, sometimes involving
intron splicing, trafficking to several subcellular locations [46], and even the ligation of two tRNA
halves transcribed from different genes [54]. While the tRNAs used for GCE are orthogonal with
respect to endogenous aaRSs, interactions with host modification and processing enzymes is required
for function. The addition of tRNA modifications during biosynthesis is important for the stability [55],
structure, and function of the molecule [56].

To ensure that an aberrant tRNA is not used for protein synthesis, tRNAs lacking certain
modifications are targeted by nucleases for degradation. The nuclear surveillance turnover pathway
ensures that a tRNA is properly modified during biosynthesis. For example, yeast pre-tRNAMet
lacking m' Asg is polyadenylated by Trf4, which then triggers nuclease degradation by Rrp6 and the
nuclear exosome [57,58]. The modifications m’G and m>C also play a role in tRNA stability. The rapid
tRNA decay pathway (RTD) in yeast, involving 5'-3’ exonucleases Ratl and Xrn1, targets mature
tRNA that lack the m’G and m®C modifications [59,60]. These nucleotides provide an additional level
of tRNA regulation and can be manipulated (through mutagenesis or the deletion of nonessential
tRNA modifying enzymes) to prevent RTD-targeting and increase tRNA abundance, or for targeted
degradation to decrease the toxicity of a suppressor tRNA [61].

The modification of tRNA nucleotides also affects codon—anticodon interactions, binding at the
ribosomal A site [62], and ultimately the suppression efficiency that is desired for GCE applications.
For instance, natural E. coli suppressors depend on the isopentenylation of adenosine 37 for full
activity [63,64]. A genetic approach to addressing this issue involves monitoring ncAA incorporation
and reporter protein yields across E. coli or yeast strain collections containing deletions and/or the
overexpression cassettes of metabolic genes. Recently it was shown that the yield and specificity of
O-phosphoserine incorporation is significantly improved by the deletion of cysteine desulfurase and
the overexpression of E. coli dimethylallyltransferase (MiaA) and pseudouridine synthase (TruB) [65].
Furthermore, a yeast study involving the removal of modifications by single gene deletions from U34,
U35, A37, U47 and C48 in the anticodon stem-loop impairs nonsense suppression, with the strongest
effect observed for U34 and A37. Interestingly, the overexpression of eEFla rescues the activity of
an ochre suppressor tRNA (SUP4) and other non-suppressor tRNAs that lack modifications [66].
Thus, when designing suppressor tRNAs for GCE, tRNA modifications must be maintained or
compensated for, such that tRNA stability and ncAA incorporation is not compromised.

3. When Amino Acid Biosynthesis is o-tRNA-Dependent: Challenges in tRNAS¢¢ Engineering

The biosynthesis of Sec-tRNAS and its delivery to the ribosome is complex compared to the
canonical amino acid pathway and involves several interactions with different portions of tRNAS.,
The major challenge in engineering tRNAS for the more efficient incorporation of Sec is to improve
serylation, while also having complete conversion of Ser-tRNAS to Sec-tRNAS. In addition to this,
the requirement of a SECIS sequence directly after UGA necessitates an EF-Tu-mediated Sec insertion
pathway for the design and expression of selenoproteins in bacteria.

3.1. tRNASE Interactions

The first step in Sec biosynthesis is the charging of tRNAS with Ser by SerRS (Figure 2).
SerRS lacks an anticodon binding domain, and changes to the anticodon stem-loop do not affect
aminoacylation [67]. Rather, SerRS recognizes a long variable arm, a G73 discriminator base,
and identity elements in the acceptor and D stems [68-72], which are conserved between tRNASe! and
tRNAS® (Figure 3). These elements contribute to the structural features and shape of the tRNA and are
important for the backbone and sequence-specific interactions for recognition by SerRS [68]. Of these
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features, the variable arm is most critical for aminoacylation. SerRS possess an N-terminal helical
extension that interacts with the variable arm of tRNAS" and tRNAS¢, and properly orients the tRNA
3’ end for aminoacylation [68,73,74]. The overall length of the variable arm is more important than the
sequence; the insertion of only one or two nucleotides in the variable arm of tRNAM" and tRNATT,
respectively, confers serylation activity and the deletion of a single base pair from the tRNAS variable
arm improves serylation 2-3 fold [32,70,75]. It is therefore not surprising that the variable arm accounts
for the largest influence on the Ky, /kcat of aminoacylation [67].

Identity elements of the tRNAS extend beyond aminoacylation and include features of SelA
and SelB interactions. Whereas canonical tRNAs have a 12-base-pair amino acid acceptor branch
(7/5; consisting of a seven-base-pair acceptor stem and a five-base-pair T stem) that is recognized
by EF-Tu/eEFla, tRNAS has a longer 13-base-pair acceptor branch (8/5 or 9/4). The deletion
of a base pair from the acceptor stem of E. coli tRNAS to resemble that of canonical tRNASe"
abolishes UGA read-through with Sec [45], likely due to the disruption of the complex formation
of tRNAS with SelA and SelB [32]. In addition to the effects of the acceptor stem length on SelA
recognition, nucleotides in the D arm form a unique structure compared to tRNAS®", which is the basis
of SelA-tRN A5 interaction [76].

@ EF-Tu
‘ ’ SelB

O
O SelA
O

SerRS

tRNAS®" tRNASeS

Figure 3. Secondary structure of E. coli tRNAST - A (left) and tRNASCya (right). Identity elements
required for accurate recognition by EF-Tu, SelB, SelA, and SerRS are given in orange, red, blue,
and green, respectively.

Comparisons of SelB and EF-Tu complex structures show similarities of acceptor stem binding,
but also unique domains and motifs that provide tRNA specificity. The N-terminal half of SelB consists
of three domains, named D1, D2, and D3, that are analogous to those of EF-Tu [77]. D1 makes up the
GTP-binding domain whereas, D2 and D3 consist of 3-barrel-like and -barrel structures for tRNA
binding. Unique to SelB is a fourth domain (D4) comprised of four wing-helix motifs that recruit
SelB to SECIS [78]. The structures of the SelB-Sec-tRNASe¢ complex obtained from single-particle
cryo-electron microscopy depict how the linker region between D3 and D4 binds and distorts the
variable arm of tRNASe, while an extended loop of D3 interacts with the acceptor and T stems [79].
In conjunction with the positively-charged SelB binding pocket, which provides affinity for the selenol
group of Sec, and the altered variable arm orientation of tRNAS compared to tRNAS", D3 and the
linker between D3 and D4 of SelB provide Sec-tRNASe specificity.
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3.2. Converting tRNAS® Recognition from SelB to EF-Tu

The acceptor stem of the tRNA%C posed a challenge for engineering the EF-Tu-mediated Sec
insertion. Although the binding specificity of tRNAS® can be switched from SelB to EF-Tu by
shortening the acceptor stem [32], the eight-base-pair stem is important for the interaction with
SelA. However, three base pairs in the T stem (49:65, 50:64, and 51:63) modulate the binding affinity
of EF-Tu in a sequence-dependent manner [80]. In the same region, tRNAS has different bases.
Moreover, the last base pair of the acceptor stem and the first two base pairs of the T stem of tRNASe
are anti-determinants of EF-Tu complexed with GTP [81].

The first generation tRNASe for EF-Tu recognition, named tRNAU™ (U for Sec and Tu for EF-Tu),
was designed using E. coli tRNAS®" as a scaffold with the first seven base pairs of the E. coli tRNAS
acceptor stem [31]. The last base pair of the tRNAUT" acceptor stem was transplanted from tRNASe" to
eliminate the EF-Tu anti-determinant position. Serylation of tRNAYT was as efficient as canonical
tRNASer, however, the Ser to Sec conversion was hampered, which led to ~30% Ser misincorporation.
Nonetheless, tRNAUT" was successfully used to site-specifically incorporate Sec into selenoproteins of
bacterial and human origin in a SECIS-independent manner.

3.3. Improving Ser-to-Sec Conversion

Complementary approaches were taken to address the incomplete conversion of Ser-tRNAUT"
to Sec-tRNAYT. E. coli tRNAS® was used as a scaffold for the random mutagenesis of the EF-Tu
anti-determinant base pairs C7:G66, G49:U65, and C50:G64. A Sec-specific NMC-A B-lactamase
reporter was selected as an efficient tRNAS suppressor containing G7:C66, U49:G65, and C50:U64,
which was named tRNASUX [29]. In order to achieve nearly complete conversion of Ser to Sec,
SelA expression was elevated, the tRNAS*UX dosage was decreased, and PSTK was co-expressed to
form a Sep-tRNASECUX intermediate, which would remain a substrate for SelA but not for EF-Tu prior
to Sec conversion.

Other studies have built on tRNAV™ to improve Ser to Sec conversion. Using the structure
of Aquifex aeolicus SelA in a complex with Thermus tengcongensis tRNAS®, twenty-nine different
tRNAUT™ variants were rationally designed to include tRNAS features that interact with SelA,
while maintaining those that are required for EF-Tu binding. E. coli FDHp was used as a Sec insertion
reporter in a sensitive colorimetric assay to identify the best variant, named tRNAYTX which differed
from tRNAUT" at 11 positions [28]. Kinetic assays confirmed that the serylation of tRNAVTX was
comparable to tRNAYT! and tRNASC, Ser-to-Sec conversion was increased to 90%, reaching a similar
conversion rate as E. coli tRNASe¢, Furthermore, Fourier transform ion cyclotron resonance (FT-ICR)
mass spectrometry analysis confirmed Sec insertion by tRNAYT"X into the selenoprotein, Grx1, but did
not detect a peak corresponding to Ser insertion. More recently, tRNAUT" was used as a template for
the generation of chimeric molecules to improve Sec incorporation and selenoprotein yields. It was
found that a single base change of A59C in tRNAUT, generating a molecule named tRNAYT', resulted
in the highest expression levels of human GPx1 and nearly 90% Sec incorporation [27].

3.4. Different tRNASE Structures for the Optimization of Selenoprotein Production

In a bioinformatic search for novel tRNAS molecules, a group of tRNAs with unusual cloverleaf
structures were identified, named allo-tRNA [82,83]. Certain allo-tRNA species had tRN ASeT jdentities
and functioned as efficient amber suppressors with Ser [82]. Allo-tRNAs also contain SelA identity
elements, but have a 12-base-pair acceptor branch as opposed to the 13-pair branch present in most
tRNASe molecules. SelA from Aeromonas salmonicida subsp. pectinolytica 34mel (As) was coupled
with allo-tRNA for selenoprotein expression, since its cognate tRNAS also possesses a 12-base-pair
acceptor branch [26]. Allo-tRNA nucleotides in the D stem and acceptor stem were mutated to include
As tRNASE identities. In addition, the stoichiometry of allo-tRNA to As SelA was altered to ensure the
complete sequestration of the tRNA for Ser-to-Sec conversion while also maintaining non-toxic levels
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of As SelA. Further optimizations and metabolic engineering efforts created a Sec-OTS consisting of
allo-tRNAYTW2D | A5 SelD, As SelA, and Treponema denticola Trx1. Along with the high selenoprotein
yields obtained with a Sec incorporation efficiency estimated at >90%, the stand-alone capabilities of
this system make it ideal for use in other organisms [26].

4. Absolutely Orthogonal? Unique Features of tRNAFY!

Compared to the Sec system, the use of Pyl-OTS is comparatively less challenging, as its tRNA is
orthogonal in the majority of model organisms used for GCE [84]; the enzyme is also orthogonal to
both cellular tRNAs, as well as natural/canonical AAs [85]. Both bacterial and eukaryotic elongation
factors accept tRNAY!, and the AA-binding pocket can be separately adapted to accept some bulkier
ncAAs [86]. Attempts to advance ncAA delivery by tRNAPY! engineering include those aiming to
improve its compatibility with the cellular machinery of the host. In E. coli, tRNAY! was evolved by
targeting the EF-Tu-binding regions [87], although the optimizing mutations present in tRNAPY! gpy
may be more suitable for the delivery of one particular ncAA and less for the other (e.g., N¢-acetyllyine
vs. 3-cyano-phenylalanine) [88]. The need to separately evolve an o-tRNA for a variety of “cognate”
ncAAs or a variety of anticodons may require tunable binding by EF-Tu and the ribosome; while the
stability of the EF-TuencAA-tRNA complex reflects additive contributions by the ncAA and T-stem base
pairs of the o-tRNA [80,89], the strength of codon-anticodon binding correlates with the nucleotide
composition of the tRNA core [90]. For efficient expression in mammalian systems, a stabilizing
mutation in the anticodon stem has been used (U29aC, Figure 4) [91,92]. By introducing elements
conserved in human tRNAs, a better performing tRNAY! was evolved. Mutations in the D-stem,
D-loop, T-loop and the anticodon-stem U29aC proved to be indispensable for high activity [93];
compared to wild type tRNAFY!, the use of this variant in HEK293 cells improved the incorporation of
two ncAAs, Né-carbobenzyloxy-lysine (Z-lysine) and N¢-(tert-butoxycarbonyl)-lysine (Boc-lysine).
Interestingly, a chimera between mitochondrial (mt) tRNASe" and Methanosarcina mazei tRNATY!
improved the insertion of Boc-lysine selectively (C15) [93]. Earlier attempts at using mttRNASe" in
E. coli failed, due to the lack of orthogonality [94]. The improved activity of M15 and C15 variants in
mammalian cell lines may have to do with the appearance of the B-box in the T-arm of the variants;
prokaryotic o-tRNAs are usually placed under the external promoter, such as U6, but the endogenous
tRNAs are transcribed from internal A- and B-box promoters [48].

One of the distinct features of the Pyl system is the minimal variable loop of tRNAY!,
which together with the T-loop forms a dipped surface [35,95] (Figure 4). From the crystal structure
of the N-terminal domain of M. mazei PyIRS it is evident that this minimalistic variable loop
is a prerequisite for effective binding, as a larger variable loop would sterically clash with the
N-domain [35]. In addition to M. mazei, Desulfitobacterium hafniense Pyl-OTS was employed in
E. coli, either with its original N-terminal domain, or as a fusion with the recombinant (chimeric)
N-domain of the archaeal system [96]. However, this system is not functional in mammalian cells [93].
As the N-terminal domain binds tRNAPY! with extremely high affinity [4], this element is likely to be
an important contributor to (almost universal) Pyl-OTS orthogonality.
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Figure 4. Structures of tRNAPY! belonging to mutually orthogonal Pyl-orthogonal translation
systems (OTSs) [97,98].

However, some organisms do not possess an equivalent to this N-domain [99], suggesting
an alternative mode of recognition. This fact was recently exploited to develop mutually orthogonal
Pyl-OTSs in E. coli [98] and mammalian cell lines [97,100]. Two PyIRS enzymes that utilize the
C-domain only (Methanomethylophilus alvus and methanogenic archaeon ISO4-G1) are highly active
in E. coli [98]. Their cognate tRNAs retain some characteristic MmtRNAPY! features (such as the
identity of the discriminator base G73, or the minimalistic D-loop) but also diverge in the nucleotide
composition of the acceptor stem and in the probable structure of the anticodon stem (Figure 4).
Given that the M. mazei and M. alvus/G1 systems are not fully orthogonal, rational engineering was
employed in order to generate MatRNAPY! that would be recognized by MaPyIRS and not MmPyIRS.
Variation of the nucleotide composition of the variable arm and/or its length allowed the generation of
successful MatRNAPY! variants. Given the malleability of the PyIRS active site, orthogonality to other
OTSs [26,101], together with high activity of Pyl-OTSs in the bacteria and cells of higher eukaryotes [6],
it is foreseeable that this dual encoding system will be commonly used.

The creation of multiple, mutually orthogonal OTSs is inherently related to the number of liberated
codons that can be targeted for ncAA incorporation. In addition to UAG-directed incorporation,
Pyl-OTS was also employed for ncAA incorporation in response to rare arginine (AGG) codons in
E. coli, alone [102] or in tandem with Methanocaldococcus jannaschii Tyr-OTS [26]. A similar strategy
was attempted in Mycoplasma capricolum, which possesses only six arginine CGG codons that should,
in theory, facilitate the reassignment (Arg-to-Pyl) [103]. However, upon mutation of the tRNAPY!
anticodon to CCG this almost universally orthogonal tRNA becomes a substrate for endogenous
ArgRS. In conclusion, while the anticodon-blind recognition of PyIRS allows the anticodon of tRNAPY!
to be mutated into any nucleotide triplet, synonymous anticodons (such as CCU and CCG) can
be recognized by host aaRSs with very different affinity, causing one tRNAPY! variant to lose its
initial orthogonality.

5. Conclusions/Outlook

Improvements to OTSs have been emerging rapidly in recent years and are valuable for the
accurate and efficient production of proteins containing ncAAs. The increasing amount of sequence
data and bioinformatic/structural analyses reveal new molecules and novel mechanisms that help
enhance each system. Moreover, advanced molecular cloning and directed evolution techniques help
further shape the molecules that nature has provided into molecules that are better suited for the
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incorporation of ncAAs. tRNAs interact with each component of an OTS in the process of bringing the
ncAA to the ribosome to insert a particular ncAA during peptide synthesis. For this reason, finding the
best tRNA variant is critical for OTS developments. Our expanding knowledge of tRNA processing,
maturation, and interaction mechanisms has guided tRNA engineering towards this goal. As we
continue to learn more from nature and as technologies advance, it is conceivable that peptides with
unique properties will be produced with significant industrial and medical implications.
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Abstract: Non-canonical amino acids (ncAAs) are finding increasing use in basic biochemical studies
and biomedical applications. The efficiency of ncAA incorporation is highly variable, as a result
of competing system composition and codon context effects. The relative quantitative contribution
of the multiple factors affecting incorporation efficiency are largely unknown. This manuscript
describes the use of green fluorescent protein (GFP) reporters to quantify the efficiency of amber
codon reassignment using the Methanocaldococcus jannaschii orthogonal pair system, commonly
employed for ncAA incorporation, and quantify the contribution of release factor 1 (RF1) to the
overall efficiency of amino acid incorporation. The efficiencies of amber codon reassignments were
quantified at eight positions in GFP and evaluated in multiple combinations. The quantitative
contribution of RF1 competition to reassignment efficiency was evaluated through comparisons of
amber codon suppression efficiencies in normal and genomically recoded Escherichia coli strains.
Measured amber stop codon reassignment efficiencies for eight single stop codon GFP variants ranged
from 51 to 117% in E. coli DH10B and 76 to 104% in the RF1 deleted E. coli C321.AA.exp. Evaluation of
efficiency changes in specific sequence contexts in the presence and absence of RF1 suggested that RF1
specifically interacts with +4 Cs and that the RF1 interactions contributed approximately half of the
observed sequence context-dependent variation in measured reassignment efficiency. Evaluation of
multisite suppression efficiencies suggests that increasing demand for translation system components
limits multisite incorporation in cells with competing RF1.

Keywords: genetic code expansion; release factor 1; amber stop codon suppression; M. jannaschii
orthogonal pair; fluorescence-based screen

1. Introduction

To a first approximation, the process of translation involves the direct reading of three nucleotide
codons in mRNA by three nucleotide anticodons of tRNAs employing standard Watson-Crick
base-pairing rules. This simple picture of translation is incomplete. System composition, molecular
modifications, and sequence context effects contribute to fine tune the efficiency of decoding individual
codons in different mRNA contexts. System composition includes factors such as the relative
concentrations of cognate and near cognate tRNAs, and in the case of non-sense suppression,
suppressor tRNAs and release factors. The efficiency of competition is further modulated by tRNA
modifications that impact tRNA-protein interactions as well as alter the energy of codon-anticodon
pairings. The efficiency of decoding a particular codon within a particular mRNA sequence is
additionally dependent upon the sequence context of the codon within the mRNA. Factors including
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tRNA-ribosome interactions, extended tRNA interactions with the mRNA (outside of the codon),
and tRNA-tRNA interactions on the ribosome have been invoked as mechanisms to explain observed
differences in decoding the same codon at different positions within an mRNA. A clear picture
of the relative quantitative importance of these and other contributing factors to the efficiency
of translation has not emerged (reviewed in [1-3]). To productively engineer translation better,
quantitative understanding of the contributions of the multiple factors affecting the efficiency of
translation is needed.

Proteins containing biosynthetically incorporated non-canonical amino acids (ncAAs) are finding
increasing use in basic biochemical studies and biomedical applications. The majority of ncAAs
are incorporated into proteins in response to an amber stop (UAG) codon using an orthogonal
tRNA /aminoacyl tRNA synthetase (aaRS) pair. The tRNA is modified to include a CUA anticodon
to fully Watson-Crick base pair with the amber stop codon. The aaRS is engineered to recognize and
aminoacylate the ncAA onto the orthogonal tRNA. Variants of only two orthogonal tRNA /aaRS pairs,
the tyrosyl tRNA /aaRS pair from Methanocaldococcus jannaschii and the pyrrolysyl tRNA /aaRS pair
from Methanosarcina species have been engineered to incorporate the majority of ncAAs [4,5].

Despite the common ancestry of the orthogonal systems, the efficiency of ncAA incorporation is
highly variable. Orthogonal tRNA /aaRS pairs evolved to recognize different ncAAs exhibit broadly
different efficiencies. Individual orthogonal pairs also exhibit varying efficiencies depending on
the site of the UAG codon in the target protein. Variability across pairs is related to the differing
enzymatic efficiencies of evolved variants to recognize different ncAAs. Variability in the expression of
components and the cellular availability of different ncAAs further contributes to observed differences
in the efficiency of incorporation for different ncAAs. Variability in the efficiency of incorporation
based on the placement of a target codon within a gene sequence is the result of multiple differential
competing interactions of tRNAs and release factors with the mRNA and the ribosome. The relative
quantitative contributions of the multiple factors that determine the overall efficiency of incorporation
of amino acids in response to amber stop codons are largely unknown.

Genetic code expansion via amber stop codon reassignment has been limited to incorporation of
ncAAs at a single site because of competition with termination signals that curtail the amount of protein
produced when multiple suppressions are attempted in a single protein. Recently, the Sakamoto, Wang,
and Church laboratories each engineered genomic changes in Escherichia coli that mitigate the usual
cytotoxic effect of deletion of the release factor that competes for decoding the amber stop signal [6-8].
The efficiency of incorporation of amino acids in response to amber stop codons is improved in these
strains relative to strains that express release factor 1 (RF1); however, the contribution of release factor
competition to the overall efficiency of amber stop codon reassignment has not been quantified.

To better understand the factors that contribute to the efficiency of reassigning amber stop codons
in E. coli using the M. jannaschii tyrosyl tRNA /aaRS pair, the efficiency of suppression of individual
and combinations of amber stop codons in green fluorescent protein (GFP) were quantified. To a first
approximation, the system composition and tRNA modifications in each of these cases are expected to
be identical. As a result, the suite of interactions directed by the mRNA sequence surrounding the
targeted amber codon is expected to be a primary contributor to observed differences in the efficiency
of stop codon suppression. The contribution of competition between the suppressing tRNA and
release factors to amber codon reassignment efficiency was evaluated by quantifying the fluorescence
of the GFP reporter variants in related E. coli strains with and without the competing release factor
RF1. Evaluation of efficiency measurements of multiple reassignments within a single GFP gene
enabled quantification of the contribution of competition and indicated that orthogonal pair machinery
becomes a limiting factor during over-expression of genes containing multiple amber stop codons.

Systematic experimental manipulations of the translation system composition directed at
quantitative evaluation of translational efficiency have not been reported. Manipulations with the
purpose of improving protein production of mammalian genes in bacterial systems have qualitatively
indicated that low abundance tRNAs can limit translational efficiency [9]. In the context of ncAA
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incorporation, multiple vector systems have been developed to improve the efficiency of ncAA
incorporation through changes in the expression of orthogonal components, but systematic analyses
of compositional changes between vector systems have not been performed [10-12]. Cell size,
ribosome and tRNA numbers, and the ratio of ribosomes to tRNAs all vary with growth rate,
making comparisons between experiments difficult. Experiments that report on codon-specific
translational efficiencies have only recently become available (e.g., single molecule and ribosome
profiling). The quantitative contribution of system composition variability to translational efficiency is
largely unknown.

Beyond variability due to system composition, the sequence context in which a nonsense codon
appears also modulates the efficiency of natural nonsense suppression [13,14]. Direct measurement of
sequence context effects in sense codon reading are also evident from single molecule experiments
and ribosome profiling, but systems that provide simple read-outs for sense codon reading are not
available [2]. Related to context-specific reading differences, synonymous codons read by the same
tRNA are decoded at different rates [15]. Both the efficiency of programed reading frame shifts
and gain of function missense mutations are sequence context-dependent [16-18]. Evaluating the
quantitative contributions of system composition and sequence context effects on the efficiency of
nonsense suppression offers a window into the details of translation.

Context effects are of particular importance for genetic code expansion studies as the choice
of substitution position within a target protein can have a large effect on the efficiency of ncAA
introduction. In the case of amber suppressor tRNAs, the identity of the nucleotides immediately
upstream and downstream of the amber codon in the mRNA have been shown to affect reading
efficiency [19,20]. The bases in the vicinity of the amber stop codon are numbered such that the
amber stop codon positions are +1, +2, +3, the 5'-nucleotides are assigned negative numbers and
the 3'-nucleotides are assigned positive numbers. The magnitude and direction of context effects on
amber stop codon reassignment with natural suppressor tRNAs depends on the specific suppressor
tRNA employed. That context effects depend on the framework of the reassigning tRNA suggests
that interactions outside of the codon-anticodon region contribute to observed modulations of reading
efficiency. Evidence exists both for and against extended interactions of a tRNA with the mRNA
sequence [19-21], indirect effects of tRNA-ribosome interactions [22,23], and termination factor-mRNA
interactions [3,24] contributing to the context-depending efficiency of stop codon reassignment.

Data on multiple natural and engineered amber stop codon suppressors inserting different amino
acids into the same seven test positions in a Lac repressor protein showed efficiencies spread over
an approximately 10-fold range [25-28]. Different suppressor tRNAs showed different degrees of
context effects and exhibited different patterns of relative increases and decreases in efficiency at the
different positions [25,26]. Preferred codon contexts are evident through sequence analysis; however,
the function of preferred contexts is not clear [29-34]. Although some codon orderings are not found
in protein coding genes and different patterns of codon usage appear in highly and weakly expressed
genes, simple rules regarding sequence preferences around individual codons are not evident [30,35].
Identifying signatures of codon context bias through bioinformatics analysis is confounded by the
necessity of correcting for codon usage, tRNA abundances, GC content, and amino acid frequencies
in proteins. Furthermore, the context of codons in naturally selected genes could be the result of
evolutionary pressure to either increase or decrease codon reading efficiencies, resulting in confusion
based upon examination of sequence alone [30,31,36,37].

Three recent works have presented data that can be analyzed to shed light on the context-specific
reading of amber codons by the M. jannaschii and Methanosarcina mazei orthogonal tRNA /aaRS systems
most commonly used in genetic code expansion [12,38,39]. Two of these studies were directed at
generating improved systems for ncAA incorporation; however, the data presented can also be used
to evaluate the effect of codon context on the efficiency of translation. The third study specifically
addressed sequence context effects on the efficiency of amino acid incorporation by the M. mazei
orthogonal tRNA /aaRS pair.
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In a study describing the development of an improved vector system for the expression of
ncAA-incorporating orthogonal tRNA /aaRS pairs, Young et al. measured the incorporation of
15 non-canonical amino acids at three amber stop codon positions in GFP [12]. The three sequence
contexts in which suppression of the amber stop codon was evaluated showed an approximate
10-fold range of efficiencies, similar to that observed for natural amber suppressor tRNAs [25,40].
The ncAA incorporation efficiencies varied both with the particular evolved M. jannaschii aaRS used
(and therefore, the identity of the amino acid) and with the position of the amber stop codon in the
GEFP reporter protein. Different patterns of relative efficiencies at the three sites were observed for
different evolved aaRSs.

Pott et al. [39] selected optimized sequence contexts for the introduction of amino acids in
response to an amber stop codon in an appended tag. Selection experiments were performed on
libraries of N-terminal tag sequences containing an amber stop codon between two randomized
codons (NNN-NNN-UAG-NNN-NNN). The nucleotide sequence contexts selected for improved
ncAA incorporation using the M. jannaschii and M. mazei systems were similar, but not identical.
The selected sequences increased the efficiency of amber stop codon suppression three-fold to five-fold
relative to randomly chosen sequences. The preferred context for the M. jannaschii pair included a
strong preference for adenosine (A) in the position immediately following the UAG stop codon, as had
been previously observed for a number of natural amber stop codon suppression systems [24,25].
Additional strong preferences at the —5, —2, —1, +6 and +7 positions were also identified. Interestingly,
the sequence contexts selected for efficient tyrosine and lysine sense codon reading were decidedly
different than the contexts selected for amber stop codons. The different contexts for sense and
nonsense codons suggests selection against release factor-mRNA interactions in the amber stop codon
cases. The utility of the data presented for evaluating context effects on the orthogonal tRNA /aaRS
systems was limited by the small number of selected sequences (fewer than 10 per selection) and
an incomplete characterization of the efficiency of amber stop codon suppression for the selected
sequences [39].

Codon context effects were explicitly examined for the M. mazei pyrrolysyl tRNA /aaRS orthogonal
pair by Xu et al. employing a B-galactosidase assay to evaluate suppression efficiencies of a
library containing randomized codons upstream and downstream of the targeted UAG codon
(NNN-UAG-NNN) [38]. The overall consensus sequence for strong amber stop codon suppression
identified was contained within the consensus sequence selected by the Pott et al. evaluation.
The Pott et al. evaluation identified additional, stronger sequence effects based on the identity of
the nucleotides at positions —6, —5, +7, +8 and +9, sites not analyzed by Xu et al. In the Xu et al.
study [38], the efficiency of suppression across the evaluated sequence contexts varied over a 100-fold
range, much larger than had been previously observed for natural suppressors. The relative importance
of specific bases was difficult to interpret as many of the single base mutants were not reported. In cases
where comparable single and double mutants were evaluated, the effects of the mutations on amber
stop codon suppression efficiency appeared to be largely non-additive. Evaluation of the set of
18 single site mutants away from the consensus sequence indicated that the efficiency of suppression
was exquisitely sensitive to the exact sequence.

Unraveling the mechanistic sources and quantitative contributions of the many factors affecting
the overall efficiency of translation of a given codon is a largely open question and represents an
important next step in quantitatively understanding the process of translation. The generation of
high-quality quantitative efficiency measurements on a very large set of related systems in which
individual variables are modulated would provide a necessary data set to begin to decipher base-level
contributions to translational efficiency.
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2. Materials and Methods

2.1. Cell Strains

DHI10B: F~ mcrA A(mrr-hsdRMS-mcrBC) ®80dlacZAM15 AlacX74 end Al recAl deoR A(ara,leu)7697
araD139 galU galK nupG rpsL A~ (Thermo Fisher, Waltham, MA, USA).

C321.AA.exp: E. coli MG1655 A(ybhB-bioAB)::zeoR AprfA; all 321 UAG codons changed to UAA.

C321.AA.exp was a gift from George Church (Addgene reference # 49018, Watertown, MA,
USA) [41].

2.2. General Reagents and Materials

All restriction enzymes and DNA polymerases were purchased from New England Biolabs
(Ipswich, MA, USA) and used according to the manufacturer’s instructions. ATP was purchased
from Fisher (BP413-25) (Waltham, MA, USA) and dNTPs were purchased form New England
Biolabs (N0447S) (Ipswich, MA, USA). DNA isolation was performed using a Thermo Scientific
Gene]ET plasmid miniprep kit (K0503) (Thermo Scientific, Waltham, MA, USA) according to the
manufacturer’s protocols.

Luria broth (LB) liquid media (per liter: 10 g tryptone, 5 g yeast extract, 5 g NaCl) and LB
agar plates with 15 g/L agar (TEKNova, A7777, Hollister, CA, USA) were used unless otherwise
noted. Isopropyl-B-D-thiogalactoside (IPTG) was purchased from Gold Bio (12481C5) (St. Louis, MO,
USA). Spectinomycin (Enzo Life Science, BML-A281, Farmingdale, NY, USA) was used at 50 pug/mL
to maintain the pUltra-based vectors harboring the tRNA and aaRS genes. Carbenicillin (Thermo
Scientific, Waltham, MA, USA) was used at 50 pug/mL to maintain the vectors harboring the GFP
reporter gene. All bacterial cultures were grown at 37 °C unless otherwise noted.

Electrocompetent stocks of all strains were prepared in-house according to the method of
Sambrook and Russell [42]. Typical transformation efficiencies for electrocompetent cells produced
in this way are 10° cfu/pg of supercoiled DNA. All transformations were recovered in SOC (20 g/L
tryptone, 5 g/L yeast extract, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl,, 20 mM glucose) for 1 h at
37 °C with shaking prior to transfer to media containing the appropriate antibiotics.

All oligonucleotides were purchased from Integrated DNA Technologies (Coralville, IA, USA).
All DNA sequencing was performed by Genewiz (Plainfield, NJ, USA).

2.3. Construction of Amber Stop Codon-Containing GFP Reporter Variants

The complete sequence of the 100% fluorescent, wild-type GFP reporter plasmid has been reported
(Supporting information in [43]). Amber stop codon containing variants were based on this vector.

Mutagenesis for the preparation of the GFP variants was achieved by using a protocol modified
from the Stratagene QuikChange Multi-Site Directed Mutagenesis kit (San Diego, CA, USA). Briefly,
125 ng of mutagenic primer (one or two primers used per site mutated), 100 ng of template plasmid
DNA, Q5 High Fidelity Polymerase Buffer (1X final concentration), dANTPs (200 uM final concentration),
and Q5 DNA polymerase (0.5 units) were combined into a 200 pL PCR tube. Ultrapure water was
added to adjust the final reaction volume to 25 uL. Reactions were then subjected to thermocycling in
either a PeqStar (peqLab, Wilmington, DE, USA) or MjMini (Bio-Rad, Hercules, CA, USA) thermocycler.
After initial denaturing at 98 °C for 1 min, 25 cycles of the following were performed: 98 °C for 20's,
72 °C for 20 s, and 72 °C for 15 s/kb of template plasmid. After 25 cycles were completed, a final
5 min extension at 72 °C was performed, and the reactions were then cooled down to 4 °C. Following
thermocycling, 1 uL (20 units) of Dpnl restriction enzyme was added to the reaction tube and incubated
for 2 h at 37 °C. Reactions were transformed into electrocompetent E. coli DH10B without cleanup.

The sequences of each mutagenic primer are provided in Appendix A, Table Al.

80



Genes 2018, 9, 546

2.4. Vector for Expression of the Orthogonal M. jannaschii tRNA and aaRS

The vector containing the genes for expression of the M. jannaschii tyrosyl tRNA and aminoacyl
tRNA synthetase has been described [44]. Expression of the aaRS is driven by a constitutive lpp
promoter in the system used in this evaluation.

2.5. Fluorescence-Based Screen for Quantification of the Efficiency of Translation

The fluorescence-based screen provides a quantitative measure of the extent of amber stop codon
suppression at each test position by bracketing the observed GFP signal for codon reassignment
measurement between a “100% fluorescence” reference value produced by expressing superfolder
GFP with a tyrosine UAC codon specifying the fluorophore and a “0% fluorescence” reference
value established through expressing superfolder GFP with a non-tyrosine codon specifying the
fluorophore. Both the 100% and 0% fluorescence reference systems include a plasmid expressing the
M. jannaschii aaRS and tRNA to maintain a metabolic burden on the cells equivalent to that of the
systems under evaluation.

The fluorescence-based screen for sense codon reassignment has been described [43,44]. Briefly,
a given GFP reporter vector was co-transformed with the vector expressing the orthogonal translational
components. After overnight growth, colonies were picked into 200 uL LB media in a 96-well plate.
Cells were grown to at least mid-log phase (usually 8-10 h) with shaking at 37 °C. Cells were diluted
10-fold into media containing 1 mM IPTG to induce expression of the GFP reporter. Assays were
performed in a Fluorotrac 200 clear bottom 96-well plate (Greiner 655096, Kremsmiinster, Austria) and
monitored in a BioTek Synergy H1 plate reader (BioTek, Winooski, VT, USA) at 37 °C with continuous
double orbital shaking. The optical density (ODgg) and fluorescence of each well was measured every
15 min for at least 15 h; optical density was measured at 600 nm, and fluorescence was measured with
an excitation at 485 nm and detection at 515 nm with an 8 nm band pass.

Calculation of the efficiency of codon reassignment has been described in detail in supplementary
section S6 of Schmitt et al. [43]. Briefly, the relative fluorescence of each 200 uL culture was calculated
by dividing the 0% reassignment control-blanked fluorescence for a reporter variant by the path
length and blank corrected ODg at each time point. The 100% relative fluorescence unit (reported
as fluorescence units per unit optical density at 600 nm, RFU) value for amber codon reassignment
efficiency was defined by taking an average of six separate colonies expressing wild type GFP and the
orthogonal machinery. For each sample well, the relative fluorescence was calculated for each of the
data points gathered between 8 and 12 h after induction of GFP with IPTG. These relative fluorescence
values were averaged to determine the overall RFU for each sample well. A more detailed explanation
of time point selection is provided in section S7 of Schmitt et al. Amber codon suppression efficiency
for each UAG positional variant was calculated by dividing the overall RFU values from a single clone
by the average 100% reference RFU value [43].

For a given GFP reporter vector, the reported amber codon reassignment efficiency is the average
of at least six biological replicates. The majority of suppression efficiencies reported here are the
average of between 12 and 18 biological replicates. The calculated efficiencies for only two reporter
vectors, the two amber stop codon containing variants Y143/Y182 and Y106/Y143, in the C321.AA.exp
cells are the average of fewer than six biological replicates (four and three, respectively).

3. Results and Discussion

In order to better understand the factors controlling the overall efficiency of amber stop
codon suppression by the orthogonal M. jannaschii tyrosyl tRNA/aaRS pair, we employed a
fluorescence-based screen to quantify amber stop codon reassignment efficiencies at eight different
tyrosine positions in superfolder green fluorescent protein in two E. coli strains. To remove complicating
effects resulting from differences in protein folding and performance between mutants and control
proteins, the suppression of amber stop codons was accomplished with the tyrosine-incorporating
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orthogonal M. jannaschii tRNA /aaRS pair, and stop codons were placed at tyrosine positions in each
GFP reporter variant. In this way, the protein produced by amber stop codon suppression with
the M. jannaschii pair is phenotypically identical to wild type GFP controls, allowing fluorescence
to be a direct measurement of amber stop codon reassignment efficiency. The mRNA sequence
surrounding each amber stop codon was the only difference between the eight single amber codon GFP
reporters. The identity and the expression levels of the orthogonal M. jannaschii tyrosyl tRNA and aaRS,
the promoter driving the GFP reporter gene, and the cell lines used (i.e., system composition/cellular
environment) were all consistent between the evaluated systems. Under these conditions, differences
in decoding efficiency observed between amber stop codon positions should be predominantly due to
codon context effects. The amber stop codon suppression efficiencies were evaluated in two E. coli
strains, with and without the competing release factor RF1.

The hypothesis that the efficiency of suppression of multiple amber stop codons within a single
gene is independent and additive was then evaluated for a series of related GFP variants. The measured
amber stop codon suppression efficiencies for the single amber stop codon variants were used to
predict the suppression efficiencies of GFP variants containing multiple amber stop codons, and the
predicted and measured amber stop codon reassignment efficiencies for 14 multiple amber stop
codon-containing GFP variants were compared. Comparison of reassignment efficiencies between
the two strains enabled the isolation of the contribution of release factor interactions to the overall
efficiency of translation.

3.1. Measurement of Reassignment Efficiencies for single UAG GFP Variants using the M. jannaschii Tyrosy!
tRNA/aaRS Pair

In order for GFP fluorescence to accurately quantify successful incorporation of an amino acid in
response to a stop codon, translation of the reporter variants in the absence of the amber stop codon
reassignment machinery must result in non-fluorescent protein products. Singly, each of the nine
tyrosine codons within the wild type GFP reporter gene (which served as the 100% fluorescent control)
were mutated to the amber stop codon. GFP fluorescence was monitored in the absence of orthogonal
translational machinery for each variant. No significant fluorescence from the GFP products for eight
of the nine single amber stop codon variants was observed. One variant, Tyr 237 UAG, showed GFP
fluorescence above that of the 100% reference wild type GFP. The observation of wild type levels of
functional GFP in this system is unsurprising. Position 237 is the second to last residue in the GFP
sequence, and stopping translation of the reporter variant so close to the C-terminus would not be
expected to dramatically decrease function. The Tyr 237 UAG mutant was not utilized further.

Amber stop codon reassignment efficiency was measured with the M. jannaschii tyrosyl
tRNA /aaRS pair for each of the eight GFP variants in E. coli DH10B cells. The measured incorporation
efficiencies, reported as the cell density corrected fluorescence of the stop codon suppressing system
divided by the cell density corrected fluorescence of a system in which wild type GFP was expressed,
ranged from 51.2 4 1.9% to 117.0 & 2.6% (Table 1). The suppression efficiency reports on a combination
of enzyme efficiency and relative expression level for the particular orthogonal system employed.
The average reassignment efficiency across the eight positions measured is 87%, a value on the high end
of the efficiencies measured for natural suppressors. The context-dependent variation of approximately
two-fold observed for the M. jannaschii pair in this experimental evaluation is in line with that observed
for natural suppressors. Typically, the efficiencies of more effective suppressors are less dependent on
sequence context.

The identity of the nucleotide on the 3'-side of the UAG codon (i.e., +4 position) was the first
recognized sequence context effect [28]. Multiple mechanistic rationales for the influence of a 3'-base
on translational efficiency have been put forth, but the actual mechanisms remain unclear. An A
or G immediately 3’ of the amber codon could potentially base pair with the universally conserved
U33 of tRNAs. An alternative hypothesis for the preference of purines at the +4 position is that base
stacking stabilizes the suppressor tRNA-mRNA interactions. Changing the nucleotide following
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the amber stop codon from C to A resulted in a 10-fold increase in the efficiency of suppression for
the SupE amber suppressor [27,28]. The trend of purines rather than pyrimidines in the +4 position
leading to improved translation efficiency was generally supported in a large study employing
multiple suppressing tRNAs [27]. Context effects differed in direction and magnitude for the different
suppressors in the same mRNA context. That context effects are different for different suppressor
tRNAs suggests that the nucleotide in the +4 position of the mRNA is not the only factor involved in
determining the efficiency of translation of a given codon [19,20]. An additional hypothesis, at least for
the case of amber stop codon suppression, is that differential competition between interactions with
release factors contributes to context effects [24].

The data gathered in our investigation generally support the hypothesis of +4 purines improving
the efficiency of incorporation in response to an amber stop codon. The sequence contexts of the UAG
codons evaluated include cases where the —1 bases are U, C and A and the +4 bases are C, A and
G (Table 1). Three of the four most efficient amber suppressions with the orthogonal M. jannaschii
tRINA /aaRS were observed in a context with a +4 A. In contrast, three of the four least efficient amber
stop codon suppressions were in the context of a +4 C. A trend for the effect of the identity of the
nucleotide at the —1 position on the efficiency of translation was not observed. This finding is in line
with previous studies that did not identify clear patterns of context effects as a result of the nucleotides
upstream of the amber stop codon (i.e., positions —1, —2, —3) [40].

Table 1. Amber stop codon reassignment efficiency for single amber green fluorescent protein (GFP)
reporter variants.

Position of UAG Nucleotide Sequence Reassignment Reg:;z%:[:;m p-Value (between

Codon Surrounding UAG ! Efficiency DH10B C321.AA.exp Strains)

Tyr 66 CUG ACC UAG GGC GUC 116.9 + 2.6% 97.5 4 3.6% 1.93 x 10~
Tyr 74 UCC CGU UAG CCG GAC 512 +1.9% 75.5 +4.9% 2.18 x 10712
Tyr 92 GAA GGC UAG GUA CAG 83.6 4 3.0% 76.4 & 3.3% 4.05 x 107°
Tyr 106 GGG ACC UAG AAA ACC 89.7 4 2.5% 81.5 +4.1% 1.34 x 1075
Tyr 143 CUC GAA UAG AACUUC 94.9 £ 2.8% 101.9 & 5.0% 0.000455

Tyr 151 AAC GUA UAG AUC ACG 95.9 + 3.1% 97.8 +4.9% 0.243

Tyr 182 GAC CAC UAG CAG CAG 71.1+£25% 89.9 £5.8% 438 x 1078
Tyr 200 AAC CAC UAG CUG UCC 88.5 £ 4.0% 103.7 & 5.5% 1.14 x 1077

! The targeted amber stop codon (UAG) is italicized. The sequence of the two codons 5’ and two codons 3’ of the
targeted codon are shown. The nucleotide in the +4 position is shown in bold type.

3.2. Role of Ribosomal Release Factor 1 in Determining Amber Stop Codon Reassignment Efficiency

One of the predominant hypotheses regarding the source of context effects posits that
differential interactions between the protein release factor and the mRNA contribute to observed
sequence-dependent differences in the efficiency of amber suppression. Within the literature, studies
both support and refute the role of release factor interactions in governing context effects [1,28]. In order
to evaluate the contribution of release factor mRNA interactions in determining amber stop codon
suppression efficiencies by the orthogonal M. jannaschii tRNA /aaR$ pair, the set of amber stop codon
GFP mutants were further evaluated in a genomically recoded E. coli strain, C321.AA.exp, in which all
instances of the UAG codon in the genome were replaced, and the gene coding for ribosomal RF1 was
removed [41] (Figure 1, Table 1). The single amber stop codon GFP variants were suppressed with
efficiencies between 75.5 + 4.9% and 103.7 & 5.5% in the genomically recoded E. coli strain, compared
to 51.2 £ 1.9% to 117.0 & 2.6% in E. coli DH10Bs.

Utilization of near-cognate tRNAs to resolve issues of the ribosome stalling at the UAG codon
in RF1 deleted cell lines has been observed [45]. In order to evaluate whether incorporation of
non-tyrosine amino acids in response to amber codons could be contributing to the observed
fluorescence when the orthogonal translation machinery and GFP reporters were expressed in
C321.AA.exp, we examined two of the single site GFP reporters (positions 66 and 74) in concert
with an inactive M. jannaschii tRNA variant. In these systems, the metabolic burden placed on the
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cells is as similar as possible to the systems under which codon reassignment is evaluated. In the
position 74 case, any observable fluorescence above the intrinsic fluorescence of the medium could be
indicative of background suppression. This statement assumes that position 74 in GFP is tolerant to
mutation and able to fold and fluoresce with a different amino acid substituted for tyrosine. In the
case of the position 66 mutant, only background incorporation of tyrosine would produce fluorescence.
Significant fluorescence above background media, particularly within the time window over which
reassignment efficiency is quantified, is not observed in these systems. This result suggests that,
at least for the combination of orthogonal translation machinery, GFP reporters, and the cellular
environment (e.g., media, temperature, antibiotic concentration) utilized in this study, suppression
of amber codons by endogenous, near-cognate, non-tyrosine tRNAs is not a major contributor to
the fluorescence observed in the RF1-deleted cell line. Further, an overestimation of the possible
suppression by near-cognate tRNAs would contribute at most 0.006% to the calculated reassignment
efficiency. A more elaborate discussion of these points is included in Appendix B.
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Figure 1. Side by side comparison of amber stop codon reassignment in two Eschericia coli strains.
(a) Reassignment efficiencies as a percentage of wild type GFP at each of the eight single site UAG
variants. (b) Rank ordering of suppression efficiencies of eight single site UAG positions from most
efficient (placed at #1) to least efficient (placed at #8) in two E. coli strains. Green bars and dots represent
data measured in DH10B cells; blue bars and dots represent data measured in C321.AA.exp.

The general trend of the relative efficiency of stop codon reassignment at the various positions
was similar between the two cell lines. Figure 1b shows the rank ordering of the position of the most
efficiently suppressed amber stop codon (1) to the position of the least efficiently suppressed amber
stop codon (8) in each strain. While rank ordering was similar, there were significant differences in
observed amber stop codon suppression efficiencies between the two cell lines. Three of the four least
efficiently suppressed amber stop codon positions in E. coli DH10B cells (74, 182, and 200) were all
significantly improved in the RF1 deleted cell line (+24.3, +18.8, and +15.2%, respectively). Three of the
positions tested (66, 92, 106) showed decreases in absolute amber stop codon suppression efficiency
upon removal of RF1 (—19.4, —7.2, and —8.2%, respectively).

A measure of the extent of the contribution of RF1 to the observed context effect can be derived
from the deviation in measured values. The differences between measured stop codon suppression
efficiencies in the two strains were statistically significant for seven of the eight single site variants
evaluated (p-values less than 0.001, Table 1). These differences suggest that interactions with RF1
contribute to the variation in site to site reassignment efficiencies at all positions evaluated except
position 151. The larger spread of measured efficiencies in the cells expressing RF1 (DH10B) suggests
that both tRNA and release factor interactions are contributing to context effects. The extent of the
context effect in DH10B is approximately 20% of the average value (i.e., the standard deviation of the
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average of reassignment efficiencies at the 8 positions). In contrast, the context effect in C321.AA.exp
cells is approximately 11% of the average value. The difference in context effects between the two
systems suggests that the contribution of release factor interactions accounts for about half of the
observed context effect in DH10B cells.

The +4 sequence contexts for the set of codon positions that showed increased amber stop codon
reassignment efficiencies upon removal of RF1 were consistent, having a +4 C and either U or C
at the —1 position relative to the amber stop codon. Sequence consensus was not apparent across
the positions that showed reduced or unchanged amber stop codon suppression efficiency upon
RF1 removal. The consistency of the sequence contexts and the direction of changes in suppression
efficiency suggest that RF1 does play a role in determining context effects. Our data suggests that RF1
has a preference for contexts with a +4 C.

3.3. Measurements of Amber Stop Codon Reassignment Efficiencies for Multiple UAG-Containing
GFP Variants

The synergy/independence of the suppression of multiple amber stop codons in a single gene
has not been subjected to widespread systematic analysis and could be useful in evaluating the
contribution of local and global effects on context-dependent variations in codon translation. Recent
manuscripts have evaluated the overall efficiency of ncAA incorporation in response to multiple
amber codons in single genes in the C321.AA.exp cell line, but these data have not been evaluated in
relation to deciphering the factors effecting amber codon reassignment efficiency [45,46]. The proposed
mechanisms for mRNA sequence context effects on translation efficiency predominantly invoke local
interactions and suggest that the effects of context on multiple incorporation events within a single
gene would be additive and independent. To be clear, “additive and independent” interactions would
imply that if, for example, two different amber stop codons are individually suppressed with 50%
efficiency, then a double mutant containing the combination of the two amber stop codons would be
expected to be produced at 25% overall efficiency. The measured single site suppression efficiencies
were used to predict multisite suppression efficiencies based on an assumption of additivity and
independence (Table 2).

Table 2. Predicted and measured UAG reassignment efficiencies for reporter variants containing
multiple amber stop codons.

. Predicted Measured
Predicted Measured Reassignment Reassignment

Position of UAG Codons R.eflssignment Re.assignment Efficiency Efficiency
Efficiency DH10B  Efficiency DH10B C321.AA.exp C321.AA.exp

Y74, Y182 36.4 + 1.8% 28.7 £ 1.2% 67.8 +6.2% 52.7 & 3.2%

Y66, Y143 111.0 £ 4.1% 70.6 £3.2% 99.4 £6.1% 63.3 +4.6%

Y66, Y74 59.8 £2.6% 33.7 £0.9% 73.6 +5.5% 51.6 = 6.5%

Y74, Y143 48.6 +2.3% 58.8 & 1.4% 76.9 & 6.3% 60.7 & 8.1%

Y74, Y200 453 +2.7% 379 +1.8% 78.3 £ 6.6% 70.0 4 7.3%

Y74,Y92 428 £2.2% 339 +£1.7% 57.7 £4.5% 49.3 £5.0%

Y143, Y200 84.0 +4.5% 68.9 £3.7% 105.7 £7.6% 76.4 +£21%

Y143, Y182 67.4 4 3.1% 54.0 +2.3% 91.5 + 7.4% 68.8 +1.8%

Y106, Y143 85.2 +3.5% 66.6 £2.4% 83.0 £5.9% 67.2 £0.4%

Y92, Y143 79.4 +£3.7% 57.9 £22% 77.8 £5.1% 572+ 6.3%

Y74, Y92, Y200 379 £ 2.6% 26.2 + 0.9% 59.8 + 5.6% 56.0 & 2.8%

Y74, Y182, Y200 322+22% 24.7 + 0.8% 70.3 4+ 7.4% 66.0 = 1.5%

Y74,Y92, Y106, Y200 34.0 £2.5% 19.8 +0.3% 48.7 £5.2% 513 £1.5%

Y74,Y92, Y106, Y182, Y200 24.2 £2.0% 132+ 0.3% 43.8 £5.5% 40.0 £ 1.5%

The amber stop codon suppression efficiencies for 14 different double, triple, quadruple and
quintuple tyrosine to amber stop codon GFP mutants were measured in both E. coli DH10B and
C321.AA.exp cells (Table 2). As expected, the overall UAG suppression efficiencies decrease with
increasing numbers of UAG codons in the GFP reporter. In both cell lines there is a clear trend that
the measured amber stop codon suppression efficiencies are consistently less than what would be
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predicted from the measured single site efficiencies (Figure 2). In the DH10B cell line, for all but one of
the variants, the measured amber stop codon reassignment efficiencies were lower than the predicted
efficiencies. In the RF1 deleted cell line, the measured amber stop codon reassignment efficiencies
were consistently lower than the efficiencies predicted for non-interacting independent sites, but the
measurements were more varied, reflecting greater variability in the growth of the C321.AA.exp
cells. We analyzed the difference between the predicted and measured distributions with a two-factor
analysis of variance (ANOVA) statistic. The measured efficiencies differ from those predicted using the
assumption of additivity with p-values of 0.00054 (DH10B) and 0.00025 (C321.AA.exp). The observed
trends suggest that some factor contributing to the efficiency of translation is exerting a synergistic as
opposed to independent effect.
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Figure 2. Measured versus predicted amber stop codon reassignment efficiencies for GFP reporter
vectors containing two or more suppressible amber codons in (a) E. coli DH10B; (b) E. coli C321.AA.exp.
The dotted line on the diagonal represents where the data would be expected to fall based on
an assumption of additivity and independence for the efficiency of multisite amber stop codon
reassignment. The full line represents the linear regression analysis of the data, with the R? value
shown on each graph.

The most probable explanation for synergy involves variation in relative translational potential as
a function of demand. As demand for orthogonal machinery (e.g., aminoacylated tRNA) increases
with the number of suppressible amber codons in an mRNA, the reassignment efficiency at each
individual site might be expected to decrease. Additional sources of synergistic interactions might
involve differential ribosome drop off frequencies or mRNA degradation times related to overall
translation efficiency [47,48].

To evaluate the contribution of competition between the available orthogonal tRNA and the release
factor to the efficiency of amber codon reassignment, the average per site reassignment efficiencies
were calculated for cases of increasing demand (1 vs. 2 vs. 3 amber codons per gene). The comparison
between the average per site reassignment efficiency for the strains with and without release factor
suggests that competition is occurring in the RF1-containing strain (DH10B), but is largely absent
from the RF1 deleted strain (Table 3). The average per site reassignment efficiency drops from 87% for
single reassignments per gene to 67% for genes requiring five reassignments in the RF1 containing cell
line. In the RF1 deleted cell line, C321.AA.exp, the calculated per site reassignment efficiency is fairly
constant at 85% for genes containing between one and five suppressible amber codons.
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Perhaps unexpectedly, the average per site incorporation efficiency appears to plateau at
approximately 67% for reporters with four and five UAG codons, rather than decreasing as was
observed going from reporters with 1 UAG codon to 2 UAG codons. Our tentative explanation of
this plateau is that an equilibrium is being reached between the combined kinetics of incorporation
and tRNA recharging for the particular concentrations of M. jannaschii tRNA, M. jannaschii aaRS, RF1,
and available tyrosine present in the cell. Atlower codon demand (e.g., fewer suppressible stop codons
per mRNA), the concentrations of aminoacylated tRNA and release factor in the cell favor orthogonal
pair directed amber codon reassignment. As the number of suppressible stop codons per mRNA
increases, the functional steady-state level of aminoacylated tRNA decreases, leading to lower per
site reassignment efficiency. The drop-off is not expected to be linear; increased concentrations of
non-aminoacylated tRNA increases the rate of re-aminoacylation. We expect that at some point a kinetic
equilibrium is established with a particular, system-dependent per site efficiency. This explanation
accounts for the little to no decrease in per site efficiency observed in C321.AA.exp as the number of
UAG codons in each reporter vector increased. In these cells, aminoacylated tRNAs are not competing
with RF1 for the amber stop codon. The available tRNAs are able to be aminoacylated, participate
in translation, and be recharged for participation in another peptide bond-forming reaction without
being kinetically outcompeted by RF1 during that course of events.

Table 3. Average measured per codon reassignment efficiency for UAG containing reporter variants.

Reporter Number of Number of Average Measured per  Average Measured per
Variant Class Systems Codons Site Incorporation Site Incorporation
Evaluated Considered Efficiency DH10Bs ! Efficiency C321.AA.exp
1 UAG codon 8 8 86.5% 90.5%
2 UAG codons 10 20 70.6% 78.4%
3 UAG codons 2 6 63.3% 84.7%
4 UAG codons 1 4 66.7% 84.6%
5 UAG codons 1 5 66.7% 83.3%

! The per site reassignment efficiencies were the averages of values determined for genes with equivalent numbers
of amber codons. The per site reassignment was calculated as the nth root of the total reassignment efficiency,
where n is equal to the number of amber codons in the gene.

3.4. Effect of Altering the Genetic Code on the Health of Amber Stop Codon Reassigning Systems

The extent to which cells tolerate reassignment of a stop codon to an amino acid has not been
widely investigated. Missense errors are thought to be generally destabilizing, but translation errors
introduced through defective aaRS editing or antibiotic treatment are broadly tolerated by cells.
We examine the extent to which reassignment of the amber stop codon is tolerated by E. coli using
the measured instantaneous doubling times of each reassignment system (Table 4). The requirement
for cells to grow and divide in the presence of two antibiotics while replicating the DNA for both the
orthogonal translation machinery vector and a GFP reporter vector slows the growth of both DH10B
and C321.AA.exp. Allowing amber stop codon suppression by expressing the active M. jannaschii
tRINA /aaRS pair exerts an additional deleterious effect on DH10B cells. Slowing of the instantaneous
doubling times of C321.AA.exp beyond that which comes as a result of the antibiotic presence is
not observed. Although C321.AA.exp cells exhibit longer doubling times than E. coli without the
RF1-related genomic changes, amber codon reassignment does not have as much of an effect on the
health of C321.AA exp relative to the effect amber codon reassignment exerts on the health of DH10B.
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Table 4. Instantaneous doubling times for amber stop codon suppressing systems.

Cellular Environment Instantaneous Doubling Instantaneous Doubling
Time (DH10B) Time (C321.AA.exp)
Cells only ] ]
(no antibiotic burden) 31.1+ 1.2 min 40.0 & 2.7 min
Inactive tRNA/aaRS$ and single site GFP reporter 409 & 0.9 min 461 4 4.0 min

(2 antibiotics, no amber reassignment)

Amber suppressing tRNA/aaRS and single site
GFP reporter 54.1 £ 1.8 min 439 £+ 1.7 min
(2 antibiotics, with amber reassignment)

aaRS: Aminoacyl tRNA synthetase.

4. Conclusions

We present a high-quality data set of amber stop codon suppression efficiency measurements
employing a GFP fluorescence-based screen to quantify amber suppression by the orthogonal
M. jannaschii tyrosyl tRNA /aaRS pair. Comparisons between sites of amber codon suppression
within genes and between cells with and without competing release factor allow the quantification of
some system composition-dependent contributions to orthogonal pair-directed nonsense suppression
efficiency. Because transition is an incredibly complex process, no single set of measurements can define
in an absolute way the contribution of particular factors to the overall process. The quantified values
described here are a small step toward building a much larger set of quantitative measurements needed
to describe the ways in which various system composition variables contribute to the overall activity of
the translational apparatus. The data presented should help inform the use of the M. jannaschii pair in
genetic code expansion applications. Measurements made using orthogonal machinery to incorporate
natural amino acids are a useful tool for dissecting the workings of the natural translational apparatus.

Amber stop codon reassignment efficiencies for eight single stop codon GFP variants ranged
from 51.2 £ 1.9 to 117.0 £ 2.6% in E. coli DH10B and 75.5 + 4.9% to 103.7 & 5.5% in the RF1 deleted
E. coli C321.AA.exp. The relative ordering of reassignment efficiencies in the two strains was similar,
suggesting that RF1 contributes to but is not a dominant factor for the observed context-dependent
variation in translational efficiencies. Evaluation of reassignment efficiency changes in specific sequence
contexts in the presence and absence of RF1 suggested that RF1 specifically interacts with +4 Cs.
An estimate for the overall contribution of RF1 to sequence context-dependent variation in translational
efficiency was calculated from the range of amber stop codon suppression efficiencies across positional
GFP reporter variants. Relative sequence-dependent variation in efficiencies suggested that RF1
interactions are responsible for approximately half of the observed variation.

The amber stop codon suppression efficiencies for 14 different double, triple, quadruple and
quintuple tyrosine to amber stop codon GFP mutants were measured in both E. coli DH10B and
C321.AA.exp cells. The overall UAG reassignment efficiencies decrease with increasing numbers of
UAG codons in the GFP reporters. In both cell lines there is a clear trend that the measured amber stop
codon suppression efficiencies are consistently less than what would be predicted from measured single
site efficiencies. The most probable explanation for long range synergistic interaction of suppression
sites is that increasing demand for translational components reduces the per site suppression efficiency.
Average per site reassignment efficiencies decreased and leveled off as the translation component
demand increased in DH10B cells (i.e., in the presence of competing release factor). In C321.AA.exp
cells without competing release factor, the observed per site suppression efficiency was consistent
across the set of evaluated multisite mutants.
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Appendix A

Table Al. Sequences of mutagenic primers for generating amber stop codon-containing GFP reporter

variants.
GFP Position to Be Mutagenized Primer Sequence (5’ to 3')

66 CACTCGTCACCACACTCACCTAGGGCGTCCAGTGCTTCTCCCG
74 TCCAGTGCTTCTCCCGTTAGCCGGACCACATGAAACGG
92 GCCATGCCCGAAGGCTAGGTACAGGAACGTACCATCTCCTTC
106 CTTCAAAGACGACGGGACCTAGAAAACCCGTGCCGAAGTC
143 CCTCGGACACAAACTCGAATAGAACTTCAACTCACACAACGTATACATC
151 CAACTTCAACTCACACAACGTATAGATCACGGCAGACAAACAGAAAAAC
182 CCAGCTCGCAGACCACTAGCAGCAGAACACCCCAATCG
200 GTCCTCTTACCAGACAACCACTAGCTGTCCACACAGTCCGTC
237 CGGCATGGACGAACTCTAGAAACACCACCACCACCAC

Appendix B

Evaluation of raw fluorescence data for systems with little to no expected amber codon
reassignment is complicated by the observation that a fraction of the fluorescent components of the
media are consumed as cells grow and divide. Various antibiotics also contribute to the background
fluorescence of the media; utilizing the corrected fluorescence of non-fluorescent cells grown under
different media conditions does not resolve the situation. Minor batch to batch variation in media
composition contributes to the majority of differences observed in media fluorescence between
experiments. The 0% fluorescent control evaluated in each plate with each batch of media is used to
correct the raw fluorescence of systems in which codon reassignment takes place. These impact of these
variations on the calculated reassignment efficiency is very low (less than 0.006%, discussed below).

The set of 3 green lines shows the raw fluorescence over time for blank media (open triangles, A),
an amber GFP reporter co-expressed with inactive orthogonal translation machinery in C321.AA.exp
(closed circles, ®) and DH10B (open circles, O). As DH10B cells express RF1 and can terminate
translation at UAG codons in the absence of an amber suppressing tRNA, one does not expect
near-cognate suppression of the UAG codon by endogenous tRNAs. The raw fluorescence observed
in both strains is similar as a function of time, which suggests that suppression of amber codons by
near-cognate tRNAs is not significantly contributing to the fluorescence observed in reassignment
systems expressing functional amber suppressing tRNAs and UAG GFP reporter variants.

The set of maroon and purple lines shows the raw fluorescence over time for blank media
(open triangles, A) and either the GFP position 66 (closed maroon circles, ®) or GFP position 74
(closed purple circles, @UAG variants co-expressed with inactive orthogonal translation machinery
in C321.AA.exp cells. These two evaluations were performed on consecutive days using the same
media, as noted by the similar raw fluorescence traces for blank media. The raw fluorescence versus
time profiles for the 2 reporter variants are nearly identical. As noted above, in the case of the position
66 variant, only suppression by tyrosine would result in observed fluorescence, while in the case of the
position 74 variant, suppression by any amino acid could lead to fluorescence (assuming that position
74 of GFP is tolerant to mutation). For these reasons, despite the absence of mass analysis, we do not
suspect that suppression of the amber stop codons by near-cognate tRNA in the C321.AA.exp strain is
contributing to our calculations of amber suppression efficiency.
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Further, estimates of the relative contribution of possible suppression by near-cognate endogenous

tRNAs would comprise very little of the overall reassignment efficiency as a percent of the 100%
fluorescent wild type GFP. Raw fluorescence for the wild type GFP in these experiments reaches
approximately 33,000 raw fluorescence units. 200 units of raw fluorescence (an estimate larger than
would be expected by the representative raw profiles shown), would adjust the calculated reassignment
efficiency by 0.006%, a value below the limit of detection of our in cell assay, which we have calculated
to be 0.015% (Discussed in detail in [44]).

1150
-=- Inactive tRNA/ UAG 66 (DH10B) -e—Inactive tRNA/ UAG 66 (RF1 deleted)
— Media only —+—Inactive tRNA/ UAG 66 (RF1 deleted)
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Figure A1. Raw fluorescence versus time profiles of single site UAG GFP reporter variants in the

absence of an M. jannaschii tRNA capable of suppressing amber codons. Error bars represent the

standard deviation across 6 biological replicates of each cell system (12 wells for media only). Data from

experiments using two different media preparations are shown and reveal the contribution of media

fluorescence to total fluorescence observed in non-reassigning systems.
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Abstract: To date, small molecules and macromolecules, including antibodies, have been the most
pursued substances in drug screening and development efforts. Despite numerous favorable features
as a drug, these molecules still have limitations and are not complementary in many regards. Recently,
peptide-based chemical structures that lie between these two categories in terms of both structural
and functional properties have gained increasing attention as potential alternatives. In particular,
peptides in a circular form provide a promising scaffold for the development of a novel drug class
owing to their adjustable and expandable ability to bind a wide range of target molecules. In this
review, we discuss recent progress in methodologies for peptide cyclization and screening and use of
bioactive cyclic peptides in various applications.
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1. Introduction

Screening and identification of chemicals or molecules that can bind to or inhibit particular cellular
targets is a critical step in biomedical and related research. For decades, natural compounds and
man-made molecules have been searched for and exploited for this purpose. These molecules can be
broadly classified into two categories: small molecules and macromolecules.

Small molecules have a molecular weight less than 1 kDa and are generally hydrophobic.
This latter property enables small molecules to easily pass through the cell membrane and diffuse
across intracellular space—and throughout the whole body—thus allowing for oral administration.
Small molecules can be chemically synthesized, making mass production possible and quality control
manageable. Despite such advantages and long tradition of use, small molecules still have some
unresolved intrinsic limitations. Because of their small size and high hydrophobicity, small molecules
can only interact with targets that have a rigid and hydrophobic patch or groove. In addition,
small molecule binding regions or features are highly conserved among various cellular proteins
that are closely or distantly related to target proteins [1]. For example, the ATP-binding domain
has been a prime binding site for small molecules, but it is well conserved among protein kinases.
Accordingly, many kinase inhibitors suffer from low selectivity, even after they have been screened and
evolved for specific targets [2]. This low selectivity can inevitably cause many unexpected side effects.

Macromolecules have a wide range of molecular weights, from 5 kDa to 150 kDa [3,4]. Many are
amino acid-based polypeptides, and some contain nucleic acids. Because of their large contact area
and hydrophilic regions, which allow multiple tight interactions with a target, macromolecules usually
have strong binding ability and are highly selective for their target. Such favorable characteristics,
which small molecules lack, have expedited the development of macromolecule-based drugs;
many macromolecules, mostly antibodies, have been approved and are now available commercially.
However, macromolecules suffer from their own critical problems that have yet to be overcome.
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For example, they are intrinsically unable to pass through cellular membranes; although their
membrane transport can be improved by many means, such as conjugating to cell-penetrating peptides,
success is limited and efficiency of transport is low [5,6]. Thus, their use is largely restricted to
extracellular targets. Moreover, most macromolecules are currently produced using cell culture
methods; thus, heterogeneity owing to post-translational modifications and other derivatizations are
inevitable. Lastly, they are not orally available, and must generally be administered intravenously.
Thus, macromolecules are easily degraded and neutralized in the bloodstream and can even cause
severe immunogenicity [7].

Cyclic peptides have gained increasing attention in recent years as an alternative scaffold.
Cyclic peptides are usually composed of 5 to 14 amino acids and have a molecular weight of about
500 to 2000 Da. The moderate size and diverse functional groups of peptides ensure that the contact
area is large enough to provide high selectivity, and their potential to form multiple hydrogen bonds
can lead to strong binding affinity. In addition, cyclization of peptides generates structural and
functional features that are critical for their use as pharmaceutical agents [8]. The structural constraints
provided by cyclization help to resist degradation by proteases in the blood, thereby increasing
their serum stability [9]. Cyclization of peptides also facilitates passage through the cell membrane,
thus broadening the potential use of cyclic peptides beyond extracellular targets to include intracellular
targets [10]. Because of such favorable features, various cyclic peptides from natural sources and
their derivatives have been exploited for biomedical and other purposes. Inspired by natural cyclic
peptides, numerous approaches for designing man-made cyclic peptides with customized structural
and functional properties have been in the spotlight in recent years. In this review, we will first discuss
several representatives of natural cyclic peptides. Then, we will examine various methods that have
been used for peptide cyclization, from ordinary chemical synthesis to enzymatic methods. Next,
we will consider library construction and strategies for selecting active cyclic peptides. Lastly, potential
applications of cyclic peptides in biomedical and other research areas will be described.

2. Natural Cyclic Peptides

Cyclosporine A, a natural cyclic peptide composed of 11 amino acids, has been used since the
early 1980s as an immunosuppressive drug (Figure 1A). This cyclic peptide binds to cyclophilin in
T-cells, forming a cyclosporine A-cyclophilin complex that inhibits the calcium/calmodulin-dependent
protein phosphatase, calcineurin. Calcineurin induces dephosphorylation and nuclear translocation
of the transcription factor NF-AT (nuclear factor of activated T cells), which promotes transcription
of interlukin-2 and some cytokine genes and causes activation of T cells. Cyclosporin A inhibits
this phosphatase pathway, thereby suppressing the activity of T-cells and repressing the immune
system [11].
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Figure 1. Natural cyclic peptides. (A) Cyclosporine A. (B) Romidepsin. (C) Largazole. (D) Murepavadin.
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Romidepsin, a natural cyclic depsipeptide from Chromobacterium violaceum contains one or more
ester bonds in place of amide bonds (Figure 1B). This cyclic peptide has a disulfide bond between
two internal sulfhydryls that is reduced upon entry of the peptide into the cell. Reduction of this
disulfide bond yields two thiol groups linked to long alkyl chains that can chelate divalent metal
ions, especially zinc ions in the active site of class I histone deacetylase (HDAC), thus inhibiting
HDAC activity [12]. Histone deacetylase, an essential epigenetic controller, is often overexpressed
in many cancers. By inhibiting HDACs, romidepsin can restore the expression of genes involved in
apoptosis, ultimately repressing the proliferation and differentiation of cancer cells [13]. Romidepsin
was approved by the Food and Drug Administration (FDA) for cutaneous T-cell lymphoma in 2009
and for peripheral T-cell lymphomas in 2011. Largazole, a natural cyclic peptide from the marine
cyanobacteria Symploca sp., has similar HDAC inhibiting activity (Figure 1C). Analogous to romidepsin,
largazole is a kind of prodrug in which one aliphatic carboxylic acid-protected thiol group forms
a thioester. The protecting group is cleaved by enzymes after translocation of largazole into the
cytoplasm, and the exposed thiol group combines with a zinc ion cofactor in HDAC to inhibit its
activity [14].

Murepavadin is a synthetic cyclic peptidomimetic derived from the natural peptide protegrin-1
(PG-1), containing two D-amino acids and 12 L-form proteogenic/nonproteogenic amino acids
(Figure 1D). Because of its L-proline-D-proline scaffold, this cyclic peptide has a stabilized -hairpin
conformation. Murepavadin targets lipopolysaccharide transport protein D (LptD) of Pseudomonas
aeruginosa, blocking its transport function and causing alterations in lipopolysaccharide in the outer
membrane of bacteria, leading to cell death. On the basis of such antimicrobial activity [15,16],
murepavadin is currently in Phase III clinical trials for treatment of nosocomial pneumonia.

3. Generation of Synthetic Cyclic Peptides

Inspired by pharmaceutical applications of natural cyclic peptides, researchers have developed
several strategies for creating synthetic cyclic peptides with tailor-made functionalities. Cyclization of
peptide has been achieved using various methods, including scaffold-based and enzyme-based
approaches. Scaffold-based cyclization employs reactions between chemical compounds and specific
functional groups of amino acids, whereas enzyme-based cyclization exploits naturally existing
enzymes that can cyclize their own substrates.

3.1. Scaffold-Based Cyclization

Scaffold-based cyclization is one of the most frequently used methods because it can be
applied to chemically or biologically synthesized peptides. In general, scaffold compounds such
as organohalides (most frequently organobromides) selectively react with the sulfhydryl group of
cysteine [17] (Figure 2A). One example of cysteine-specific scaffold-mediated cyclization includes
modification of a peptide library displayed on bacteriophage [18]. In this approach, a library of
genetically encoded peptides located between two cysteine residues can be transformed into circular
forms by treating with the organobromide, tribromomethylbenzene (TBMB). These cyclic peptides can
then be screened using the general phage-display method. Synthesis of double-bridged cyclic peptides
using one or two kinds of organobromides has also recently been reported [19]. These di-bridged
peptides were selected using the phage-display technique and the resulting peptide “hits” were found
to have a binding affinity towards the target, plasma kallikrein, 10-times stronger than that of a
previously screened bicyclic peptide.
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Figure 2. Scaffold-based cyclic peptide synthesis. (A) Organobromides selectively react with sulfhydryl

group of cysteine. (B) N-hydroxysuccimide group reacts with the primary amine in p peptide and
forms a stable amide bond. (C) Click reaction between azide and alkyne groups can be used for
cyclization of chemically synthesized peptide.

Non-sulfhydryl groups, such as the primary amine of lysine or N-terminal amino group in a
peptide, can be used for cyclization. N-hydroxysuccimide (NHS)-containing chemicals have long been
used for this purpose (Figure 2B) [20], but this requires precise control of reaction conditions because
NHS is easily hydrolyzed by water at physiological pH. Especially designed unnatural amino acids can
be used for cyclization in peptides via a bio-orthogonal reaction. For example, if an azide-containing
amino acid such as azidohomoalanine or azidophenylalanine exists in a peptide, a copper-mediated
click reaction with an alkyne-bearing scaffold can lead to cyclization [21] (Figure 2C).

One of the greatest advantages of the scaffold-based method is the ease of controlling the
cyclization process—and thus the size and hydrophilicity of the peptide—by changing the chemical
structure of the scaffold. Multiple reaction sites, such as azide or alkyne groups, can be added to
create further modifications, generating a multicyclic structure that is extremely rigid and stable under
biological conditions. However, chemical scaffolds for cyclization may change the natural properties
of peptides [22]. Moreover, in many peptide libraries, cysteines or lysines are present at multiple
positions, potentially causing unpredictability and heterogeneity in the screening process.

3.2. Enzyme-Based Cyclization

Many natural cyclic peptides are synthesized in a ribosome- and mRNA-independent manner
by specialized nonribosomal peptide synthetase (NRPS) enzymes using various non-proteogenic
amino acids, including D-amino acids [23]. The NRPS system is composed of several modules, each of
which is divided into at least three basic domains: adenylation (A domain), transfer (T domain),
and condensation (C domain). The A domain recognizes proteogenic and non-proteogenic amino
acids and adenylates its substrate using ATP. Aminoacyl-AMP (AA-AMP), produced by the A domain,
reacts with an alkyl thiol in the T domain to form an AA-T domain. Then, the Nth module’s C domain
catalyzes formation of an amide bond between the N-1th and Nth amino acid. The last domain
in the last module of NRPS is the termination (TE) domain, which determines the conformation
of a synthesized peptide. If the thioester bond formed between the peptide and TE domain is
cleaved by water or other nucleophiles, a linear peptide is released. However, if the thioester bond is
attacked by an intramolecular nucleophile, such as an N-terminal amine, the primary amine of lysine,
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a serine hydroxyl group or a cysteine sulfhydryl group, a cyclic peptide is formed and released [24].
The chemical diversity of nonribosomal peptides can be expanded by changing the substrate specificity
of the A domain or by replacing the whole A domain itself [25,26]. Such efforts have been successful in
producing novel cyclic peptides, but the efficiency of the process is low [25]. To increase production
efficiency, researchers developed a method that uses a synthetic non-native precursor peptide and
thioester domain of NRPS (Figure 3A) [27,28]. Although the ratio of cyclic-to-linear forms of substrate
peptide produced by this method was reduced, three different chemically prepared substrate peptides
were successfully cyclized.
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Figure 3. Enzyme-based cyclic peptide synthesis. (A) Cyclization of synthetic peptide using
thioetsterase domain of nonribosomal peptide synthetase (NRPS). (B) Butelase 1-mediated cyclization
requires C-terminal Asn-His-Val (NHV) tripeptide. After cyclization, only asparagine residue remains.
(C) Split intein-mediated circular ligation for the synthesis of cyclic peptide. (D) Semi-synthetic method
for peptide cyclization via oxime ligation using chemically synthesized N-intein and biologically
prepared C-intein carrying the unnatural amino acid p-acetophenylalanine.

Another interesting example of cyclic peptide-containing non-proteogenic amino acids is
cyanobactin [29]. Like the NRPS system, multiple genes are involved in the synthesis of cyanobactin.
One major difference between nonribosomal peptides and cyanobactin is that the precursor of
cyanobactin, composed of a leader peptide and core peptide, is encoded in the genome of the
marine cyanobacteria and is translated by ribosomes. After translation of the precursor, enzymes
in the same gene cluster recognize the leader peptide sequence and modify amino acids in the core
region. The amino acid tolerance of these trunkamide-synthesizing enzymes was tested using a
genetically encoded peptide library [30]. To determine whether non-native trunkamide peptides could
be synthesized using this approach, researchers of this study screened the library in Escherichia coli,
ultimately selecting and culturing 556 colonies for further analysis. This analysis identified 325 unique
peptides containing 763 mutations, demonstrating successful synthesis of novel peptides. However,
this method for preparing cyclic peptides using the cyanobactin synthesis pathway has not yet been
widely adopted because of its low production yield and narrow substrate tolerance.

The Asn/Asp ligase butelase 1, an enzyme capable of catalyzing peptide cyclization, was recently
discovered in Clitoria ternatea [31]. This enzyme recognizes asparagine or aspartate (Asx) near the
C-terminus of a substrate, cleaves the amide bond after Asx, and ligates the N-terminus to the newly
formed C-terminus (Figure 3B). Because butelase 1-mediated cyclization requires only Asn-His-Val
(NHV) at the C-terminus, the substrate tolerance of this enzyme is extremely high. This advantage
makes butelase 1 a good starting point for in vitro/in vivo peptide cyclization. Previously, reported
enzymes that can be used for peptide cyclization, such as split inteins (see below), require ~10 amino
acids or more for proper reaction [32]. Butelase 1 was shown to cyclize the peptides, kalata B1,
conotoxin, thanatin and histatin-3, derived from plants, snails, insects and humans, respectively.
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A protein splicing-based peptide cyclization method has also been developed [33]. This technique,
called split intein-mediated circular ligation of peptide and proteins (SICLOPPS), catalyzes the ligation
of two separate polypeptide chains, called exteins, into one. This is accomplished by transferring a
peptide bond between the N-terminal intein domain and C-terminal extein, to the C-terminal intein
domain and N-terminal extein. However, to promote conjugation of intramolecular N- and C-terminus,
each N- and C-terminal intein domain must be fused at C- and N-termini of an extein (Figure 3C).
Using an engineered split intein, these researchers synthesized pseudosterallin F, a plant-derived
cyclic peptide tyrosinase inhibitor, in E. coli. The engineered split-intein approach has also been
used to construct a cyclic peptide library, with the goal of identifying peptide inhibitors of various
enzymes [34-36]. This peptide library was combined with a bacterial reverse two-hybrid system
to screen for inhibitors of protein-protein interactions [37,38]. The split-intein system was further
modified to synthesize lariat peptide forms by inhibiting downstream steps after transesterification
by mutating Asn, which is responsible for cyclic peptide release [39]. A randomized lariat peptide
library was subsequently screened using a yeast two-hybrid system to search for target protein-binding
sequences [40]. An artificially designed intein, consensus fast DnaE intein (Cfa), was also recently
developed [41]. As its name implies, this enzyme was evolved from consensus sequences of various
DnaE inteins. A total of 105 DnaE inteins and 73 theoretically fast inteins were selected for multiple
sequence alignment. After selection, the sequences of 73 inteins were used to generate Cfa intein,
which has rapid and stable splicing activity. With additional mutations [42], Cfa intein was modified
to cyclize eGFP without a dependence on extein sequence. The broad applicability of Cfa intein may
be useful for constructing much larger cyclic peptide libraries.

3.3. Other Approaches for Peptide Cyclization

Attempts have been made to develop alternative methods for cyclization using endogenous
reactive residues. Disulfide bonds are known to stabilize protein structures or protein complexes
under oxidative conditions, such as found in the endoplasmic reticulum and extracellular regions [43].
Disulfide bond-mediated cyclization has been widely used to display cyclic peptides on the surface
of bacteriophage. A method termed DNA-templated synthesis was developed to synthesize and
cyclize peptides containing eight internal scaffold amino acids [44]. This method was used to prepare
a library of cyclic tetrapeptides composed mostly of non-proteogenic amino acids. This system was
recently expanded to 32 kinds of scaffold amino acids and applied to screen for inhibitory cyclic
peptides targeting insulin-degrading enzyme (IDE) [45]. A cyclization method combining the intein
system and unnatural amino acids was developed for generating monocyclic peptides (using GyrA
intein) or bicyclic peptides (using split intein) [46,47]. One interesting feature of the GyrA-based
method is that it is capable of producing side chain-to-tail cyclic peptides. A semi-synthetic method
for peptide cyclization has also been reported [48]. In this method, the C-terminal domain of a split
intein containing the unnatural amino acid p-acetylphenylalanine (AcF) and random mutations is
expressed in E. coli using a genetic code expansion method, and the N-terminal domain of the split
intein containing a hydroxylamine group and random mutations is chemically synthesized. When N-
and C-terminal split inteins are mixed, a splicing reaction and oxime ligation occur between AcF and
the hydroxylamine group, generating a cyclic peptide (Figure 3D).

4. Screening of Bio-Active Cyclic Peptides

An appropriate screening method is essential for identifying target-binding candidates from large
cyclic peptide libraries in a reasonable length of time. Several screening methods have been developed;
these can be categorized into in vitro and in vivo methods.

4.1. In Vitro Screening

Because there is no chance of interference by intracellular factors with in vitro methods,
the primary selection criteria for these methods is binding affinity between the cyclic peptide and target
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protein. With successive screening steps, peptides with higher affinity can be selected. Using in vitro
methods, researchers can also control all relevant variables necessary for appropriate screening, such as
concentration of target protein, buffer, and salt conditions. Thus, in vitro methods usually offer a wide,
adjustable dynamic range for screening active cyclic peptides [49].

4.1.1. Phage Display

One of the most frequently used in vitro peptide-screening methods is phage display [50].
In general, the phage-display technique uses filamentous bacteriophage to connect genotypes and
phenotypes of displayed peptides. Other types of phage can also be used, including T7 phage and
Qp phage [51]. For a peptide to be displayed on a phage particle, it should be connected to the
solvent-exposed region of a phage surface protein. The p3 protein of the filamentous bacteriophage,
responsible for binding to the F pilus of the host, is most widely used because its N-terminus is
exposed to a solvent. Peptides or proteins of various size can therefore be fused to p3 without
affecting phage infection or production. Other phage surface proteins, such as p6, p7, p8 and p9,
have also successfully been used for phage display [52-56]. After construction and transformation of a
randomized peptide library, each peptide can be routinely displayed on the phage surface directly
using a phage genome as a library carrier or by transfection of a helper phage in a phagemid system.
This method is straightforward, but because the target molecule is often anchored on the hydrophobic
surface of a plastic plate or magnetic beads through adsorption, the orientation of the target on the
surface depends on the protein’s surface properties. Methods for anchoring target molecules in a fixed
orientation using biotin [57] or unnatural amino acids [58] have been established. In this method,
library-displaying phages are mixed with an anchored target and incubated for an appropriate time.
After binding, unbound phages are washed out and the remaining phages, which are presumably
positive clones, are eluted. After repeating this series of steps ~3-5 times, selection-surviving peptides
are isolated and identified. The maximum diversity of phage display is ~10'° because of limitations in
transformation efficiency [59].

4.1.2. mRNA Display

Another powerful in vitro screening method is messenger RNA (mRNA) display. For synthesis of
ribosomal polypeptide libraries, mRNA display depends on an in vitro translation system, such as
E. coli S30 [60], rabbit reticulocyte lysates [61], or the PURE (protein synthesis using recombinant
elements) system [62]. The mRNA used for peptide synthesis does not contain a stop codon for
translation termination, and instead the translation inhibitor puromycin is conjugated at the 3" terminus
via a flexible linker. When the peptidyl transfer reaction reaches a last codon, the ribosome stalls on
the mRNA and puromycin enters the active site of the peptidyl transferase. The newly synthesized
peptide is transferred to puromycin and covalently attached to its own mRNA, generating the linkage
between genotype and phenotype and enabling in vitro screening of a large pool of potential peptide
library. The basic workflow is depicted in Figure 4A. Many uncommon peptides, such as antibacterial
peptides and highly hydrophobic or basic peptides, are usually difficult to express and display in a
cellular system. However, nRNA display combined with reconstructed translation, as exemplified by
the PURE system, is very useful for expressing such uncommon peptides [63]. The Suga group recently
developed a modified flexible in vitro translation (FIT) system that allows for genetic incorporation of
three non-proteogenic amino acids in addition to 20 basic proteogenic amino acids by dividing codon
boxes for valine, glycine and arginine [64]. Using both a FIT-32nt system and flexizyme, an artificial
AARS:-like ribozyme [65], these researchers were able to incorporate eight different unnatural amino
acids into linear and cyclic peptides. In theory, a maximum of 11 different non-proteogenic amino
acids can be added to the natural repertoire in a one-pot reaction using this system. In addition,
this in vitro display system ensures a higher maximum diversity (~10'3), since no transformation
step is needed [66]. mRNA display has been used extensively to identify many active macrocyclic
peptides [67]. For example, the anti-Akt2 macrocyclic peptide, Pakti-L1, isolated by this method
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was found to have strong inhibitory activity toward Akt2 (half maximum inhibitory concentration,
1Cs5p = 110 nM), with only moderate activity towards Aktl and Akt3d isoforms [68]. mRNA display
has also led to the discovery of other macrocyclic peptides with low nanomolar ICs values towards
SIRT2 [69] and E6AP [70].
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Figure 4. Screening of biologically active cyclic peptides. (A) Messenger RNA (mRNA) display-based
cyclic peptide library screening. (B) Bacterial reverse two-hybrid system used for screening of active
cyclic peptides. RNAP: RNA polymerase.

4.1.3. Solid-Phase Peptide Synthesis for Cyclic Peptide Screening

Total chemical synthesis of cyclic peptides is possible through solid-phase peptide synthesis
(SPPS) [71]. Since SPPS does not depend on biological factors, amino acids with diverse chemical
structures (such as those that are branched, elongated and N-methylated), can theoretically be used
as reaction components. Synthesized peptides are anchored on a solid bead and can be modified
further as necessary depending on the specific application. Cyclic peptides synthesized by SPPS are
used for screening target proteins or molecules labeled with fluorescent dye or other reporters in an
interaction-dependent manner. A cyclic peptide library containing specific chemical groups, such as
2-amino-8-hydroxyamino-8-oxooctanoic acid, as a “warhead” was synthesized by SPPS and screened
against HDAC, leading to several hits with approximately nanomolar dissociation constant (K4) values
towards class 1 HDACs [72].

4.2. In Vivo Screening

In vivo screening methods rely on living organisms and their translation systems, and are affected
by many conditions and factors, including culture conditions, copy number of the gene of interest and
expression level of the target protein, among others. The genetic diversity with such screening methods
is usually less than 10'°, because transformation of the library is mandatory. Despite such limitations,
many in vivo screening methods have been widely used, since the selected peptides usually have
low cytotoxicity. In addition, these methods ensure that the selected candidates inhibit the target,
because the selections are often not only interaction-dependent but also activity-dependent.

4.2.1. Yeast Two-Hybrid

One of the most widely used in vivo screening methods is the yeast two-hybrid system. In this
interaction-dependent selection method, the target protein is fused to a DNA binding domain and the
cyclic peptide library is fused to a transcription-activating domain. When cyclic peptide (bait) interacts
with target protein (prey), the resulting expression of a selective marker may be used to screen for
cyclic peptide/protein interaction. This method has been used to identify the active cyclic peptides,
L2 [39] and TG17 [40], which specifically interact with the bacterial SOS response regulator LexA and
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Abl kinase, respectively. Interestingly, the cyclic peptide TG17 strongly binds to Abl kinase (K in
the nanomolar range), but its IC5q value is quite high (>100 uM), illustrating a clear gap between
target-binding ability and cellular inhibitory activity.

4.2.2. Bacterial Reverse Two-Hybrid

The bacterial reverse two-hybrid system (RTHS) is highly useful for screening modulators that
inhibit target protein-protein interaction [73]. The RTHS utilizes a bacteriophage repression system [74],
in which protein-protein interaction causes suppression of a selection marker, leading to cell death.
If effective modulators are present in the cyclic peptide library, they block specific target interactions,
causing the selection marker to become expressed and thus enabling cells that harbor the modulator to
form colonies (Figure 4B). The RTHS combined with SICLOPPS has been used to screen for inhibitory
cyclic peptides targeting specific homo- or heterodimeric protein-protein interactions in E. coli [37,38,75].
To date, most of the cyclic peptides screened by RTHS have had relatively weak binding ability (ICs( or
K4 values of ~10 uM) compared with cyclic peptides screened using other affinity-dependent methods,
such as phage display and mRNA display.

4.2.3. Protein-Fragment Complementation Assay

Protein-fragment complementation assays (PCAs) using various split reporters have been well
documented and can be used for screening of active cyclic peptides. For example, in a split adenylate
cyclase system, the interaction between two proteins of interest that are fused to each half of the cyclase
molecule causes production of cAMP by the assembled adenylate cyclase, leading to expression of
a special selection marker. When pyrF (orotidine 5’-phosphoate decarboxylase) is used as a marker,
the expressed pyrF produces the toxic uracil analog 5-fluorouracil from the nontoxic compound
5-fluoroortic acid (5-FOA), ultimately leading to cell death. If an active cyclic peptide effectively inhibits
this protein—protein interaction, expression of the pyrF gene is blocked; as a result, cells can form
colonies in the presence 5-FOA [76]. However, with some rare exceptions, including luciferase-based
PCAs, the assembly and disassembly of the components of many split reporters are not reversible and
fragment pairs often form reporter complexes spontaneously without the induction of protein-protein
interactions [77-79]. One such example is fluorescent protein-based PCAs, which often generate high
background fluorescence owing to spontaneous assembly. Therefore, to date, most PCA methods have
been used to detect protein—protein interactions, and not to screen for modulators of such interactions.

4.2.4. Other In Vivo Screening Approaches

In addition to targeting specific interactions between two proteins of interest, methods to screen
for cyclic peptides that inhibit specific cellular enzymes have been established. DNA adenine
methyltransferase (DAM methylase), which regulates the methylation state of bacterial chromosomes,
is an important target for antibiotics development. To screen for inhibitors of the DAM methylase
of E. coli, transposase-based approach was established [35]. If cyclic peptides in the library are able
to inhibit DAM methylase, transposase can bind and transfer its unmethylated substrates including
a chloramphenicol acetyltransferase gene and the cyclic peptide library SICLOPPS to the F plasmid.
F plasmids containing transposons are transferred to transposase-lacking bacteria via conjugation,
leading to colony formation on chloramphenicol-selective plates. After screening, the authors
of this study obtained several active cyclic peptides. The selected cyclic peptide (SGWYVRNM)
exhibited an inhibitory effect on DAM methylase comparable to that of the previously known
small molecule inhibitor sinefungin, whereas a linearized peptide with the same sequence did not.
The importance of cyclization is also illustrated by active cyclic peptides carrying the unnatural amino
acid, p-benzoylphenylalanine, which shows inhibitory activity toward HIV protease only in circular
form. An active cyclic peptide that inhibits the protein degradation pathway was also isolated [36].
In this application, green fluorescent protein (GFP) fused to an ssrA-tag sequence that is recognized
for degradation by ClpXP protease was transformed into E. coli together with a cyclic peptide library
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SICLOPPS. Active cyclic peptides with inhibitory activity against CIpXP protease lead to accumulation
of the GFP-ssrA fusion protein, and thus emit a strong fluorescent signal. As expected, the cyclic
form was much more potent than the linear form. Finally, active cyclic peptides with the ability to
neutralize neural toxicity have been isolated using a cyclic peptide library SICLOPPS expressed in a
yeast strain that mimics the neural toxicity caused by aggregation of a-synuclein [80]. Interestingly,
the cyclic peptides selected were able to reduce the toxicity of a-synuclein in Caenorhabditis elegans
dopaminergic neurons.

5. Active Cyclic Peptides as Inhibitors and Molecular Probes

As previously noted, screening for active cyclic peptides based on their target-binding ability
does not ensure cellular inhibitory activity, emphasizing the importance of further derivatization and
optimization in the development of efficient inhibitors from cyclic peptide hits. To date, there have
been few successful cases of such derivatization and optimization from active cyclic peptide hits.
In one such rare case, an in vivo method was used to screen a cyclic peptide library for an inhibitor
that disrupts homodimeric interactions of aminoimidazole-4-carboxamide ribonucleotide (AICAR)
transformylase, which catalyzes the last two steps of de novo purine synthesis [37]. This screen yielded
the active cyclic peptide RYFNVC (peptide 1a), which exhibited a K; value of 17 uM in circular form
(Figure 5). An Ala-scanning analysis revealed that arginine and tyrosine played an important role in
binding to the target protein [81]. Subsequent optimization of the hit led to more potent dipeptides,
including Cpd14 (compound 14), which possessed the lowest K; value (0.685 pM) and effectively
inhibited proliferation of MCF-7 breast cancer cells. Cpd14 was also used to study metabolic disorders
in a mouse model [82]. In high-fat-diet-fed mice treated with Cpd14, glucose levels in the blood rapidly
decreased, an effect not observed in regular chow-fed mice. These results illustrate the potential of
screened active cyclic peptides to serve as useful leads for multiple biomedical purposes.

H
N.__NH
0 D R, NO,
P 0 NH
b o o
HN H H
r@\ \n,N N NEt, ~ N \)LN NEt,
N S0 OH Ala-Scanning o = ,’;1 Ie) Optimization o < " o
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Cyelic peptide 1a Ry =H, Me Cpdi4

R, = H, OH, F, OMe, CN, B(OH),, NO,

Figure 5. Optimization of active cyclic peptide. Ala-scanning of cyclic peptide 1a identified two
essential amino acids, arginine and tyrosine, for target binding. Subsequent optimization led to a more
potent dipeptide, Cpd14 (compound 14).

Most studies on cyclic peptides have focused on the possible role of these peptides as inhibitors.
However, the high binding affinity and selectivity of cyclic peptides towards a target molecule
can be expanded to include use as a molecular probe. Somatostatin, a naturally occurring
cyclic peptide hormone, interacts with somatostatin receptors, which are overexpressed in many
cancers, including gliomas, neuroendocrine tumors, breast cancer, and small-cell lung cancer [83].
Unfortunately, unmodified somatostatin cannot be used as a probe, owing to its low serum stability
(half-life < 3 min) [84]. Accordingly, somatostatin was modified to develop cyclic peptides with
higher resistance to in vivo proteases. The ' In-labeled cyclic octapeptide octreotide, f{CFwKTCT-ol
(where lower-case letters represent D-amino acids) is the first FDA-approved peptide-based imaging
agent for neuroendocrine tumors. Several !In-labeled octreotide variants and derivatives have
subsequently been synthesized for possible clinical use [85]. The Arg-Gly-Asp (RGD) tripeptide also
provides a good starting point for probe development, since it selectively binds to the o, 33 receptor.
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RGD-containing cyclic peptides have been labeled with various radioisotopes, including '®F, #*Cu,
%8Ga and *™Tc, to generate a new class of probes [86-89].

6. Conclusions

Because of their special functional features, including unique selectivity, versatility and structural
stability, cyclic peptides have attracted increasing attention as a promising alternative to currently
used small molecule and macromolecule pharmaceutical scaffolds. Many natural cyclic peptides have
been modified further to develop biomedically useful compounds. Recent notable progress in peptide
cyclization and screening technologies will expand the use of biologically or organically designed
and synthesized cyclic peptides for therapeutic purposes. Rapid development of computational tools,
including in silico-guided peptide library generation, will further accelerate cyclic peptide-based drug
development. The selective and strong binding ability of cyclic peptides towards specific targets
will find diverse important applications, including as excellent tools for probing specific proteins or
metabolites in vivo. In addition, cyclic peptide-based chemical structures will find broader future use
in various fields, including as building blocks for macromolecules.
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Abstract: The molecular mechanisms of translation are highly conserved in all organisms indicative
of a single evolutionary origin. This includes the molecular interactions of tRNAs with their
cognate aminoacyl-tRNA synthetase, which must be precise to ensure the specificity of the process.
For many tRNAs, the anticodon is a major component of the specificity. This is not the case for the
aminoacylation of alanine and serine to their cognate tRNAs. Rather, aminoacylation relies on other
features of the tRNA. For tRNAS®", a key specificity feature is the variable arm, which is positioned
between the anticodon arm and the T-arm. The variable arm is conserved from yeast to human.
This work was initiated to determine if the structure/function of tRNAS" has been conserved from
Saccharomyces cerevisiae to human. We did this by detecting mistranslation in yeast cells with tRNASer
derivatives having the UGA anticodon converted to UGG for proline. Despite being nearly identical
in everything except the acceptor stem, human tRNAS" is less active than yeast tRNAS". A chimeric
tRNA with the human acceptor stem and other sequences from the yeast molecule acts similarly
to the human tRNAS". The 3:70 base pair in the acceptor stem (C:G in yeast and A:U in humans)
is a prime determinant of the specificity. Consistent with the functional difference of yeast and
human tRNASer resulting from subtle changes in the specificity of their respective SerRS enzymes,
the functionality of the human and chimeric tRNASe"j;; molecules was enhanced when human
SerRS was introduced into yeast. Residues in motif 2 of the aminoacylation domain of SerRS likely
participated in the species-specific differences. Trp290 in yeast SerRS (Arg313 in humans) found in
motif 2 is proximal to base 70 in models of the tRNA-synthetase interaction. Altering this motif 2
sequence of hSerRS to the yeast sequence decreases the activity of the human enzyme with human
tRNAS®", supporting the coadaptation of motif 2 loop-acceptor stem interactions.

Keywords: tRNASeT; mistranslation; anticodon; functional conservation

1. Introduction

A fundamental property of all cells is the conversion of DNA sequence into protein via an RNA
intermediate. The genetic code, the mechanism of translation, and the machinery involved are highly
conserved in all domains of life. Fidelity during translation is maintained at two steps. First, specific
aminoacyl-tRNA synthetases (aaRS) are responsible for ligating the correct amino acid onto their
cognate tRNAs. Secondly, decoding at the ribosome ensures the correct pairing between a tRNA
anticodon and the mRNA codon. Errors at either step can result in the incorporation of the wrong
amino acid into the growing polypeptide chain, known as mistranslation [1].

Each aaRS selectively recognizes its cognate tRNAs through individual bases and base pairs,
known as identity elements. In two dimensions, the canonical tRNA structure consists of an acceptor
stem, where the amino acid is ligated, and three stem-loop structures (reviewed in Reference [2]).
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From 5’ to 3’ these are the D-arm, the anticodon stem-loop that interacts with the mRNA at the
ribosome, and the T-arm, which contributes to the interaction with elongation factor thermo unstable
(EF-Tu) to recruit the tRNA to the ribosome. Serine, leucine, and bacterial tyrosine tRNAs have an
addition arm, i.e., the variable arm, between the anticodon and T-arm. In three dimensions, all tRNAs
fold into a L-shape (reviewed in Reference [3]). In this structure, the acceptor stem and T-arm interact
to form one part of the L and the anticodon stem and D-arm interact to form the other. Many aaRS
enzymes span the entire length of the tRNA with both the anticodon and acceptor stem being major
determinants for recognition [4-6]. In contrast, the anticodon is not a determinant for seryl- and
alanyl-tRNA synthetases [6]. For the alanyl-tRNA synthetase (AlaRS), the major identity element is a
G3:U70 base pair in the acceptor stem [7-10]. A major determinant for seryl-tRNA synthetase (SerRS)
is the variable arm [11-13].

All aaRSs catalyze the attachment of an amino acid onto the 3’ end of a tRNA in a two-step reaction.
In the first step, an amino acid is recognized and activated with ATP to form an aminoacyl-adenylate.
In the second step, the activated amino acid is transferred to the terminal 3’ adenosine of the
tRNA (reviewed in Reference [14]). The aaRSs are divided into two classes based on their catalytic
domains [14-16]. Class I aaRS enzymes contain a Rossmann fold with two consensus motifs (HIGH
and KMSKS) that interact with ATP [15,17,18]. In class II enzymes, a unique seven sheet antiparallel
beta fold [19] containing the highly degenerate motif 2 (FRXE) and motif 3 (GXGXGF[D/E]R) are
responsible for binding ATP [15,20,21].

Class II enzymes are composed of a catalytic domain, often an editing domain and, in all members
except AlaRS and SerRS, an anticodon binding domain [22]. Like other class II enzymes, SerRS
approaches the tRNA acceptor stem from the major groove side [12,23]. In the catalytic site, beta sheets
form the base of a pocket with two sides composed of large hairpins [22]. A conserved phenylalanine
near the end of motif 2 stacks with the adenine ring of ATP, while a conserved arginine interacts
with the alpha-phosphate [12]. The hairpin loop between two beta-strands of motif 2 contacts the
upper bases of the acceptor stem [12,22-25]. The main recognition element of SerRS is the unique long
variable arm, which is bound by an N-terminal tRNA binding domain comprising two alpha helices in
all organisms except methanogens [12,26]. The enzyme functions as a homo-dimer, where the tRNA
binding domain of one subunit binds the variable arm and positions the 3’ end of the tRNA in the
active site of the other subunit [12,27,28]. Additional in vitro and in vivo experiments have identified
other weak identity elements in the acceptor stem of bacterial tRNAS" [29,30].

Translation is a fundamental process where both the mechanism and the molecules involved in
steps such as aminoacylation of tRNAs are conserved. This is evident from the ability of heterologous
aaRS to complement deletions of native synthetase genes. For example, the human LysRS rescues a
deletion of Escherichia coli LysRS [31], and the human AlaRS can replace the native yeast enzyme [32].
More recently, complementation of MetRS in yeast by the human enzyme was used to investigate
disease-related variants [33]. However, coevolution of tRNA and synthetase pairs often results
in decreased or abolished tRNA function when expressed in non-native organisms. For example,
Burke et al. [34] found that human tRNAP™ is not aminoacylated by E. coli ProRS due to differences in
the acceptor stem and D-arm of the tRNA. Edwards et al. [35] used a tyrosine tRNA suppressor from
E. coli to suppress stop codons in yeast and found it was not aminoacylated by yeast TyrRS but rather
was aminoacylated with leucine. In addition, approaches to encode noncanonical amino acids at stop
codons rely on orthogonal tRNA:aaRS pairs, often transplanted from other organisms, that do not
interact with endogenous tRNAs or aaRSs (reviewed in Reference [36]).

This work was initiated to determine if the structure/function of tRNAS" has been conserved from
Saccharomyces cerevisiae to human. We analyzed human tRNASe" function in S. cerevisiae by detecting
mistranslation and suppression with tRNAS" derivatives having the UGA anticodon converted to
UGG for proline. We found that despite the conservation of tRNAS®", differences in the acceptor stem
result in reduced functionality of the human tRNA in yeast. The 3:70 base pair in the acceptor stem
(C:G in yeast and A:U in humans) is a prime determinant of the specificity. Toxicity of the humanized
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tRNAs increases when human SerRS is introduced into yeast, suggesting a role for aminoacylation in
the differential function.

2. Materials and Methods

2.1. Yeast Strains

Yeast strains are derivatives of the wild-type haploid strain BY4742 (Table S1; Reference [37]).
The tti2 disruption strain complemented by #£i2-L187P on a LEU2 centromeric plasmid (CY7020) has
been previously described [10]. The met22A strain (CY7640) was derived from a spore colony of the
yeast magic marker strain in the BY4743 diploid background [38].

Yeast strains were grown in yeast peptone media containing 2% glucose or synthetic media
supplemented with nitrogenous bases and amino acids at 30 °C. Selections for CY7020-derived strains
were on yeast peptone dextrose (YPD) plus 5% (v/v) ethanol. Cells were grown in dropout medium to
stationary phase, 10-fold serially diluted, and spotted onto the indicated medium.

Growth curves were generated by diluting saturated cultures to ODg ~ 0.1 in minimal media
and incubating at 30 °C. ODgp was measured every 15 min using a BioTek Epoch 2 (BioTek,
Winooski, VT, USA) microplate spectrophotometer for 24 h.

2.2. Yeast Transformation

Approximately 10° cells were pelleted and washed twice in an equivalent volume of 100 mM
lithium acetate, 1.0 mM ethylenediaminetetraacetic acid, and 10 mM TrisHCI (pH 7.5; LiAc) and
suspended in 200 pl of LiAc. Five milligrams of denatured calf thymus DNA and ~1.0 ug of plasmid
DNA was incubated with 100 ul of cells for 15 min at 30 °C. Then, 1.0 mL of 40% polyethylene glycol
4000 was added, and the cells were incubated 15 min at 30 °C. Dimethyl sulfoxide was added to 7%,
and the cells were incubated at 42 °C for 15 min. Cells were pelleted, plated on selective medium, and
grown at 30 °C.

2.3. Plasmid Constructs

SUP17 [SctRNAS' A ] including ~300 bp upstream and downstream and either the wild-type
anticodon (UGA; pCB3076) or the proline anticodon (UGG; pCB3082) in the URA3 centromeric plasmid
YCplac33 have been previously described [39]. The G26A derivative of pCB3082 (pCB4023) and A4G
derivative of pCB3082 (pCB4097) were identified by selection [39]. DNA containing the sequence
encoding human tRNAS®" (chré.trna172-SerUGA) with proline anticodon UGG inserted directly in
place of SUP17 (HstRNASeTj; see Figure S1) was purchased from Invitrogen (Pleasanton, CA, USA).
This was digested with PstI and EcoRI and inserted into YCplac33 (pCB4062). The SUP17-human
acceptor stem chimera (chtRNASeT ;) with proline anticodon was constructed by two-step PCR using
the outside primers UG5953 and UG5954, internal primers VD5993 and VD5994 to alter the 3" end
of the acceptor stem, VD5578 and VD5579 to alter the 5 end of the acceptor stem, and pCB4062 as
template. The molecule was cloned as a HindIII-EcoRI fragment into YCplac33 (pCB4122). (See Table S2
for oligonucleotides.) The A4G:U69C derivative of pCB3082 (pCB4145) was similarly constructed
using pCB4097 as template and the inside primers VF8687 and VF8688. The A3C:T70G derivative of
the chimeric tRNAS®" ;o (pCB4336) was similarly constructed using outside primers UG5953 and
UG5954, inside primers WE0866 and WE0867 to alter the 3" end, WE0868 and WE0869 to alter the 5
end, and pCB4122 as the template.

The cloned coding region of human seryl-tRNA synthetase (SARS) was purchased from NovoPro
Biosciences Inc. (Cat# 715151-2, Shanghai, China; RefSeq NM_006513). This was amplified by PCR
using oligonucleotides VD5232 and VD5803 and cloned as a NotI-EcoRI fragment into YCplac111
containing a DED1 promoter and myc’-tag (pCB4329; Hoffman et al. [40]) and YEplac181 containing a
DED1 promoter and myc-tag (pCB4355). Note that codon 435, which codes for C in the purchased
clone, was converted by two-step PCR to an R codon to resemble those more commonly found in
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mammalian SerRS. A derivative of SARS with mutations T312A and R313W was constructed by
ligating an Ncol-EcoRI fragment synthesized by PCR with oligonucleotides WF1846 and VD5803 into
pCB4355 to give pCB4357. S. cerevisiae SES1 was similarly inserted into YCplac111 (pCB4342) and
YCplacl81 (pCB4356) after PCR with oligonucleotides WF1727 and UK0551.

The centromeric plasmid containing HSE-eGFP has previously been described [41] and was kindly
provided by Martin Duennwald.

2.4. Western Blot Assay

Yeast extract prepared by grinding with glass beads [42] was separated by SDS-PAGE and
transferred to PVDF membrane (Roche Applied Science, Penzberg, Germany). Anti-myc (9E10,
Sigma-Aldrich, St. Louis, MO, USA) was used at a ratio of 1:5000. Secondary antibody (anti-Mouse IgG
HRP, Promega, Madison, WI, USA) was used at a ratio of 1:10,000 and was detected using SuperSignal
West Pico Chemiluminiscent Substrate (Thermo Scientific, Waltham, MA, USA).

2.5. Fluorescence Heat Shock Reporter

Yeast strains containing the heat shock response element (HSE)-eGFP reporter were grown to
stationary phase in a medium lacking leucine and uracil, diluted 1:50 in the same medium, and grown
for 6 h at 30 °C. Cell densities were normalized to ODg(g before measuring fluorescence. Fluorescence
was measured with a BioTek Synergy H1 microplate reader at an emission wavelength of 528 nm using
Genb 2.08 software. The mean relative fluorescence units were calculated across three technical and
three biological replicates for each strain.

2.6. Mutual Information Analysis

Coevolving residues within SerRS were identified following the protocol outlined by Dickson
and Gloor [43]. Briefly, crystal structures of SerRS from Candida albicans (3QNE; [44]), Aquifex aeolicus
(2DQ3), Pyrococcus horikoshii (2ZR2; [45]), Homo sapiens (4L87; [46]), Naegleria fowleri (6BL]J), and
Thermus thermophilus (1SET; [47]) from the Protein Data Bank were used to construct a structural
alignment. ASN.1 files for each structure were obtained from the Molecular Modeling Database, and
the structures were aligned in Cn3D [48] to obtain block structures for sequence alignment. Seryl-tRNA
synthetase sequences were obtained from the UniProt Reference Clusters 50 (UniRef50) dataset as
FASTA files (Supplemental File S1), imported into Cn3D and block aligned with the SerRS structures.
Sequences that were not annotated as cytoplasmic SerRS, as well as hypothetical proteins, were
removed. Coevolution scores were calculated with MIpToolset [49].

3. Results and Discussion

The processes involved in translation are conserved across all species. Not surprisingly, there is
significant similarity in the key molecules involved [50,51]. In this work, our goal was to investigate the
cross-species similarities and differences in tRNA function by analyzing the activity of human tRNASe*
in S. cerevisiae. To begin the analysis, we aligned the tRNASeT 5 isodecoders from S. cerevisiae and
human (Figure 1A). Of the 83 nucleotides, 60 are conserved in both sets of tRNAs. Fifteen positions are
always different between the three identical yeast tRNAs and the four human tRNAs. The variable
arms are conserved in length and G:C content.

3.1. Mistranslation Assay for tRNAS" Function

We previously identified a stress-sensitive allele (L187P) of the co-chaperone protein TTI2 that is
suppressed by mistranslation of L187P with serine [39]. A gene expressing yeast SUP17 (SctRNAS®")
with the UGA anticodon of the tRNA changed to UGG (to decode proline codons) cannot be introduced
into yeast [39] due to high levels of mistranslation of serine at proline codons. Dampening the
function of the tRNA with secondary mutations allows the introduction of tRNASer o variants. If the
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tRNASe" ;G retains function, it is aminoacylated with serine and inserts (mistranslates) serine for
proline at a level sufficient to suppress t£i2-L187P. If the tRNAS®" ;g variant is not functional, it can be
introduced into yeast but does not mistranslate and thus does not suppress tti2-L187P. In our assay
tRNASeTyog competes with endogenous tRNAP™ for the decoding of #£i2-L187P mutation. We used
this system to analyze the activity of human tRNAS'yg in S. cerevisiae after converting the anticodon
to UGG. A gene encoding human tRNASeT (chr2.trna21) with the UGA anticodon converted to UGG
was inserted into the SUP17 locus with ~300 bp of 5" and 3’ flanking yeast sequence and cloned into
the yeast LUUIRA3 centromeric plasmid YCplac33 (see Figure S1 for the gene sequence). As shown in
Figure 1B, the human gene expressing tRNASe o (HstRNASeT ;) could be transformed into the
wild-type strain BY4742, in contrast to SctRNAS" ;g [39]. The growth of this strain on a minimal plate
was slightly slower than a strain containing YCplac33 alone and slightly faster than a strain containing
SctRNASeT o with a G26A mutation (Figure 1C; see Reference [39]). The reduced toxicity of the
human tRNAS®' (¢ indicates that its activity in yeast is diminished relative to S. cerevisiae tRNASeT 6.
To determine if the human tRNAS®’ functions in yeast, HstRNASe" ;¢ was transformed into CY7020,
which contains the crippled #i2-L187P allele. As shown by growth on medium containing 5% ethanol
(Figure 1D), HstRNAS' o suppressed the stress sensitive growth caused by #i2-L187P. The human
tRNA thus has partial function in yeast.
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Figure 1. Human (Homo sapiens) tRNASer ;4 functions inefficiently in Saccharomyces cerevisiae.
(A) Sequence alignment of genes encoding tRNAS;g 5 isodecoders from S. cerevisiae and humans.
The red box highlights the anticodon. Sequences were obtained from the GtRNAdb ([52]; http:
//gtrnadb.ucsc.edu/index.html) and aligned with MUSCLE (https://www.ebi.ac.uk/Tools/msa/
muscle/). (B) URA3 centromeric plasmid (YCplac33) expressing S. cerevisiae (SUP17) or human
(tRNA-Ser-TGA-3-1) tRNASer genes with their UGA anticodon converted to UGG for proline
[SctRNASe' oG and HstRNAST 6] were transformed into the wild-type yeast strain BY4742 using
a lithium acetate protocol and grown for 3 days at 30 °C. (C) The growth of BY4742 containing
a centromeric plasmid expressing HstRNAS"joq was compared to strains containing wild-type
SctRNASer ;5 and the mistranslating SctRNASeTj5-G26A. Strains were grown in medium lacking
uracil for 40 h, then 10-fold serially diluted, spotted on minimal plates lacking uracil, and grown for
2 days at 30 °C. (D) Plasmids expressing SctRNASTjg o, HStRNAS 5, or SctRNAST;66-G26A were
transformed into the t£i2-L187P strain CY7020, streaked for individual colonies, grown in minimal
medium lacking uracil to stationary phase, then 10-fold serially diluted, spotted on minimal plates
lacking uracil (-URA) or yeast peptone dextrose (YPD) containing 5% ethanol, and grown at 30 °C for
2 days (for -URA) or 3 days (for YPD + 5% ethanol).
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Because 7 of the 15 differences always found between yeast and human tRNAS®" are in the acceptor
stem (Figure 1A), we engineered a chimeric tRNA with the human acceptor stem substituted on the
S. cerevisiae tRNA and with a UGG anticodon (chtRNASTygg; Figure 2A). The chimeric tRNAS o
mimicked HstRNAS' (o in its ability to be transformed into BY4742 (Figure 2B). As shown in
Figure 2C, chtRNAS' ;o was more toxic than HstRNASjgg, suggesting that at least one other
difference between S. cerevisize and human tRNAS®" exists outside the acceptor stem (discussed in
Section 3.4). The chimeric tRNA was also functional as determined by its ability to suppress #ti2-L187P
when transformed into CY7020 (Figure 2D).
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Figure 2. The human tRNAS" acceptor stem decreases the functionality of yeast tRNAS'.
(A) Secondary structures of tRNASe" ;¢ derivatives used in these studies. The chimeric molecule
contains the human acceptor stem on the yeast tRNA. Differences with the S. cerevisiae tRNASeT o
(SUP17y16¢) are in red. (B) URA3 centromeric plasmids expressing the chimeric tRNA (chtRNAST )
with a UGG anticodon or SctRNASe! (SUP17) with a UGG anticodon were transformed into BY4742 and
grown at 30 °C for 2 days on a minimal plate. (C) BY4742 expressing SctRNASer 64, HStRNAS® i,
or chtRNAS®T(;; were grown overnight in minimal media, serially diluted, plated on media lacking
uracil, and grown at 30 °C for 2 days. (D) Plasmids expressing SctRNAS"yg, HstRNAS g, or
chtRNASe' ;o were transformed into the #i2-L187P strain CY7020, streaked for individual colonies,
grown in minimal medium for 40 h, 10-fold serially diluted, spotted on minimal plates lacking uracil
(-URA) or yeast peptone dextrose (YPD) containing 5% ethanol, and grown at 30 °C for 2 days (for
-URA) or 3 days (for YPD + 5% ethanol). (E) A reporter plasmid containing GFP expressed from a
Hsfl-activated promoter was transformed into BY4742 also containing centromeric plasmids expressing
wild-type SctRNAST 6 o, HStRNASE! (i, or chtRNASE . Starter cultures were grown in minimal
medium, diluted into fresh selective medium, and grown for eight hours. Induction of the Hsf1-GFP
was measured by fluorescence at 528 nm. Numbers shown are the average of five biological replicates
performed in duplicate with the standard deviation shown.
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The mistranslation experiments we performed were a balance between improved growth due
to suppression of #ti2-L187P and toxicity due to proteome-wide mistranslation. To provide another
indication of the toxicity arising from mistranslation due to each of the tRNAs, we measured heat shock
induction in the strains using a reporter plasmid containing GFP expressed from an Hsfl-activated
promoter (Figure 2E). HstRNAS' o and chtRNAS" ;g resulted in a heat shock response 2.1- and
2.8-fold, respectively, greater than the control. SctRNAS";6-G26A resulted in a 4.8-fold increase in
the heat shock response. These results suggest that the toxicity of human and chimeric tRNAs is the
result of a loss of proteostasis due to mistranslation.

3.2. Evaluating Mechanisms for the Reduced Functionality of Human tRNAS

Differences between yeast and human tRNAS" could be due to any step leading to the
functionality of the tRNA. Included in this are factors that contribute to the cellular concentration
of the tRNA. Although it is difficult to compare the levels of the mistranslating tRNAs because the
genomically encoded copies of yeast tRNASeT o differ from SctRNASET by only one nucleotide,
we addressed a possible role for the rapid tRNA decay (RTD) pathway in the function of HstRNAS 6.
HstRNAST o was transformed into a met22A strain where the RTD pathway is inhibited [53,54]. If the
mistranslating human tRNA was being turned over by the RTD pathway, we would expect it to be
more toxic in a met22A strain, where it would accumulate at higher levels and result in increased levels
of mistranslation. The toxicity of HstRNAS® o was not increased in the met22A strain (Figure 3A),
suggesting the human tRNA is not being turned over by the RTD pathway.

If the functionality and resulting mistranslation of chtRNAS®" o was reduced relative to
SctRNAS" because of decreased aminoacylation, we would expect that toxicity would increase if
human SerRS, SARS, was also introduced into yeast cells. We amplified the coding region of SARS by
PCR and cloned it 3’ of the yeast DEDI promoter and a myc tag. The myc-tagged SARS is expressed
in S. cerevisiae strain BY4742 at a level comparable to S. cerevisiae Ses1 (Figure S2). Centromeric
plasmids expressing SctRNASeT 54, SCtRNASST j56-G26A, HstRNAS i, and chtRNAST | were
then transformed into strains expressing SARS and Sesl on 2yt plasmids. Their growth was compared
on minimal media lacking uracil and leucine. As shown in Figure 3B, the presence of human SARS
reduces the growth of the strain containing either HstRNASe o or chtRNAS ;o but not the
strain containing SctRNAS®c-G26A. The increased toxicity of HstRNASe ¢ and chtRNAS g
in the presence of SARS further indicates that the acceptor stem contributes to differences in the
aminoacylation of human and yeast tRNASe".

A B

SCtRNAS®Ty, HStRNASErUGG SCRNA™ 6, SCRNA™o-G26A  HStRNAS o6 ChIRNAS 5

ySerRS

hSerRS

Figure 3. Evaluating mechanisms of decreased function of human tRNAS ¢ in yeast. (A) BY4742
(MET22) and CY7641 (met22A) containing either wild-type (WT) SctRNASCT 4 or HstRNASeT
were grown to stationary phase in media lacking uracil before cells were spotted in 10-fold serial
dilutions onto a plate lacking uracil and grown at 30°. (B) Expression of human SerRS, SARS, increases
the functionality and thus the toxicity of HstRNASe' ;o and chtRNASe o in yeast. Yeast strain
BY4742 containing a URA3 centromeric plasmid expressing SctRNASCT A, SctRNASCT (j66-G26A.
HstRNAS" i or chtRNAST g and the LEU2 multicopy plasmid YCplac181 containing myc-tagged
yeast SES1 (ySerRS) or human SARS (hSerRS) were grown to stationary phase in media lacking uracil
and leucine. Cell densities were normalized, and cultures were spotted in 10-fold serial dilutions on
the same media.
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3.3. The tRNAS®" 3:70 Base Pair Contributes to Species Specificity

To begin to map the key bases within the acceptor stem that could account for the functional
difference of human tRNAS® in yeast, we first compared sequences of the S. cerevisiae tRNASer
isoacceptors. We hypothesized that key bases for yeast SerRS should be conserved. Five bases in
the acceptor stem are conserved in all yeast serine tRNAs. These are the G1:C72 and C3:G70 bases
pairs and U69 (Figure 4A; see Figure S3 for the sequence of the tRNAs). Figure 4B shows the bases
that differ between yeast and human tRNASer ;o isodecoders. Only G1:C72 is conserved for all
these tRNAs (see sequences in Figure 1A). U69 and the 3:70 base pair are thus strong candidates for
a difference determinant between S. cerevisiae and human tRNAS". We evaluated the importance
of U69 with a variant of SctRNAS" ;GG containing the human G4:C69 base pair. A gene expressing
this variant could not be transformed into yeast (Figure S4), indicating that it is fully functional and
suggesting that U69 does not signal the specificity difference between yeast and human tRNAST,
To test the 3:70 base pair, we constructed a variant of citRNAS®" g with the yeast C3:G70 base pair
(chtRNAS®T566-C3:G70). Unlike the unmodified chimeric gene, chtRNAS o = C3:G70 gave rise to
extremely slow growing colonies when transformed into BY4742 (Figure 4C). The C3:G70 mutation
thus increases the functionality and toxicity of the chimeric tRNA in S. cerevisiae.

A . B G C
1G-C72 1G-C72
G-U G-U J—
3C-G70 3C-G7o C3:670 ChERNA™ucs
A-U A-U
C-G C-G
U- U-
7A =-U 66 7A=-Ue66
Red nucleotides are not Red nucleotides always differ
conserved in SctRNA-Ser between Hs and Sc tRNA-Ser
isoacceptors Blue nucleotides sometimes differ

Figure 4. The acceptor stem 3:70 base pair is a determinant of yeast versus human tRNAS®" specificity.
(A) Variation in the acceptor stem of the S. cerevisiae tRNAS" isoacceptors. The acceptor stem of the
tRNA encoded by SUP17 is shown with the positions that vary in the different cytoplasmic tRNASer
isoacceptors colored in red. (B) Variation in the acceptor stems of tRNAS' ;g between S. cerevisiae and
humans. The acceptor stem of the tRNA encoded by SUP17 is shown with the bases always different
between yeast and human colored in red and those sometimes-different colored in blue. (C) BY4742
expressing chtRN. ASeT 6 or chtRNASeT ;55-C3:G70 on a URAS3 centromeric plasmid were transformed
into BY4742 and grown at 30 °C for 2 days.

The aminoacylation domain of the class I aaRS enzymes contains antiparallel (3 sheets. The loop
between strands 2 and 3 comprise the conserved motif 2, which interacts with the tRNA acceptor
arm [34]. The crystal structures of SerRS from several organisms have been solved. Included in
these are the human enzyme and a structure of the T. thermophilus enzyme in complex with tRNASer,
Unfortunately, in the latter, the acceptor stem is not fully resolved. Models for the interaction of
SerRS with tRNASE" position motif 2 close to base pairs 3:70 and 4:69 of the acceptor stem (for
example see Figure 5A and Reference [25]). To begin to identify what may account for the different
acceptor stem preferences of the SerRS enzymes, we performed a sequence alignment of motif 2 from
the human, T. thermophilus, C. albicans, and S. cerevisiae enzymes. The human and T. thermophilus
enzymes prefer a A3:U70 base pair in the acceptor stem, whereas the two yeast enzymes prefer
C3:G70. Two residues in motif 2 are conserved in the yeast enzymes that differ in the human and
T. thermophilus enzymes (Figure 5B). Trp290 and Ala297 of the S. cerevisine enzyme align with Arg
and Gln, respectively, in T. thermophilus and human enzymes. Ala297 is not well conserved across
yeast and fungal species containing C3:G70 tRNAS®" (Figure S5); in contrast, the 290 position is

115



Genes 2018, 9, 612

conserved in yeast and is proximal to the base at position 70 (Figure 5A). We constructed a version of
hSerRS, where residues T312 and R313 in motif 2 were converted to the corresponding yeast residues
A and W. The mutated hSerRS was introduced into BY4742 containing wild-type SctRNAS"yg,,
SctRNASe"66-G26A, HstRNAS o6, or chtRNAS g (Figure 5C). The wild-type human SerRS
decreased the growth rate in strains containing the human or chimeric tRNAS" but did not affect the
strains containing the yeast tRNAs. In contrast, the hSerRS TR to AW mutant did not alter the growth
rate in these strains when compared to the yeast SerRS, suggesting that T312 and R313 are important
for the function of the human SerRS on the human tRNA.
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Figure 5. Sequence differences in Motif 2 of SerRS. (A) Model of motif 2 SerRS:tRNAS interactions.
The yeast (green) and human (cyan) SerRS were modeled using SWISS-MODEL [55] onto the
Thermus thermophilus synthetase:tRNA co-crystal structure (PDB: 1SER; [12]). The region around motif
2 is boxed and expanded in the lower images. (B) Sequence alignment of SerRS motif 2 sequences from
T. thermophilus (WP_024119136), H. sapiens (NP_006504), S. cerevisiae (NP_010306), and Candida albicans
(XP_719967) using the default settings of MUSCLE (https://www.ebi.ac.uk/Tools/msa/muscle/).
The red stars mark the residues mutated to the corresponding yeast residues. (C) Yeast strain BY4742
containing a URA3 centromeric plasmid expressing SctRNAS' g, HstRNAS g, chtRNAS oG-
or SctRNAS";55-G26A and the LEU2 multicopy plasmid YEplac181 containing myc-tagged ySerRS
(black), hSerRS (red), or mutant hSerRS-AW (purple) were grown to stationary phase in media lacking
uracil and leucine, diluted to an ODgq ~ 0.1, and grown for 40 h at 30 °C. ODgy was measured every
15 min to generate growth curves.
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Though it is difficult to exclude contributions from all other mechanisms, such as the exact cellular
levels of each tRNA and their interactions, we suggest that aminoacylation is a component of the
different functionality of human tRNAS®T in S. cerevisige. For class II enzymes, motif 2 contacts the
acceptor stem [23,56-58]. Interactions between SerRS and tRNAS®" suggest that these interactions
influence aminoacylation by S. cerevisiae SerRS [12,25]. In addition, the toxicity, and thus the inferred
functionality, of both HstRNAST ;o and chtRNAS®" ;o5 was enhanced when human SerRS was
introduced into yeast. Furthermore, altering the motif 2 sequence of hSerRS to resemble the yeast
sequence decreases the activity of the human enzyme with human tRNAS". We do note that in
our analysis, we compared one yeast serine isodecoders with one version of the same human
isodecoders. Sequence differences in isodecoders families may result in different cross-species
functionality. For tRNASeT, the major identity element is the variable arm, both its length and its
sequence [6,13,59]. Our data support the argument that the acceptor stem of tRNASer also has a role in
its aminoacylation and that these changes are species-specific. The role of the acceptor stem of tRNASer
parallels that seen for many other aaRS enzymes [6]. Interestingly, Shiba et al. [31] observed that the
positioning of identity elements for specific tRNA isoacceptors is generally common across species,
but the exact nature of these sequences is often species-specific.

The possibility of a shared importance of the 3:70 base pair for aminoacylation by the class
IT enzymes AlaRS and SerRS is noteworthy. G3:U70 is unique for tRNAA and highly conserved.
The significance of the G3:U70 identity element for AlaRS has likely led to its parallel exclusion from
other tRNAs. In fact, G3:C70 and A3:U70 show a somewhat limited distribution in non-alanine tRNAs
in eukaryotic species (Figure S6), likely because of the mistranslation that would result from a single
base mutation generating a G3:U70. These sequence limitations may have led to the 3:70 base pair’s
role in recognition arising in some other tRNAs in some species. For many yeast and fungal species,
the C3:G70 base pair is conserved in tRNAS®"-Ser. It is also conserved in T. thermophilus as A:U in all
tRNA isoacceptors, which is interesting because of all the tRNAs, the four serine tRNAs are the only
ones where A3:U70 is found.

3.4. Unique Aspects of the SerRS Motif 2

It is interesting that the loop sequence in motif 2 in SerRS is distinct from other aaRS (Figure S7).
The placement of Trp in the motif 2 loop of yeast SerRS was previously observed by Lenhard et al. [60].
They demonstrated that mutations to the loop region affect functionality. Our model proposes that
Trp290 of yeast SerRS is a discriminating factor in the sequence preferences of the enzyme for the
tRNA. Arginine in motif 2 of SerRS is frequently found with tRNAS" containing the A3:U70 base pair
and in species containing a broader range of acceptor stem sequences, including humans, whereas
tryptophan is frequently found where C3:G70 is the sole or predominant sequence as seen in yeast
and fungi. Eichert et al. [25] examined the structure of minihelices with the T. thermophilus SerRS
enzyme. They found that the side chain of Arg267 of the T. thermophilus enzyme (the equivalent
of Trp290 in S. cerevisiae Sesl) interacts with the phosphate backbone of bases C69 and U70 via a
water network. The exact positioning of Trp290 in the C. albicans structure is difficult to predict
because of low electron density in this region; however, the hydrophobic Trp290 side chain almost
certainly will have different interactions than a polar arginine. Tryptophan is infrequently found
in base interactions [61], but hydrophobic residues occur in nucleic acid interactions through base
stacking. For example, a tryptophan in the Tn5 transpose base stacks with a thymine of its substrate
DNA [62]. This interaction requires distortion of the DNA duplex. Similar hydrophobic interactions
occurring after base flipping are observed for other enzymes, including methyltransferases and
endonucleases [63]. Further experiments will be required to determine if correct positioning of the
tRNA acceptor stem of the Trp290 enzymes involves distortion of the base pairing. Alternatively, the
Trp290 containing enzymes may compensate for the lack of interaction through additional contacts.
To address this possibility, we analyzed the mutual information between each pair of positions
within the aminoacylation domain of the cytoplasmic SerRS family of proteins to determine residues
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coevolving with Trp290 (Figure S8; Supplemental File S2). No residue was found to specifically
coevolve with Trp290. We do note that although the role of the distinct motif 2 sequence found in
SerRS may be in tRNA recognition, motif 2 more generally plays a role in ATP binding. This function
could be indirectly affected by our mutations.

The chimeric S. cerevisize tRNAS" with the human acceptor stem was somewhat more toxic
and induced a slightly greater heat shock response in yeast than the human tRNAS". This suggests
that some of the other base differences between yeast and human tRNAS®" molecules contribute a
partial effect to tRNA function. These may include the differences in the anticodon stem, specifically
at position 29 (A in S. cerevisiae, G in humans); through random selection, we have identified a G
mutation in the yeast tRNA as having reduced function [64]. It is unlikely that this mutation affects
aminoacylation given the lack of involvement of the anticodon stem-loop in the reaction. There are
also differences in the T-arms of yeast and human tRNAs, which may influence interactions of the
tRNA with the elongation factor EF-1«x.

3.5. Applications for Mistranslation

tRNAs that mistranslate have roles in synthetic biology and potentially therapeutically. The latter
arises because most diseases are the result of missense mutations that could be corrected through
mistranslation. The synthetic biology applications include expanding the diversity of expressed
products (statistical proteins) and controlling expression while transferring DNA between species.
All these cases require tRNAs that mistranslate at a level below a toxic threshold. Our results indicate
that a simple approach to achieve this is to use the inherent differences in function seen in the tRNAs
from different species.

Translation requires multiple independent yet connected processes. Overall, these are highly
conserved across species. It is, however, the differences that allow the enzymes involved in translation
to be the targets of antibiotic and antimicrobial agents. The subtle differences seen for SerRS and the
species specificity of its interactions with tRNAS" suggest its potential as a therapeutic target.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2073-4425/9/12/612/s1.
Figure S1: Human tRNAS®" sequence, Figure S2: Expression of human SerRS in yeast, Figure S3: Gene sequence
of S. cerevisiae tRNAS® isoacceptors for cytoplasmic translation, Figure S4: Human tRNAS g with G4:C69 is
toxic in S. cerevisine, Figure S5: Alignment of cytoplasmic SerRS motif 2 sequences from yeast and fungal species,
Figure S6: Percent distribution of the base pair at 3:70 in the tRNAs in Saccharomyces cerevisiae, Homo sapiens,
Candida albicans, Thermus thermophilus and Escherichia coli, Figure S7: Motif 2 sequences from the yeast class Il aaRS
enzymes Hts1, Figure 58: Co-evolution of cytoplasmic SerRS, Table S1: Yeast strains used in this study, Table S2:
Oligonucleotides used in this study, File S1: SerRS Coevolution Sequences, File S2: SerRS Coevolution Mutual
Information Output.
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Abstract: The universal genetic code, which is the foundation of cellular organization for almost
all organisms, has fostered the exchange of genetic information from very different paths of evolution.
The result of this communication network of potentially beneficial traits can be observed as modern
biodiversity. Today, the genetic modification techniques of synthetic biology allow for the design
of specialized organisms and their employment as tools, creating an artificial biodiversity based on
the same universal genetic code. As there is no natural barrier towards the proliferation of genetic
information which confers an advantage for a certain species, the naturally evolved genetic pool
could be irreversibly altered if modified genetic information is exchanged. We argue that an alien
genetic code which is incompatible with nature is likely to assure the inhibition of all mechanisms of
genetic information transfer in an open environment. The two conceivable routes to synthetic life are
either de novo cellular design or the successive alienation of a complex biological organism through
laboratory evolution. Here, we present the strategies that have been utilized to fundamentally alter
the genetic code in its decoding rules or its molecular representation and anticipate future avenues in
the pursuit of robust biocontainment.

Keywords: alternative amino acid and nucleotide repertoires; alternative core cellular chemistries;
biocontainment; genetic firewall; genetic isolation; orthogonal central dogma of molecular biology;
synthetic life; xenobiology

1. Introduction

The design and manufacturing of specialized biological systems promises to be the next giant leap in
human technology to advance many aspects of our society in unimaginable ways. Technologies derived
from this scientific groundwork are expected to be employed for fine chemical and pharmaceutical
production [1,2], transform medicine and epidemic control [3,4], be employed for environmental
remediation [5], mining [6] and crop fertilization [7], access novel renewable energy sources [8-10],
and complement electronic circuits and computational devices [11,12].

The modification of metabolic pathways as well as the addition, deletion, minimization or
integration of gene circuits (genes, gene clusters) transforms living organisms into autonomously acting
tools [13] able to execute preprogrammed processes, generally termed genetically modified organisms
(GMOs) [14]. The modern laboratory methods of synthetic biology (SB) take advantage of the modularity
of living systems, mixing and matching traits from various species in order to create organisms with
specific desired functionality [15]. The methods of SB aiming to transfer naturally evolved functions
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between organisms can be distinguished from the emerging field of xenobiology (XB), which aims to
expand the framework of natural chemistries within living cells through the incorporation of non-natural
building blocks [16,17].

Indeed, life on Earth is a reservoir of complex organized systems, displaying different levels of
control over their respective dynamic environments and intricate physiological processes to achieve
robust autonomy [18,19]. In this context, the genetic information encoding the organization of
an organism can persist in two ways, either within a species through reproduction (vertical gene transfer,
VGT), or between species through horizontal gene transfer (HGT). The pool of all possible manifestations
of a certain mechanism of control that can be acquired by mutation and selection drastically expands with
the complexification of biological systems. Thus, the exchange of components of the cellular organization
from one path of evolution to another potentially can advance certain aspects of control which leads to
a more robust population [20,21]. Exchanging information between species at the genetic level is only
possible for individuals maintaining the same physicochemical character (DNA and RNA) and decoding
logic (transcription and translation) in their genetic code, making the genetic code the lingua franca of
life on Earth [17].

However, it is the universality of the genetic code which makes GMOs designed to be employed
in open environments a potential threat, as leakage of synthetic genetic information polymers might
contaminate the naturally evolved genetic pool and alter entire ecosystems [4]. There is an overwhelming
consensus in both the public and scientific community that potentially harmful consequences of GMOs
must be prevented by engineering appropriate safety measures before they can be safely employed [22,23].
Thus, the aim for a robust biocontainment system should be to achieve control over all possible
mechanisms of proliferation of genetic information, which comprises preventing unintended VGT
and HGT, as well as the possibility of circumvention of the biocontainment due to loss of genetically
encoded safety mechanisms (genetic drift) [24]. Linking the expression of essential genes to the external
supply of synthetic molecules has achieved a relatively high level of control over the reproduction of
single-celled organisms [25]. The level of safety is usually measured in cells escaping the containment
relative to the total cell count in a population. A biocontainment system is regarded as safe below
1 escapee in a population of 108 cells, which is the safety threshold proposed by the National Institutes
of Health (NIH) [26]. Introducing dependency on synthetic molecules into the molecular complexes and
processes along the flow of genetic information (central dogma) [27] seems to be an attractive target,
directly impacting the universal characteristics of the genetic code. For example, the development of
alternative genetic information storage molecules (xeno-nucleic acids = XNAs), or the alteration of the
universal decoding logic through systematic introduction of non-canonical amino acids, should enable
the development of biocontained synthetic organisms (Figure 1).

Tight containment of artificially altered genetic information is the primary concern of a biocontainment
system. For such a system to be employed by industry, it must also enable standard engineering
methodologies that do not impair the development of viable products [23]. Industrial needs are a legitimate
aspect of a biocontainment system to be considered. However, this essay will be mainly concerned with the
basic requirements and paths of implementation explored to create life in genetic isolation. Microorganisms
are the preferred scaffold for developing biological tools (e.g., E. coli, B. subtilis, S. cerevisiae), where natural
processes can be redesigned over relatively short timescales through the methods of SB and XB. As such,
biocontainment concepts applied to single cellular organisms are presented. Approaches not concerned
with altering the core chemistries of cellular organization are summarized elsewhere [28,29].
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Figure 1. Biocontainment based on an alien genetic code. Life on Earth is a unity due to the existence of
the universal genetic code. The exchange of genetic information from very different paths of evolution
(horizontal gene transfer (HGT), yellow arrows) is facilitated by the universal genetic code fixing
the basic core cellular chemistries (left side). Genetic information persists in time within a species
through reproduction (vertical gene transfer (VGT), green arrows). A robust biocontainment system
needs to restrict the flow of genetic information, which can be achieved through an alternative genetic
code allowing for the exploration of drastically different cellular chemistries (right side). Currently,
there are two promising experimental routes towards this goal: de novo (from scratch) cellular design
(bottom-up) [30,31] or the successive alienation of a complex natural organism through laboratory
evolution (top-down) [32,33].

2. Basic Considerations for an Alien Central Dogma

The cellular organization of even the simplest organisms is immensely complex and interconnected,
to which the central dogma is an interpretation of the flow of information, illustrating a general theme
conserved in every modern organism [27]. The molecular outputs (RNAs, proteins) along the ribosomal
protein biosynthesis and their transforming processes (transcription, translation) possess a multitude of
chemical and physical identities which are heavily interconnected [34], regulating the cellular processes over
the complete cell cycle and in response to environmental cues. The topology of this network (who interacts
with whom) is crucial for a cell to maintain robust autonomy [35] and manipulating these intricate
associations for the purpose of biocontainment is a demanding task but thought to be very effective [28,36].
VGT is based on cellular reproduction, and as such depends on many synchronized processes in order to
guarantee transmission of the complete genetic information to a robust next generation. Thus, intercepting
any process along the central dogma will result in the cell losing its autonomy and prevents cell replication.
For example, introducing dependencies to synthetic compounds into components of the central dogma
results in trophic containment controlling cell survival through the external supplementation of the
compound [24]. HGT, in turn, is a type of communication between cells and relies on the universality of
the genetic code in its decoding logic and its physical representation. The main vectors of HGT between
prokaryotes are transduction, conjugation or DNA uptake from the environment [37]. For successful
HGT to take place, a cell is required to replicate or recombine, transcribe and translate received genetic
information molecules into functional proteins and thus, HGT can be ruled out by altering the decoding
rules (meaning), or the genetic information storage molecules (identity) of the genetic code [38].

3. Altering the Meaning of the Genetic Code

The idea of genetically encoding alternative cellular chemistries by incorporating non-canonical
amino acids (ncAAs) into the proteome of microorganisms has spawned efforts to free codons
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from their canonical assignment and engineer the cellular translation machinery to accept synthetic
compounds [39]. Genes harboring an alternative codon assignment will not be expressed in a cell with
a standard codon assignment receiving the altered information, and thus the genetic information will

be contained (Figure 2).
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Figure 2. Restrictions of genetic information transfer in altering the meaning of the genetic code.
In altering the codon assignment, cells receiving genetic information will be able to truthfully replicate,
transcribe and translate the encoded information, however, the resulting polypeptides will not
be functional. The same holds true for the genetic information transfer from genetically modified
organisms (GMOs) to cells maintaining a standard genetic code. An engineered organism with a strict
dependency for a non-canonical amino acid (ncAA) will not be capable of VGT in the absence of
the ncAA.

DNA is encoding the cellular organization through several layers of its chemical identity.
Codons are the logic units receiving their meaning through the coupling of a specific amino acid
to a cognate tRNA adapter with the correct anticodon, a reaction catalyzed by a tRNA- and amino
acid-specific aminoacyl-tRNA synthetase (aaRS). Eighteen out of 20 amino acids are encoded by multiple
synonymous codons. Rather than being a redundancy, the degeneracy of the genetic code—61 codons
encoding 20 + 2 amino acids and 3 codons encoding stop signals—allows for decision-making processes
rooted at a basic level, where the codon distribution is directly informing translation processes at the
ribosome, or gene regulation processes [40]. Direct reassignment of a codon will change all instances
of the previously assigned amino acid in the proteome. The misincorporation of an amino acid at
the reassigned codon will typically lead to misfolded and non-functional proteins [41], while the
genome-wide substitution of a codon by a synonymously coding triplet is likely to drastically influence
the cellular organization [40,42]. In recent decades, several schemes have been devised to overcome the
challenges of cellular complexity and achieve partial genetic isolation through alteration of the canonical
codon assignment.

3.1. Stop Codon Reassignment

Stop codon suppression (SCS) exploits the low abundance of the amber stop codon (UAG) in the
E. coli genome for its reassignment into a sense codon. The introduction of an orthogonal tRNA:aaRS
pair into the cell is used to facilitate the incorporation an ncAA at the command of the reassigned codon.
However, with the functional canonical process in competition with the engineered assignment, a code
ambiguity is created. The genome-wide substitution of the UAG codon with a synonymous codon
allows for the deletion of the competing release factor (RF1), which mitigates the detrimental effects of
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the code ambiguity and enhances the ncAA incorporation efficiency [43]. Using this strain as a platform,
highly contained organisms have been created through the design of essential proteins with functional
dependencies on ncAA incorporation [24,41]. The design and selection of the proteins with the desired
properties demands sophisticated methodologies, as incorporating UAG codons into genes might also
influence mRNA secondary structures and ribosome-binding strength [44]. Once robust dependencies
are found, combining several mutated sites into a few essential genes in one organism results in
exceptionally low escape frequencies well below the suggested NIH threshold [41]. Essential for the
robustness of the system are both the selectivity of the aaRS [45] and the tolerance of the protein towards
regaining its function through misincorporation of canonical amino acids. Interestingly, Tack and
colleagues developed a portable biocontainment system demonstrated on strains of E. coli and several
other species of bacteria sensitive to ampicillin by modulating an ampicillin resistance gene to only be
functional upon ncAA incorporation [46]. By supplying the antibiotic resistance gene and the tRNA:aaRS
pair on a plasmid, they managed to contain the tested organisms over several hundred generations with
escape rates one order of magnitude lower than the NIH threshold. This data suggests that genetic code
ambiguity does not effectively reduce the containment if linked to a strong impact on cell survival.

While persistent in vivo incorporation of ncAAs into proteins has been achieved over many
generations, the level of containment has yet to be improved [47]. The reassignment of a single
non-sense codon can be readily overcome by evolution [24,41], or post-transcriptional modification
(although demonstrated for a reassigned sense codon) [48] of a tRNA incorporating canonical amino
acids at the command of the UAG codon. Such genes could in principle also be acquired by HGT.
Although initially the UAG and RF1 deficient strain is less suitable as phage hosts [49], bacteriophage
T7 has been able to adapt, overcoming the immunity of cells with an expanded genetic code [50].
This mechanism of immunity is traced back to a rescue pathway for stalled ribosomes and deleting
the corresponding gene obliviates the immunity conferred by the UAG stop codon deletion [51].
The dependency of essential proteins to an additional ncAA through the reassignment of a second
stop codon is conceivable, but potentially highly toxic for the cell [52].

3.2. Sense Codon Reassignment

A naturally evolved sense codon reassignment, exchanging the codons assigned to amino
acids with entirely different chemical characters (Leu(CUG)Ser, non-polar to polar), does occur in
a yeast fungus. Heterologous expression of genes containing the CUG codon in a similar organism
with a standard genetic code leads to misfolded proteins, and thus the information transfer cannot be
completed [53]. These findings suggest that the reassignment of a sense codon can be used to alter the
cellular biochemistry on a proteome scale, ultimately interrupting HGT. The choice of the target codon,
either degenerate or exclusively encoding an amino acid, will respectively expand the amino acid
repertoire or substitute a canonical building block. However, there are currently no real examples
of biocontainment achieved through a sense codon reassignment to an ncAA. The narrow choice of
analogs which are tolerated for a proteome-wide incorporation limits the dependency of an organism
to an ncAA.

It is assumed that robust reassignment of a sense codon can, in principle, be achieved by a small
number of successive topology changes [35]. However, the exact mechanism of how variant genetic
codes arise remains elusive and is subject to ongoing investigations [54]. Due to the lack of deep insights
into mechanisms of cellular network plasticity [55], changes in the protein biochemistry on a proteome
scale are usually invoked through laboratory evolution, forcing the cell to incorporate an increasing
amount of an ncAA in order to survive [56]. Several long-term evolution experiments have yielded
strains which are adapted to the complete replacement of tryptophan (encoded by a single codon)
with a close chemical analog, whereas their ancestors are not able to show any growth under the same
conditions [32,57]. However, more interesting for the purpose of biocontainment is to drive the cellular
organizational topology beyond the ability to accept the canonical amino acid. A strain of B. subtilis has
evolved to grow exclusively on several fluorinated tryptophan analogs, whereas it has lost the ability to
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accept the canonical amino acid tryptophan [58]. The adaptation is traced back to a mutated transporter
and simply reverting a single mutation leads to a reconstitution of the ability to use the canonical amino
acid [59]. Nevertheless, these findings indicate that obliviating the dependency of an organism for a
canonical amino acid enables evolutionary processes to alter the cellular organization, which might lead
to incompatibility for the canonical substrate.

In order to capture the assignment of a degenerate codon, highly codon-specific translation capabilities
have to be added to an organism. Wobble pairing of canonical base pairs, as well as post-transcriptional
modifications can alter the specificity of the codon-anticodon matching [60,61]. Several investigations have
tackled the rare, degenerate, codon AGG to code for an ncAA by introducing an orthogonal tRNA:aaRS
pair [62,63]. Brocker and colleagues demonstrated that the specific requirements for selenocysteine
translation (MRNA hair pin structure and special elongation factor [64]) can completely overwhelm the
natural codon assignment when expressed in competition [65]. In order to completely eliminate ambiguous
decoding of a captured codon, Bohlke and Budisa suggest exploiting the decoding mechanism of the AUA
codon via a post-transcriptionally modified tRNA [61]. However, successful reassignment of the AUA
codon has yet to be reported, whereas the AGG codon has been successfully reassigned to an ncAA.

These works demonstrate that, in principle, sense codon reassignments with close analogs
are possible. However, the currently missing insight into which of the topology changes that have
surfaced are necessary to accommodate alternative amino acids result in a lack of reproducibility
and portability. Given enough time and data, these attempts may possibly lead to the discovery of
fundamental engineering principles enabling the permanent alienation of the cellular biochemistry on
a proteome scale [66].

3.3. Minimal Cell Design

Cellular organization has evolved employing the 20 canonical amino acids and their codons to
confer maximal robustness [67]. However, under laboratory conditions many of the preprogrammed
cellular responses might not be necessary, or be rather hindering for certain engineering
approaches [68]. Thus, reducing the cellular complexity, by either reducing the size of the genome
or by decreasing the degeneracy of the genetic code might help to uncover design principles and
to simplify engineering approaches. Additionally, reducing the genetic code degeneracy may free
multiple codons for the reassignment to ncAAs [47]. There has been noteworthy progress towards the
construction of a so-called minimal cell (genome reduction and sense codon liberation), demonstrating
the feasibility of computationally redesigning entire genomes.

In their latest iteration of a minimal genome, the Venter research group created a viable cell
with a genome size of 531,000 base pairs named syn3.0, reducing the genome size of M. mycoides to
approximately half [33]. Of the 473 genes encoded in the genome of syn3.0, 149 are of unknown function,
but all seem essential in conditions considered to be optimal for cell growth (no competition for food,
optimal temperature, supply of all small molecules in the medium).

Aiming to decrease the genetic code degeneracy, Lajolie and colleagues have devised an algorithm
which replaces all instances of 13 rare codons in the 41 ribosomal protein-coding genes [40]. In 2016
they broke further ground by demonstrating the deletion of 7 rare codons, independently on each of
55 stretches of the E. coli genome (each ca. 1% of the genome) within certain constrains (for example,
conserving relative codon usage, ribosomal binding sites and mRNA secondary structure) [42]. Due to
the careful selection of codons, which might in any case be subject to low fidelity decoding due to
wobble pairing, only limited growth defects and variations in transcription levels of affected genes can
be observed [69].

Eliminating the ability of a cell to decode certain codons improves the genetic isolation, as foreign
DNA from viruses, plasmids or other vectors can no longer be properly expressed, thus limiting
the potential of HGT [42]. On the other hand, cells equipped with a minimal genome might be
useful as a platform host to accept additional contained genetic information. An orthogonal central
dogma (orthogonal replication, transcription and translation) could serve as a modular system to
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equip cells with some desired functionality [36]. A bottleneck to further investigation is the ability
to incorporate large segments of synthetic DNA into the genome of living organisms or the creation
of entire synthetic genomes. However, a more complete summary of the advances in the field of
synthesizing and implementing whole genomes has been reviewed elsewhere [70,71].

4. Altering the Identity of the Genetic Code

Rather than trying to expand the cellular biochemistry through the replacement of preexisting
coding events, researchers are exploring the feasibility of expanding the coding capacity of the genetic code.
Codons are the naturally evolved coding units, with a coding capacity limited to 64 variations restricted by
the four different nucleotides binned into units of three. Recent investigations have tested the ability to
expand either the nucleotide base repertoire, or the codon unit to a higher binning. Any alteration of the
fundamental coding units is likely to be poorly tolerated by the natural translation apparatus [72] or likely
to fail the canonical replication and transcription machinery, thus leading towards the creation of a genetic

firewall (Figure 3).
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Figure 3. Restrictions of genetic information transfer in altering the identity of the genetic code.
Similar to altering the canonical codon assignment, cells maintaining an expanded coding capacity,
like quadruplet codons, will be able to replicate transcribe and translate genetic information received
from a cell with a standard genetic code, where translation will not result in functional proteins.
An organism strictly utilizing some kind of XNA backbone, while maintaining the canonical bases for
genetic information storage, will not be able to replicate or transcribe genetic information in the form
of DNA, but most likely be able to translate natural RNA into functional proteins.

4.1. Frameshift Codons

The advantages of a quadruplet code towards the creation of a genetic firewall seem obvious,
in conferring a dramatic change to the fundamental coding identity of the genetic code, through a simple
change in the unit convention brought about by only a few altered cellular components. Here, frameshift
suppression is classified as a change in genetic code identity due to the expansion in coding capacity,
although in order to convey these changes, the physical representation of the genetic information storing
polymers does not need to be altered. In 2010 the group of Chin engineered a prokaryotic ribosome able to
decode quadruplet codons, introducing an orthogonal in vivo translation system, which in theory would
allow for 256 independent coding variants [73]. Linking the survival of a cell to the correct decoding
of the AAGA codon, Neumann and colleagues discovered an evolved ribosome, with the ability to
polymerize an ncAA in response to both the quadruplet codon and the UAG codon. Relying entirely on
the promiscuity of canonical ribosomal protein biosynthesis, the group of Schulz found an orthogonal
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tRNA:aaRS pair able to efficiently decode a quadruplet codon without severe growth defects for the
cell [74]. Expanding the codon capacity to four bases does not appear to be the limit. Hohsaka and
colleagues demonstrated that a five-nucleotide based coding units can be considered plausible [75].
While in principle a quadruplet-based genetic code is possible, shortcomings in the understanding
of genome engineering as explained in the Section 3.3 “Minimal Cell Design” hinder the progress towards
compiling whole genomes. In order to enable the evolvability of ribosomes, they initially have to be
freed from their natural duty by finding an orthogonal mRNA:ribosome pair [72]. The reversion of such
a containment through HGT or evolution seems unlikely due to the highly toxic effects of a translation
process that would be able to decode both canonical triplet and quadruplet codons simultaneously.

4.2. Synthetic Base Pairs

The creation of a synthetic base pair, expanding the canonical repertoire described by Watson and
Crick [76], has been explored in various ways. Important for the in vivo incorporation of such base pairs
into the DNA molecule is the transport into the cell, the enzymatic synthesis in the complex intracellular
medium, and the tolerance towards the natural error elimination mechanisms. Retaining the information
over replication cycles as well as retrieving the information in transcription and translation with high
fidelity are fundamental requirements for a synthetic genetic information polymer [66]. This makes the
modification of the components at the basis of the central dogma an extensive and challenging endeavor,
which so far has not been developed successfully.

The four canonical base pairs rely on size and hydrogen-bonding complementation for their correct
matching. Conserving these pairing rules may conserve the physicochemical character of the molecule [77],
possibly allowing for an easier in vivo implementation. Chemical alteration of a canonical base pair
is naturally only observed in bacteriophages, probably counteracting host restriction enzymes [78].
The research group of Benner pioneered the efforts to find additional base pairs relying on the canonical
matching principles. While proving successful in vitro enzymatic polymerization [79] and replication [80]
as well as stable transcription into RNA [81], the implementation into a living cell is so far difficult to
achieve [82]. The directed evolution experiment of Marliére and colleagues aiming to exchange a canonical
base in the entire genome of E. coli for a halogenated analog found that it is indeed possible to eliminate all
of the natural thymidine down to the detection limit of 1.5% [83]. In their study, chlorouracil is carefully
selected as precursor for intracellular conversion to a nucleotide, preserving the ultrastructure and hydrogen
bonding characteristics of natural DNA. Although the resulting strain does not have expanded coding
capabilities, DNA fragments containing the non-natural nucleotide will most likely be excluded from
decoding by the canonical replication or transcription machinery of non-adapted cells.

Instead of relying on hydrogen bonding for base pairing, hydrophobic base pairs have been
found useful for the in vivo expansion of the genetic alphabet. The Romesberg group successfully
demonstrated the importance of exogenously phosphorylated unnatural nucleotides and their faithful
in vivo replication in E. coli [84]. However, the plasmid-based replication of a single nucleotide at
a specific position does not allow an evaluation for its usefulness in biocontainment. In later experiments,
they demonstrated chromosomal incorporation and replication as well as assignment of the unnatural
codon to an ncAA [85,86]. Thus far, this represents the most sophisticated platform of an in vivo genetic
alphabet extension that has been developed. However, there have been legitimate concerns regarding the
choice of the hydrophobic base pair which relies on stabilization of the surrounding canonical nucleotides
for matching, possibly restricting the applicability for its extended use throughout the genome [87].

4.3. Alternative DNA Backbone Motifs

Synthetic DNA-like polymers (XNAs) have been engineered using non-natural sugar moieties or
phosphate linkers of the DNA backbone, while conserving the four canonical bases. XNAs have been
constructed with the ability to encode information, as well as bearing the potential for evolution [88].
XNAs are not readily processed by the natural replication and transcription enzymes [23], which makes
it necessary to develop the according molecular machinery facilitating the intracellular processing of
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the genetic information. The same considerations as for the in vivo implementation of synthetic bases
mentioned above are applicable for XNA molecules.

Threose nucleic acid (TNA) is a sugar-modified type of XNA that is able to bind to the reverse
complement of RNA and DNA. Furthermore, it shows good stability in the intracellular milieu and
a high resistance against natural nuclease enzymes [89]. The complementation of DNA and TNA
single strands allows for the transcription of information from one molecule to the other, demonstrated
through enzymatic transcription of DNA templates into TNA [90] and enzymatic reverse transcription
of TNA templates into DNA [91]. In recent advances, the Chaput research group demonstrates
a powerful approach computational approach for enzyme engineering, which was used to drastically
improve TNA polymerase speed and accuracy. They used computational design together with
sampling and pooling of beneficial mutations in a single enzyme, which leads to a an improved
polymerase [92] able to polymerize TNA with an unnatural base [93]. However, the enzymes developed
thus far lack orthogonality, and thus cannot easily be implemented in vivo, an issue concerning most
of the developed XNAs [94].

Liu and colleagues recently published their progress towards the in vivo implementation of XNAs.
They developed an XNNA backbone modified in its sugar-phosphate moiety together with a cognate
synthase with low affinity to natural nucleotides [95]. Although not demonstrating in vivo replication,
their experiments show the poor acceptance of their XNA-DNA chimeras as a substrate for the endogenous
E. coli replication machinery. However, it remains unclear if the proposed XNA chassis can be further
developed to accommodate all necessary requirements to sustain life. The implementation of XNA
molecules as genetic information storage in a cell-free system may certainly result in a robust biocontained
system suitable for certain physically contained applications [28,77].

Complementing a minimal genome cell with an XNA based orthogonal central dogma, carrying
contained information could be a fruitful strategy to achieve biocontainment in a precursor to true
alien life [36].

5. The Farther the Safer

The premise “the farther the safer” [22], referring to the alienation of the core cellular chemistries
which have naturally evolved under the universal genetic code, is still a legitimate claim if the aim
is to eliminate the eventuality of genetic information transfer between naturally evolved organisms
and GMOs.

The historical landscape of evolution with its specific dynamic environmental boundary
conditions [96-98] and advantageous mechanisms of information transfer [20] has formed a narrow
trajectory which seems to restrict the possibilities of cellular biochemistries to be explored [69].
Overcoming these restrictions by altering the meaning and identity of the genetic code will allow
for drastically divergent evolutionary paths unable to exchange genetic information with, or revert
back to, the naturally evolved counterpart (Figure 1).

The route to this new synthetic world will lead through vastly uncharted territory. There are two
conceivable routes. Synthetic life can either be reached through a bottom up de novo cell design [30],
or through the top down introduction of multiple ncAAs and the successive exchange of components
of complex cellular biochemistry [31]. Promising progress has been reported towards de novo cell
synthesis [99,100]. In the scope of this review we will however only discuss the top-down approach.

Although nucleotide and amino acid stereochemistry is decoupled in ribosomal protein
biosynthesis through the use of tRNAs, it is the amino acid repertoire which shaped the chemical
identity of the genetic code [34]. Organisms with an artificial amino acid repertoire thus far only
maintain their installed biocontainment if essential proteins are dependent on the physicochemical
character and related functional features of these synthetic building blocks. The stabilization of the
topology changes necessary to accommodate the synthetic building blocks on a proteome scale remains
the limiting factor, demonstrating the robustness of the naturally evolved cellular organization.
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Yu and colleagues [59] suspect that the safeguards against the proteome-wide substitution of
a canonical amino acid with a close analog are encrypted in only a few cellular components and
depend on the amino acid and the analog. Their study shows that the correct selective pressure
does allow for the propagation of mutations strengthening an alternative genetic code. The organism
which is auxotroph for tryptophan abolishes the uptake mechanism of the amino acid, a mutation
that would otherwise be fatal. This somehow fragile containment of VGT could be strengthened by
restricting the promiscuity of an engineered aaRS to only incorporate the ncAA, a strategy which has
been proposed earlier by Bohlke and Budisa [61]. The topology changes surfacing in such a strain
during a laboratory evolution experiment would certainly be interesting to observe. Until now,
a number of organisms have been adapted to a variety of environmental conditions or equipped with
desired metabolic traits through directed evolution approaches, all within moderate timeframes [101].
However, the insights necessary to establish such deep-rooted chemical changes like a sense codon
reassignment are lacking, which impedes the design of appropriate starting or selection conditions
for such evolutionary experiments [102]. More information on the topic can be retrieved from
a recent review, which accumulates the extensive knowledge concerned with the knobs and dials
of modern laboratory evolution [101].

Beyond facilitating HGT, the universal genetic code is thought to limit the adverse effects of
information misinterpretation which may occur during the processes along the central dogma [103].
This feature usually complicates the stabilization of alternative genetic codes. However, there do exist some
noteworthy exceptions of organisms or organelles having evolved deviating codon assignments [104-106].
For instance, Micrococcus luteus has been identified as an organism lacking six codon assignments,
which could be exploited for the incorporation of ncAAs into proteins, or as a starting point for laboratory
evolutions [22,107]. Similarly, the evolutionary path of mitochondria, which have lost a large amount of
their cellular complexity while also maintaining an alternative codon assignment, could inform engineering
approaches aiming to establish alternative genetic codes [108]. To date, the exact mechanism of how the
assignment of a codon can change remains elusive. Recent studies predict the loss of a tRNA [54], or its
deactivation due to a post-transcriptional modification, as the main drivers [109]. Detailed investigations
into the mechanisms influencing these naturally occurring deviations from the standard genetic code might
surface effective protocols with which to sustainably gain control over the process in laboratory evolutions.

6. Alienation Far beyond the Canonical Chemistries of Life

Life on earth is limited to the repertoire of 20 amino acids, which ensures protein function through
reoccurring structural motifs based on hydrogen bonding. Thereby it becomes apparent that proline
and glycine usually not participate in the 3-sheet and x-helix secondary structures, but break these
ordered formations to form loops [110]. This architecture has been extensively explored by nature
through combinations of ordered formations as well as through post-translational modifications.
Therefore, a long-term perspective would be to seek for other scaffolds that do allow a functional
proteome to be based on different chemical architectures and alternative principles of protein folding.
The creation of a ‘fundamentally new” alien life would therefore require the use of radically new
building blocks (and not the mere modifications of existing ones). Attributes and perspectives
of alternative genetic codes whose repertoires are based on derivatives of proline [111], sarcosine,
ornithine and other ‘alien’ building blocks are most recently elaborated by Kubyshkin and Budisa
(Trends in Biotechnology, 2019, under revision).

If codon diversity and availability can be identified as a major hurdle to establish new chemistries
into complex organisms, multiple-sense codon reassignments, quadruplet codons or XNAs with
alternative base pairs might be the entry point for the sustainable incorporation of multiple synthetic
building blocks into complex organisms. However, as explained above, the degeneracy of the genetic
code mitigates potential adverse effects of genetic code misinterpretation. How technologies like
quadruplet codons or sense codon reassignments affect the viability of cells in this regard remains to
be determined. A synthetic organism based on an alien genetic code with a decoding logic incompatible
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to naturally evolved organisms, will be excluded from any HGT (receiving and transmitting). As XNA
molecules have been shown to be capable of heredity and evolution [88], XNA-based organisms seem
like a plausible vehicle for implementing proteome wide chemical changes. However, there is no
experimental evidence that these organisms would absolutely depend on xeno-nutrients to survive,
and thus VGT may not automatically be tightly controlled [22]. In the future, stronger, standardized
tests have to be applied to newly created xeno-organisms with estranged genetic codes in order to
quantify the robustness of the engineered containment against VGT, HGT and genetic drift in complex,
diverse environments [13]. Only a synthetic organism that has been thoroughly tested for its absolute
dependency on an otherwise inaccessible synthetic compound will be safe to employ in any complex open
environment as long as no parts are toxic for any biological system in contact. However, depending on the
time of interaction between the synthetic and biological world, an evolutionary drift towards preserving
the genetic material and its contained information might be possible. Thus, for now, the attribute robust
biocontainment cannot be assigned to any of the here presented technologies.
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Abstract: Yeasts belonging to the Metschnikowia genus are particularly interesting for the unusual
formation of only two needle-shaped ascospores during their mating cycle. Presently, the meiotic
process that can lead to only two spores from a diploid zygote is poorly understood. The expression
of fluorescent nuclear proteins should allow the meiotic process to be visualized in vivo; however,
no large-spored species of Metschnikowia has ever been transformed. Accordingly, we aimed to
develop a transformation method for Metschnikowia borealis, a particularly large-spored species of
Metschnikowia, with the goal of enabling the genetic manipulations required to study biological
processes in detail. Genetic analyses confirmed that M. borealis, and many other Metschnikowia
species, are CUG-Ser yeasts. Codon-optimized selectable markers lacking CUG codons were used to
successfully transform M. borealis by electroporation and lithium acetate, and transformants appeared
to be the result of random integration. Mating experiments confirmed that transformed-strains were
capable of generating large asci and undergoing recombination. Finally, random integration was used
to transform an additional 21 yeast strains, and all attempts successfully generated transformants.
The results provide a simple method to transform many yeasts from an array of different clades and
can be used to study or develop many species for various applications.

Keywords: genome engineering; synthetic biology; yeasts; Metschnikowia; genetic tools; DNA
delivery; CUG-Ser

1. Introduction

For decades, yeasts have proven to be tremendously useful in the study of life’s fundamental
processes. As single-celled models for eukaryotic life, they have short generation times, can be
easily manipulated, and contain thousands of conserved genes—many of which are vitally important
across nearly all living organisms [1,2]. While the discovery of new species provides us with
new opportunities, genetic tools previously developed for Saccharomyces cerevisine and other model
organisms must be re-optimized for use in newly discovered species [3,4]. Altered membrane
composition, modified gene expression, and alternative codon usage can prevent the seamless
application of established transformation methods onto new species. Such transformation methods
are crucial in the development of targeted knockouts, changes in gene expression, and fusion proteins
that allow the study of biological processes in detail.
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Of particular interest among yeasts are the 81 or more species assigned to the genus
Metschnikowia, some of which have become popular for their varied applications [5]. For example,
M. pulcherrima is of importance to winemakers for its generation of pleasant aromas in high-quality
wines, and its anti-microbial properties further its potential as an industrial microorganism [6,7].
Similarly, M. bicuspidata has been studied extensively for its role as a pathogen, and other species
(including M. agaves and M. hawaiiensis) are being studied as potential anti-aging agents in cosmetics [5].

Metschnikowia species are particularly intriguing, due to the unusual formation of only two
needle-shaped ascospores during their sexual cycle. A two-spored meiotic product stands in sharp
contrast to the four spores arising from meiosis in many other yeast species (like S. cerevisiae) [5].
Although the occurrence of meiotic recombination has been demonstrated in some Metschnikowia
species [8] the fate of the nuclei during meiosis remains unclear, and is yet to be elucidated.
The expression of fluorescent nuclear fusion proteins should allow the meiotic process to be visualized
in vivo, but the generation of such fusions is greatly hindered by the lack of genetic tools available
for Metschnikowia species. M. pulcherrima is the only species ever to have been transformed [9].
Unfortunately, the small size of its ascospores and the difficulty of generating abundant asci make
M. pulcherrima less than ideal for the study of meiotic nuclei.

In contrast, M. borealis is one of many Metschnikowia species that form ascospores that can
reach 20-50 times the size of normal budding cells [10]. The giant, elongated spores would greatly
facilitate the task of elucidating the meiotic process in Metschnikowia species. The initial selection
of M. borealis for study is further justified by the fact that the species has the highest maximum
growth temperature among the large-spored Metschnikowia species (37 °C), making it more likely to
survive the high-temperature incubations required by many of the conventional yeast transformation
methods [11,12]. Therefore, we aimed to develop and optimize a transformation method for M. borealis
to enable the study of the species in more detail.

Our approach builds on the conventional methods used to transform other yeast species, such as
S. cerevisine and M. pulcherrima. After identifying antibiotics that can be used as selectable markers,
we developed various genetic constructs carrying the appropriate genes to allow growth on selective
plates. We then tested conventional transformation techniques, such as lithium acetate transformation
and electroporation to introduce the various genetic cassettes [11]. It was originally anticipated
that differences in membrane composition, antibiotic sensitivity, and origins of replication may
pose significant obstacles in our ability to seamlessly apply classical transformation methods from
S. cerevisiae onto M. borealis. Accordingly, we developed a systematic approach entailing a variety of
different transformation methods, using a variety of different antibiotic resistance markers to develop
a successful transformation method for M. borealis and other CUG-Ser yeasts.

2. Materials and Methods

2.1. Microbial Strains and Growth Conditions

Metschnikowia borealis strains UWOPS 96-101.1 (MAT«) and SUB 99-207.1 (MATa), and other
strains that were used in transformation experiments were obtained from the yeast collection of the
Department of Biology, University of Western Ontario, where they are kept frozen in liquid nitrogen.
Saccharomyces cerevisine VL6-48 (ATCC MYA-3666: MATw his3-A200 trpl-Al ura3-52 lys2 ade2-1 met14
cir?). All strains were grown in YPAD broth (1% yeast extract, 2% peptone, 0.01% adenine hemisulfate,
2% D-glucose) at 30 °C with shaking at 225 rpm, with the exception of C. aff. bentonensis, M. bicuspidata
and M. orientalis, which were grown at 27 °C. Stationary cultures were grown on the same media
containing 1% agar at the same growth temperatures.

2.2. Codon-Optimization of KanMX and Sh ble

To codon-optimize the KanMX and Sh ble selectable markers, each CTG codon was
changed to a TTG, and the resulting gene sequence was uploaded to the OPTIMIZER tool
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(http:/ /genomes.urv.es/OPTIMIZER/) [13]. The codon frequencies from M. borealis in three highly
expressed yeast genes—ADH1, TDH3, and ENOI—were used to guide optimization. A table was
generated using the Codon Usage Database (https:/ /www.kazusa.or.jp/codon/) and entered into
OPTIMIZER to guide codon-optimization. The method used for optimization was one amino acid to
one codon, with a maximum of 25 allowed codon changes. Optimized genes were called MbKanMX
and MbShBle.

2.3. Yeast DNA Isolation

Genomic DNA was isolated from M. borealis using a modified alkaline lysis method.
Individual colonies were suspended in 1.0 mL of sterile double-deionized water (sddH;0) and pelleted
at 3000x g for 5 min. Cells were resuspended in 250 uL P1 Buffer (Qiagen, Valencia, CA, USA), 0.25 uL.
of 14 M B-mercaptoethanol, and 12.5 pL zymolyase solution (10 mg mL~! zymolyase 20T in 25%
glycerol), and incubated at 37 °C for 1 h. Following incubation, 250 uL of P2 Buffer (Qiagen) was added,
gently mixed, and the suspension was incubated at room temperature for 5 min. Subsequently, 250 uL.
P3 Buffer (Qiagen) was added, gently mixed, and the suspension was incubated on ice for 10 min.
Cellular debris was pelleted at max speed for 10 min at 4 °C, and the supernatant was transferred to
a separate tube. Next, 750 uL ice-cold isopropanol was added to the supernatant, and the mixture
was frozen at —80 °C for 15 min. The DNA was pelleted at top speed for 10 min at 4 °C, washed with
750 uL ice-cold 70% ethanol, and dissolved in 50 uL Tris-EDTA (TE) pH 8.0.

2.4. Lithium Acetate Transformations

The lithium acetate transformations were conducted as described previously, with some
modifications [14]. Briefly, a 50 mL cell culture was grown to an ODgq of 1.0 and pelleted at 6000x g
for 5 min. The pellet was washed 3 times with and resuspended in 1 mL sterile water. Next, 100 uL
of cells were transferred to a sterile tube and pelleted to remove the supernatant. The pellet was
resuspended in 360 uL of transformation mix (33% PEG 3350 with 0.1 M LiOAc, 100 ug salmon sperm
carrier DNA, and 1 pug DNA), and vortexed briefly. The mixture was incubated with shaking at
39 °C and 300 rpm for 30 min, and then pelleted to remove the transformation mix. The pellet was
resuspended in 1 mL of YPAD in a 1.5 mL Eppendorf tube, recovered for 2 h at 30 °C and 225 rpm,
plated on the appropriate selective media, and incubated at 30 °C for 2 days.

2.5. Electroporation Conditions

Electroporation experiments were conducted as previously described [15], with slight
modifications. Briefly, cells were grown to an ODg of 1.5 in 50 mL YPAD and pelleted at 5000 x g for
5 min. The pellet was resuspended in 10 mL 0.1 M LiOAc in 1xTE, pH 7.5, and incubated with shaking
at 150 rpm and 30 °C for 1 h. Next, 250 uL. 1 M DTT was added, and cells were returned to the incubator
for 30 min. After adding 40 mL ice-cold sterile water, cells were pelleted, washed with 25 mL ice-cold
sterile water, washed again with 5 mL ice-cold 1 M sorbitol, and resuspended in 250 uL 1 M sorbitol.
Electro-competent cells were placed at —80 °C in 100 pL aliquots. When needed, cells were quickly
thawed in a 37°C water bath and immediately placed on ice. Electroporation reactions were prepared
in 0.2 cm cuvettes with 40 pL electro-competent cells, 5 pL DNA (1 pg), and 20 pug single-stranded
carrier DNA, and conditions were 1.8 kV, 200 (), and 25 pF. Cells were collected from each cuvette
in 1 mL of YPAD and allowed to recover in Eppendorf tubes for 2 h at 30 °C and 225 rpm. For each
transformation, 20 puL were plated on the appropriate selective media and incubated at 30 °C for
2 days.

2.6. Locating the Insertion Site

Metschnikowia borealis cells were transformed with PCR-linearized CaNAT1 flanked by 60 base-pair
sequences of homology to the HIS3 promoter and terminator, and DNA was isolated from
5 colonies by Alkaline Lysis as described above. DNA samples were digested with Cfol
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(Promega, Madison, WI, USA), with expected cut sites every ~600 base-pairs in the M. borealis genome
and no cut sites within CaNAT1. Digested samples were then ligated using T4 DNA Ligase
(New England BioLabsWhitby, ON, Canada). Qiagen Multiplex (Cat No. 206143) was used to
PCR-amplify the unknown sequences surrounding the insertion site, using primers that bind within
CaNAT1 and that were oriented to amplify the surrounding sequence. PCR conditions were 95
°C melting for 30 s, 60 °C annealing for 90 s, and 72 °C extension for 90 s, cycled 35 times. PCR
products were sent for sequencing at the DNA Sequencing Facility and Robarts Research Institute
(London, ON, Canada). To identify insertion sites, sequences adjacent to the inserted marker were
analyzed using BLASTn with Geneious 11.1.5 to search the M. borealis genome [16]. For secondary
verification, primers were designed to anneal ~150 base-pairs upstream and downstream of the
insertion site, and PCR was used to observe the insertion of the 693-base-pair cassette.

2.7. Mating Experiments

M. borealis MATa was transformed with MbShBle, and used in mating experiments with
a MATua strain that had been transformed with CaNAT1. MbShBle-transformed MATa was thinly
spread on 2% agar plates containing 2 strength glucose medium lacking histidine and uracil
(Teknova, catalogue number C7221). CaNAT1-transformed MATa was then spread perpendicular to
MATz, creating a grid with many sections where both strains were mixed. The cells were incubated
for 2 days at room temperature. Approximately 20% of the cells were subsequently collected and
resuspended in 25 mL of YPAD, and then grown at 30 °C for 6 h with shaking at 225 rpm. Next, 1 mL
aliquots of culture were plated on YPAD containing 200 mg L~ zeocin and 75 mg L~! nourseothricin
and incubated at 30 °C. After two days, resulting colonies were collected, serially diluted, and plated
on YPAD with 200 mg L~! zeocin and 75 mg L~! nourseothricin. Purified recombinant colonies were
grown overnight in YPAD, serially diluted, and plated alongside wildtype MATa, wildtype MATu,
MbShBle-transformed MATa, and CaNAT1-transformed MAT«.

3. Results

3.1. Identification of Antibiotics that Inhibit Growth of M. borealis

Before designing genetic cassettes (containing selection marker flanked by
homology/promoter/terminator sequences) for transformation, it was necessary to identify
antibiotics that inhibit the growth of M. borealis to enable us to choose appropriate antibiotic
resistance markers. Cultures of M. borealis MATa and MATx were grown to ODgg of 1.5, pelleted,
and resuspended to an ODgq of 3.0. Cultures were spot-diluted in 5 uL aliquots on YPAD agar plates
with various concentrations of geneticin, zeocin, or nourseothricin (Supplementary Table S1); and it
was determined that each antibiotic was effective at inhibiting growth at 400, 125, and 50 mg Lt
respectively. To further prevent the occurrence of spontaneous colonies, higher concentrations of
nourseothricin (75 mg L1 or 100 mg L~1) and zeocin (200 mg L) were used for selection.

3.2. Growth Rate of M. borealis

Many conventional yeast transformation methods require that a culture to be grown to a specific
optical density at 600 nm; accordingly, it was necessary to determine the growth rate of M. borealis,
to enable us to accurately calculate the growth time to the required optical density. Three cultures
of each mating type of M. borealis (MATa and MAT«x) were grown to mid-log phase (ODgp = 1.0),
and diluted in 50 mL of YPAD to an optical density of 0.065. Each culture was grown at 30 °C with
shaking at 225 rpm, and ODggp was recorded at 1 h time points for 8 h. The average ODg of the three
cultures for each mating type was recorded, and the doubling time was calculated as 76 min for mating
type a and 74 min for mating type « (Supplementary Figure S1).
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3.3. M. borealis Codon Usage

A series of transformation attempts were made with M. borealis using genetic cassettes containing
the NAT, KanMX, and Sh ble genes; however, no colonies were ever obtained for any of the
transformation attempts. While investigating factors that would prevent us from obtaining colonies of
M. borealis, the question of genetic code became significant. Some species (including M. bicuspidata
and M. fructicola) have been reported to recognize a CUG codon as a serine (yeast alternative nuclear
code) [17,18], which fits within the current view that the Metschnikowiaceae belong to the CUG-Ser 1
clade of budding yeasts [19]. However, the only published literature regarding the genetic code of
M. pulcherrima indicated that the species translates the CUG codon to leucine (standard code) [20].
The NAT, KanMX, and Sh ble cassettes used in the transformation attempts contain 8, 4, and 5 CUG
codons in their open reading frames, respectively.

In an attempt to determine the genetic code of M. borealis, the coding sequence of URA3 from
M. borealis was translated with the ExPASy translate tool, using both the standard code and yeast
alternative nuclear code, and aligned with the 30 top hits from a URA3-BLASTx search using MUSCLE
(Figure 1A). A leucine aligned at a highly conserved serine or threonine position when URA3 was
translated with the standard genetic code; however, a serine aligned at that position when translated
with the yeast alternative nuclear code.

A Pachysolen tannophitus 1 ICLVKTHIDTIDDFSYDGTT YNFMIFEDRKFA
i YICLLKTHVDILDDFTFEGT FLIFEDRKFA

Torylaspora delbrueckii LDVNTTEELLKLVDTLGPYICLLKTHIDI ISDFS IDGTVKPLKELAKKHNFMIFEDRKFA
Zygosaccharomyces parabaili LDVDTTTELLRLVDILGPYICLVKTHVDILSDF SUDGTVKPLKELAAKHKFLIFEDRKFA
Zygosaccharomyces bailii LDVNTTTELLRLVDILGPYICLVKTHVDILSDF SUDGTVKPLKELAAKHKFLIFEDRKFA

Candida arabinofermentans

VDLTTTKELLELLDKLGPFICLVKTHIDIVEDFSYEGTILPLLALAKKHNFMIFEDRKFA

Lodderomyces elongisporus
Candida boidinii
Wickerhamomyces onychis
Pichia sp. JP-2008

Candida albicans

DY ELLDKLGPYICLVKTHIDIVEDFSYEHTILPLQGLAKKHNFMIFEDRKFA
IDVRTTAEFLLLVDKLGPFICLVKTHIDI IDDFSYEKTILPLLELSKKHKFMIFEDRKFA
VDLTTTQEILDLLDKVGPYICLVKTHIDIVSDFSYEGTIVPLLALAKKHNFMIFEDRKFA
IDVKTTAEFLALIDKLGPY ICLVKTHIDI IDDFTLEGTVKPLQELAKKHNFLIFEDRKFA
VDVKTTAEFLALIDKLGPY ICLVKTHIDIIDDFTLEGTVKPLOELAKKHNFLIFEDRKFA
IDVDTTKEFLELIDKLGPYVCLIKTHIDI INDFSYESTIEPLLELSRKHQFMIFEDRKFA

SLVDQLGPSICLVKTHIDIIDD{LYEGTIEPLLALAKKHKFMIFEDRKFA

D EFLSLVDQLGPSICLVKTHIDIIDDFS YEGTIEPLLALAKKHKFMIFEDRKFA

Candida intermedia
Clavispora lusitaniae

DVSTTKEFLSLIEKLAPFICLVKTHIDI IDDFSYEGTIVPLLKLSKEHKFMIFEDRKFA
VDVSTTKEFLELIDKLGPSICLVKTHIDIIDDFSYDGTIVPLLELAKKHNFMIFEDRKFA
VDVSTTAEFLALIDKLGPFICLVKTHIDIIDDFSYEGTIVPLLELAKKHOFMIFEDRKFA

Candida
Candida auris
Candida maltosa
Candida tropicalis
Hyphopichia buronii

‘LALIDKLGPSICLVKTHIDII] EGTIVPLLELA] MIFEDRKFA
VDVNTTSEFLSLIDKLGPYICLVKTHIDIIDDFSYETTIVPLLELAKKHOFMIFEDRKFA
VDVQTTSEFLSLIDKLGPYICLVKTHIDI IDDFSYEGTTVPLLEL MIFEDRKF
VDVQTTSEFLSLIDKLGPYICLVKTHIDIIDDFTYEGTIVPLLEL MIFEDRKF
VDVKTTKEFLDLIDQLGPFICLVKTHIDI IDDFSYEGTIVPLLELAKKHQFMIFEDRKFA

Scheffersomyces stipitis
Suhomyces tanzawaensis
Debaryomyces fabryi
Debaryomyces hansenii
Candida tenuis

‘LALIDKLGPFVCLVKTHIDIIDDFSYEGTIKPLLELSKKHNFMIFEDRKFA
D) EFLSLIDKLGPYICLVKTHIDII EGTIVPLLELSKKHNFMIFEDRKFA
VDVKTTNEFLSLIDKLGPYICLVKTHIDIIDDFSYEGTTEPLLKLAKKHQFMIFEDRKFA
VDVKSTDEFLALIDKLGPYICLVKTHIDIT EGTIVPLLAL; MIFEDRKFA
DVKSTDEFLTLIDKLGPYICLVKTHIDI IDDYSYEGTIIPLLAL] MIFEDRKF
VDVRTTSELLSLIDKLGPYICLVKTHIDIVDDFSYEGTIVPLLELSKKHNFMVFEDRKFA

Kodamaea ohmeri
Cyberlindera jadinii
Wickerhamomyces ciferril
Cyberlindnera fabianii

B Metschnikowia boreaiis

LSLIDKLGPYICLVKTHIDIIDDFSYEGTIVPLLELSKKHNFMIFEDRKFA
VDVKTTAEFLSLIDKLGPYICLVKTHIDIIDDFSFDGTIKPLLELAKKHNFMIFEDRKFA
DVRT LKLVDTLGPYICLLKTHIDIT LELSKKHNFLIFEDRKFA
IDVRTTKEFLQLVDTLGPYICLVKTHIDI IDDFSFEGTTKPLKELAQKHNFLIFEDRKFA
IDVKTTDEFLSLVDTLGPYICLVKTHIDI IDDFSFEGTIVPLKKLAEKHNFLIFEDRKFA

Loueytationiowsring 0 CAG Sorcontty Discrimintor

GATGTGGTGECCGAGTGGTTARGGCGTGAGGTGEAGRTCL TCATORGC TCTGCTCTCGCAGGTTCGARTCCTTCCACGTCE
o

GAGTGGTTAAGGCGTGAGGTGCAGGTCCTCATGAGCTTCGETCTCGCAGGTTCGAATCCTGTCCACGTCG

CGAGTGGTTAAGGCGTGAGGTGCAGGTCCTCATGAGCTCTGCTCTCGCAGGT TCGAATCCTGTCCACGTCG

TGGTTAAGGCGTGAGGTGCAGGTCCTCATGAGCATCGETCTCGCAGGTTCGAATCCTGTCCACGTC

CGAG
Notwchobowis crakoaterganeie GATGTGGTGGCCGAGTEGTYAAGGCGTGAGGTGCAGGTCCTCATGA CTCTGCTCTCGCAGGTTCGAATCCTGTCCACGTCG
GTG

Metschnikowia
Motschnikowia rosophilas

GTGGCCGAGTGGTTAAGGCGTGAGGTGCAGGTCCTCATGAGCTCTGETCTCGCAGGTTCG
GATGTGGTGGCCGAGTGGTTAAGG[GTGAGGTGEAGGTC(TCATGAGCTCTG(TCTCGCAGGTTCGMTCCTGTC(A(GTCG

AATCCTGTCCACGTCG

Metschnikowia hawailensis

GAGTGGTTAAGGCGTGAGGTGCAGGTCCTCATGAGCTCTGCTCTCGCAGGTTCGAATCCTGTCCACGTCG

o
GATGTGGTGGCCGAGTGGTTAAGGCGTGAGGTGEAGGT((TCATGAGCTCTGCTCTCG(A(.GTTCGAATC(T(.T(CACGTCG

Metschnikowia torresii

TGGTTAAGGCGTGAGGTGCAGGTCCTCATGAGCTCTGCTCTCGCAGGTTCGAATCCTGTCCACGTCG

GAG
GATGTGGTGGC(GAGTGGTTAAGGCGTGAGGTGEAG(.TC(TCATGAG(TCTGLTCT(GCA(.GTTCGAATCCTGT((ACGT(G

CGAGTGGTTAAGG CATGAGCTTCGCTCTCGCAGGTTCGAATCCTGTCCACGTCG

COACTGOTTARGGCGTCAGCTGCAGGTCCTCATGAGCTCTGLTCTCGCAGTTCGARTCCTGTCCACGTCE

Clavispora lusitaniae

CGAGTGGTTAAGGCGTGAGGTGCAGGTCCTCATGAGCTCTGETCTCGCAGGTTCGAATCCTGTCCACGTCE

GATGTGGTGEC{GAGTGGTTAAG(:CGTGAGGTGCAG(-T((TCATGAGCTCTGCTCTCGCAGGTTCGAATCCY(-T((ACGTCG

Candida auris
Candida albicans
Meyerozyma guillisrmondii

GAGTGGTTAAGG GAG!
CATOTGOTORCCCAGTOTTAAGCOTOAGGTGLAGCTCCTCATGAGCTCTGCTCTCOAGGTTCORATC
GATACGATGGCCGAGTGGTTAAGGCGAAGGATGCAGGTTCCTTTGGGCATTGCCCGCGCAGGTTCGAACCCTGCTCGTGTC
GATACGATGGCCGAGTGGTTAAGGCGAAGGATGCAGGTTCCTTTGGGC TCTGECCGCGCAGGTTCGAACCCTGCTCGTGTCE

CTCTGCTCTCGCAGGTTCGAATCCTGTCCACGTCG
CTGTCCACGTCG

Figure 1. Bioinformatic analyses of the genetic code of M. borealis. (A) Sequence alignment of URA3
(encodes Orotidine 5'-phosphate decarboxylase). The coding sequence of URA3 from M. borealis was
submitted as a query sequence to BLASTX, using the standard code for the predicted protein sequence.
The protein sequences of the top 30 hits were aligned in MUSCLE with the M. borealis URA3 gene,
translated in both the standard code and yeast alternative code using the ExPASy translate tool. A CUG
codon aligned at a highly conserved serine or threonine amino acid position, producing a leucine when
URA3 was translated using the standard code (black square). (B) tRNA¢ AGSeT sequences aligned for
many species of Metschnikowia and various CUG-Ser yeasts. Sequences were aligned in MEGA6 and
annotated as described previously [18].
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An examination of available Metschnikowiaceae genome sequences by tRNAscan-SE v2.0 [21]
revealed that all species encoded at least one tRNA with a CAG anticodon. The retrieved tRNA
sequences were analyzed through the tRNAscan-SE on-line web server, aimed at estimating the most
probable translated amino acid. All Metschnikowia species that were examined had serine as the most
probable translation with scores of 85 or more. Genome sequences for Candida aff. bentonensis or
relatives are not available. Further evidence arose from aligning the sequence for tRNAcac from
M. borealis with the tRNAcAcS of related CUG-Ser clade yeast species (Figure 1B). The tRNAcag from
M. borealis and other Metschnikowiaceae contain the serine discriminator base and identity elements,
indicating that the tRNAs identified are in fact tRNAc A, No tRNAcagkeY could be identified in
any of the Metschnikowia species that were analyzed, including M. pulcherrima.

3.4. Transformation of M. borealis with Codon-Optimized Cassettes

Optimizer was used to codon-optimize the NAT, KanMX, and Sh ble genes for expression in
M. borealis based on the codon frequencies in three highly expressed yeast genes: ADH1, TDH3,
and ENOI1. The optimized genes were translated with the ExPASy translate tool, using both the
standard code and yeast alternative nuclear code, and aligned with BLAST to ensure that the same
protein product would be produced. No differences were found between the wildtype gene products
and the optimized gene products, regardless of whether the optimized genes were translated with
the standard code or yeast alternative nuclear code. The optimized NAT gene was substantially
similar to CaNAT1, a gene optimized for expression in Candida albicans [22]. Due to its previous
success in transforming C. albicans, another CUG-Ser species, CaNAT1 was used in this experiment.
Codon-optimized KanMX and Sh ble genes were called MbKanMX and MbShble.

Optimizer was used to codon-optimize the NAT, KanMX, and Sh ble genes for expression in
M. borealis based on the codon frequencies in three highly expressed yeast genes: ADH1, TDH3,
and ENOI1. The optimized genes were translated with the ExPASy translate tool, using both the
standard code and yeast alternative nuclear code, and aligned with BLAST to ensure that the same
protein product would be produced. No differences were found between the wildtype gene products
and the optimized gene products, regardless of whether the optimized genes were translated with
the standard code or yeast alternative nuclear code. The optimized NAT gene was substantially
similar to CaNAT1, a gene optimized for expression in Candida albicans [22]. Due to its previous
success in transforming C. albicans, another CUG-Ser species, CaNAT1 was used in this experiment.
Codon-optimized KanMX and Sh ble genes were called MbKanMX and MbShble.

The second set of antibiotic resistance genes were created by reintroducing the same 8, 4,
and 5 CUG codons found in the wildtype NAT, KanMX, and Sh ble genes, respectively, as a control
for codon usage. All six codon-optimized genes (three in standard code and three in yeast alternative
nuclear code) were ordered as separate G-block fragments from Integrated DNA Technologies.
All genes were amplified with primers containing homologous hooks to the M. borealis ADHI promoter
and terminator and were used to transform the species by electroporation. Transformants were plated
on YPAD with appropriate concentrations of each antibiotic (75 mg L~ nourseothricin for CaNAT1,
200 mg L~! zeocin for MbShBle, and 400 mg L1 geneticin for MbKanMX) alongside negative controls.
Several colonies appeared for all samples that were transformed using the yeast alternative nuclear
code, but no colonies appeared on any of the other plates (Figure 2). Similar results were seen using
our best lithium acetate protocol. Selected transformants from the electroporation experiment were
verified by genotyping (Supplementary Figure S2). Transformation efficiencies were determined for
each method by transforming MATa and MAT« by each method in triplicate, and were calculated to be
approximately 1600 and 817 CFUs per ug of DNA for electroporation, and 9 and 4 CFUs per ug of
DNA for lithium acetate transformation, respectively (Supplementary Table 52).

The relatively high efficiency of electroporation was believed to be attributable to homologous
recombination, because each cassette contained by 60 base-pairs of homology to the ADH1 promoter and
terminator. Based on this assumption, we attempted to generate histidine auxotrophs by transforming
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M. borealis with CaNAT1 flanked by 60 base-pair sequences of the HIS3 promoter and terminator.
After transformation, ten colonies of each making type were spot-diluted and re-isolated, but all grew
on media lacking histidine. Subsequent genotyping by PCR identified the presence of both HIS3 and
CaNAT1, but failed to obtain bands across the HIS3 promoter and terminator junctions with CaNAT1:
Bands that would be expected in the case of a successfully targeted knockout (Supplementary Figure S3).
Despite the random integration of our cassettes, double marker transformation experiments revealed that
two cassettes were inserted in approximately 2% of transformants (Supplementary Table S3).

MATa MATa MATa MATa MATa
CaNAT1 CaNAT1 (standard) Control

CaNAT1 (standard) Control

NTC
75 mg L!

MATa MATa MATa MATa MATa MATa
MbShBle MbShBle (standard) Control MbShBle MbShBle (standard) Control

Zeo
200 mg L?

MATa MATa MATa MATa MATa MATa
MbKanMX MbKanMX (standard) Control ( Control

G418
400 mg Lt

Figure 2. Electroporation of M. borealis with CaNAT1, MbKanMX, and MbShBle in standard and yeast
alternative nuclear code. Electro-competent cells of M. borealis (MATa and MATx) were transformed
with 1 ug of PCR-amplified CaNAT1, MbShBle, or MbKanMx, in standard or alternative code, flanked by
60 base-pair sequences of the M. borealis ADH1 promoter and terminator, using the electroporation
protocol outlined in this study. After recovery, 20 pg of each transformation was plated on YPAD with
the appropriate antibiotic and incubated at 30 °C for two days. NTC = nourseothricin; Zeo = zeocin;
G418 = geneticin.

3.5. Location of Insertion Site

Subsequent screening of more than 30 MATz and 30 MATa transformants for HIS3 knockouts
failed to identify any successful insertions in the HIS3 gene. To identify the correct insertion sites,
DNA was isolated from 6 MAT« transformants, digested with Cfol, circularized with T4 ligase, and the
surrounding genomic DNA was PCR-amplified with primers binding within the inserted CaNAT1
cassette (oriented to amplify the surrounding sequence) (Supplementary Figure S3). We were successful
in obtaining a PCR-fragment from the third MAT« transformant (clone 3), and the amplified gDNA
was sequenced. Analysis with BLASTn indicated that the CaNAT1 cassette was inserted in scaffold
bor-_s886 of M. borealis UWOPS 96-101.1, as annotated in GenBank (PRJNA312754), just upstream of
the gene for peroxin-14. PCR was used to amplify this site in wildtype M. borealis, as well as all six
isolated transformants, and the insertion was only observed at this site in clone 3.

3.6. Mating Experiments

To confirm that transformed-strains of M. borealis MATa and MAT« were capable of successfully
mating, MbShBle-transformed MATa and CaNATI-transformed MATx were mated to develop
ascospores (Figure 3A). Recombinant cells that contain both markers were isolated by serial
dilution and genotyped to confirm that they contain both MbShBle and CaNAT1 (Figure 3B).

144



Genes 2019, 10, 78

Mated cells were then plated alongside wildtype MATz and MATx, MbShBle-transformed MATa,
and CaNAT1-transformed MATx on YPAD, YPAD with zeocin, YPAD with nourseothricin, and YPAD
with nourseothricin and zeocin for comparison (Figure 3C).

X
A B a 2 S 9
£ < & =
5 235 5 35 5
3 S 8 £ £ g 3
MATa and MATa k] o+ 8 9 £ 3
s @ B &8 g 5 E 8 ¢
2 3= § I8 8 o =2
4 3 5 2T 2 & & % 3
l0.0ka—J!
3.0 kbp — | —
S
L5 KDp | —
p—
1.0 kbp—|
E‘
0.5 kbp—|
0.4 kbp — [F—
0.3 kbp — |-
0.2 kbp—
0.1 kbp— -
YPAD Zeo 200 mg L! NTC 75 mg L! Ze0 200 mg L
C NTC75 mg L?

10° 10* 10% 10° 10* 10° 10! 10? 10° 10* 10° 10! 10? 10° 10% 10° 10* 10% 10° 10*

MATa

MATa

MATa - MbShBle
MATa - CaNAT1
Recombinant c1

Recombinant c2

Figure 3. Mating experiments with marker-transformed M. borealis. (A) Photograph of a large
mating ascospore. MbShBle-transformed MATa and CaNATI1-transformed MATa were mated for
two days on Ys-strength glucose broth lacking histidine and uracil (Teknova), collected in YPAD,
and photographed under a light microscope. (B) Genotyping results of marker-transformed diploids.
Recombinant colonies harbouring both selectable markers were purified by spot dilution on YPAD with
200 mg L~! zeocin and 75 mg L~! nourseothricin. Recombinant colonies were genotyped by Qiagen
multiplex with primers that amplify the CaNAT1 and MbShBle genes, alongside marker-transformed
haploid strains and untransformed controls. MbShBle product size (C) Spot-dilutions of mated-colonies
alongside transformed haploid strains and untransformed controls on YPAD, YPAD with 200 mg L.~
zeocin, YPAD with 75 mg L nourseothricin, and YPAD with 200 mg L~! zeocin and 75 mg L~!
nourseothricin. Plates were incubated at 30 °C for two days. NTC = nourseothricin; Zeo = zeocin;
G418 = geneticin.

3.7. Transformation of other CUG-Ser Yeasts

To determine if our electroporation method would yield transformants of other yeasts by random
integration, we transformed strains of 21 yeast species with CaNAT1 cassettes (in standard and
yeast alternative nuclear code) flanked by the same 60-base-pair minimal ADH1 promoter and
terminator from M. borealis (Figure 4; Supplementary Table S4). Transformants were plated on
YPAD with 75-200 mg L ~! nourseothricin and incubated at 27-30 °C for 24-72 h until colonies
appeared. All strains yielded colonies for the alternative-coded CaNAT1, but only S. cerevisiae
and Candida aff. bentonensis yielded colonies when transformed with standard-coded CaNAT1
(Figure 4; Supplementary Table S4). It's important to note that the alternative-coded CaNAT1 lacks
CUG codons and is therefore degenerate between the standard code and yeast alternative code;
however, the standard-coded CaNAT1 uses CUG codons to translate leucine and is only translatable to
CUG-Leu yeasts.
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~=ssstll] Candida aff. bentonensis UWOPS 00-168.1
M. caudata EBDC CdV SA08.1

Clavispora lusitaniae NRRL Y 118277

Candida tolerans UWOPS 98-117.5

Candida ubatubensis UNESP 01-247R
Candida pseudointermedia UWOPS 11-105.1
Candida intermedia CBS 572

Candida bromeliacearum UNESP 00-103

Candida picinguabensis UNESP 00-89
Candida saopaulonensis UNESP 00-99

M. drosophilae UWOPS 83-1135.3

_L——q M. orientalis UWOPS 99-745.6

4 M. borealis

~tll] V. agaves UWOPS 92-207.1

——q M. gruessii H53
——E] V. rancensis UWOPS 04-206.5

M. lunata BS 5946
C. gelsemii UWOPS 06-24.1

M. reukaukii UWOPS 03-34202
M. bicuspidata CBS 5575

M. pulcherrima CBS 5833

Figure 4. A phylogeny of the Metschnikowiaceae, modified from Lachance (2016) [5], showing the
taxonomic range of successful transformations in the family. Representative strains were
successfully transformed with only the alternative-coded CaNAT1 construct (green) or with both the
alternative-coded and the standard-coded CaNAT1 (blue) construct. Species in grey were not examined.

4. Discussion

Through pioneering experiments, we were successful in determining the necessary conditions
to transform Metschnikowia borealis, and the method was effective in many other yeast species.
We were able to identify the tRNAcag®" in M. borealis, as well as many other Metschnikowia species,
and transformation experiments confirmed that many other—if not all—Metschnikowia species are also
CUG-Ser 1 clade yeasts (Figures 2B and 4). It is unclear why M. pulcherrima was previously reported to
be a CUG-Leu yeast [9].

Once we determined that M. borealis utilizes the yeast alternative nuclear code, the species was
successfully transformed with selectable markers that contain homologous hooks to the HIS3 promoter
and terminator, with the high efficiency. Transformants were first believed to have been obtained
through a targeted knockout of HIS3 by homologous recombination; however, all colonies grew on
medium lacking histidine, and genotyping confirmed the presence of both the selectable marker and
the wildtype HIS3 gene. Additionally, we failed to observe any of the expected genotyping bands
associated with the knockout junctions. This indicated that the cassettes were not incorporated into
the genome by targeted integration, but by another mechanism with high efficiency.

Although we only identified and confirm one insertion site (in clone 3), the HIS3-targeted cassette
was found to insert in the site just upstream of the peroxin-14 gene in clone 3, and not in any of the
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other transformants tested (Supplementary Figure S2C). Therefore, the cassette must have inserted
in different locations in the other transformants, indicating that M. borealis appears to integrate DNA
cassettes randomly into its genome. Even though the species is not efficient at targeted integration,
its high efficiency at random integration makes it simple to transform and incorporate exogenous
sequences into the genome.

Finally, our electroporation transformation method was successful across all CUG-Ser yeasts that
were attempted, as well as S. cerevisine and Candida aff. bentonensis. This confirms the suspicion [5]
that C. bentonensis is not a member of the Metschnikowiaceae. The results of this study indicate that
the species is in fact a CUG-Leu yeast. Fortunately, the CaNAT1, MbShBle, and MbKanMX genes
used in our experiments lack the use of a CUG codon and are degenerate to the standard and yeast
alternative nuclear code. Therefore, the markers would likely be universal to all CUG-Leu, CUG-Ser,
and CUG-Ala yeasts [19].

Through the use of random integration, the methods outlined in this study make it possible to
transform a large range of yeasts and would likely be successful in numerous additional species in
a wide array of clades. Random integration can be used to introduce elements to many understudied
yeast species to enable their study in more detail. In particular, it is now possible to design
codon-optimized fluorescent nuclear-fusion proteins that can be used to elucidate the unusual
meiotic process in Metschnikowia species that leads to the production of only two ascospores from
a diploid zygote.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4425/10/2/78 /51,
Figure S1: Growth rate of M. borealis MATa and MATe, Figure S2: Genotyping transformants, Figure S3:
Identification of insertion sites; Table S1: Identification of antibiotic sensitivity, Table S2: Transformation efficiencies
for M. borealis, Table S3: Double marker transformation of M. borealis, Table S4: Transformation results for
additional yeast strains.
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Abstract: The tRNAH® guanylyltransferase (Thgl) superfamily includes enzymes that are found in
all three domains of life that all share the common ability to catalyze the 3’ to 5’ synthesis of nucleic
acids. This catalytic activity, which is the reverse of all other known DNA and RNA polymerases,
makes this enzyme family a subject of biological and mechanistic interest. Previous biochemical,
structural, and genetic investigations of multiple members of this family have revealed that Thgl
enzymes use the 3’ to 5 chemistry for multiple reactions in biology. Here, we describe the current
state of knowledge regarding the catalytic features and biological functions that have been so far
associated with Thgl and its homologs. Progress toward the exciting possibility of utilizing this
unusual protein activity for applications in biotechnology is also discussed.

Keywords: reverse polymerization; tRNA editing; tRNA repair; protein engineering; synthetic
biology

1. Introduction

During DNA strand synthesis, 5’ to 3’ polymerization conveys significant advantages, particularly
in the removal of mismatched nucleotides by the exonuclease activity of DNA polymerases [1,2]. This 3/
to 5’ nucleotide removal regenerates a polymerizable 3’-OH end, whereas the removal of a 5" nucleotide
generates a 5-monophosphate, which is thought to be incapable of immediate replacement with
another nucleotide (Figure 1) [2]. However, 3’ to 5 or reverse polymerization is possible, despite the
restrictions of extending a 5-monophosphate end [3]. For such a 3/-5' polymerase to function,
the 5’-monophosphate end could be activated by ATP, creating an intermediate that is competent
for nucleophilic attack by the 3/-OH of an incoming nucleotide, which is then a mechanistically
similar process to forward polymerization (Figure 1) [4,5]. Indeed, enzymes that are capable of
catalyzing this reverse polymerase reaction, which are members of the tRNAHS guanylyltransferase
(Thg1) superfamily, have been recently discovered [6-10]. Despite the possible advantages of reverse
polymerization, such as coupled leading strands in DNA replication as opposed to the generation
of Okazaki fragments, 3’ to 5 polymerization appeared to be more limited in biology, and was
initially only observed to function in several reactions associated with tRNA repair and processing.
However, newer data suggests broader substrate specificity exhibited by some members of the Thgl
family known as Thgl-like proteins (TLPs), thus raising the potential for additional roles for 3’ to 5’
polymerization yet to be discovered.
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Figure 1. Forward 5 to 3’ and reverse 3’ to 5 polymerization are mechanistically similar.
Ligation of a nucleotide to an RNA strand utilizes chemical energy that has been stored in the
high-energy phosphoanhydride bonds in the nucleotide triphosphate. During forward polymerization,
the triphosphate of the incoming nucleotide is hydrolyzed and provides energy to form a phosphodiester
bond. For reverse polymerization, an initial activation step of a monophosphorylated RNA 5’ end (such
as by adenylylation, which is shown here) is required; subsequent nucleotide additions utilize energy
derived from hydrolysis of the phosphodiester bond of the RNA 5'-end triphosphate.

2. Thg1 Maintains tRNAMS Aminoacylation Fidelity

2.1. G1 is a tRNAMS Identity Element

Translational accuracy is dependent upon both tRNA selection by the ribosome and prior tRNA
recognition and charging by a specific cognate aminoacyl-tRNA synthetase (aaRS) [11,12]. The side
chain of the histidine residue, with its associated acid—base properties that contribute to both the
protein structure and catalytic mechanisms, must be reliably and appropriately incorporated during
translation [11,13]. Therefore, the aminoacylation of an amino acid to its respective tRNA must be
specific, especially in the case of tRNAM® due to its particular properties that are difficult to chemically
mimic with another natural amino acid, possibly explaining why tRNAM relies on several key identity
elements for proper aminoacylation.

For tRNAH in all domains of life, one of these identity elements is a distinctive extra guanine
nucleotide at the 5'-end (the -1 position) [14] (Figure 2). The 5" guanylate residue at the -1 position
(G_1) serves as a key identity element for histidyl-tRNA synthetase (HisRS), which charges tRNAHs
with its respective histidine [15-17]. In bacteria and many archaea, the G_; residue is genomically
encoded and transcribed in the precursor tRNA transcript, and subsequent cleavage of the 5’ leader
sequence by ribonuclease P (RNase P) yields a mature tRNA® with its identity-establishing G 4
element (tRNAMSG 1) (Figure 2) [14,18,19].
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Figure 2. Different pathways to establish tRNAHIS identity. (A) tRNAHs identity in many eukaryotes.
RNase P removes N_; from pre-tRNAHS during the removal of 5 leader sequence (shown in
green). Then, tRNAHS guanylyltransferase (Thg1) post-transcriptionally adds G_1 (shown in pink).
Histidyl-tRNA synthetase (HisRS) recognizes the Thgl-incorporated G.; for the accurate histidylation
of tRNAHS in eukaryotes. (B) tRNAHS identity in bacteria. G_; is encoded in tRNAHS genes in most
bacteria, and RNase P retains the genomically encoded G_1 during the removal of the 5 leader sequence.
HisRS recognizes the RNase P-retained G.; for the accurate histidylation of tRNAM in bacteria.
(C) tRNAHS identity in several groups of a-proteobacteria, Trypanosoma brucei and Acanthamoeba
castellanii. RNase P removes N_1 from precursor tRNAH during the removal of the 5’ leader sequence.
An atypical HisRS in these organisms is capable of aminoacylating G_-lacking tRNAHis during
histidylation. (D) tRNAHS identity in Caenorhabditis elegans (an atypical eukaryote). G_1 is encoded in
tRNAHS genes, and RNase P retains the genomically encoded G_1, which is similar to bacteria. HisRS
in C. elegans is capable of aminoacylating both G_1-containing and G_;-lacking tRNAHS,

In many eukaryotes, the establishment of tRNAH identity follows a different pathway. The G_;
residue is not encoded in the tRNAH! gene, but rather is added post-transcriptionally by Thgl
following RNase P cleavage (Figure 2A) [20,21]. Consistent with the necessity for the G_; determinant
of tRNAH identity in protein fidelity, deletion or silencing of the gene encoding Thgl results in
severe growth defects in yeast, humans, and Dictyostelium discoiderm, which is consistent with the
wide conservation of Thgl in Eukarya [21-23]. The addition of G_; by Thg1 in eukaryotes occurs
opposite of the conserved terminal Az; and is the result of a non-templated 3'-5" addition [20,21].
A few exceptions to the necessity of G_; have already been identified; a group of x-proteobacteria
and several protozoan eukaryotes (Acanthamoeba castellanii and Trypanosoma brucei) do not genomically
encode or post-transcriptionally add the G_; identity element; the absence of the otherwise highly
conserved extra nucleotide is accommodated by an atypical HisRS recognition of tRNAH (Figure 2,
right panel) [24-27].

2.2. Thg1 Structurally Resembles Canonical 5 to 3' Polymerases

Human Thgl (HsThgl) is encoded by 269 amino acids with a calculated molecular weight of
32 kDa, but purification by gel exclusion chromatography eluted a protein of a molecular weight
of ~165 kDa. This suggests the formation of a higher order multimer in solution, and is consistent
with existing determinations of dimer-of-dimer tetrameric forms of active Thgl enzymes [4,5,28-30].
Despite Thgl enzymes sharing no obvious sequence similarity to known polymerases, a surprising
structural homology exists between Thgl and T7 DNA polymerase and DNA polymerase II (family
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pol I and pol «, respectively), as the enzymes share the same catalytic palm domain (Figure 3) [4,5].
The superposition of Thgl with the aforementioned polymerases displays similar positioning of
the three conserved carboxylate residues in the polymerase active site to the pol I family; HsThg1
carboxylates D29, D76, and E77 correspond to T7 DNA polymerases D475, D654, and E655. This similar
carboxylate positioning suggests that the Thgl mechanism of reverse polymerization may share
features with the forward polymerization of the pol I family. Moreover, in the context of the overall
structure, each monomeric subunit resembles a polymerase “hand” shape with the palm and fingers
domains. This discovery revealed that forward and reverse polymerization can be accommodated by
the same catalytic palm domain [4,5].

T7 DNA Polymerase
Palm domain

Thg1 Palm
domain

ONA primer and

template

Figure 3. Forward and reverse polymerization is catalyzed by structurally similar enzymes but require
opposing substrate orientation. The tRNA substrate (blue) of Thg1 (red) is in an opposing orientation
compared to the DNA substrate and template (yellow) approaching the T7 DNA polymerase palm
domain (grey).

Crystal structures of eukaryotic Thgl enzymes showed that monomeric Thgl is composed
of a six-strand antiparallel 3-sheet flanked by three or four x-helices on each side, along with a
protruding long arm composed of two antiparallel 3-strands (Figure 3). Each monomer forms
a dimer, mediated by salt bridge formation and hydrogen bonding between the {3-sheet and an
a-helix [4,5]. Alanine scanning mutagenesis in Saccharomyces cerevisiae Thgl (ScThgl) of conserved
residues responsible for mediating dimer formation has shown strongly diminished G_; addition
activity [4,31]. Dimer-of-dimer formation stems from initial dimer formation; the x-helix of the
N-terminus in monomer A interacts with the nucleotide binding site of monomer B and ultimately
forms an intertwined N-terminus segment, which again interacts with a symmetrical dimer to form
its active tetrameric form [4,5]. The crystal structures of Thgl from Candida albicans and S. cerevisiae
corroborate similar findings in protein folding and quaternary structure, which is suggestive that Thgl
variants fold similarly, and are active in tetrameric form [4,5,28,30]

The cocrystal structure of C. albicans Thgl (CaThgl) in complex with tRNA subsequently
provided insight into the mechanistic details of reverse polymerization. Compared to forward
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polymerases, such as the T7 DNA polymerase, the RNA substrate of Thg1 approaches the catalytic
palm domain from the opposing site (Figure 3) [5]. Thus, the direction of polymerization is dependent
on the direction of substrate approach to the catalytic core; Thgl forces incoming nucleotides to
approach from the opposite orientation of canonical forward polymerases, which is reflective of the
overall domain organization of the enzyme (Figure 3). The fingers domain, which in part forms
the nucleotide-binding site, is situated on opposite sides of the palm domain in Thgl, forcing a
reversed substrate approach. Thus, the domain organization of Thgl cannot accommodate forward
polymerization, just as forward polymerases do not accommodate reverse polymerization [5]. Overall,
these data revealed the molecular basis of reverse nucleotide addition, and showed that while reverse
and forward polymerization can be catalyzed by the same catalytic core, substrate orientation may be
the deciding factor in determining the directionality of nucleotide addition.

2.3. The Molecular Basis for tRNA Recognition

Thg1 recognizes tRNAH® through its GUG anticodon, as demonstrated by the ability of Thg1 to
add G_; to a mutagenized tRNAPPe that has been altered to contain the His anticodon (tRNAPPe ;)
and subsequently validated through a cocrystal structure of C. albicans Thgl in complex with
tRNAPhe. . The coordination of tRNA molecules occurs in a molar ratio of 4:2, where two tRNA
molecules bind a Thg1 tetramer in parallel orientation, and each tRNA is coordinated by three subunits
of the tetramer [5]. Common identity elements of the coordinated tRNA interact with the Thg1 tetramer;
the acceptor stem is coordinated by the intertwined N-terminus of a Thgl dimer, and the T arm is
situated near polar residues on the rear surface of the catalytic core of the same dimer. This surface
interaction in tRNA stabilization is analogous to the thumb domain in canonical forward polymerases.
However, the anticodon, which is another distinctive identity element, is coordinated by the opposite
dimer, and the G_; addition of this tRNA occurs solely in one dimer of the tetramer, specifically,
the dimer that coordinates the acceptor stem and T arm positioning. The structural superposition of
a crystal structure of ScThgl and CaThgl-tRNAPheGUG discovered a conserved secondary structure
in the fingers domain, and suggested conserved dual RNA-binding surfaces that were originally
elucidated in CaThgl. Both the acceptor stem’s sugar phosphate backbone and the anticodon loop are
coordinated by the fingers domain; the latter fingers—anticodon interaction is base-specific [5].

Recognition of the tRNAH® anticodon has been rationalized structurally through the
CaThgl:tRNAPheGUG complex [5]. The Gz4, Uss, and Gsg nucleotides that make up the tRNAHS
anticodon were all observed to be coordinated by specific residues of CaThgl. All three anticodon
bases are tightly coordinated, and mutations of the coordinating amino acids lead to a disruption or
reduction in enzyme activity [4,5,31]. The anticodon loop structure itself is stabilized by interactions
with the sugar phosphate backbone of Uss. Anticodon base Ggg is coordinated in a groove formed by
two «-helices flanking the central 3-sheet and stabilized by a stacking interaction with H154, which is
an essential residue in the eukaryotic-specific sequence motif HINNLYN [5,32]. The structure of Thgl
in complex with tRNAPP5yg suggests the molecular basis for the fairly stringent dependence of
Thg1 on anticodon recognition, which is in agreement with its biological function of establishing
tRNAMS identity.

2.4. The Molecular Basis for Non-Watson—Crick G_1 Addition: tRNA Activation

The resemblance between canonical forward polymerase structures and Thgl in the overall
structure raises questions about how exactly Thgl performs reverse polymerization. In forward
polymerization, the catalytic core coordinates the two catalytic metal ions with the first Mg?* (Mg?*
A) promoting deprotonation of the 3'-OH in the polymerizing DNA strand, and the second Mg?*
(Mg?* B) coordinating the triphosphate moiety of the incoming nucleotide. By analogy, Mg?* A and
Mg?* B in Thgl family polymerases use similar chemical features to catalyze the first step of G
addition by activating the 5'-end of tRNAH! with ATP (Figures 1 and 4). In this case, Mg?* A would
promote the nucleophilic attack of the tRNA 5'-phosphate on the a-phosphate of the activating ATP
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nucleotide, which is also bound by Mg2+ B. The exact mechanism of the activation step is not entirely
known, but the GTP-bound crystal structures of HsThg1, ScThgl, and CaThg1 have elucidated binding
interactions in the activation of the nucleotide-binding site and revealed a possible mechanism of
how Thgl differentiates between ATP and GTP in the initial activation of tRNAM® [4,5]. Nucleotidyl
transfer in HsThg1 and ScThg1 is mediated largely by guanine base stacking against A37 and F42.
The interaction is furthered by hydrogen bonding via amide, carbonyl, and the side chain moieties
of D47, A43, and H34, respectively [4,5]. The superimposition of CaThgl-ATP and CaThgl-GTP
cocrystal structures revealed that the nucleotide responsible for initial activation, ATP, resides deeper in
the nucleotide-binding pocket than GTP, and interacts directly with D47 and K44. Mutational analysis
of a ScThgl D44A mutant greatly decreased the catalytic efficiency, suggesting that the D44 interaction
is involved in G_; addition activation [33].
3’ 3’ 3’ 3

A A A A
C C C C

5'pppG.ip A

Adenylylation Nucleotidyl Pyrophosphate
(Activation) transfer removal

Figure 4. Eukaryotic Thgl catalyzes a three-step reaction. ScThgl adds G.; in three consecutive
steps.  First, the 5-end of a monophosphorylated tRNAHS (p-tRNAHS) is activated by an
ATP to generate a 5'-adenylylated tRNAHis (AppftRNAHis) intermediate (adenylation activation).
Second, the 3'-hydroxyl of an incoming GTP nucleotide attacks the 5'-end of the App—tRNAHIS,
which then releases AMP and adds the GTP to yield a triphosphorylated tRNAH (pppG_; p—tRNAHis)
intermediate (nucleotidyl transfer). Third, pyrophosphate (PP;) from the pppG _1p—tRNAMS is released,
creating a mature pG_; p~tRNAH® (pyrophosphate removal).

2.5. The Molecular Basis for Non-Watson—Crick G_1 Addition: Nucleotidyl Transfer

Thgl family enzymes have a distinct site (at least partially separable from the activation site)
for the binding of the incoming nucleotide used for the nucleotidyl transfer step (Figures 1 and 4).
This can be clearly seen in HsThg1-dGTP and CaThg1-GTP crystal structures [4,5]. This observation
is further supported by the kinetic data showing distinct functions for highly conserved residues
in ScThgl. ScThgl residues R27, K96, and R133 play a more significant role during the nucleotidyl
transfer step based on more significant defects in the observed rate of this reaction with alanine variants
compared to the other steps in G_; addition [34]. However, these three residues only interact with the
triphosphate moiety of the partially visualized incoming dGTP nucleotide in the HsThg1-dGTP crystal
structure and the completely visualized GTP in the CaThg1-GTP structure. Due to the lack of direct
contacts with the base or ribose of the GTP bound to the nucleotidyl transfer site in the CaThgl-GTP
structure, neither of these structures explain how Thg1 specifically positions or recognizes its highly
preferred nucleotide, GTP, over any other NTP, as observed repeatedly in many in vitro assays. Thus,
the precise mechanism of Thgl-catalyzed nucleotidyl transfer to create the non-Watson-Crick G_1-Az3
base pair step is yet to be determined.

2.6. The Molecular Basis for Non-Watson—Crick G_; Addition: Pyrophosphate Removal

In the final step of the reaction catalyzed during tRNAM® maturation by Thgl, the enzyme
removes the 5’-pyrophosphate from the added G_; nucleotide, yielding the 5'-monophosphate that
is required for recognition by HisRS (Figure 4) [17,21,33]. This reaction requires the same two metal
ion active sites as used for the previous two steps of the reaction, since alanine mutations to the metal
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coordinating carboxylate residues completely eliminate the ability of the enzyme to catalyze this
reaction in vitro [33]. However, additional residues that participate directly in the chemistry of this
reaction have not yet been identified [33,35]. Interestingly, the removal of this pyrophosphate also
removes an activated 5'-triphosphorylated end that could be extended further by the enzyme in the
reverse polymerase reaction. Consistent with this idea, removal of the 5’-pyrophosphate by ScThgl
occurs much more efficiently in the context of the non-Watson—Crick base paired 5'-ends and 3'-ends
of the tRNA than with a Watson—Crick base-paired end, thus preventing the further extension of this
tRNA and limiting addition to the single essential G_; nucleotide [36].

2.7. Maintenance of tRNAH® Fidelity

Maintaining tRNA identity is essential for translational fidelity, although a certain amount of
mistranslation can be tolerated by the cell [12,37]. In eukaryotes, G_; addition is essential to establish
tRNAMS identity, and consequently, Thg1 is required for cell survival. In S. cerevisiae, the conditional
depletion of Thg1 leads to the accumulation of unguanylated and uncharged tRNAH* and growth
arrest [8]. Interestingly, tRNAMS in Thgl-depleted cells contains elevated levels of a 5-methylcytidine
(m®C) modification at residues C4g and Csg [38]. While the change in nucleoside methylation is specific
to tRNAHS it is most likely the result of the growth arrest rather than a direct consequence of G_;
depletion. Upon conditional Thgl depletion, these cells are arrested in prophase or G2. Thgl was
also shown to interact with the Orc2 component of the origin recognition complex, and loss of this
interaction impairs DNA replication and nuclear division, although the precise molecular basis for
this apparent connection of Thgl to DNA metabolism remains unknown [39]. Thus, not surprisingly,
Thgl activity is essential in eukaryotes such as S. cerevisine, which depend on Thgl to maintain
tRNAHS identity.

3. Thgl-Like Proteins Function in tRNA Repair

3.1. Thg1-Like Proteins Are Functionally and Phylogenetically Distinct from Thgl

The biological function of Thgl has been investigated in detail, but Thgl-like proteins (TLPs,
which are also referred to as archaeal-type Thgl) only more recently gained attention. First identified
in archaea, homologs have now been identified and characterized from several bacteria and eukaryotes.
While related in sequence and structure, Thgl and TLPs are phylogenetically and functionally
distinct [32,40]. Where Thgl1 is essential in many eukaryotes to establish tRNAH identity through
the post-transcriptional addition of G_1, most bacteria and most archaea instead genomically encode
the G_; identity element (Figure 2) [14,18-20,41]. Interestingly, in vitro analysis of bacterial and
archaeal Thgl homologs demonstrated that they are capable of catalyzing an analogous addition of
G_1 to bacterial /archaeal tRNAH transcripts that lack the G_; nucleotide, which would necessarily
require the templated polymerization of G_; opposite to the Cz3 that is universally found in these
tRNAMS [23,40]. Using these different biochemical capabilities and distinct sequence features
as a functional classification system, Thgl superfamily enzymes can thus be classified into two
groups. The first group entails the bona fide Thgl homologs, which are found only in Eukarya,
and post-transcriptionally establishes tRNAH identity via G_;. The second group includes TLP
homologs that are found in all three domains of life, and have not yet been implicated biologically in
tRN AHis identity, but for which this function would be in many cases redundant, if at all observed
in vivo [23,32,40,42-44].

A phylogenetic analysis of candidate Thgl/TLP genes from all domains of life have grouped
nearly all eukaryotic Thgl variants into a single group; a second clade containing eukaryotic TLPs
also contains archaeal and bacterial TLPs, which further supports the classification of Thgl and TLPs
as distinct enzymes [32,43,45]. A secondary trend further groups bacterial and archaeal Thgl into
two separate phylogenetic groups, and suggests that bacterial Thgl was not descended from earlier
bacterial ancestors [32,43,45].
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3.2. The Discovery of TLPs in Bacteria and Archaea

The first characterization of a non-eukaryotic Thgl homolog was carried out in Methanosarcina
acetivorans [43]. Initially, the enzyme was annotated as two open reading frames split by a UAG Stop
codon. While the enzyme activity of the split enzyme could be reconstituted in vitro, the protein is
translated into a single protein in vivo, linking the two frames by a genetically encoded pyrrolysine at
the UAG codon [43]. While in M. acetivorans the UAG codon could still be signaling for translation
termination, it is unlikely that Thg1 is translated as two halves in vivo [46]. To date, Thgl homologs
belonging to the TLP clade have now been characterized biochemically from a diverse range of
eight different bacterial and archaeal species. The common ability of all enzymes to catalyze strictly
templated 3’ to 5" addition reactions has been universally observed in assays of these enzymes
with both tRNAHS and non-tRNAHS substrates [23,29,35,40,45,47]. The question of the precise
nature of the biological substrates of these enzymes in their relevant organisms has not been entirely
addressed, but some likely possibilities based on in vitro characterization so far include analogous
tRNAHS maturation reactions to those employed by eukaryotic Thgl (albeit in many cases redundant
with co-transcriptional mechanisms of obtaining the G_; nucleotide) and/or alternative RNA repair
reactions catalyzed on substrates such as 5'-truncated tRNAs that remain to be identified.

The idea that bacterial and archaeal homologs of Thgl might participate in G_; addition to
tRNAH was an obvious extension of the known function of these enzymes in eukaryotes, and the
initial in vitro characterization of several enzymes demonstrated activities that were consistent with
this type of role [40,45,47]. It is notable that endogenous tRNAM genes in these species universally
encoding a Cy3 nucleotide in place of the Ay3 found in eukaryotes was also consistent with the
known preference of these enzymes to catalyze Watson—Crick-dependent 3’ to 5" addition reactions.
Thus, it was not surprising to see that TLPs were not able to efficiently add G_; to wild-type
Agy3-containing eukaryotic tRNAHS substrates, either in vitro or in vivo [23,40,45,47]. Interestingly,
the Bacillus thuringiensis TLP homolog (BtTLP) is unusual compared to several other tested enzymes
of this family, in that it is able to support the growth of a yeast Athgl strain, presumably by
acting in place of ScThgl on tRNAHS [23,40,47]. Indeed, sequences of tRNAMS derived from the
BtTLP-complemented S. cerevisiae Athg1 strain reveal that the tRNA contains almost exclusively U_j,
instead of the canonical G_; residue [48]. In this case, the BtTLP evidently maintains its preference
for incorporating Watson—Crick base-paired nucleotides by incorporating U_; across from the A7z
discriminator nucleotide. Although the minor growth defect of the BtTLP-expressing strains may then
be attributed to the presence of the non-canonical U_; nucleotide on tRNAHIS the ability of S. cerevisiae
HisRS to accept other N_;-containing tRNAM substrates in vitro with only a fivefold to sixfold loss
in efficiency is consistent with the observed viability of the BtTLP-expressing strain.

3.3. TLPs Catalyze Multiple Nucleotide Additions

Interestingly, TLP homologs differ in terms of the number of nucleotide additions that are observed
in vitro with tRNA transcripts mimicking the mature tRNAM that could be a substrate for this kind
of activity in vivo. The ability to add multiple 5'-nucleotides to these types of tRNAH is a direct
consequence of the presence of a Cy3 discriminator, which results in the formation of three consecutive
C-nucleotides in the 3/-C73CCA end. These types of substrates were initially shown to cause multiple
G-addition reactions even in the context of eukaryotic Thgl, and several bacterial /archaeal homologs
(the TLPs from Methanopyrus kandleri, Pyrobaculum aerophilum, and B. thuringiensis) behave similarly,
catalyzing multiple G-additions [9,23,35,40,47]. However, other homologs (such as from Myxococcuis
xanthus, Methanothermobacter thermoautotrophicus, Methanosarcina barkeri, and M. acetivorans) appear
to limit nucleotide addition to only a single guanine addition, despite the presence of an extended
C-template at the tRNA 3’-end [40]. The molecular basis for these distinct behaviors is not yet known,
but suggests that not all homologs in Bacteria and Archaea would react similarly in terms of any
possible role in the maturation or maintenance of tRNAHiS [9,23 35 40,47].
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The observation of alternative RNA substrate specificity exhibited by many enzymes in the
TLP clade also suggested the possibility of non-tRNAM® related functions for these enzymes.
The identification of certain biochemical properties that distinguish TLPs from bona fide Thgl
counterparts lent support to these ideas. In addition to the previously described ability of TLPs
to efficiently catalyze Watson—Crick base pair-dependent addition reactions, all of the bacterial
and archaeal homologs investigated to date exhibit the preferential repair of 5'-truncated tRNAs
instead of 5 nucleotide addition to full-length tRNAHis [23,29,35]. This tRNA repair activity is
not species-specific, as opposed to G.; addition in tRNAHS identity establishment by bona fide
Thgl [23,26,31,42]. M. acetivorans TLP (MaTLP) has also demonstrated similar 5'-truncated tRNA
repair as previously described with BtTLP; with preference to additions forming Watson—Crick base
pairs [23,29,40]. Similarly, Ignicoccus hospitalis catalyzes an extended tRNA repair on truncated RNA
substrates in vitro, adding up to 13 nucleotides in a templated reaction to restore a full tRNAHS [35].
These data indicate that TLP function may indeed be found in tRNA repair rather than G_; addition.

3.4. TLPs in Eukaryotes: Multiple TLPs Encoded by Dictyostelium Discoideum

Analysis of the eukaryotic slime mold, Dictyostelium discoideum, revealed that at least four
Thgl family enzymes appear to be present in the proteome (Figure 5). One of these genes is a
bona fide Thgl (DdiThg1), catalyzing the G 1 addition to tRNAM, and thus establishing tRNAH®
identity [42,44]. The remaining three genes are characterized by sequence similarity and phylogeny as
TLPs. Two of these TLPs (DdiTLP2 and DdiTLP3) are mitochondrial enzymes that catalyze distinct
and non-redundant functions to add G_; to mitochondrial tRNAHS (DiTLP2) or to repair the 5'-end
of mitochondrial tRNA (mt-tRNA) during a process known as tRNA 5'-editing (DdiTLP3) [44]. Both of
these reactions take advantage of the 3’ to 5’ polymerase function that is the biochemically-preferred
activity of TLP enzymes.

Although DdiTLP2 catalyzes a reaction that is on the surface very similar to that of a bona fide
Thgl, there are several critical features that distinguish these two activities, which is consistent with
the evolutionary distinct nature of these two enzymes. First, DdiTLP2 does not use the tRNAM GUG
anticodon to recognize the tRNA for the addition of the G_; nucleotide, and its specific mechanism of
tRNAHS recognition remains unknown [44]. Second, the reaction catalyzed by DdiTLP2 is not essential
for specifying tRNAH identity, since D. discoideum Additlp2 deletion strains are viable, but completely
lack the G_; nucleotide on the mt-tRNAHS [44]. DAiTLP3’s role in tRNA 5 -editing also utilizes 3’
to 5’ polymerase function, but to repair mt-tRNA that have been truncated at their 5'-ends due to
the removal of one or more incorrectly base-paired nucleotides encoded in the precursor tRNA [49].
This 5'-end repair step is essential for D. discoideum, and likely for many other single-celled eukaryotes
that similarly encode mt-tRNA with 5'-mismatches [34,47,49-54]. Presumably, the TLPs encoded
by these species are capable of participating in 5'-editing, although the identity of specific enzymes
that participate in this process has so far only been demonstrated in D. discoideum [32,33,41-44].
Interestingly, the third TLP encoded in D. discoideum (DdiTLP4) catalyzes an essential function that
remains unknown (Figure 5), although its ability to catalyze 3’ to 5" polymerase activity on non-tRNA
RNA substrates broadens the potential impact of these enzymes in terms of RNA processing and /or
repair [44]. The continued functional characterization of TLP enzymes from diverse domains of life
will be needed to provide a comprehensive picture of all of the biological reactions associated with this
unusual family of enzymes (Figure 5).

157



Genes 2019, 10, 250

A3'
A c
c C
C . 5 - NN73
5'pG Az 9Ty, .»(\,?’,5, N-N
tRNAMis Multiple mt-tRNA
(Cytosol) (Mitochondria)
3
A
C
Cc it
5’ PGG.1 gn
Tl72 2 D\
6{\\«? T p® Non-coding RNA
o processing and/or
tRNAHis repair?
(Mitochondria) (Cytosol)

Figure 5. Non-redundant physiological roles for Thg1 and Thg1-like proteins (TLPs) in Dictyostelium
discoideum tRNA 5'-editing. DdiThg] catalyzes cytosolic tRNAHI maturation by incorporating G4
across from Azz. DAiTLP2 catalyzes mitochondrial tRNAH maturation by incorporating G_ across
from Cz3. DAiTLP3 catalyzes mitochondrial tRNA 5/-editing by repairing 5/-truncated tRNAs resulting
from the removal of one or more mismatched nucleotides encoded in the precursor tRNAs. DdiTLP4
function remains unknown to date, but potentially this essential cytosolic enzyme is involved in
non-coding RNA processing and/or repair in D. discoideum.

3.5. Structural Comparison of Thgl and TLPs

The crystal structures of several members of the TLP clades of the Thgl superfamily have been
solved, and suggest many commonalities with Thg1, including an overall structural similarity to the
C. albicans and Homo sapiens enzymes and the persistence of dimer-of-dimer quaternary structures [28,
29]. MaTLP assembles as a dimer-of-dimers similar to bona fide Thgl, yet uses a different mechanism
of tRNA coordination. CaThgl coordinates tRNA between both dimers of the tetramer, and binds
Thg1-tRNA via 4:2 stoichiometry [54]. MaTLP independently binds one tRNA molecule per dimer,
and does not seem to coordinate anticodon recognition by the opposing dimer, which is consistent
with the notion of TLP repair activity (Figure 6) [23,40]. The present structures of the MaTLP and bona
fide Thgl variants differ most in tRNA coordination; the anticodon loop is not coordinated by the
opposing dimer’s fingers domain in TLPs [5,29]. MaTLP binds only the acceptor stem and T arm of its
tRINA substrate; the flexible 3-hairpin that coordinates the T arm has been speculated to enable the
recognition of tRNA substrates with truncated acceptor stems [29]. The tRNA acceptor stem and T arm
are coordinated by separate monomers in the dimer; the acceptor stem was hydrogen bonded to R136
and D137, and the triphosphate moiety at the 5'-end of the tRNA was bonded to the D21-K26 region
and additionally coordinated by two Mg?*, which is similar to tRNA coordination by CaThgl [5,29].
Expectedly, divalent cations of the MaTLP active site are coordinated by the carboxylates of D21
and D69, which is similar to previously reviewed bona fide Thg1 structures, other polymerases, and
BtTLP. The T arm is recognized by the opposing monomer in the MaTLP dimer; phosphate groups of
Uss and Gsy are involved in hydrogen-bond interactions with the protruding long arm or -hairpin
region of MaTLP [29]. Computational analysis and model structures of MaTLP-tRNA complexes
have shown truncated but not full-length tRNA molecules binding to MaTLP, suggesting that TLP
molecules recognize 5'-truncated tRNA molecules via the flexible p-hairpin, and terminate elongation
by recognizing the acceptor stem length of its substrates [29].
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anticodon

Figure 6. Structural comparison of Thgl and TLPs. (A) The tetrameric eukaryotic Thgl (monomers in
green, teal, yellow and pink) coordinates two tRNAs molecules (grey) and binds both to the anticodon
and the acceptor stem. (B) Methanosarcina acetivorans TLP forms a dimer (monomers in green and teal)
coordinating on tRNA (grey). While the dimer binds the acceptor stem and T arm of its tRNA substrate,
the anticodon loop is not coordinated by TLP enzymes.

The archaeon I. hospitalis encodes a minimalized TLP homolog (IhTLP) with a molecular weight
of 18 kDa, which is smaller than its archaeal cousin PaTLP (25 kDa) and the bona fide Thgl from
C. alibcans (35 kDa). IN'TLP encodes the three conserved carboxylates that Thgl and other polymerases
require to coordinate two metal ions for catalysis, but shares little overall homology to other TLP
enzymes. Furthermore, the fingers domain, which are responsible for the anticodon loop and acceptor
stem coordination, is significantly minimalized in Th'TLP. InTLP was found to be catalytically active
in vitro, and catalyzes a significant tRNA repair reaction in vitro, adding up to 13 nucleotides to
restore a truncated tRNAMs, yet the in vivo function of IThTLP remains to be investigated [35].
While this mode of recognition is suitable for rationalizing TLP roles in repairing 5'-truncated tRNA,
the prospect of alternative non-tRNA substrates for at least some members of this enzyme family raises
additional questions about how this mechanism could be adapted more broadly to control 3’ to 5’
polymerase reactions.

3.6. 5'-End Activation and Nucleotidyl Transfer in TLPs

Many features of the overall mechanism of 3’ to 5’ nucleotide addition appear to be shared between
Thg1 and TLP members of the enzyme family. Distinct residues that participate in 5'-end activation
(ScThgl: K44, S75, N161) and nucleotidyl transfer (ScThgl: R27, K96, R133) are found in similar
positions in the BtTLP structure, except for the N161 residue, which is absent in TLPs. The differing
effects on distinct catalytic steps of the reaction that are observed upon the mutagenesis of these
residues led to the notion of partially separable active sites for 5'-end activation and nucleotidyl
transfer, which appears to also be the case for TLPs [4,5,28-30,33]. However, several molecular
details distinguish these two types of enzymes. In terms of the first 5’-end activation step of the
reaction, BtTLP and the TLP from M. xanthus (MXTLP) can utilize GTP to activate the 5-end of
tRNAMS in vitro, whereas bona fide Thg1 enzymes are so far strictly ATP-dependent for catalyzing
this reaction [6,23,28,40]. The crystal structures of TLP enzymes captured in the pre-activation
conformation with either ATP or GTP nucleotides bound in the activation nucleotide-binding site
have been determined, and confirm the roles for the residues implicated kinetically in the 5'-end
activation reaction [28]. For the conserved lysine (K44 in ScThg1, K43 in BtTLP), this residue appears
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to be important specifically for the activation reaction with ATP, and not used for the GTP activation
reaction, since the alteration of this residue in the context of the bifunctional BtTLP only affected
5-adenylylation rates. Structural data support this ATP-specific role, since the side chain of K43 would
predictably clash with the exocyclic 2’-amine of GTP bound in the active site. It is possible that ScThg1
K44 interacts with other yet-unidentified residues in the ScThg1 active site to ensure its ATP-dependent
activity by preventing GTP binding in a catalytically competent conformation at this site.

Insight into the template-dependent nucleotidyl transfer step catalyzed by TLPs was provided
by the structure of MaTLP bound to a GTP analog and a 5'-truncated triphosphorylated tRNAThe
(ppptRNAPPeA ), which mimics the activated tRNA ready for the nucleotidyl transfer. The incoming
nucleotide uses Watson—Crick base-pairing and base-stacking interactions to facilitate its incorporation
to the tRNA substrate [28]. In addition, binding of the incoming nucleotide seems to promote a
significant structural change in the 5'-end of the tRNA substrate to accommodate the nucleotide
incorporation across from the templating nucleotide. Also, no interactions between the enzyme and
the base moiety of the GTP analog were observed here, supporting the idea of template-dependency
exhibited by TLPs for nucleotide addition to their substrates, which is presumably distinct from
the expected base-recognition capabilities for Thgl homologs to catalyze template-independent GTP
addition. In TLPs, coordination of the Mg?* A to the 3/-OH of incoming NTP facilitates the nucleophilic
attack on the x-phosphate of the activated tRNA substrate, which is analogous to the role of this
residue in canonical polymerases. Meanwhile, the triphosphate of the incoming NTP coordinates to a
third metal ion (Mg?* C). It is arguable that the Mg?* C seen in the active site of Thg1/TLP structures
stabilizes the incoming NTP in the absence of metal coordination from other two Mg?* ions (Mg?* A
and Mg?* B), which are already coordinated to either the activating ATP that resides in the activation
site or the activated tRNA substrate. Appearance of a third metal ion has also been observed in DNA
pol  and DNA poln [55,56]. Although these polymerases use the canonical two-metal ion mechanism,
the third metal ion has been proposed to facilitate phosphoryl transfer to the nucleophilic 3'-OH group
of the growing polynucleotide chain. Similarly, the use of a third Mg?* ion (Mg?* C) in TLPs seems to
facilitate nucleophilic attack on the x-phosphate of the activated tRNA to promote PP; release upon
subsequent nucleotidyl transfer.

4. Synthetic Biology Applications and Thg1/TLP Engineering

How TLP enzymes distinguish between truncated tRNA and full-length tRNA in the context
of 5'-tRNA elongation or repair and how the elongation reaction is properly terminated in all cases
remains to be fully solved. The proper termination of Thgl enzymes after adding only the single G
nucleotide to tRNAMS g intimately connected with the acquisition of the A3 discriminator nucleotide
of tRNAH in eukaryotes, as opposed to the universally conserved (and likely ancestral) Cy3 that
is found in Bacteria and Archaea. Indeed, the molecular basis for the ability of the G_;:Ay; base
pair to trigger the termination of the addition in ScThgl is demonstrated to result from ScThgl’s
highly efficient removal of the 5'-triphosphorylated end from tRNA species that terminate in this
non-Watson-Crick base pair, as described above [36]. This mechanism for termination is unlikely
to be conserved among TLPs, since these enzymes strictly add Watson—-Crick base pairs that are not
efficient substrates for the 5'-pyrophosphatase activity [36]. The previously demonstrated capability of
TLPs to catalyze extended reverse RNA polymerization [23,29,35,40] makes these proteins promising
candidates for protein engineering to harness their ability to extend RNAs in the 3’ to 5’ direction in a
template-dependent manner.

4.1. TLPs Exhibit Broader RNA Recognition Properties Than Thg1l Homologs

The ability to act on a broader range of tRNA substrates than the tRNAH-specific Thg1 homologs
naturally positions TLP enzymes as candidates for engineering 3’ to 5 polymerases for diverse
functions. Understanding the basis for RNA recognition by various members of the Thg1 superfamily
is a key element to these efforts. While recognition of the anticodon GUG is a major determinant for
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Thgl-catalyzed G_ addition to tRNA™S, the TLPs that have been tested to date do not depend on the
presence of this sequence to be used as substrates for 3’ to 5" polymerization [10,23]. This ability to
act independently of the specific tRNAH! anticodon nucleotides is a necessary feature for TLPs to act
outside of tRNAM maturation, as has already been demonstrated by the physiological function of
DdiTLP3 in mt-tRNA 5'-editing [42,44]. For this 5'-editing reaction, the ability to act on any tRNA is
required, since many different tRNA species contain the genomically encoded 5'-mismatches that must
be removed by 5'-editing and then repaired by the TLP prior to participation in translation [34,49,51-53].
Indeed, the pattern of tRNA species that have been demonstrated to undergo editing in the many
diverse eukaryotes where this process has been investigated so far is quite different from organism to
organism, and can involve from only a few species to nearly all of the mt-tRNA, thus suggesting that
flexibility in tRNA recognition is important for this function [50]. The idea that some TLPs may act on
other non-tRNA substrates also raises new questions for these enzymes and their ability to recognize
various RNAs. Thus, TLP activity is not restricted to tRNAM substrates, and may be engineered to
further broaden their substrate specificity.

4.2. Steps Toward Utilizing TLPs for Targeted 3'-5' Addition Reactions

Although eukaryotic Thg1 is mostly restricted to acting on tRNAH, bacterial and archaeal TLPs
have been shown to exhibit broader RNA substrate specificity, suggesting that the 3’ to 5’ polymerase
activity of TLPs could potentially be directed to site-specifically label diverse RNA substrates at their
5-ends. TLPs are capable of adding all four nucleotides in a template-dependent fashion [23,29,35,40],
which makes them true reverse polymerases. This could in principle also be extended to add labeled
or modified nucleotides at specific positions of a given RNA substrate. This approach has previously
been successful in 3'-biotinylation by the terminal nucleotidyltransferase Cid1 [38]. Other applications
that we can envision include reverse polymerization on additional substrates, which would allow for
applications such as the site-specific incorporation of nucleotides to the 5'-ends of tRNA transcripts
that are difficult to incorporate during in vitro synthesis due to the limitations of the commonly used
T7 RNA polymerase. Here, we describe several approaches that have been used successfully for this
type of application.

One critical step in Thg1/TLP engineering is to broaden substrate specificity toward RNAs other
than tRNA. While the tRNAH® GUG anticodon is not required for TLP activity, recognition of the
overall tertiary tRNA structure is a conserved element for Thgl and TLPs. Desai et al. developed a split
tRNA approach, which was later successfully implemented by Nakamura et al., dividing the tRNA
through the D-loop. Here, the tRNA structure is mostly provided by a guide RNA, complementary to
the RNA of interest to be guanylylated [35,54]. The guided RNA approach has been successful to lead
RNaseP to mRNA substrates and cleave pathogenic RNAs in cancer [57]. Thus, this approach could
be used to direct Thgl to any given RNA 5'-end when provided with a complementary sequence,
resulting in a tRNA-like structure.

An alternative approach provides an external RNA-guide template, which is used to anneal to
the full-length tRNA, ideally disrupting the structure in the aminoacyl acceptor and D-stems, and thus
providing a template to add the desired nucleotide(s) to the tRNA. To demonstrate the feasibility of
this approach, we exploited the known inability of TLP enzymes to efficiently add a non-Watson—Crick
base-paired G_; to wild-type tRNAH® with an A3 discriminator nucleotide [23,47]. Then, by adding
an additional RNA oligonucleotide that is complementary to the tRNA sequence, we provided an
alternative template that could possibly direct the addition of a nucleotide(s) to the tRNA 5'-end in
the Watson—Crick-dependent manner that is preferred by TLPs. We reasoned that if TLP enzymes
are capable of accommodating an external oligonucleotide template, 3'-5" polymerase activity could
potentially be directed to add nucleotides to the 5'-end of any given RNA substrate [49].

To test this, we used labeled in vitro transcribed S. cerevisiae tRNAHS (Sc-tRNAIS) (Figure 7A).
In the absence of any added oligonucleotide, ScThgl adds G_;, forming a non-Watson—Crick base
pair, as evident from the G_;p*GpC product that is observed after G-addition (Figure 7B). BtTLP
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only weakly adds G_;; however, as observed previously, it instead accumulates 5'-adenylylated
and 5'-guanylylated intermediates that are the products of the first activation reaction (Figure 7B).
Then, varied concentrations (1 pM and 10 uM) of an externally provided 38-mer oligonucleotide
template that is complementary to 31 nucleotides on the 5'-end of Sc-tRNAH® were added to the
assays. When this oligonucleotide anneals to Sc-tRNAH, it will create a 7-nucleotide 3'-overhang
that can serve as a template for nucleotide addition to the 5'-end of the Sc-tRNAH (Figure 7A).
Here, the 3/-CCCCCCA overhang has been chosen due to the preferential G-C base pairing activity
exhibited by TLP enzymes.
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Figure 7. An external guide RNA oligonucleotide-mediated approach to manipulate nucleotide
addition by Bacillus thuringiensis TLP homolog (BtTLP). (A) Schematic representation of tRNAHis
(backbone in purple) hybridized to the external guide RNA oligonucleotide template (shown in blue).
(B) Activity assay using the external guide RNA template and analyzed by thin-layer chromatography
(TLC). Identities of the labeled reaction products are consistent with the known migration patterns
of these species that have been validated by previous assays [23]. Nucleotide addition was tested
using Saccharomyces cerevisiae Thgl (ScThgl) and BtTLP with varying concentrations of the external
guide RNA template (0 pM, 1 pM, and 10 uM, as indicated). In the absence of the guide RNA
template, ScThgl efficiently adds G_; and in contrast, BtTLP only weakly adds G_; across from
Agz3 (evident from the amount of the product G_1p*GpC, which is labeled in purple). BtTLP instead
accumulates 5'-adenylylated and 5'-guanylylated intermediates (evident from the products App*GpC
and Gpp*GpC, which are labeled in black respectively). In the presence of the external guide RNA
template, ScThg1 still maintains its ability to add a single G nucleotide across from Ay in S. cerevisiae
tRNAHS (Sc-tRNAHS, as evident from the product G_;p*GpC shown in purple), whereas BtTLP adds
multiple G nucleotides using the 3'-CCCCCCA of the external guide RNA oligonucleotide as a template.
This multiple addition is evident from the appearance of several lower migrating products, which are
labeled in blue, and are absent in ScThg1-containing reactions. The precise number of G-residues added
to the tRNA cannot be determined due to the inability of this TLC system to resolve the distinct species
that contain more than three added G-nucleotides [9,23,44], but the pattern of migration observed here
is consistent with the migration described previously for these species.

Interestingly, the addition of the external templating oligonucleotide did not appreciably affect
the products observed in the reactions with ScThgl. Only a single G_; residue was still observed,
suggesting that ScThg1 is not using the multiple C-containing template that would result in multiple
nucleotide addition, as previously observed for variant tRNA with this 3'-end sequence [9]. Instead,
ScThgl must be utilizing the native Sc-tRNAH 3'-end instead of the oligonucleotide-bound structure
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as a template. This is possibly due to changes in the overall shape of tRNAM® when bound to the
oligonucleotide, which underscores this enzyme’s stricter dependence on tRNAH structure that has
been demonstrated repeatedly, and also the unsuitability of Thgl members of the 3 to 5 polymerase
family for this type of engineering approach.

In contrast, the addition of the external templating oligonucleotide to reactions with BtTLP results
in significant changes in the observed reaction products. BtTLP efficiently created lower migrating
products that have previously been identified as corresponding to multiple G-nucleotide additions [31],
as expected for the use of the 3’-CCCCCCA sequence as a template. This observation provides proof for
the first time that TLPs are capable of accommodating an externally provided oligonucleotide, and also
implies that the 3'-5' polymerase activity of TLPs can be guided to label an RNA substrate with a
template of interest. Appearance of the products corresponding to multiple G-additions in the assays
containing BtTLP supports the idea that BtTLP is an enzyme with more flexibility in accommodating
an unnatural template and most importantly, BtTLP is capable of changing its nucleotide addition
pattern to match the template that is available. The replacement of the tRNAH® acceptor stem by
the external oligonucleotide alone was sufficient to guide BtTLP to change its nucleotide addition
preferences as opposed to Thgl.

5. Conclusions

The tRNAHS guanylyltransferase family comprises a fascinating group of enzymes with novel
catalytic activities. From the initial identification of these enzymes as the catalysts of adding a
somewhat simple, albeit critical, single nucleotide to the 5'-ends of tRNAMS species, the mechanistic
and biological complexity that is associated with the members of this family has grown significantly.
New surprises about the functions of these enzymes, both engineered and on natural RNA substrates,
are sure to continue to emerge, and will provide new opportunities to take advantage of 3’ to 5’
polymerization in the future.
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Abstract: The aminoacyl-tRNA synthetases (aaRSs) are well established as the translators of the
genetic code, because their products, the aminoacyl-tRNAs, read codons to translate messenger
RNAs into proteins. Consequently, deleterious errors by the aaRSs can be transferred into
the proteome via misacylated tRNAs. Nevertheless, many microorganisms use an indirect
pathway to produce Asn-tRNA" via Asp-tRNAA".  This intermediate is produced by a
non-discriminating aspartyl-tRNA synthetase (ND-AspRS) that has retained its ability to also generate
Asp-tRNAAP. Here we report the discovery that ND-AspRS and its discriminating counterpart,
AspRS, are also capable of specifically producing Glu-tRNAGlu, without producing misacylated
tRNAs like Glu-tRNAAS", Glu-tRNASP, or Asp-tRNAS!Y, thus maintaining the fidelity of the genetic
code. Consequently, bacterial AspRSs have glutamyl-tRNA synthetase-like activity that does not
contaminate the proteome via amino acid misincorporation.

Keywords: tRNA; misacylation; indirect tRNA aminoacylation; AspRS; GluRS-like

1. Introduction

The fidelity of protein translation depends on the accurate pairing of cognate tRNAs to their
cognate amino acids. The ligation of the amino acid to its tRNA is catalyzed by a highly specific
group of enzymes known as the aminoacyl-tRNA synthetases (aaRSs) [1-3]. Under normal conditions,
these enzymes maintain high accuracy and specificity in selecting their cognate amino acid and tRNA
substrates. In fact, decades of research have been dedicated to demonstrating that the aaRSs are
exquisitely specific for their cognate substrates and are key players in defining the accuracy of the
proteome [2,4-6]. An increasing body of work, however, is emerging that demonstrates that some
aaRSs can alter their activity or relax their selectivity in response to stress, even promoting errors in
translation [7-12].

Aspartyl-tRNA synthetase (AspRS) is an exception to the rule of one aaRS per amino acid/tRNA
pair. This enzyme is found in two general forms, discriminating and non-discriminating, based on
divergent tRNA specificities. Discriminating AspRS, the canonical enzyme, is found in eukaryotes,
and some bacteria and archaea, and catalyzes the aspartylation of tRNAASP to produce Asp-tRNAASP
(Figure 1A) [13]. The non-discriminating form, ND-AspRS, is found in many bacteria and archaea and
some organelles; this enzyme cannot differentiate between tRNAAP and tRNA”*" and aminoacylates
both with aspartate to generate Asp-tRNAAP and the misacylated Asp-tRNAA, respectively
(Figure 1B) [14-17]. To maintain the fidelity of the genetic code, Asp-tRNA”" is then converted to
Asn-tRNAA" by a glutamine-dependent amidotransferase (AdT) [14,15,18,19].
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Figure 1. Canonical roles of AspRS and ND-AspRS. (A) AspRS aminoacylates tRNAASP with aspartic
acid to produce Asp-tRNAASP. (B) ND-AspRS catalyzes the aspartylation of both tRNA”P and
tRNAA to produce Asp-tRNAASP and the misacylated Asp-tRNAAS,

The requirement for a discriminating AspRS versus an ND-AspRS differs from organism to
organism; however, ND-AspRS is always accompanied by AdT [15,18-20]. ND-AspRS and AdT
are typically found in organisms that lack asparaginyl-tRNA synthetase (AsnRS) and/or asparagine
synthetase (AsnS). For example, Pseudomonas aeruginosa and Helicobacter pylori (H. pylori or Hp) lack
both AsnRS and AsnS and consequently require ND-AspRS and AdT to produce both Asn-tRNAAS"
and asparagine [21,22]. Mycobacterium tuberculosis lacks AsnRS but has AsnS, so it only uses indirect
tRNA aminoacylation to produce Asn-tRNAA" [12]. In contrast, Staphylococcal aureus (S. aureus or
Sa) has a functioning AsnRS but lacks AsnS; thus, indirect aminoacylation is still required as the
sole biosynthetic route to asparagine [23]. Some bacteria like Thermus thermophilus and Deinococcus
radiodurans encode for more than one copy of AspRS [24,25]. In these cases, the longer, bacterial-type
AspRS is discriminating and catalyzes the synthesis of Asp-tRNA”P. The second AspRS (AspRS2) is
non-discriminating and produces Asp-tRNA”S" along with Asp-tRNAASP,

While ND-AspRS clearly demonstrates relaxed tRNA substrate specificity, it remains fine-tuned
as it only aspartylates tRNAASP and tRNAASY, only in organisms that have AdT, and it presumably
discriminates against other tRNAs as potential substrates. In this way, the fidelity of the genetic
code is maintained. Evidence of further relaxation in substrate specificity for either a discriminating
AspRS or an ND-AspRS has not been reported to our knowledge. Here we demonstrate that these
enzymes are capable of specifically producing Glu-tRNAS™ while maintaining their canonical roles:
The production of Asp-tRNA®P (AspRS and ND-AspRS) and Asp-tRNAAS? (ND-AspRS only). To the
best of our knowledge, this is the first example of an aaRS capable of producing a non-cognate, but
correctly aminoacylated tRNA.

2. Materials and Methods

2.1. Materials

Potassium dihydrogen phosphate (KH,;POy), sodium dihydrogen phosphate (NaH;POy),
L-aspartic acid (catalog #A93100, batch #12002LC), L-glutamic acid (catalog #G1251, lot #SLBK8671V),
magnesium chloride, and oligonucleotides were purchased from Sigma-Aldrich (St. Louis, MO,
USA). The radiolabeled reagents aspartic acid, L-[2,3-3H] (catalog #ART 0211, lot #180606), glutamic
acid, L-[2,3,4-3H] (catalog #ART 0132, lot #180710) and adenosine triphosphate (ATP) [y-32P] were
purchased from American Radiolabeled Chemicals (St. Louis, MO, USA). Ampicillin, chloramphenicol,
kanamycin, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), ethylenediaminetetraacetic
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acid (EDTA), isopropyl 3-p-thiogalactopyranoside (IPTG), phenylmethanesulfonyl fluoride (PMSF),
and tris(hydroxymethyl) aminomethane (Tris) were from GoldBio Biotechnology, Inc., (St. Louis, MO,
USA). Potassium chloride (KCl), sodium chloride (NaCl), trichloroacetic acid (TCA), and ammonium
acetate (NH4OAc) were purchased from Fisher Scientific (Hampton, NH, USA).

2.2. Overexpression and Purification of aaRSs

Hp ND-AspRS [22], the Hp tRNASM-specific glutamyl-tRNA synthetase (GluRS2) [26],
Moycobacterium smegmatis (M. smegmatis or Ms) ND-AspRS (vector provided by Dr. Babak Javid),
and Escherichia coli (E. coli or Ec) AspRS and GIuRS (vectors provided by Dr. Takuya Ueda [27])
were each overexpressed in Ec BI21 (DE3) RIL in Luria-Bertani medium (LB, 1 L) inoculated with
a saturated overnight culture grown from a single colony. The cultures were incubated at 37 °C,
200 rpm. IPTG (1 mM) was used to induce overexpression in each case. For Hp ND-AspRS and
GluRS2 overexpression, the medium was supplemented with ampicillin (100 ug/mL), chloramphenicol
(100 pg/mL), and glucose (0.5%). IPTG was added when the ODgg reached 0.8-1.0. Cells were collected
after a 1 h induction period. For Ms ND-AspRS, the only difference was that kanamycin (25 pug/mL)
was added instead of ampicillin. The two discriminating Ec enzymes were grown in the same medium
as the two Hp enzymes. IPTG induction was initiated when the ODg( reached between 0.4 and 0.6
and continued for 4 h. Cells were harvested by centrifugation and frozen at —80 °C until ready for use.

The Sa ND-AspRS (vector provided by Dr. Kelly Sheppard) was overexpressed and purified
as previously described [23]. In all other cases, cell pellets were suspended in lysis buffer (50 mM
NaH,POy4, pH 7.4, 300 mM NaCl, 10 mM imidazole) and the cells were lysed with lysozyme (2 mg/mL)
and sonication. Saturated PMSF (15 ulL/mL) was added every 20 min to reduce proteolysis. Typically,
a cell extract was added to a polyprep column that contained high-density cobalt agarose beads (~2 mL,
Gold Biotechnology, Inc.) pre-washed with lysis buffer. The lysate was incubated with the resin by
rotating at 4 °C for 1 h. The Hiss-tagged aaRSs were eluted according to the manufacturer’s protocol.

The eluents were dialyzed against dialysis buffer (20 mM KH,;POy, pH 7.2, 0.5 mM Nay,EDTA,
5 mM (-mercaptoethanol) at 4 °C for 1-2 h and then against fresh dialysis buffer overnight. The aaRSs
were adsorbed onto a HiTrapTM DEAE FF column (GE Healthcare Life Sciences, Pittsburgh, PA, USA).
The proteins were eluted with a stepwise gradient of 20-300 mM KH,POy4, pH 7.2, supplemented with
0.5 mM NapEDTA, 5 mM (3-mercaptoethanol. The proteins were concentrated with 30 kDa molecular
weight spin filters (EMD Millipore, Burlington, MA, USA). After this two-column purification procedure,
all enzymes were judged to have been purified to near homogeneity by SDS-PAGE (Figure S1). Final
protein concentrations were determined by UV-Vis spectroscopy at 280 nm, using extinction coefficients
calculated using the ExPASy ProtParam tool [28]. The aaRSs were immediately used in aminoacylation
assays. All experiments were conducted using biological replicates in triplicate.

2.3. In Vivo Transcription and Purification of tRNAs

Hp tRNAA" [22] and tRNACM [26] were overexpressed in Ec MV1184 and purified as previously
described [29]. After deacylation, the tRNAs were electroeluted in a denaturing urea gel for further
purification. The tRNA band was excised from the gel, crushed, and incubated overnight at 37 °C
in crush and soak buffer (0.5 mM NH4OAc, pH 5.2, 1 mM NayEDTA). The eluted tRNA sample
was isopropanol precipitated. The resultant pellet was dissolved in water, folded, and quantified by
aminoacylation assay, as previously described [29]. These purifications yield tRNA that is enriched
with the overexpressed tRNA isoacceptor but also contains total Ec tRNA. Separately, total Ec tRNA was
isolated from a saturated Ec MV1184 culture that had been grown at 37 °C in LB medium supplemented
with glucose (0.5%) and purified as described [29]. The concentration of total Ec tRNA was calculated
by UV-Vis spectroscopy at 260 nm assuming 1 OD = 1.6 uM.
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2.4. Initial Rate Aminoacylation Assays

Each tRNA was pre-folded as previously described [29]. Aminoacylation assays were conducted
in buffer containing 100 mM Na-HEPES, pH 7.5, 30 mM KCl, 12 mM MgCl,, 2 mM ATP, 0.1 mg/mL
BSA, 20 uM amino acid, 50 uCi/mL ®H-labeled amino acid, and 10 uM Hp tRNAASY or tRNACI a5
noted. Assays were conducted at 37 °C and were initiated with the addition of 200 nM Hp ND-AspRS
or GluRS2. Aliquots were removed and quenched on Whatman filter pads containing TCA. The pads
were washed 3 times for 15 min with chilled 5% TCA. Pads were dried and counted in 3 mL ECOLITE
(+) scintillation fluid (MP Biomedicals, Solon, OH, USA). Aminoacylation assays with total Ec tRNA
were carried out in the same buffer containing 50-100 uM total tRNA. Hp ND-AspRS (100 nM or
500 nM) or Hp GluRS2 (100 nM or 500 nM) were used in these assays as noted.

2.5. Extended Aminoacylation Assays (90 Min)

Hp ND-AspRS and GIuRS2 used in these assays were only purified by cobalt affinity purification.
The aminoacylation assays were conducted at 37 °C in buffer containing 20 mM HEPES-OH, pH 7.5,
4 mM MgCl,, 2 mM ATP, 100 1M amino acid, and 25 uCi/mL *H-labeled amino acid. All aaRSs were
added to a final concentration of 1 uM and overexpressed tRNA isoacceptor was added to a final
concentration of 10 pM.

2.6. Acid Gel Electrophoresis and Northern Blot Analysis

Aminoacylation reactions were conducted in the same buffer used for initial rate aminoacylation
assays only without radiolabeled amino acid for 90 min at 37 °C with 500 nM aaRS. NaOAc (0.3 mM,
pH 4.5) was added to each reaction and they were quenched with phenol/chloroform (1:1 v/v, pH 4.5).
The tRNAs were ethanol precipitated and the resultant pellets were dissolved in buffer containing 10 mM
NaOAc, pH 4.5, 1 mM NayEDTA. Acid gel electrophoresis was used to separate deacylated tRNAs
from their aminoacylated counterparts. The tRNA samples were quantified by UV-Vis spectroscopy
at 260 nm, and 0.05 ODy4 units were loaded per lane for overexpressed tRNAs. This amount was
increased to 0.25 ODyg units for total Ec tRNA. Isoacceptor-specific oligonucleotides were used in
Northern blots to visualize each tRNA (Table S1). The tRNA specific DNA probes were prepared as
previously described [26]. The acid gel and Northern blot analyses were performed as previously
described [26,30], with the exception that a non-specific DNA oligonucleotide (0.1 uM) was added
during the first three washing steps after probe hybridization.

3. Results

3.1. H. pylori ND-AspRS Appears to Aminoacylate H. pylori tRNAS™ with Aspartate and Glutamate

ND-AspRS has relaxed tRNA specificity and aspartylates both tRNAAP and tRNAAS" to produce
Asp-tRNAAP and Asp-tRNAAS, respectively [14,15]. We have previously demonstrated that the
Hp ND-AspRS has this dual tRNA specificity, as expected [22]. Given the nature of the genetic
code and decades of work characterizing the aaRSs, ND-AspRS should not demonstrate broader
substrate specificity for non-cognate tRNAs or amino acids. We examined Hp ND-AspRS and GIluRS2,
a tRNAGh‘—specific GIuRS [26,31], for possible cross-reactivity with overexpressed tRNAAS™ and
tRNAC!™ with both aspartate and glutamate (Figure 2). We performed these assays with longer time
points to look at plateau levels of aminoacylation and to detect any low levels of aminoacylation.
As expected, ND-AspRS produced Asp-tRNA*" and did not produce Glu-tRNAAS" (Figure 2A,B,
respectively). Unexpectedly, this enzyme showed aminoacylation activity in both assays with tRNASG?
(Figure 2C,D), suggesting that it was producing the non-cognate product Hp Asp-tRNAGlrl and
Glu-tRNASI", However, because these tRNAs were overexpressed in vivo, a practice necessary
to introduce required post-transcriptional modifications like queuosine [32] and 2-thiouridine [33],
the tRNAs used in these experiments were contaminated with total Ec tRNA. Thus, the possibility
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also exists that Hp ND-AspRS is aminoacylating one or more Ec tRNAs instead. For comparison,
GIuRS2 showed only its expected activity, producing Glu-tRNAC! (Figure 2D), but not Asp-tRNAAS?,
Glu-tRNAAS", or Asp-tRNASI™ (Figure 2A-C). We conducted these same, longer aminoacylation assays
using the Ms ND-AspRS and ND-GIuRS (Figure S2): We observed the same behavior with glutamate,
indicating that this phenomenon is found in bacteria beyond H. pylori.
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Figure 2. H. pylori ND-AspRS appears to attach aspartate and glutamate to tRNAS™. Hp ND-AspRS
(@, 1 uM) and GIuRS2 (m, 1 uM) were tested in cross-aminoacylation assays using Hp tRNAASY and
tRNACIN with aspartate and glutamate. The tRNA isoacceptor concentration in each assay was 10 uM;
each tRNA was contaminated with total Ec tRNA. (A) Hp tRNAAS" aminoacylated with aspartate,
(B) Hp tRNAAS" aminoacylated with glutamate, (C) Hp tRNAS!™ aminoacylated with aspartate, and (D)
Hp tRNAS™ aminoacylated with glutamate.

Werepeated the assays shown in Figure 2 with shorter time points and lower enzyme concentrations
to look at initial rates (Figure S3). Under these more standard conditions, the ability of ND-AspRS
to ligate glutamate onto either Hp tRNACI or a contaminating Ec tRNA was masked (Figure S3D),
offering an explanation for why this activity has remained undiscovered. Robust aspartylation by Hp
ND-AspRS, presumably of contaminating Ec tRNAASP and/or tRNAAS" was observed as anticipated
(Figure S3C).

Our use of extended time point assays (Figure 2) revealed an unexpected activity for ND-AspRS
that was invisible under initial rate conditions (Figure S3). To our knowledge, this is the first evidence
of an ND-AspRS utilizing glutamate instead of aspartate as its amino acid substrate. This activity
makes some sense, however, given the close structural similarities between aspartate and glutamate.
Nevertheless, the results presented in Figure 2 and Figures S2 and S3, still contained ambiguity with
respect to the identity of the relevant tRNA substrate since each tRNA was overexpressed and purified
with contaminating Ec tRNAs.
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3.2. H. pylori ND-AspRS Aminoacylates E. coli tRNAC™ with Glutamate to Produce Glu-tRNAG"

To more precisely examine the unexpected aminoacylation reaction(s) catalyzed by Hp ND-AspRS,
we turned to acid gel electrophoresis and Northern blotting techniques [30]. We continued to use Hp
GluRS? as a control because of its high specificity for Glu-tRNA" production [26,31]. The advantages of
this approach are two-fold. First, the acidic pH of these gels enables the separation of aminoacyl-tRNAs
from their deacylated counterparts due to the extra charge provided by the protonated amino terminus
of the amino acid (30). Second, oligonucleotides can be designed for Northern blot visualizations that
are specific for a desired tRNA isoacceptor. Thus, this approach allows us to unequivocally identify
the tRNA(s) being aminoacylated in a given experiment, clearly resolving the ambiguity of the results
presented above. Since Hp ND-AspRS uses glutamate as a substrate (Figure 2D), we hypothesized that
it may be adding glutamate onto Hp tRNAS™ or Ec tRNAS, Consequently, we used this methodology
to examine Hp ND-AspRS-catalyzed aminoacylation of Hp tRNASI" and Ec tRNASM with aspartate
versus glutamate as its amino acid substrates. Northern blots were conducted with overexpressed Hp
tRNACI" contaminated with total Ec tRNA as a source of Ec tRNAS. Tn both cases, oligonucleotides
were designed to visualize only the tRNAs of interest: Hp tRNA®!" and Ec tRNAC.

Hp ND-AspRS does not aminoacylate Hp tRNAS™ with either aspartate or glutamate (Figure 3,
blot 1, lanes 2 and 3), suggesting that the activities observed above (Figure 2C,D) are the result of
aminoacylation of one or more Ec tRNAs (compared to the production of Glu-tRNAS™ by Hp GluRS2
in Figure 3, blot 1, lane 4.) In contrast, Hp ND-AspRS aminoacylates Ec tRNAC with glutamate
to produce Glu-tRNAS" (Figure 3, blot 2, lane 3), offering direct evidence that this ND-AspRS has
non-canonical aminoacylation activity that goes beyond its ability to aspartylate tRNAASP and tRNAAS™,
We considered the possibility that E. coli glutamyl-tRNA synthetase (Ec GluRS) had inadvertently
co-purified with Hp ND-AspRS, however, no evidence of this contamination was observed by SDS-PAGE
(Figure S1). Remarkably, Hp ND-AspRS remains accurate by pairing glutamate with tRNAS!Y to
produce correctly acylated Glu-tRNAS but not the misacylated Asp-tRNAC! (Figure 3, blot 2, lanes
3 and 2 respectively). In other words, this enzyme is exhibiting activity consistent with a canonical
GIuRS, in that it is ligating glutamate specifically to tRNAS™M,

Deacylated tRNA
Hp ND-AspRS + Asp
Hp ND-AspRS + Glu

Hp GIURS2 + Glu

Hp Glu-tRNASIn
Hp tRNAGn —>|

Ec tRNASH—> & l<— Ec Glu-tRNAGH

Figure 3. H. pylori ND-AspRS aminoacylates E. coli tRNAC™ with glutamate producing Glu-tRNAS!,
Hp tRNAC", contaminated with total Ec tRNA, was aminoacylated with either Hp ND-AspRS or
GluRS2 and with aspartate versus glutamate. Aminoacylated versus deacylated tRNAs were separated
in an acid gel. Specific tRNAs and aminoacyl-tRNAs were imaged using 32P-labeled oligonucleotides
in Northern blots. The blots were visualized with a Hp tRNAGln-speCiﬁc primer (blot 1) and an Ec
tRNAC!-specific primer (blot 2). Expected tRNA aminoacylation activity is indicated with a black check
mark (v'); unexpected aminoacylation activity is indicated in red (v); the absence of aminoacylation
activity with a given tRNA is indicated with a no symbol (O).
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Next, we compared the initial rates and extents of glutamylation of total Ec tRNA by Hp GluRS2,
an enzyme that naturally uses glutamate as its substrate [26,31], and Hp ND-AspRS, which unexpectedly
also uses glutamate (Figure 4 and Figure S4). Here, to ensure that we could visualize this novel activity,
we increased the concentration of each enzyme when looking at aminoacylation of a non-cognate
tRNA. We also verified that Ms ND-AspRS has this ability to glutamylate total Ec tRNA (Figure S5).
In these experiments, the ability of ND-AspRS to produce Glu-tRNAC! is clearly apparent.
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Figure 4. H. pylori ND-AspRS aminoacylates E. coli tRNA with glutamate. Hp ND-AspRS was tested
for its activity to aminoacylate Ec tRNA (50-100 uM) with aspartate and glutamate. Hp GluRS2 was
also assayed for comparison. (A) Aminoacylation of Ec tRNA with aspartate by Hp ND-AspRS (e,
100 nM) versus GluRS2 (m, 500 nM). (B) Aminoacylation of Ec tRNA with glutamate by Hp ND-AspRS
(®, 500 nM) versus GluRS2 (m, 100 nM). Error bars represent standard deviation from biological
replicates in triplicate.

3.3. Glu-tRNAS™ Production Is Common among Bacterial Non-Discriminating and Discriminating AspRSs

All experiments described so far with Hp and Ms ND-AspRS demonstrate that these enzymes
can attach glutamate to Ec tRNA and Hp ND-AspRS specifically produces Ec Glu-tRNASY. Given
that these are inter-species pairings in both cases, we decided that it was important to examine
the Ec discriminating AspRS for this activity with its homologous Ec tRNA. We also included the
ND-AspRS from S. aureus to gain additional perspective into the ubiquity of this unexpected activity.
Acid gels and Northern blot analyses using oligonucleotide probes that are specific for four different
Ec tRNAs (tRNAGlu, tRNACM, {RNAASP, and tRNAAS“) were conducted with all four enzymes:
The discriminating AspRS from Ec and the ND-AspRSs from Hp, Ms, and Sa (Figure 5). In many
of the Northern blots shown below, the deacylated and the aminoacylated tRNAs appear as two
bands, presumably due to differences in post-transcriptional modifications of the tRNAs, as previously
reported [26].
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Figure 5. Some bacterial AspRSs aminoacylate E. coli tRNAC" with glutamate producing Glu-tRNAC!,
Total Ec tRNA was aminoacylated with (A) aspartate and (B) glutamate by Ec GluRS, Ec AspRS, Hp
ND-AspRS, Ms ND-AspRS, and Sa ND-AspRS. The aminoacylated versus deacylated tRNAs were
separated in acid gels. 3?P-labeled oligonucleotides specific for Ec tRNACY, tRNAC, tRNAAP,
and tRNAAS" were used for each blot as indicated. Expected tRNA aminoacylation activities are
indicated with a black check mark (v'); unexpected activities are indicated in red (v'); the absence of
aminoacylation activity with a given tRNA is indicated with a no symbol (O).

Figure 5 shows the Northern blot results obtained from total Ec tRNA aminoacylated with
aspartate (A) and glutamate (B) by different bacterial aaRSs: Ec GluRS was used as a control. The
results of panel A reveal that each AspRS attaches aspartate to tRNAAP and the three ND-AspRSs
also attach aspartate to tRNA", as expected (Figure 5A, blots 3 and 4). Furthermore, none of the
enzymes tested were capable of attaching significant amounts of aspartate to either non-cognate tRNA
substrates tRNAC or tRNACI™ (Figure 5A, blots 1 and 2).

The most interesting and critical results are revealed in blot 1 in Figure 5B and are highlighted
with red checkmarks. This blot was probed with a 32P-labeled oligonucleotide specific for Ec tRNAG!
and Glu-tRNAS™ formation with Ec GluRS was used as a positive control. A clear shift is observed
between deacylated tRNAS™ and Glu-tRNAS™ produced by Ec GluRS (Figure 5B, blot 1, lanes 1 and
2). What is remarkable is that all four AspRSs showed this same shift, clearly indicative of ubiquitous
Glu-tRNASM production. The remaining blots in Figure 5B demonstrate that this glutamylation
activity is specific for tRNAC!" as none of the enzymes tested were capable of adding glutamate onto Ec
tRNAGln, tRNAASP, or tRNAASN, These data demonstrate that Ec AspRS and the ND-AspRSs from Hp,
Ms, and Sa aminoacylate tRNAC! with glutamate to produce Glu-tRNAS. These reactions represent
a new, non-canonical activity for AspRS that can be viewed as that of a discriminating GluRS.

4. Discussion

In this work, we demonstrate that bacterial discriminating and non-discriminating AspRSs have
quantifiable GluRS activity as they are capable of specifically generating Glu-tRNAS". Using total
Ec tRNA, this activity was observed with four different AspRSs: The Ec discriminating AspRS and
three non-discriminating AspRSs from Hp, Ms, and Sa. All four enzymes have canonical AspRS
activity and produce Asp-tRNAASP (Figure 5A, blot 3). The three ND-AspRSs also produce misacylated
Asp-tRNAA (Figure 5A, blot 4); this intermediate would be converted to Asn-tRNAAS" in vivo by
AdT. All four enzymes were also capable of specifically producing Glu-tRNAS™ (Figure 5B, blot 1)
without adding glutamate to other related tRNAs.

We considered the possibility of the co-purification of contaminating Ec GIuRS as an alternative
explanation for this activity. However, each AspRS was purified in two steps: cobalt affinity and
DEAE chromatography. Ec GIuRS elutes from our DEAE column at a lower KH,POy concentration
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(~50-100 mM) than the tested AspRSs (~200-300 mM), such that any GluRS that survived the affinity
purification step would have been removed by DEAE chromatography. Furthermore, no evidence of Ec
GIuRS contamination was visible by using SDS-PAGE gel (Figure S1). Thus, this two-step purification
strategy eliminates the possibility of contaminated Ec GluRS in the AspRS samples, confirming that
this activity is due to AspRS alone.

This GluRS-like activity of AspRSs is remarkable and unexpected because it is accurate and
yet outside the normal purview of an AspRS. It truly is GIuRS activity as each AspRS specifically
attaches glutamate only to tRNAC producing Glu-tRNAG, The fact that Ec AspRS demonstrates
this activity is particularly important because of the homologous nature of this result: Ec AspRS
produces Ec Glu-tRNAG!™. All other results herein arose from heterologous pairings of an ND-AspRS
with Ec tRNA. Our results with Ec AspRS demonstrate that this activity is not simply a result of
cross-species recognition of a non-cognate tRNA. It is also remarkable that no evidence of misacylated
Asp-tRNASM, Glu-tRNAASP, or Glu-tRNA”" was observed, given the ability of these AspRSs to
produce Glu-tRNAC, This observation is important because it demonstrates that this GluRS-like
activity does not threaten the fidelity of the genetic code. Nevertheless, it poses an unexpected
problem with molecular recognition. How does AspRS know to specifically attach aspartate to
tRNAAP (and tRNAA") and glutamate to tRNASM without cross misacylation of these tRNAs?
Our results suggest that communication between the amino acid and tRNA binding sites must occur
to achieve this specificity. Further research is needed to understand this apparent tRNA-induced
conformational change.

AaRSs almost always recognize discrete molecular features in their tRNA substrates, termed
identity elements. These determinants can be positive and favor recognition or negative and disfavor
interactions. For Ec tRNA#P, the GUC anticodon, the G73 discriminator base, the G2:C71 base pair in
the acceptor stem, C38 in the anticodon loop, and G10 in the D arm of the tRNA serve as the positive
identity elements for Ec AspRS [34-36]. In contrast, Ec GluRS recognizes the G1:C72 and U2:A71 base
pairs in the acceptor stem, A37 in the anticodon loop, U11:A24 base pair in D arm, and the U13:G22-A46
tertiary base pair in Ec tRNASM. Further, the lack of a nucleotide at position 47 and the modified
uridine (s2U) in the UUC anticodon of tRNAG! are also known identity determinants [33,34,37-39].
Ec tRNASM does contain several tRNAASP identity elements: The G73 discriminator base, G10 in the
D arm, and C38 in the anticodon loop. But are these shared elements enough for recognition of Ec
tRNAC! by Ec AspRS? Or is an alternative, expanded identity set recognized in such a way as to favor
glutamylation of Ec tRNA®!"? To answer these questions, the identity elements in Ec tRNAC!" that
allow recognition by Ec AspRS would have to be specifically evaluated.

In conclusion, we have demonstrated that bacterial AspRSs have GluRS activity and are capable
of producing Glu-tRNAG, at least in vitro. The relevance of this reaction in vivo is very difficult to
demonstrate as it is unlikely that this activity is robust enough to enable deletion of the native Ec GIuRS,
especially in the presence of the cognate tRNA®SP substrate. It is possible that this activity exists as a
backup in case the cognate GluRS becomes damaged, for example. It is also possible that it is a remnant
of early AspRS evolution. The early genetic code was likely sloppy with ancestral aaRSs capable of
aminoacylating multiple tRNAs with different amino acids [5]. Evidence also suggests that Class I
and II enzymes emerged in pairs [40,41], with early AspRSs and GluRSs perhaps as a co-evolving pair
that recognized and acylated the same early tRNA or tRNA-like substrates. These enzymes would
have recognized opposite faces of the tRNA, facilitating this co-evolution and protecting the tRNA
from hydrolysis [41]. Given that the background GluRS activity exhibited by AspRS does not put the
genetic code in jeopardy, it would not have been selected against as the genetic code evolved to be
more selective and specific. The results presented here also suggest the possibility that other aaRSs
retain similar background activities, a hypothesis that awaits further testing.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4425/10/4/262/s1,
Methodology for the overexpression and purification of Ms ND-GIuRS, in vitro transcription of tRNAs, and
extending tRNA aminoacylation assays. Figure S1. SDS-PAGE gels of purified aaRSs. Figure S2. Extended
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M. smegmatis tRNA®" and tRNAS" aminoacylation assays with M. smegmatis ND-AspRS and ND-GIuRS with
aspartate versus glutamate. Figure S3. H. pylori ND-AspRS shows unexpected aminoacylation activity with
overexpressed H. pylori tRNAC!. Figure S4. Extended total E. coli tRNA aminoacylation assays with H. pylori
ND-AspRS and GluRS2 with aspartate versus glutamate. Figure S5. Extended total E. coli tRNA aminoacylation
assays with M. smegmatis ND-AspRS and ND-GIuRS with aspartate versus glutamate. Table S1: The tRNA specific
oligonucleotide sequences used in northern blot analysis
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