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Abstract

In biology, polypeptides exhibit various physiochemical properties as they interact with
other biomolecules and catalyze numerous biochemical reactions. Recent advances in synthetic
biology have enabled the exploration of sequence space of functional de novo polypeptides.
Especially, a reconstituted cell-free protein synthesis system (i.e., PURE system) allows protein
synthesis in a high-throughput way; thus, along with directed evolution techniques, the PURE
system has enabled facile and efficient characterization of de novo functional polypeptides. The
major goal of this thesis is to (i) develop a renovated mRNA display method for high-throughput
identification of de novo peptides targeting single-stranded RNA with low complexity and (i)
open a new field in the cell-free system to handle Oz-labile metalloenzymes, particularly those
employing iron-sulfur (Fe-S) cluster for their catalysis enabling post-translational modification
of peptides. The tools developed in this thesis would enable the design and development of
polypeptides that remain unexplored in nature and may even facilitate the future generation of

a post-translational modified peptide library.

RNA-binding proteins participate in diverse cellular processes, including DNA repair,
post-transcriptional modification, and cancer progression through their interactions with RNAs,
making them attractive for biotechnological applications. While nature offers a variety of
naturally occurring RNA-binding proteins, creating de novo RNA-binding peptides remains
challenging due to the limited availability of structural information on RNA molecules and their
modes of interaction with peptides. In particular, tailoring peptides to target single-stranded
RNA with low complexity is challenging due to the inherent structural flexibility of RNA
molecules. In this thesis, I have developed a codon-restricted mRNA display and identified

multiple de novo peptides from a peptide library that bind to poly(C) and poly(A) RNA with
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Kps ranging from micromolar to submicromolar concentrations. One of the newly identified
peptides is capable of binding to the cytosine-rich sequences of the oncogenic Cdk6 3'UTR
RNA and MYU IncRNA with an affinity comparable to that of the endogenous binding protein.
Hence, I developed a novel platform for discovering de novo single-stranded RNA-binding

peptides that offer promising avenues for regulating RNA functions.

Furthermore, to broaden the chemical properties of the peptide library generated via
mRNA display, I have further explored the cell-free synthesis of Fe-S cluster proteins. The goal
is to utilize the radical S-adenosyl-l-methionine (rSAM) enzymes for post-translational
modification. However, the Oz-lability of the Fe-S cluster proteins has been a long-standing
issue for applications in cell-free systems. In this thesis, I have developed a facile and efficient
protocol to express mature Fe-S cluster proteins in the PURE system under aerobic conditions.
To achieve this, one of the widely conserved Fe-S cluster assembly systems, known as the SUF
system, has been reconstituted in vitro using a total of six recombinant SUF subunits
(SufABCDSE) individually purified from E. coli. The incorporation of recombinant SUF
proteins into the PURE system enabled mRNA translation-coupled Fe-S cluster assembly under
the O2-depleted conditions. To achieve a benchtop synthesis of mature Fe-S cluster proteins, an
O2-scavenging enzyme cascade was incorporated into the PURE system. The cascade begins
with formate oxidation by formate dehydrogenase for NADH regeneration. The regenerated
NADH is then consumed by flavin reductase for FADH:2 regeneration. Finally, bifunctional
flavin reductase, along with catalase, removes Oz from the solution while supplying FADH: to

the SUF system, which is required for de novo Fe-S cluster assembly. These amendments
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enabled a one-pot, two-step synthesis of mature Fe-S cluster proteins under aerobic conditions,

achieving >90% of maturation efficiency.

In conclusion, this thesis reports a novel platform to discover de novo RNA-binding
peptides as well as the renovated PURE system for the synthesis of O:-labile Fe-S cluster
proteins under aerobic conditions. Combining the two techniques developed in this thesis
greatly expands the toolbox of biotechnology as well as the potential of the PURE system,

paving the way for the future generation of post-translational modified peptide libraries in vitro.
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Chapter 1 — General introduction

This chapter includes a general introduction that covers previous studies regarding RNA-
binding proteins, cell-free system, directed evolution, ribosomally synthesized and post-
translationally modified peptides, and biosynthesis of the iron-sulfur cluster (Section 1.1).
Based on the general introduction, two major research objectives, Objective 1: Develop
methods to identify single-stranded RNA-binding peptides from random peptide sequence
space using a renovated method combining codon-restricted DNA library and mRNA display
and Objective 2: Develop methods to produce O2-labile [4Fe-4S] proteins under aerobic
conditions using a reconstituted cell-free protein synthesis system, were proposed (Section 1.2).
Finally, this chapter outlines the overall thesis structure (Section 1.3), along with the statement

of authorship and publication status of the results reported in this thesis (Section 1.4).

1.1 Literature review

1.1.1 RNA-binding proteins.

A conventional RNA-binding protein (RBP) actively contributes to the assembly of
ribonucleoprotein  (RNP) complexes primarily participating in gene expression. This
involvement occurs through the binding of the RBP to specific sequence and/or structural
motifs within RNA, facilitated by modular combinations of well-defined RNA-binding
domains (RBDs) (e.g., RNA recognition motif (RRM) and hnRNP K homology domain (KH))
(Figure 1-1) (Beuth et al. 2005; Pérez-Cafiadillas 2006). These insights, rooted in decades of

cumulative knowledge encompassing cellular, biochemical, and structural data, have shaped



our understanding of gene expression processes. Nevertheless, recent studies have revealed
intricate protein-RNA interactions that defy the conventional interactions observed in canonical
RBDs (Albihlal and Gerber 2018). These results indicates that unconventional RNA binding
constitutes a more widespread phenomenon than previously envisioned. The emerging
paradigm challenges traditional perspectives and underscores the complexity inherent in RNA-

protein interactions within cellular processes.



Linker

Figure 1-1. Structure of a Mycobacterium tuberculosis NusA—RNA complex. The crystal
structure was obtained from RCSB protein data bank (PDB) (PDB ID: 2ASB). KH1 domain
colored in blue, KH2 domain colored in purple, linker region colored in gray, RNA molecule

in sticks.



So far, over 2000 RBPs have been reported (Corley, Burns, and Yeo 2020). The interaction
modes of RBPs between RNA molecules are highly diverse owing to their ability to achieve
nucleotide sequence-specific interactions through the combinations of multiple RNA-binding
domains (RBDs) along with intrinsically disordered regions. Based on the literature, up until
now, only about 17 RNA-binding domains with known interaction patterns have been
characterized in detail (Table 1-1) (Corley, Burns, and Yeo 2020). RBPs typically harbor
multiple RBDs, utilizing specific amino acid residues for direct interaction with RNA molecules.
The interactions between these amino acid residues and RNA molecules involve multiple
interactions such as hydrogen bonding, electrostatic interactions, stacking interactions, and
hydrophobic interactions, enabling RNA sequence-specific recognition. Typically, the
coexistence of multiple binding domains contributes to an increase in RNA-binding affinity
(Lunde, Moore, and Varani 2007). This multi-step approach allows for nearly limitless
combinations (although the variety is limited by the number of RBDs and the protein size),
resulting in hundreds of different RNA-binding modes with diverse functions. Among them,
the KH domain (K homology domain) has recently gained attention due to the highly conserved
RNA-binding motif with primordial RNA-protein interactions (Pereira and Lupas 2018). The
KH domain consisting of approximately 70 residues binds single-stranded nucleic acids and are
built around a 45 residues carrying a conserved sequence composed of hydrophobic amino acids
((VL/V)IGxxGxx(I/L/V)) which is highly conserved from prokaryotes to eukaryotes and

responsible for RNA binding (Hollingworth et al. 2012).

The completion of the human genome project marked a significant turning point,

revealing that while approximately three-quarters of the genome sequence is transcribed into



RNA, only a 1% encodes proteins (Hopkins and Groom 2002). This discovery highlighted the
functional importance of long non-coding RNA (IncRNA) transcripts and their integral role in

the extensive RNA-based regulatory networks influencing cellular processes (Wahlestedt 2013).

Humans are estimated to produce over 15,000 IncRNAs, some of which may emerge as
viable drug targets (Harrow et al. 2012). This suggests that a significant number of mRNAs and
non-coding RNAs could potentially expand the range of the human genome amenable to drug
therapy. Considering RNA's pivotal role in most cellular functions, it presents a plethora of
therapeutic opportunities. Experiments and clinical trials utilizing antisense oligonucleotides
have established a robust proof of concept for RNA-targeting drugs (Liang et al. 2016, 2017).
Furthermore, the potent use of synthetic RNAs to regulate the cellular RNA interference
(RNA1) pathway (Fellmann and Lowe 2014) or CRISPR-based gene-editing systems (Fellmann
et al. 2017), further validating the therapeutic promise of RNA-targeting therapy. These
approaches can either suppress or enhance the expression of specific genes and can also
modulate non-coding RNA functions. Currently, 11 RNA-based therapeutics have obtained
clinical approval (Winkle et al. 2021). Despite their promise, these oligonucleotide-based
approaches, which use large and often highly charged molecules, face significant delivery
challenges due to the difficulty of passing through the plasma membrane and avoiding
degradation (T. C. Roberts, Langer, and Wood 2020). Therefore, a small-molecule or peptide

therapy that targets RNA would be preferable if it can be applied.

A number of small molecules capable of modulating RNA function have been identified,
suggesting promising avenues for the development of RNA-targeting small molecule

therapeutics. For example, small-molecule antibiotics (e.g., streptomycin) produced by various



bacterial species have been found to bind to rRNA and disrupt the process of protein translation
(Wilson 2014). Furthermore, there has been an increase in the identification of synthetic
molecules that are capable of binding to RNA secondary structures. For example, the expanded
repeat of COORF'72 RNA is the most common genetic cause of frontotemporal dementia (FTD)
and amyotrophic lateral sclerosis (ALS). The expanded repeat adopts a hairpin structure in
equilibrium with a quadruplex structure, and thus, bioactive small molecules targeting the
secondary structures were designed and found to significantly ameliorate c9FTD/ALS-
associated defects in a cellular model (Su et al. 2014). These molecules have demonstrated the
ability to alter biological functions, indicating potential for therapeutic applications. However,
for successful interaction, it is crucial that the RNA adopts a stable tertiary structure, creating
pockets akin to those found in proteins. Nonetheless, targeting RNAs lacking these stable

structures with small molecules remains a challenging task.

This strategy indicates that peptides, with their broader interaction surface, could be
particularly effective in targeting RNA secondary structures. The broader interaction surface of
peptides enables them to bind flexibly to RNA structures, resulting in high potency and
specificity. This has been supported by various reports of RNA-binding peptides identified over
the past two decades, particularly through phage display methods—a type of directed evolution
(explained in detail in section 1.1.3) (Gc et al. 2019; Dremann and Chow 2016; Kaur et al.
2013; Lamichhane et al. 2011). For example, a 7-mer peptide discovered via phage display
attaches to the 16S helix 34 of ribosomal RNA (rRNA), demonstrating a low micromolar
dissociation constant (Gc et al. 2019). This peptide alters the structure of the rRNA upon

binding, inhibiting the RsmC enzyme, which is responsible for the methylation of G1207's



exocyclic amine in rRNA. The introduction of this peptide was also observed to inhibit bacterial
growth. This example suggests that peptides can be engineered to bind RNA effectively. With
the appropriate approach and target, these molecules could achieve the necessary potency and
selectivity for therapeutic use. By exploring the vast peptide sequence space with a
combinatorial peptide library, we can investigate a wide range of RNA-binding peptides,

potentially leading to the identification of therapeutic candidates.



Table 1-1. The list of RNA-binding domains (modified from Corley, Burns, and Yeo 2020).

B PDB Sructures . Protein Families Containing
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with RNA Domain
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T iption factors, METTL
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1.1.2 Cell-free system.

Over the past two decades, cell-free protein synthesis (CFPS) systems have emerged as a
foundational platform in the field of synthetic biology. Traditional cell-based recombinant
protein expression systems have been employed for the synthesis and characterization of a
variety of proteins, as well as to produce valuable metabolites through the modification of
cellular metabolic pathways (Nielsen and Keasling 2016). However, in vivo protein expression
systems are constrained by the inherent limitations of living systems. Living systems operate
effectively only within narrow ranges of conditions, including factors like pH, temperature, salt
concentration, and solvent properties. Product toxicity further hinders the efficient production
of recombinant products. In addition, the crosstalk with cellular metabolic pathways often
reduces the substrate flux into synthetic pathways, resulting in low product yields and
inefficient conversion rates. These challenges primarily arise from the requirement for living

systems to maintain balanced homeostasis.

Complementing the well-established in vivo protein expression systems, CFPS system
circumvents many of these limitations and facilitates robust and efficient protein production.
CFPS system can be defined as a platform where protein synthesis occurs in vitro biochemical
reactions. Unlike in vivo systems, the CFPS system lacks physical barriers like cell walls or
membranes, allowing protein synthesis from linear DNA in customizable environments through
the direct addition of ligands, cofactors, or molecular chaperones. This approach is particularly
advantageous for challenging proteins with stability, solubility, folding, or assembly issues
(Zigmond et al. 1997; Busso, Kim, and Kim 2004; Henrich et al. 2015; Kuruma and Ueda

2015).



The CFPS system can be classified into two types based on its preparation method: (i)
cell extracts-based systems and (7i) reconstituted systems. The concept of the CFPS system was
first demonstrated in 1897 when Eduard Buchner made a ground-breaking discovery. Buchner
found that cell extracts derived from yeast exhibited the remarkable ability to ferment sugar
independently of living yeast cells (Buchner and Rapp 1897). Nirenberg and Matthei later
utilized Escherichia coli cell extracts to perform mRNA-dependent polypeptide synthesis and
deciphered the genetic code (Nirenberg and Matthaei 1961; Figure 1-2). During its early stages,
the CFPS systems were primarily based on "S30 extracts," which consisted of supernatants
derived from various cell types through centrifugation of their lysates (Zubay 1973). The term
"S30" referred to supernatants obtained after centrifugation at 30,000 x g. In the following
decades, many researchers harnessed S30 extracts as a foundational platform for refining the
CFPS system while the limited reaction time and inefficient protein yield have remained
constraining the applications. In 1988, Spirin and his colleagues solved these problems and
reported a prolonged and efficient cell-free translation system (Spirin et al. 1988). The
renovated system has been achieved by continuously supplying the substrates (amino acids,
ATP, and GTP) to the cell-free reaction mixture while simultaneously removing the synthesized
polypeptides, enabling sustained protein synthesis. This approach was demonstrated in cell
extracts derived from both prokaryotic (Escherichia coli) and eukaryotic (wheat germ and
Triticum sp.) organisms. Remarkably, in both cases, the protein synthesis reaction continued for
over 20 hours, consistently generating polypeptides at a high rate (hundreds of micrograms of
proteins per milliliter) (Baranov et al. 1989; Endo et al. 1992). Nevertheless, the cost per

individual reaction was high, making it impractical for commercial applications.
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1.1.2.1 Cell extracts-based cell-free system.

Among the S30 extracts, the Escherichia coli cell extracts S30 has been extensively
employed in CFPS system due to its quick and low-cost preparation along with efficient protein
synthesis capabilities. Furthermore, the well-established genetic and metabolic engineering
techniques available for E. coli offer opportunities to optimize the cell extracts (Jackson, Pratt,

and Holland 1983; Seki, Matsuda, and Kigawa 2009).

To establish a low-cost and efficient cell-free system, Swartz and his colleagues have
worked on improving the E. coli S30 CFPS system by modifying the endogenous metabolic
pathway. They first reported that during cell-free protein synthesis reaction, phosphoenol
pyruvate (PEP), the secondary energy source for ATP regeneration, and several amino acids are
rapidly degraded, even in the absence of protein synthesis, which severely reduces protein
yields. However, protein yields can be fully recovered by adding extra PEP and specific amino
acids like arginine, cysteine, and tryptophan. Repeated additions of PEP, arginine, cysteine, and
tryptophan can significantly extend the duration of protein synthesis. Subsequently, in 2001,
they demonstrated that the yield of PEP-dependent protein synthesis could be more than
doubled when coenzyme A and NAD" were added to activate endogenous ATP regeneration
pathway (D.-M. Kim and Swartz 2001) (Figure 1-3). In this pathway, PEP is first converted to
pyruvate while producing ATP via pyruvate kinase (PK). The addition of cofactors (CoA and
NAD") further activates pyruvate dehydrogenase (PDH), which catalyzes the condensation of
CoA and the produced pyruvate to synthesize acetyl-CoA and NADH; NAD" can be
regenerated by lactate dehydrogenase (LDH). The synthesized acetyl-CoA is then converted to

acetyl phosphate by phosphotransacetylase (PTA) while regenerating CoA, ultimately
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generating ATP through acetate kinase (AK). The addition of these cofactors (CoA and NAD)
activates the regeneration of ATP from pyruvate, supporting the cell-free protein synthesis
reaction. This example illustrates how cell-free metabolic pathways can be adjusted to enhance
protein yields, and the cofactor supplementation demonstrates the importance of cofactor

recycling for prolonged cell-free protein synthesis reactions.

Until now, the E. coli S30 CFPS system has been utilized to produce and characterize
proteins with unknown functions, including membrane proteins and glycosylated proteins, and
prototype metabolic pathways for future in vivo metabolic engineering. However, there are
limitations in the functional characterization of proteins due to background activities present in
the cell extracts. Moreover, the exact composition of the S30 extracts remains unknown; yet,
understanding the composition would be valuable for refining cell-free reactions, such as

eliminating critical enzymes or modifying products directly in the reaction lysates.
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Figure 1-3. Phosphoenol pyruvate-dependent ATP regeneration pathway demonstrated in
D.-M. Kim and Swartz 2001. AK, acetate kinase; LDH, lactate dehydrogenase; PDH,
pyruvate dehydrogenase; PEP, phosphoenol pyruvate; Pi, inorganic phosphate; PK, pyruvate

kinase; PTA, phosphotransacetylase.
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1.1.2.2 Reconstituted cell-free system.

To address these challenges, the reconstituted cell-free system (PURE system) has been
developed by reconstituting the E. coli translation machinery from individually purified
components. Ueda’s group at the University of Tokyo, established a fully reconstituted system
with purified proteins necessary for transcription and translation. (Shimizu et al. 2001). In
contrast to the cell-extracts based CFPS systems, the PURE system primarily comprises
purified recombinant protein elements, providing a contamination-free alternative by
minimizing unknown cellular components from the cell-free system. Recent research has
focused on simplifying the system, enhancing its robustness, and lowering costs in the
reconstruction process (Lavickova and Maerkl 2019) as well as modifying the energy
regeneration pathway (P.-H. Wang et al. 2020). These advantages become particularly helpful
when precise environmental control is needed for high-throughput functional characterization
of proteins and the directed evolution of peptides/proteins (Contreras-Llano and Tan 2018;

Tuckey et al. 2014).

The following three sub-sections report: (i) directed evolution, (ii) peptide library with
non-proteinogenic structures, (iii) ribosomally synthesized and post-translationally

modified peptides, and (iv) biosynthesis of iron-sulfur cluster.
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1.1.3 Directed evolution.

Proteins follow the central dogma, where a protein’s primary sequence of amino acids is
determined by the genetic (DNA) and transcriptomic (RNA) information. This establishes a
connection between the protein and the preceding nucleic acids. Consequently, the evolution of
proteins necessitates corresponding changes in nucleic acid sequences. Advances in both in vivo
and in vitro laboratory techniques, alongside next-generation sequencing (NGS), have led to
the development of various selection methods for functional protein sequences, known as
display methods. These techniques directly combine the genotype (nucleic acid) and phenotype

(protein) (Figure 1-4).

For in vivo techniques, there are methods such as phage display (G. P. Smith 1985; Sidhu
et al. 2000) and cell surface display (Francisco et al. 1993; Boder and Wittrup 1997; M. R.
Smith, Khera, and Wen 2015), where protein molecules are displayed on phages or the surface
of cells. These techniques have been widely utilized in creating various functional
protein/peptide molecules but are often compromised by their toxicity to the host organism,
significantly reducing the size of libraries, which can be vital, particularly when biological

functions are evolved completely de novo.

In contrast, in vitro display technologies combined with CFPS system circumvent these
constraints and offer access to vast sequence space without host interference. Generally, the
primary format for in vitro selection is the crude cell extract-based CFPS system. For example,
ribosome display using complexes mediated by ribosomes was developed by Mattheakis and

colleagues using E. coli S30 (Mattheakis, Bhatt, and Dower 1994). In ribosome display,
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complexes of mRNA, ribosomes, and proteins are formed in vitro by using mRNA lacking stop
codons, linking the genotype with the phenotype. Typically, the dissociation of the translated
peptide from the ribosome is catalyzed by a dissociation factor binding to a stop codon on the
mRNA. However, in the absence of a stop codon on the mRNA, the dissociation factor cannot
bind, resulting in the stalling of the ribosome on the mRNA. Consequently, a complex of
mRNA-ribosome-peptide can be formed. In contrast, mRNA display links mRNA to the
encoded peptide via a covalent bond mediated by an antibiotic, puromycin (R. W. Roberts and
Szostak 1997; Nemoto et al. 1997). When polypeptide synthesis is performed using mRNA
with puromycin bound to its 3’ end as a template, puromycin forms a covalent bond with the
C-terminal end of the nascent polypeptide, resulting in linking mRNA to the encoded protein
(Figure 1-5). mRNA display is capable of screening the largest number of protein variants (~
10'3) and shows advantages towards molecular design and engineering given their in vitro
natures (Cotten et al. 2012; Newton et al. 2020). Recently, a renovated mRNA display method
called cDNA display has been developed by masking mRNA with ¢cDNA through reverse
transcription reactions (Yamaguchi et al. 2009; Mochizuki et al. 2011). The masking stabilizes
the genotype into a less easily degraded double-stranded mRNA/cDNA hybrid. Meanwhile,
liposome display has been developed, utilizing artificial lipid bilayers (liposomes) enabling the
in vitro evolution of membrane proteins (Fujii et al. 2013). In this method, the gene (DNA) is
encapsulated within liposomes at single-molecule level along with the PURE system. The
single-gene encapsulation facilitates the genotype-phenotype linkage, allowing directed

evolution.
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The genotype-phenotype linkage allows peptide/protein library selection under various
conditions. The selection process concludes by synthesizing a cDNA library through reverse
transcription PCR from the obtained mRNA library, marking the end of one cycle of selection.
By repeating the selection cycles several times, one can obtain proteins with the desired
function from a vast peptide/protein sequence space. The in vitro display methods have been
extensively used for the creation of novel antibodies (Kanamori, Fujino, and Ueda 2014;
Nagumo et al. 2016), ligand proteins (Bashiruddin and Suga 2015), and especially for the
discovery of de novo functional peptides/proteins (Keefe and Szostak 2001; Kang et al. 2015;

Peacock and Suga 2021).
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Figure 1-4. Various directed evolution strategies for peptides/proteins. The various
strategies can be applied to peptides/proteins (display coupling nucleotide information to
peptide information) and encompass both in vitro techniques (mRNA, cDNA, and liposome
display and SELEX) as well as in vivo techniques (phage and cell-surface display). Adapted

from Jia, Nishikawa, and Fujishima 2022
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Figure 1-5. mRNA display method. Puromycin is utilized to incorporate itself into a nascent

polypeptide during in vitro translation, leading to the formation of mRNA-peptide complexes.

20



1.1.3.1 Peptide library with non-proteinogenic structures.

Numerous peptides/proteins have been evolved via in vitro evolution (Ullman, Frigotto,
and Cooley 2011). However, the limited chemical diversity inherent in canonical amino acids
imposes constraints on both bioactivity and enzymatic functionality within the natural system.
To push the boundaries of bioactivity and catalysis beyond what nature offers, researchers have
introduced non-canonical amino acids, modified backbones, and macrocyclic frameworks into
peptide and protein libraries, thereby greatly expanding the chemical diversity within these
libraries (Goto and Suga 2021). Indeed, naturally occurring peptides produced by
microorganisms often feature non-proteinogenic structures such as modified side chains, altered
backbones, and macrocyclic frameworks (Driggers et al. 2008). These structural modifications
play a pivotal role in enhancing their bioactivity by conferring resistance to proteolysis,
increasing membrane permeability, and facilitating selective binding to specific target
molecules. Consequently, these distinctive non-proteinogenic structures serve as the
fundamental building blocks for the development of analogs of natural peptides, offering

exciting prospects for the field of peptide and protein engineering.

mRNA display has been widely adopted to construct peptide libraries with non-
proteinogenic structures, mainly due to the flexibility offered by CFPS system. To achieve the
incorporation of non-proteinogenic structures, Flexizyme system using in vitro selected tRNA
aminoacylating ribozyme has been developed (Goto, Katoh, and Suga 2011). These Flexizymes
are capable of aminoacylating diverse non-canonical amino acids onto specific tRNA
molecules, allowing the incorporation of non-canonical amino acids and macrocyclic peptide

moieties. Flexizymes enable one of the most widely used cyclization methods in mRNA display
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by facilitating the translation of an N-terminal alkyl chloride for subsequent reaction with
downstream cysteine thiols (Goto and Suga 2021). However, the overall product yield is
constrained by the fixed input concentration of aminoacyl tRNA charged with non-canonical
amino acids during the translation process. In addition, non-canonical amino acids must
undergo chemical modification with an activated leaving group for tRNA aminoacylation,

posing an additional challenge.

As an alternative approach, the incorporation of non-canonical amino acids has been
successfully achieved using orthogonal aminoacyl-tRNA synthetases (ORSs) (Chin 2017).
These ORSs have been employed to introduce approximately 70 types of non-canonical amino
acids in vivo (C. C. Liu and Schultz 2010), offering a promising alternative and complementary
method for genetic code expansion. ORSs offer distinct advantages as they directly
aminoacylate tRNA molecules, thus bypassing the need for chemical modification and
preacylation steps required for Flexizymes. Moreover, the protein yield is not restricted by fixed

concentrations of aminoacyl tRNA.

Traditionally, ORSs have required significant directed evolution efforts to enable the
incorporation of a single non-canonical amino acid (L. Wang and Schultz 2001). However,
some promiscuous ORSs have exhibited the remarkable ability to recognize multiple non-
canonical amino acids (D. D. Young et al. 2011; Guo et al. 2014), thus making them potent
versatile tools for in vitro display methods. For example, Bowers and his colleagues
demonstrated that the promiscuous ORS p-CNF-RS can incorporate non-canonical amino acids
including the novel substrate p-cyanopyridylalanine (p-CNpyrA) in CFPS systems (Iskandar et

al. 2023). This enabled pyridine-thiazoline (pyr-thn) macrocyclization in mRNA display,

22



leading to the selection of a potent macrocyclic binder against the deubiquitinase USP15
(Figure 1-6). Their work illustrates how promiscuous ORSs can expand amino acid side-chain
diversity and introduce non-proteinogenic structures into mRNA display libraries. However,
both flexizyme and ORS technology still largely depend on the ribosome capacity to synthesize
the polypeptide including non-canonical amino acids, leading to the limitation of the variety of

chemical modification.
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Figure 1-6. Macrocyclic peptide library generation and screening for USP15-binding
peptides via mRNA display combined with promiscuous orthogonal aminoacyl-tRNA
synthetases technique. Adapted from Iskandar et al. 2023. aa-tRNA, aminoacyl-tRNA; ORS,

orthogonal aminoacyl-tRNA synthetases; USP15, ubiquitin-specific protease 15.
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1.1.4 Ribosomally synthetized and post-translationally modified peptides.

Ribosomally synthesized and post-translationally modified peptides (RiPPs) are peptide-
derived natural products exhibiting antibiotic, antiviral, and anticancer properties. While the
biosynthesis of RiPPs starts with the translation of a precursor peptide that contains a leader (or
follower) sequence, the subsequent post-translational modifications and the cleavage of the
leader peptide is characteristic features of RiPP biosynthesis (Arnison et al. 2013). This process
leads to an exceptional structural diversity in RiPPs, primarily attributed to the multitude of
post-translational modifications carried out by diverse enzymes. Previously, mRNA display has
been demonstrated to be compatible with the lactazole and pantocin RiPP machineries. This
method was utilized as a biochemical tool to study the substrate scope of the RiPP enzyme
PaaA, which catalyzes the double dehydration/decarboxylation of two Glu residues in its
peptide substrate PaaP, resulting in the formation of a fused-bicyclic core (Fleming et al. 2020).
The modification of Glu allowed for the selection of modified versus unmodified substrate
through a degradation step with the Glu-specific GluC protease, followed by enrichment using
a streptavidin pulldown assay. The compatibility between RiPP enzymes and mRNA display
opens the possibility of constructing artificial RiPP libraries in vitro, offering opportunities for

the exploration of novel RiPPs and their functions.

1.1.4.1 Radical S-adenosyl-l-methionine enzymes.

Over the last decade, radical S-adenosyl-l1-methionine (rSAM) enzymes have emerged as
the most versatile biocatalysts responsible for catalyzing various types of post-translational

modifications in RiPPs. Based on the UniProt database, the rSAM enzyme comprises one of
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the largest superfamilies with 750,000 entries (Precord et al. 2023). Nevertheless, the majority
of rSAM enzymes have not been characterized by their functions. rSAM enzymes all contain a
[4Fe—4S] cluster ligated by three cysteine residues. Cysteines residing in a CX3CX2C motif are
bound to three of the four iron ions of the cluster. The remaining, unligated iron ion of the
cluster binds to the a-amino and a-carboxylate groups of SAM (Sofia et al. 2001). This binding
mode facilitates inner-sphere electron transfer from the reduced form of the cluster into the
sulfur atom of SAM, resulting in a reductive cleavage of SAM to methionine and a 5'-
deoxyadenosyl radical (dAdoe). The generated dAdoe initiates radical-mediated
transformations by abstracting a hydrogen atom from the substrate (Cosper et al. 2000;
Henshaw, Cheek, and Broderick 2000). Protein structure analysis shows that all structurally
characterized rSAM enzymes possess a triose-phosphate isomerase mutase (TIM) barrel fold,
either in its full or partial form, as a binding site for the SAM/[4Fe—4S] cluster (Grell, Goldman,

and Drennan 2015) (Figurel-7).

Despite sharing a common fold, rSAM enzymes display significant divergence in the
post-translational modifications, including the macrocyclization via thioether bond (Fliihe et al.
2012; Benjdia et al. 2016) and carbon-carbon bonds (Schramma, Bushin, and Seyedsayamdost
2015; Barr et al. 2016), methylation (Freeman et al. 2012; Pierre et al. 2012; Parent et al. 2016;
Freeman et al. 2017), and epimerization for the regioselective introduction of D- and B-amino
acids into RiPPs (Parent et al. 2018; Benjdia et al. 2017; Morinaka et al. 2018) (Table 1-2). The
remarkable diversity of modifications catalyzed by rSAM enzymes has expanded the potential
of RiPPs in generating structurally diverse molecules with a wide range of biological activities.

Moreover, the substrates of rSAM enzymes are diverse including small molecules (e.g., amino
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acids, NTP, and fatty acids) (Wecksler et al. 2009; Hover et al. 2015; McLaughlin et al. 2016),
DNA (Chandor et al. 2006), RNA (Hernandez et al. 2007; A. P. Young and Bandarian 2018),
peptides (Hudson et al. 2019; Parent et al. 2018; Gagsteiger et al. 2022; Sugiyama et al. 2022),
and proteins (Crain and Broderick 2014; Shisler and Broderick 2014). While the versatility of
rSAM enzymes in terms of substrate specificity and catalyzed reactions holds great potential
for the generation of artificial peptide libraries with non-proteinogenic structure, their O:-
lability of the [4Fe-4S] cluster has hindered their applications in CFPS systems. The [4Fe-4S]
cluster is highly sensitive to Oz, requiring anaerobic conditions for their purification and
handling. Even brief exposure to Oz can lead to significant degradation of the [4Fe—4S] clusters,
converting them into the less stable [3Fe—4S] cluster. Extended exposure to Oz can result in
complete cluster degradation. These challenges related to cluster stability posed difficulties for

the application of rSAM in CFPS systems.
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Figure 1-7. The structure and catalytic mechanism of radical S-adenosyl-l-methionine

enzyme. (A) HemN crystal structure (PDB ID 10LT). N-terminal domain colored in palegreen,
radical S-adenosyl-lmethionine (rfSAM) domain and triose-phosphate isomerase (TIM) barrel
fold in light blue, C-terminal domain in salmon pink, [4Fe—4S] clusters in yellow and brown
spheres, SAM in green sticks. (B) The reductive cleavage of SAM to generate methionine (Met)

and the 5'-deoxyadenosyl radical (dAdoe).
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Table 1-2. List of the representative radical S-adenosyl-lmethionine-catalyzed reactions.

Class

Reaction

Enzyme

C-C bond formation

Val-Tyr crosslink

MTftC (Ayikpoe and Latham 2019)

Glu-Tyr crosslink

PqqE (Barr et al. 2016)

Arg-Tyr crosslink

RrrB (Caruso et al. 2019)

Lys-Trp crosslink

StrB (Schramma, Bushin, and
Seyedsayamdost 2015)

Thioether formation

Sulfur-C, thioether crosslink

AIbA (Flithe et al. 2012)

Sulfur-Cg thioether crosslink

PapB (Hudson et al. 2019)

C-O bond formation

O-C,, ether crosslink

DarE and TqgB (Clark, Bushin, and
Seyedsayamdost 2019; Ma et al. 2023)

PoyBCE TsrM, and Mmp10 (Freeman et

C-methylation Methyltransfer al. 2012, 2017; Pierre et al. 2012; Parent
et al. 2016; Deobald et al. 2018)
PoyD, OspD, AvpD, PlpD, YydG
D-amino acids introduction | Epimerization (Morinaka et al. 2014; Freeman et al.

2012; Benjdia et al. 2017)

B-amino acid introduction

Peptide splicing

PlpXY (Morinaka et al. 2018)
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1.1.5 Biosynthesis of iron-sulfur cluster.

Iron-sulfur (Fe—S) clusters are ancient prosthetic groups essential for fundamental life
processes. For example, in small Fe-S cluster protein ferredoxin (Fd) is involved in various
important biological processes such as photosynthesis, facilitates electron transfer during redox
reactions (Mortenson, Valentine, and Carnahan 1962; Tagawa and Arnon 1962). On the other
hand, aconitase, which is an enzyme participating in the citric acid cycle, employs Fe-S clusters
as Lewis acids within their active sites (Dennis H. Flint and Allen 1996). Aconitase catalyzes
the stereo-specific conversion of citrate to isocitrate through the intermediate cis-aconitate,
showcasing the versatile functions of Fe-S clusters in various biological processes. The most
common types of clusters found in nature are [2Fe—2S], [3Fe—4S], and [4Fe—4S] cluster
(Figure 1-8). The three types of clusters exhibit different standard reduction potentials from
—650 mV to —130 mV, thus catalyzing a wide range of redox reactions (Jafari et al. 2022). These
clusters are typically coordinated by cysteine residues, with some exceptions employing
aspartic acid, glutamic acid, and histidine residues (Ohta and Ohki 2017). Beyond the canonical
Fe-S clusters, unique Fe-S cluster enzymes exist in nature that possess unconventional Fe-S
clusters due to their distinctive cluster derivative chemistry. Notable examples include
nitrogenases (J. Kim and Rees 1992), [FeFe]-hydrogenase (Berggren et al. 2013), and Ni-Fe

carbon monoxide dehydrogenase (CODH) (Lindahl 2002).

In a cell, the Fe-S clusters are assembled de novo by a helper protein system. In bacteria,
the cluster assembly is facilitated by three distinct systems known as NIF (NItrogen Fixation),
ISC (Iron-Sulfur Cluster), and SUF (mobilization of SUIFur). The NIF system is responsible

for cubane-type Fe-S cluster assembly, specifically in nitrogenase for nitrogen fixation
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(Jacobson et al. 1989) while the ISC system serves as the primary Fe-S cluster assembly system
in bacteria (Zheng et al. 1998). The third Fe-S cluster assembly system, SUF system functions
as a stress-response cluster assembly system that becomes active under conditions of oxidative
stress and iron starvation (Takahashi and Tokumoto 2002). The three assembly systems are
widely present in microbial biota, with many organisms possessing more than one system
(Tokumoto et al. 2004). The assembly of Fe-S clusters follows a stepwise process: (i) sulfide
group extraction from precursor cysteine, (i) Fe-S cluster assembly on a scaffold protein, and
(iii) transfer of the assembled cluster to apo-form of Fe-S cluster proteins. Among the three
steps, the systems responsible for Fe-S cluster assembly differ between each machinery while
all assembly systems commonly employ an enzyme called cysteine desulfurase for the sulfide

extraction.

The ISC system consists of seven components encoded in isc operon (iscSUA-hscBA-fdx-
iscX) (Zheng et al. 1998; Takahashi and Nakamura 1999; Tokumoto and Takahashi 2001).
Among the encoded proteins, IscS functions as a pyridoxal 5'-phosphate (PLP)-dependent
cysteine desulfurase, which extracts sulfide group from cysteine (D. H. Flint 1996), while IscU
is responsible for the cluster assembly (Agar et al. 2000). Meanwhile, IscA serves as a carrier
protein, facilitating the transfer of the cluster to apo-proteins (Ollagnier-de-Choudens et al.
2001). On the other hand, the E. coli SUF system comprises six components encoded in the suf’
operon (sufABCDSE) (Takahashi and Tokumoto 2002). Although the SUF system also employs
PLP-dependent cysteine desulfurase SufS (Ollagnier-de-Choudens et al. 2003) and a carrier
protein SufA (Gupta et al. 2009), the other components are significantly distinct from those in

the ISC system. Especially, SufB, SufC, and SufD form a protein complex known as SufBC2D,
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serving as the scaffold for Fe-S cluster assembly (Wollers et al. 2010a). Furthermore, SufE
functions as a sulfur-transfer protein, delivering inorganic sulfide extracted by SufS to the
SufBC2D complex (Layer et al. 2007). These distinctive features set the SUF system apart from
the ISC system, highlighting their differences (Table 1-3). The NIF system also diverges from
both the ISC and SUF systems. In contrast to the complexity of the ISC and SUF systems, the
NIF system consists of only two components: PLP-dependent cysteine desulfurase NifS (Zheng
et al. 1993) and the Fe-S cluster-assembling scaffold NifU (Fu et al. 1994; Dos Santos et al.
2004), which are encoded by nifSU (Jacobson et al. 1989). Unlike the ISC and SUF system,

NifU also serves as a carrier protein to transfer the Fe-S cluster to apo-proteins.

Traditionally, Fe-S cluster proteins have been overexpressed and purified via
heterologous expression in E. coli. Generally, one of the Fe-S cluster assembly systems is co-
expressed for the Fe-S cluster assembly and maturation of apo-Fe-S cluster proteins of interest.
For example, Fd from different organisms, including [2Fe-2S] Fd (PetF and FdxH) from P.
boryanum, 2[4Fe-4S] Fd (FdxN) from E. coli, [4Fe-4S] Fd from B. thermoproteolyticus, and
[3Fe-4S][4Fe-4S] Fd (FdII) from R. capsulatus, were co-expressed with all ISC subunits in E.
coli (Nakamura, Saeki, and Takahashi 1999). The co-expression of ISC system resulted in a
significant increase in the yields of all five holo-Fds, reaching up to 7.6-fold of the maximum
yields. This result highlights the ISC system's remarkable versatility for the assembly of Fe-S
clusters in a wide range of Fe-S cluster proteins since it demonstrated no apparent specificity
towards particular Fds or Fe-S cluster types. Another previous study also confirmed that
increased expression of SUF subunits led to a substantial increase (approximately 3-fold) in the

production of the recombinant [4Fe-4S] cluster protein (Corless et al. 2020). The broad
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substrate specificity of these assembly systems has supported the overexpression of versatile

Fe-S cluster proteins and thus facilitated their structural and functional characterization.
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Figure 1-8. The most common types of iron-sulfur clusters observed in nature (Jafari et

al. 2022). Standard reduction potentials are with respect to the standard hydrogen electrode.

Table 1-3. Bacterial iron-sulfur (Fe-S) cluster assembly systems.

Fe-S cluster Fe-S cluster assembly process

assembly system jii) Cluster t fer t
(i) Sulfide extraction (i) Fe-S cluster assembly (i) a:os-s:o{:i:z erto

ISC IscS IscU IscA
NIF NifS NifU
SUF SufES SufBCD SufA
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1.2 Rationale and research objectives

In this thesis, I employed mRNA display method along with PURE system to explore
the sequence space of de novo functional peptides. Especially, I tried to identify de novo RNA-
binding peptide in a high-throughput way since RBPs play crucial roles in a range of cellular
processes such as DNA repair, post-transcriptional modification, and cancer progression by
interacting with RNAs. This multifunctionality makes them appealing for various
biotechnological applications. Despite the abundance of naturally occurring RBPs in nature, the
creation of de novo RNA-binding peptides poses challenges due to the limited structural
information available on RNA molecules and their interaction modes with peptides. Reports of
RBPs discovered using display methods have mainly utilized phage display, with limited targets
such as U1 nuclear low molecular weight RNA and GU base-paired mini-helices RNA (Danner
and Belasco 2001; Frugier and Schimmel 1997). The primary challenge in these cases has been
the influence of unfavorable base-pairing formation between the target RNA chain and mRNA.
Both ribosome display and mRNA display methods involve mRNA in the complex formed

during selection.

In Chapter 2, I developed a codon-restricted mRNA display method to screen for de
novo RNA-binding peptides, demonstrating that peptides with limited amino acid diversity can
still represent RNA-binding capability. While the limited amino acid diversity can be
considered as a downside, we can diversify the chemical property of peptides via RiPP
enzymes. However, as described in General introduction (Section 1.1), the most versatile
RiPP enzyme, rSAM enzyme, requires the O2-labile metallocofactor, Fe-S cluster, which

hinders the application in CFPS system. Therefore, in Chapter 3, I worked on developing a

35



method to produce Fe-S cluster proteins using a cell-free system under aerobic conditions,
which in the future can be applied to produce various rSAM enzymes catalyzing epimerization,
methylation, and peptide cyclization reactions in CFPS systems. The work was conducted in
Earth-Life Science Institute, where I was based in Prof. Kosuke Fujishima’s research group,
while cooperating with Prof. Po-Hsiang Wang’s environmental engineering and enzymology
research group at National Central University, Taiwan. The major objectives of this thesis were

as follows:

Objective 1. Develop methods to identify single-stranded RNA-binding peptides from random
peptide sequence space using a renovated method combining codon-restricted DNA library and

mRNA display.

Objective 2. Develop methods to produce Oz-labile [4Fe-4S] proteins under aerobic conditions

using a reconstituted cell-free protein synthesis system.
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1.3 Thesis outline and structure

Chapter 1: General introduction (this section also includes research objectives and overall

thesis structure.)

Chapter 2: De novo single-stranded RNA-binding peptides discovered by codon-restricted

mRNA display

This chapter addresses Objective 1 and reports the development of a renovated mRNA
display method that allows high-throughput screening of de novo single-stranded RNA-binding
peptides, and the potent application of the renovated method for the identification of therapeutic
peptides. The data present in this chapter has been published in Biomacromolecules (See

Section 1.4) where I am the first author.

Chapter 3: One-pot de novo synthesis of [4Fe-4S] proteins using recombinant SUF system

under aerobic conditions

This chapter addresses Objective 2 and reports the development of a facile and efficient
protocol for expressing mature [4Fe-4S] proteins using a reconstituted cell-free translation
system under aerobic conditions. The incorporation of recombinant SUF helper proteins into
the PURE system facilitated mRNA translation and [4Fe-4S] cluster assembly under anaerobic
conditions. To address the vulnerability of [4Fe-4S] clusters to Oz, O2-scavenging cascade was
introduced into the PURE system, enabling the one-pot synthesis of mature [4Fe-4S] proteins
under aerobic conditions with a high maturation rate (>90%). The content in this chapter has

been published in ACS synthetic biology (See Section 1.4) where I am a co-first author.
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Chapter 4: Summary, significance, and future perspectives

This chapter integrates and summarizes the work of this thesis and describes future

research directions.

1.4 Statement of authorship and publication status

In this thesis, Chapter 2 is mainly based on the results from a published paper in
Biomacromolecules where I am a first author. Chapters 3 is mainly based on the results from
the published papers in ACS synthetic biology where I am a co-first author. The detailed

citations and statement of authorship are provided below:

Chapter 2. De novo single-stranded RNA-binding peptides discovered by codon-restricted

mRNA display

Shota Nishikawa, Hidenori Watanabe, Takayuki Katoh, and Kosuke Fujishima. (2023) De

novo single-stranded RNA-binding peptides discovered by codon-restricted mRNA display.

Biomacromolecules, 25, 1, 355-365. doi: 10.1021/acs.biomac.3c01024.

Contributions: S.N., N.T., TK., and K.F. designed research; S.N. and H.W. performed

research; S.N. and K.F. analyzed data; and all authors wrote the paper.

Chapter 3: One-pot de novo synthesis of [4Fe-4S] proteins using recombinant SUF system

under aerobic conditions
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Po-Hsiang Wang, Shota Nishikawa, Shawn Erin McGlynn, and Kosuke Fujishima. (2023)

One-pot de novo synthesis of [4Fe-4S] proteins using recombinant SUF system under aerobic

conditions. ACS synthetic biology, 20;12(10):2887-2896. doi: 10.1021/acssynbio.3c00155.

Contributions: P.-H.W. and K.F. conceptualized this research; P.-H.W. and S.N performed the
experiments; all authors participated in experimental design and data analysis; P.-H.W. and S.N.

wrote this paper with assistance from all authors.
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2.1 Introduction

RBPs are essential in core biological processes such as transcription, translation, gene
expression, etc. More than 2,000 RBPs have been reported and found to play critical roles in
diverse cellular processes including DNA repair, post-transcriptional modification, and cancer
progression through their interactions with RNAs (Hentze et al. 2018). Moreover, RNA-protein
interactions regulate viral replication and are often misregulated in neurological disorders and
cancers (Anczukow et al. 2012; Linya Wang, Jeng, and Lai 2011; Kechavarzi and Janga 2014;
H.J. Kim et al. 2013). Therefore, RBPs have garnered considerable attention in both biological

research as well as biotechnological applications.

RBPs commonly exhibit modular structures characterized by the presence of multiple
repeats of a limited set of domains (Lunde, Moore, and Varani 2007). The RNA-binding
domains can assemble in diverse configurations, thereby creating adaptable RNA-binding
surfaces. The modular architecture of the RBPs imparts the capacity to engage RNA with
enhanced specificity and affinity when compared to individual domains. Previously, significant
advancements have been achieved in tailoring the RNA sequence specificity of Pumilio/fem-3-
binding factor (PUF) repeat domains (Cheong and Hall 2006). A comprehensive recognition
amino acid code for each of the four RNA bases has been determined, granting substantial
flexibility in the design of protein specificity (Filipovska et al. 2011). Engineered PUF domains
have been effectively integrated with diverse effector domains to serve various purposes, such
as tracking RNA localization within cells (Ozawa et al. 2007; Tilsner et al. 2009), creating site-
specific RNA endonucleases (Choudhury et al. 2012), and regulating the translation and

stability of specific mRNA molecules in vivo (Cooke et al. 2011). These developments suggest
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a wide range of potential applications for RBPs as versatile tools for biotechnological
applications. For example, peptides originating from RNA-binding domains such as RBM39,
SAFA, or hnRNPK, have been conjugated with the Penetratin cell-penetrating peptide (CPP)
to effectively inhibit cancer cell proliferation by disrupting RNA-protein interactions (Puvvula

et al. 2021; Puvvula, Buczkowski, and Moon 2021).

While nature has provided a repertoire of naturally occurring RBPs, these existing RBPs
represent only a fraction of the potential repertoire of RBPs given a large fraction of the possible
folds remains unexplored (Minami et al. 2023). RBDs that remain unexplored in nature not
only hold promise for the expansion of our biotechnological toolkit but also harbor the potential
to deepen our understanding of the fundamental mechanisms governing these molecular
interactions. These profound insights, in turn, serve to facilitate the rational design of de novo
RBPs. Therefore, high-throughput screening for de novo RNA-binding peptides from a random
peptide library offers a novel repertoire of RNA-binding peptides that have not existed in
nature. Especially, targeting single-stranded RNA (ssRNA) regions providing ground insights
regarding nucleotide-specific recognition, which are highly beneficial for precise RNA probing
and mRNA regulation. It is worth noting that ssSRNA regions play a crucial role in regulating
virus infection and oncogene expression, emphasizing the importance of the development of de
novo RNA-binding peptides (Z. Luo et al. 2014; Kawasaki et al. 2016). For example, cytosine-
rich regions are present in the 5' untranslated region of the RNA of hepatitis-C virus and
poliovirus (Linya Wang, Jeng, and Lai 2011; Blyn et al. 1996). The cytosine-rich regions
regulate transcription levels via the interaction with the host poly(C)-binding proteins (PCBP)

(Linya Wang, Jeng, and Lai 2011; Ghanem et al. 2016; Z. Li, Wang, and Jia 2022). Poly(A)-
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binding proteins (PABP) are also known as essential eukaryotic mRNA regulators promoting
the circularization of mRNA to enhance translation efficiency (Blobel 1973; Gallie 1991; Wells

et al. 1998).

In vitro display methods such as phage display, ribosome display, and mRNA display
have been used as a powerful tool to screen novel peptide aptamers against versatile targets
(Mattheakis, Bhatt, and Dower 1994; Hanes and Pliickthun 1997; Nemoto et al. 1997; R. W.
Roberts and Szostak 1997). Indeed, Li et al. recently reported a de novo hydrophobic-cationic
RNA-binding peptide using phage display (P. Li, Holliger, and Tagami 2022). mRNA display
1s a widely used in vitro selection technique to rapidly isolate functional peptides from libraries
of more than 10" molecules. It has been applied to directed evolution studies, drug
development, and cellular proteomics analysis (Nagumo et al. 2016; Bashiruddin and Suga
2015; Oikonomou, Salatino, and Tavazoie 2020). mRNA display uses a stable covalent link
between mRNA and its cognate polypeptide, thus enabling a selection for versatile protein
functions such as protein binding, ATP-binding, and catalytic function including RNA ligation
(Fukuda et al. 2006; Keefe and Szostak 2001; Seelig and Szostak 2007). mRNA display
platform has also been diversified, for example using a cell-free system to analyze protein-
protein interaction and screening enzyme inhibitors (Yamagishi et al. 2011; Miyamoto-Sato et
al. 2005). More recently, mRNA display combined with PURE systems (PURE mRNA display)
has achieved high efficiency in in vitro selection by minimizing the carry-over of intrinsic
cellular components (Shimizu et al. 2001; Reyes et al. 2021). However, there is an apparent
downside for the mRNA display when it comes to RNA-binding. Especially if the target RNA

contains a stretch of single strand region (>5 nt), it can form a stable base-pairing between the
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mRNA, and therefore, mRNA harboring complementary sequences of the targeted RNA will
be selected and hinder the selection process. To overcome this issue, Dr. Nemoto’s group
invented the cDNA display method to mask mRNA with reverse-transcribed cDNA (Yamaguchi
et al. 2009; Mochizuki et al. 2011). They also applied this method with a codon-restricted
library to screen for a de novo transfer RNA (tRNA) binding peptides consisting of four
prebiotically relevant amino acids (Kumachi, Husimi, and Nemoto 2016). Similarly, Giacobelli
et al. explored sequence variants of the C-terminal domain of ribosomal protein uL11 using
PURE mRNA display and selected a primitive uL 11 protein analog only composed of ten
prebiotically plausible amino acids (Giacobelli et al. 2022). These previous studies demonstrate
that peptides with a limited amino acid sequence can still interact with structurally conserved
tRNA and ribosomal RNA (rRNA). In this study, I mitigate the base-pairing problem by
restricting the codon usage of the DNA library and demonstrate the efficiency of a codon-
restricted mRNA display technique in targeting low-complexity ssRNA, which can be further

implemented to target biological RNA sequences.

2.2 Materials and Methods

All oligos were ordered through FASMAC Inc. (Atsugi-shi, Kanagawa, Japan). All
peptides were chemically synthesized and purified with high purity (>90%) by GenScript
(Piscataway, NJ, USA) unless specified. (Methods for in vitro transcription.; in vitro RNA
transcription; puromycin-DNA-tag ligation; synthesis of mRNA-peptide conjugate by in vitro
translation; gel-purification; negative selection of mRNA-tag by the affinity with polyRNA;
peptide selection based on the affinity with polyRNA; reverse transcription PCR (RT-PCR);

sequence analysis; principal component analysis; calculation of hydrophobicity and net charge
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of peptide; enrichment analysis of combinatorial amino acid pairs; microscale thermophoresis
are shown in Supporting Information. The complete list of DNA and RNA oligos used in this

work is available in Table 2-1).

2.2.1 DNA library preparation.

DNA libraries were prepared by annealing two single-stranded DNA (ssDNA) oligos and
then extension via Klenow fragment. Codon-restricted DNA libraries were produced from
forward DNA oligo (PolyAGCU-binding-F oligo) (2 uM) and the corresponding reverse DNA
oligo (VMM/VRR, SBB, RDK, or HHY codon-library-R oligo) (2 uM). The oligo DNA pairs
were mixed with ANTP (200 uM) in Klenow buffer (Takara Bio, Kusatsu, Shiga, Japan) and
annealed by heating at 90°C for 1 min and then cooling slowly to room temperature.
Subsequently, 4 U of Klenow fragment (Takara Bio, Kusatsu, Shiga, Japan) was added to the
reaction mixture. Primer was extended at 25°C for 5 min and then 37°C for 1 h followed by
inactivation of the enzyme at 50°C for 15 min. The linearized DNA libraries, VMM/VRR codon
library, and HHY codon library were then purified with NucleoSpin® Gel and PCR Clean-up
Kit (Macherey-Nagel, Diiren, Germany). The DNA library was quantified by agarose gel
electrophoresis (agarose gel (2.5%, w/v) in 1x tris-acetate-EDTA (TAE)). The electrophoresis
was run at 100 V for 40 min. The gel was then stained with SYBR™ Gold Nucleic Acid Gel
Stain (Invitrogen, Waltham, MA USA). Gel images were captured and analyzed using
Amersham Imager 680 (GE Healthcare, Chicago, IL, USA). Nucleic acid concentrations were
quantified with NanoDrop™2000c spectrophotometer (Thermo Fisher Scientific, Waltham,

MA, USA).
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2.2.2 In vitro transcription.

RNA libraries were produced by in vitro transcription from a DNA library. ScriptMax®
Thermo T7 Transcription Kit (TOYOBO, Osaka, Osaka, Japan) was used for in vitro
transcription. The transcription was carried out with 200 ng (4 pmol, 2.4 x 10'> molecules) of
the linear DNA molecules according to the manufacturer’s protocol. The reaction mixture was
incubated at 40°C for 2 h. The RNA transcripts were then purified using NucleoSpin® Gel and

PCR Clean-up Kit (Macherey-Nagel, Diiren, Germany)

2.2.3 Puromycin-DNA-tag ligation.

The mRNA libraries attached with a puromycin-DNA-tag were generated by the Y-
ligation method (Nishigaki et al. 1998). Puromycin-DNA-tag labeled with fluorescein
isothiocyanate (FITC) was synthesized by Japan Bio Services Co., LTD (Asaka, Saitama,
Japan). Initially, the mRNA library and the puromycin-DNA-tag were partially annealed. A
reaction mixture containing the transcribed mRNA (20 pg), puromycin-DNA tag (8 uM), ATP
(1 mM), and T4 ligation buffer (New England Biolabs, Inc., Ipswich, MA, USA) was then
incubated at 90°C for 30 s and cooled to room temperature. Subsequently, 3 U of T4
polynucleotide kinase (PNK; New England Biolabs, Inc., Ipswich, MA, USA) and 20 U of T4
RNA ligase (New England Biolabs, Inc., Ipswich, MA, USA) were added to the mixture and
incubated at 25°C for 30 min to ligate the 5’ end of puromycin-DNA-tag to the 3’ end of the
mRNA library. Next, mRNA-tag ligation products were isolated by urea polyacrylamide gel
electrophoresis. For the electrophoresis, 40 mL of a separating gel consisting of urea (8§ M),

polyacrylamide (6%, w/v), and 1x tris-borate-EDTA (TBE) was run at 50 mA for 1 h. The
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ligation products in the gel were detected by the fluorescence specific for FITC with a blue
LED transilluminator (FUJIFILM Wako Pure Chemicals, Osaka, Osaka, Japan) and excised

with a clean scalpel. Finally, the mRNA tag was recovered by gel-purification.

2.2.4 Synthesis of mRNA-peptide conjugate by in vitro translation.

mRNA-peptide conjugates were synthesized from the mRNA-tag in vitro. PUREfrex 1.0
(GeneFrontier Corp., Kashiwa, Chiba, Japan) was used for the in vitro translation. Initially, a
reaction mixture (100 puL) containing 800 ng of the mRNA tag was prepared according to the
manufacturer’s protocols. The reaction mixture was incubated at 37°C for 30 min. Then, the
salt mixture was added to the reaction to bring its final concentration to MgClz (32.5 mM) and
KCI (375 mM). Following that, the reaction mixture was incubated again at 37°C for 1 h. An
equal amount of 2x laemmli sample buffer (Bio-Rad, Hercules, CA, USA) was then added to
the reaction and centrifuged at 10,000 x g for 3 min to remove the precipitants. The supernatant
was collected and loaded on a SDS-Urea-PAGE gel (SDS-PAGE stacking gel (3.5%, w/v),
SDS-6 M Urea-PAGE resolving gel (10%, w/v)). The electrophoresis was conducted at 30 mA
for the stacking gel and at 50 mA for the resolving gel. Note that a gradient SDS-PAGE gel (4—
12%, w/v; TEFCO, Hachioji, Tokyo, Japan) was used from round 3 to round 6 of the
VMM/VRR codon libraries instead of the SDS-Urea-PAGE gel, since we could separate the
mRNA-tag and mRNA-peptide conjugates with higher resolution. For a gradient SDS-PAGE
gel, electrophoresis was conducted at 60 mA for 90 min. Finally, the mRNA -peptide conjugates
were isolated by excision as previously described (Reyes et al. 2021), and purified by gel-

purification.
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2.2.5 Gel-purification.

A gel slice containing the desired band was purified from a gel through electroelution
followed by ethanol precipitation. For electroelution, Model 422 Electro-Eluter (Bio-Rad,
Hercules, CA, USA) apparatus was used along with a glass tube, a frit, and a membrane cap
(molecular weight cut-off: 12 kDa; Bio-Rad, Hercules, CA, USA). After this apparatus was
properly assembled, the kneaded gel slice was loaded into the glass tube filled with 1x TBE
buffer. The sample was eluted at 10 mA/glass tube for 45 min. At the end of elution, the polarity
of the initial current was reversed for 30 s to dissociate the purified products from the dialysis
membrane. Then, the eluate was carefully collected into the microcentrifuge tube. As for
ethanol precipitation, sodium acetate (3 M) equivalent to 10% volume of the obtained volume
was added to the eluate and mixed well. A volume of pre-chilled ethanol (99.5%, v/v) equal to
three times the total sample was further added to the mixture. The sample mixture was then
centrifuged at 4°C, 15,000 x g for 1 h. After removing the supernatant, 1 mL of the chilled
ethanol (70%, v/v) was added to the microcentrifuge tube. The dislodged pellet in ethanol (70%,
v/v) was centrifuged again at 4°C, 15, 000 X g for 15 min. Subsequently, the supernatant was
removed, and the pellet was air-dried at room temperature to evaporate the residual ethanol.
Finally, the pellet was resuspended in nuclease-free water and the mRNA concentration was
measured with NanoDrop™2000¢ spectrophotometer (Thermo Fisher Scientific, Waltham,

MA, USA).
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2.2.6 Negative selection of mRNA-tag by the affinity with polyRNA.

The mRNA-tag with affinity to biotinylated polyRNA was removed in this pretreatment.
First, 20 pL of 25-pum strep-tactin-immobilized magnetic beads (MagStrep "type3" XT Beads;
IBA Lifesciences, Gottingen, Germany) was captured by a magnetic stand (DynaMag-2
Magnet; Thermo Fisher Scientific, Waltham, MA, USA) and washed twice with RNA-binding
buffer (Tris-HCI (10 mM; pH 7.4), EDTA (0.5 mM), NaCl (500 mM), Tween 20 (0.05%, v/v)).
After that, the polyRNA was immobilized on the magnetic beads. Biotinylated polyRNA (2.5
uM) in 200 pL of the RNA-binding buffer was added to the magnetic beads and mixed at 4°C
for 30 min with a rotator (80 rpm). After discarding the supernatant, the magnetic beads were
washed three times with the RNA-binding buffer. Subsequently, 25 pL of the mRNA-tag (100
ng/uL) in the RNA-binding buffer (Tris-HCl (10 mM; pH 7.4), EDTA (0.5 mM), NaCl (500
mM), Tween 20 (0.05%, v/v)) was added to the magnetic beads and mixed for 30 min at room
temperature with a rotator (80 rpm). Finally, the supernatant was collected for the following in

vitro translation.

2.2.7 Peptide selection based on the affinity with polyRNA.

The mRNA -peptide conjugates with affinity to polyRNA were selected over the affinity
of its mRNA-tag portion. First, two sets of strep-tactin-immobilized magnetic beads (20 pL)
were washed twice with the RNA-binding buffer by magnetic stand. Next, the target polyRNA
was immobilized to one of those magnetic beads as described in the previous section.
Subsequently, 100 ng of mRNA-peptide conjugates (1.7 pmol, 1.0 x 10'> molecules) was

prepared in the RNA-binding buffer (200 uL), and the solution was first added to the intact
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magnetic beads and mixed for 10 min at room temperature with a rotator (80 rpm) to remove
the conjugates with affinity to the surface of the beads. The supernatant, containing mostly the
nonspecific binding-free mRNA-peptide conjugates, was then recovered and used for the
affinity selection with the target RNA. The entire supernatant was added to the target RNA-
immobilized magnetic beads and mixed for 30 min at room temperature with a rotator (80 rpm).
After the removal of the supernatant, the magnetic beads were washed three times with 1x
Buffer W (IBA Lifesciences, Gottingen, Germany). The elution buffer (25 pL) (Tris-HCI (100
mM; pH 8.0), NaCl (150 mM), EDTA (1 mM), biotin (50 mM)) was then added and vigorously
mixed. Finally, the mixture was incubated for 10 min at room temperature. The eluate was

collected and used for reverse transcription polymerase chain reaction (RT-PCR).

2.2.8 RT-PCR.

The eluate mRNA-peptide conjugates (10 pL) were used as a substrate for the RT reaction
using ReverTra Ace-o- (TOYOBO, Osaka, Osaka, Japan) with RT-PCR-F and RT-PCR-R
primers (each 0.2 uM) by following the manufacturer’s protocol. RT reactions (20 uL) were
started by adding the reverse transcriptase (reverse transcription reaction conditions: 50°C, 20
min, 99°C, 5 min, and 4°C, 5 min). The reaction was then mixed with 20 pL of Q5 High-Fidelity
2x Master Mix (New England BioLabs, Ipswich, MA, USA) and aliquoted into a total of six
tubes to recover samples at different PCR cycles (0, 10, 15, 20, 25, and 30 cycles) to check the
amplification efficiency. PCR condition was set as follows: initial denaturation at 98°C for 30 s,
followed by 30 cycles of 98°C for 10 s, 65°C for 10 s, and 72°C for 10 s, then final extension at
72°C for 30 s. To avoid over-amplification of DNA, these reaction samples were run on a TAE

agarose gel (3%, w/v) stained by 1x SYBR Gold, and the optimal amplification cycle was
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determined based on the band intensity and the absence of non-specific amplified products.
Finally, RT-PCR reaction (40 uL) was once again conducted with optimal PCR cycles, and the
product was purified using NucleoSpin™ Gel and PCR Clean-up Kit (Macherey-Nagel, Diiren,

Germany) for the next round of selection and sequencing.

2.2.9 Next-generation sequencing.

Next-generation sequencing (NGS; Next-generation sequencing) was applied to the DNA
library from each round (round 0 to round 7) using a MiSeq system (Illumina; San Diego, CA,
USA). Qubit 2.0 fluorometer (Invitrogen, Waltham, MA, USA) with Qubit dsDNA HS assay
kit (Thermo Fisher Scientific, Waltham, MA, USA) was used to quantify sequencing libraries
precisely. DNA sequencing libraries were generated using NEBNext Ultra Il DNA Library Prep
kit (New England Biolabs, Inc., Ipswich, MA, USA). To enable multiplex analysis, unique
index sequences were added to the DNA sequencing library by NEBNext Multiplex Oligos for
[llumina (Index Primers Set 1, 2; New England Biolabs, Inc., Ipswich, MA, USA). Finally, the
lengths of the constructed DNA libraries were confirmed by Agilent 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA, USA), and paired-end sequencing was performed using Miseq

Reagent Kit v3 (600 cycles).

2.2.10 Sequence analysis.

Sequence files were obtained from the MiSeq Illumina platform as FASTQ files. A self-
made pattern search program written in Perl script was used to extract the coding region, which
is the region between the upstream of the start codon and the fixed sequence (8 nucleotide

sequence) of the random region. Then, by using the count option of the software called
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FASTAptamer (Alam, Chang, and Burke 2015), the number of identical sequences was counted
and ranked for each round (the populations of raw DNA sequences obtained via MiSeq Illumina
platform, extracted peptide sequences, and identical peptide sequences were listed in Table 2-
2). Since the number of reads acquired in each round was different, we followed the progression
of enrichment based on the normalized reads per million (RPM) value. For round 7, we
performed clustering analysis on peptide sequences with RPM values of 10 or higher to create
clusters based on their sequence similarity. In this case, we used the cluster option of
FASTAptamer to define a cluster as a group of peptide sequences with a distance of 7 or less
between peptide sequences. The sequence logo of the selected RNA-binding peptides was
created using WebLogo 3 server (Crooks et al. 2004), and log2-fold changes of amino acid
frequencies after selection was calculated from the average amino acid frequencies in round 7

and 0.

2.2.11 Calculation of hydrophobicity and net charge of peptides.

The hydrophobicity and net charge index of peptides were calculated using "Peptides"
ver 2.4.3 package 50 of R ver 4.0.2 (Osorio, Rondon-Villarreal, and Torres 2015). The GRAVY
score (Grand average of hydropathy), which is a hydrophobicity index of peptides, was
calculated based on Kyte and Doolittle’s amino acid hydrophobicity index (Kyte and Doolittle
1982). The net charge index at pH 7.4 was calculated using the Henderson-Hasselbalch

equation using Lehninger’s pKa scale (Butterworth 2005).
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2.2.12 Enrichment analysis of combinatorial amino acid pairs.

The frequency of combinatorial dipeptide motifs of peptide libraries from round 0 and
round 7 was calculated, and the enrichment score was derived from the following equation.
Hierarchical clustering was then used to visualize the enrichment score of dipeptide motifs by
heat mapping.

Enrichment score (%)

_ Average frequency of dipeptide motif in round7 — Average frequency of dipeptide motif inround 0

Average frequency of dipeptide motif in round 0

X 100

2.2.13 Spectral shift experiment.

Chemically synthesized cy5-labeled oligonucleotides were obtained from FASMAC.
While AP1 and AP2 were completely dissolved in the Binding buffer (Tris-HCI1 (10 mM; pH
8.0) and Tween 20 (0.05%, v/v)), both CP1 and CP2 formed aggregates when the concentration
reached above 10 puM. Therefore, aggregation-free spectral shift (SpS) measurement was
applied to determine the dissociation constant (Kp). SpS experiment was conducted with the
identified RNA-binding peptides in three independent experimental trials on a Monolith X
(NanoTemper Technologies, Munich, Bayern, Germany) (Langer et al. 2022). The
oligonucleotide solutions were prepared in Tris-HCI (20 mM; pH 8.0), Tween 20 (0.1%, v/v),
and the peptide solutions were prepared in RNase-free water. A two-fold dilution series of the
unlabeled peptides was prepared in 20 nM oligonucleotide, with the final concentrations of
peptides ranging from 100 uM to 3 nM or 500 uM to 15 nM. Samples were incubated for 30

min at room temperature. Following incubation, the samples were filled into standard treated
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capillaries (NanoTemper Technologies, Munich, Bayern, Germany) and subsequently subjected
to SpS detection analysis. General settings were applied for all SpS experiments as follows:
manual temperature control: 25°C, LED laser: red. LED power settings were chosen
individually for each sample by adjusting the LED power to yield fluorescence signals of at
least 200 units. For SpS detection, the fluorescence was recorded simultaneously at 650 and
670 nm for 5 s without applying a temperature change. The values obtained were normalized
and plotted against the peptide concentration. The dissociation constant was then determined

using a single-site model to fit the curve.

2.2.14 Microscale thermophoresis.

Chemically synthesized fluorescein (FAM)-labeled CP1 peptide was obtained from
genscript (Piscataway, NJ, USA). The oncogenic RNA motifs were synthesized by in vitro
transcription described in the previous section. The RNA transcripts were then purified using
Monarch RNA Cleanup Kit (New England Biolabs, Inc., Ipswich, MA, USA). Microscale
thermophoresis experiment was conducted with a set of biologically derived RNAs in three
independent experimental trials on a Monolith NT.115 (NanoTemper Technologies, Munich,
Bayern, Germany) unless specified. Both the FAM-labeled CP1 peptide and RNA were
prepared in a human plasma-like medium (Gibco, Billings, MT, USA) supplemented with 0.1
mg/mL bovine serum albumin (Sigma, St. Louis, MO, USA). A two-fold dilution series of the
unlabeled RNAs was prepared in 50 nM FAM-labeled CP1 peptide, with the final
concentrations of RNAs ranging from 2 uM to 0.06 nM. Samples were incubated for 30 min at
room temperature. Following incubation, the samples were filled into standard treated

capillaries (NanoTemper Technologies, Munich, Bayern, Germany) and subsequently subjected
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to microscale thermophoresis. General settings were applied for all microscale thermophoresis
experiments as follows: manual temperature control: 25°C, LED laser: blue, fluorescence
measurement before microscale thermophoresis: 5 s, microscale thermophoresis (IR laser) on:
45 s, fluorescence after microscale thermophoresis: 15 s, delay: 25 s. LED and microscale
thermophoresis power settings were chosen individually for each sample by adjusting the LED
power to yield fluorescence signals of at least 200 units and the microscale thermophoresis
power to achieve an appropriate thermophoretic response (standard setting 20% microscale
thermophoresis power, for a few experiments 40 to 60%). The values obtained were normalized
and plotted against the peptide concentration. The dissociation constant was then determined

using a single-site model to fit the curve.

2.2.15 Circular dichroism spectroscopy.

The circular dichroism (CD) spectra were recorded using a CD spectrophotometer J-1100
(JASCO, Hachioji, Tokyo, Japan) over the wavelength range 190—-250 nm in steps of 1 nm with
an averaging time of 1 s per step. Peptides were prepared in a buffer containing Tris-HCI (pH
8.0; 10 mM) and Tween 20 (0.05%, v/v) with the final concentration of 0.2 mg/mL and the CD
spectra were measured in 1 mm path-length quartz cells at 25°C. The CD signal was obtained
as ellipticity in units of millidegrees, and the resulting spectra were averaged from two scans

and buffer-spectrum subtracted. All CD measurements were performed twice.
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Table 2-1. Complete list of DNA and RNA oligos used in this work.

Name

Sequence (5' to 3)

PolyAGCU-binding-F

(VMM/VRR)n-library-R

(SBB)n-library-R

(RDK)n-library-R

(HHY)n-library-R

RT-PCR-F (PolyAGCU-binding-F)

RT-PCR-R

Puromycin-DNA-tag

5' biotin-Poly(C) RNA

5' biotin-Poly(A) RNA

5' Cy5-Poly(A) DNA/RNA

5' Cy5-Poly(C) DNA/RNA

GGCGTAATACGACTCACTATAGGGTTAACTTTAACAAGGAGAAAAACATG

TGGTTCACCTGATCCGCTGCTGGGTCCKKBYYBKKBKKBYYBKKBYYBKKBYYBYYBKKB
YYBKKBKKBYYBKKBYYBKKBYYBYYBKKBYYBKKBKKBYYBKKBYYBKKBYYBYYBKK
BYYBKKBCATGTTTTTCTCCTTGTTAAAG

*B=C/GIT,K=G/T,Y=CIT

TGGTTCACCTGATCCGCTGCTGGGTCCVVSVVSVVSVVSVVSVVSVVSVVSVVSVVSVVSV
VSVVSVVSVVSVVSVVSVVSVVSVVSVVSVVSVVSVVSVVSVVSVVSVVSVVSVVSVVSVVS
VVSCATGT CTCCTTGTTAAAG

*V =AIC/G, S =C/G

TGGTTCACCTGATCCGCTGCTGGGTCCMHYMHYMHYMHYMHYMHYMHYMHYMHYMHYMH
YMHYMHYMHYMHYMHYMHYMHYMHYMHYMHYMHYMHYMHYMHYMHYMHYMHYMHYMH
YMHYMHYMHYCATGTTTTTCTCCTTGTTAAAG

*M=A/C,H=A/C/T,Y=CIT

TTTTTCACCTGATCCGCTGCTGGGTGARDDRDDRDDRDDRDDRDDRDDRDDRDDRDDRDD
RDDRDDRDDRDDRDDRDDRDDRDDRDDRDDRDDRDDRDDRDDRDDRDDRDDRDDRDDR
DDRDDRDDCATGTTTTTCTCCTTGTTAAAG

*D =A/G/T,R=A/G

GGCGTAATACGACTCACTATAGGGTTAACTTTAACAAGGAGAAAAACATG

TTTTTCACCTGATCCGCTGC

pCCCTTCACCTGATCCGCTGAAAAAAAAAAAAAAAAAA (Spacer 18) (Spacer 18) (F-dT)
(Spacer 18) CC (Puro)

(Spacer 18): Hexaethylene glycol,

(F-dT) = Fluorescein-dT,

(Puro) = Puromycin,

(Biotin)-CCCCCCCCCCCC

(Biotin)-AAAAAAAAAAAA

(Cy5)-AAAAAAAAAAAA

(Cy5)-CCCCCCCCCCCe
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Table 2-2. The populations of raw DNA sequences, extracted peptide sequences, and

identical peptide sequences obtained from individual round via next-generation

sequencing.

VMM/VRR codon library

Round | Raw DNA sequences | Extracted peptide sequences |ldentical peptide sequences
0 3,163,494 1,651,906 1,649,290
1 2,851,143 1,227,819 662,161
2 2,919,380 1,242,922 492,709
3 3,214,793 1,801,552 722,051
4 741,515 433,352 205,768
5 700,994 362,686 135,282
6 690,762 325,866 98,284
7 671,754 453,480 131,443

HHY codon library

Round | Raw DNA sequences | Extracted peptide sequences |ldentical peptide sequences
0 1,078,498 523,504 522,199
1 1,664,773 1,333,261 350,788
2 3,110,416 874,731 329,568
3 4,110,723 1,206,002 362,360
4 4,365,343 1,112,944 271,727
5 4,525,495 1,210,037 247,523
6 3,777,180 1,197,653 200,787
7 6,247,854 572,922 86,826
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2.3 Results

2.3.1 Peptide library design.

The scheme for codon-restricted mRNA display is outlined in (Figure 2-1). I designed
two types of DNA libraries encoding 33-mer randomized polypeptide sequences, each targeting
a 12-mer poly(A) and poly(C) RNA (Figure 2-2A). To avoid unwanted base-pairing between
mRNA and the target RNA, codons including the complementary nucleotide were eliminated
from the coding sequence. For example, the DNA library targeting poly(A) RNA comprises two
types of degenerate “VMM” and “VRR” codons both lacking thymine nucleotide, which
encodes a total of nine (Ala/Thr/Asn/Asp/Glu/Gln/Lys/His/Pro) and  five
(Gly/GIn/Glu/Arg/Lys) types of amino acids, respectively. Similarly, the DNA library targeting
poly(U) RNA comprises a single degenerate “SBB” codons lacking adenine nucleotide, which
encodes a total of six (Gly/Ala/Leu/Val/Arg/Pro) types of amino acids. The DNA library
targeting poly(G) RNA comprises a single degenerate “RDK” codons lacking cytosine
nucleotide, which encodes a total of ten (Gly/Ile/Met/Val/Ser/Asn/Asp/Glu/Arg/Lys) types of
amino acids. Finally, the DNA library targeting poly(C) RNA comprises a single degenerate
codon "HHY" lacking guanine nucleotide, which encodes a total of nine types of amino acids

(Leu/lle/Phe/Tyr/Ser/Thr/Asn/His/Pro).

2.3.2 In vitro selection of de novo RNA-binding peptides.

The four DNA libraries were generated (Figure 2-2B) and subjected to my renovated
codon-restricted mRNA display method. A puromycin-DNA tag was attached to the 3' ends of

the mRNA library created in vitro (Figure 2-3). Next, through in vitro translation, we isolated
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the mRNA-peptide conjugates (Figure 2-4A). Due to insufficient efficiencies in forming RNA-
peptide conjugates for the SBB and RDK codon library, the following selection procedures
were only applied to the VMM/VRR and HHY codon library. The mRNA-peptide conjugates
were subjected to affinity selection against poly(A) or poly(C) RNA. Finally, to generate a
cDNA library for the next round of selection and deep sequencing, the eluted molecules were
subjected to RT-PCR (Figure 2-4B). Seven rounds of selection were performed, with the cDNA
sequences obtained from each round analyzed by NGS to monitor the enrichment of specific

amino acids or peptide motifs expected to play a role in RNA binding.
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Figure 2-1. Schematic overview of codon-restricted mRNA display. This method starts with
a designed codon-restricted DNA library (VMM/VRR or HHY codon library) encoding 33-
amino acid random peptides (see Figure 2-2A). The DNA library is in vitro transcribed to
mRNA library and undergoes ligation with the puromycin-DNA-tag. The tagged products are
gel-purified and subjected to negative selection. The remaining tagged products are in vitro
translated using a cell-free system and the resulting mRNA-peptide conjugates with a variety

of 10'? sequences are gel-purified and subjected to affinity selection against polyRNA. The
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selected peptide-mRNA conjugates are subjected to reverse transcription polymerase chain
reaction (PCR) to the DNA library and used in the next round of selection. Also, DNA libraries
from each round (round O to round 7) are subjected to Illumina MiSeq sequencing. FITC,

fluorescein isothiocyanate.
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Figure 2-2. Selection of de novo peptide libraries against single-stranded RNA using
codon-restricted mRNA display. (A) The construct of codon-restricted DNA libraries. RBS,
ribosome binding site. (B) DNA libraries were synthesized via Klenow extension reaction. The

gel images were taken after electrophoresis in a tris-acetate-EDTA (TAE) agarose gel (3%, w/v).
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Figure 2-3. Generation of puromycin-DNA-tagged mRNA library via Y-ligation reaction.
(A) Schematic overview of Y-ligation reaction. FITC, fluorescein isothiocyanate. (B) The gel
images of mRNA and Y-ligation reaction mixture after electrophoresis on 8 M urea tris-borate-

EDTA (TBE) gels (6%, w/v) (left: SYBR Gold staining, right: FITC fluorescence detection).
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Figure 2-4. Synthesis of mRNA-peptide conjugates via in vitro translation. (A) In vitro
translation reactions were conducted using puromycin-DNA-tagged mRNA libraries as
templates and analyzed by SDS-PAGE. (B) cDNA libraries were synthesized from the mRNA-
peptide conjugates selected by their targeted RNA binding capability via reverse transcription
polymerase chain reaction (RT-PCR). The synthesized cDNA was electrophoresed on a tris-

acetate-EDTA (TAE) agarose gel (3%, w/v) and visualized by 1x SYBR Gold.



2.3.3 Sequence analysis.

The peptide sequences obtained via deep sequencing were analyzed by FastAptamer
software to count and rank the unique peptide sequences based on the RPM values (Alam,
Chang, and Burke 2015). I first analyzed the top 100 enriched peptides from each round to
compare the progression of enrichment throughout the selection. For the VMM/VRR codon
library, the average RPM values of the top 100 enriched peptides constantly increased until
round 6 (Figure 2-5A). In contrast, the HHY codon library has reached the RPM peak at round
3 and gradually decreases subsequently (Figure 2-5B). I further performed clustering analysis
with the peptide sequences in round 7 from each library based on their sequence similarity. For
the VMM/VRR codon library, the 30 most enriched sequence clusters account for only 12.1%
of all peptide sequences with the most enriched cluster sequences sharing 1.5% of all peptide
sequences (Figure 2-5C). In contrast, the HHY codon library was dominated by a single peptide
cluster sequence covering 77.6% of all sequences, outcompeting the second-ranked cluster

peptide sequences (Figure 2-5D).
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Figure 2-5. Sequence analysis of RNA-binding peptides. (A—B) Violin plots displaying reads
per million (RPM) values for the top 100 enriched peptide sequences per selection round. The
dashed lines indicate quartile values, while the solid line represents the mean. (C—D) Pie charts
illustrating the proportions of the top 30 enriched peptide clusters from round 7 of screening.

The RPM values of the top sequences within each cluster are depicted across the selection
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rounds: (C) poly(A) RNA-targeting VMM/VRR codon library, (D) poly(C) RNA-targeting
HHY codon library. AP1-3 and CP1-3 are the top sequences of the three most enriched clusters

in round 7.
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2.3.4 Amino acid composition analysis of enriched peptide sequences.

To further analyze the sequence profile of the enriched peptides, the consensus sequence
logos were created from the top sequences of the most enriched 30 clusters (Tables 2-3 and 2-
4). As a result, in poly(A) RNA-targeting VMM/VRR codon library, I observed a clear
enrichment of glutamine (Q) appearing as the most frequently used amino acid at several
positions (Figure 2-6A). Overall enrichment of asparagine (N) followed by threonine (T) and
histidine (H) was observed throughout the poly(C) RNA-targeting HHY codon library (Figure
2-6B). Next, I calculated the log2-fold change of amino acid frequencies after seven rounds of
selection. For the VMM/VRR codon library, the frequency of the positively charged amino
acids Lys (K) and Arg (R), which are known to be common at RNA binding interfaces,
decreased (log2-fold change=-0.46 and —0.33, respectively), while the frequency of the
hydrophilic amino acids His (H), Gln (Q), Pro (P), and Thr (T) increased (log2-fold
change =0.94, 0.50, 0.32, and 0.20, respectively) (Figure 2-7A). Similarly, in the HHY codon
library, the frequency of hydrophilic amino acids Asn (N), Thr (T), and His (H) increased (log2-
fold change = 0.89, 0.56, and 0.29, respectively), and hydrophobic/aromatic amino acids Ile (I),
Leu (L), Tyr (Y), and Phe (F) decreased (log2-fold change =—-0.68, —0.79, —0.51, and —0.81,
respectively) (Figure 2-7B). Also, the two-dimensional plot of net charge vs. hydrophobicity
index has shown that the enriched peptides from the HHY codon library remained electrically
neutral (at pH 7.4) while significantly shifting towards lower hydrophobicity within the peptide
sequence space (Figure 2-8). Whereas the peptides from the initial VMM/VRR codon library
possessed diverse net charge profiles (=5 to 15) along with overall low hydrophobicity profile

(—2 to —3), enriched peptides converged toward a narrow net neutral to positive charge window
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(0 to 5). The enrichment towards low hydrophobicity indicates the overall soluble feature of the

selected peptide pool.
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Table 2-3. The top peptide sequences of the most enriched 30 clusters in VMM/VRR codon

library. The most dominant sequence within each cluster was listed as a representative

sequence.
Cluster No. Representative sequence Ll LD RPM
sequences
1 MEEAKRTKTEEPKTQRHEEKQEQQKQPRHQATRP 19 15079.0
2 MPQPKQPQNQPERDQKNQNQAPQKQGTGARQKRP 10 12055.7
3 MDKEGGTQPRHTRAEKKENQTQQNARDRNQHQRP 4 6304.6
4 MPRNQQQKQKPARDQKTEHQNTRERGQRPETHRP 6 6644.2
5 MHKTEENQPKQHQHQEPKEQAHKTRGTRPRAQGN 4 5713.6
6 MNEDKQHRHKNTETKQPRTQTTRPQGPENETAKP 2 5182.2
7 MPEPKKAKQEKPEPEQTKPENKGAGQPRHQTARP 4 4862.4
8 MHQQKQTETETAKPRQHEPKTPQPERQRDRAKEH 3 4405.9
9 MPKNKQKRNQTKQDQKHEEQHQQTQKPQNQAHQN 4 4412.6
10 MARPRQHRPEPHRPEETGDETKQHQRDQNQQPGA 2 4156.8
11 MQKTQEPKDQEAQHQRQQKEQHRDQRPGTREHQP 2 3671.6
12 MTKHQQHQEQATRPQRNRNQKARPQGKRTEDKRP 6 3389.4
13 MTQEEKPQTRQNRHQKTQTQPPGEREHGAQHTEP 3 3155.6
14 MQEEEKTKKEEHEPKRPQQEPKQKRQHQPRDAGT 3 3144.6
15 MTREKKQKEQPAQQQKHQNQQPKTEGHQERHHKT 1 2968.2
16 MTQPERKRQETKEHKQTKHKETEHQGDRTKHTRD 5 3076.2
17 MAQEGRQEHQKTKAQQEKHRKDQQEETKHQAARP 1 2738.8
18 MTQNQRTKTQAPGDRENRPQKHENKQTETQTPQP 1 2652.8
19 MTKTKRTRNQDNKDQKPKDEAPQPKEHGPEAQGP 2 2661.7
20 MNEQQKQQTRTPETGQTKHENNQPKRQRTQNQRP 4 2641.8
21 MHKKEQPRDRTPENQQNQKQHTRNERARTKPPRP 2 2580.1
22 MHEDKKDEPQEQKHEKPRTQKNQTERKEDRAQEP 2 2549.2
23 MTRHQQHKTQTDEHEREEDETKRDRRPENRPART 2 2333.1
24 MTQPQKNQHRPNGTKRQEHGPNEHQQKRARAPQP 2 2293.4
25 MTQPKRTRPQNHQQKQNKPQNNRTRRKEPKEQEA 3 2255.9
26 MTEEERTQTKTERHQRPGDRTQQTKEHQHRDNKT 2 2220.6
27 MGKARRTKTEQQQAKRKENQHHQTEQQQHQHHRT 1 2123.6
28 MHEDQKQQKQHTREEQTKPEPKQTKQHRTRAQQD 4 2158.9
29 MEGAGRKGPQKTKTQETREKHAKHERTEHRPART 2 1991.3
30 MNQHQQTKTEDQRPGRTRAEQAQTREDRERHARP 1 1947.2

82



Table 2-4. The top peptide sequences of the most enriched 30 clusters in HHY codon

library. The most dominant sequence within each cluster was listed as a representative

sequence.
Cluster No. Representative sequence Sl 2 RPM
sequences

1 MTHNHNYHHHITNNNINHTNPNNYTITNSPNNIY 362 775655.1
2 MTIFNTNHTNLYNNHTSNNNSTNSHTHHTPSSTT 37 14581.5
3 MHNNSNSNHTINNNTHHTTNNFILINYSYYHYHT 33 14426.1
4 MFNHYHTNNNTHNNHTNIHTTTHTINNPNHFYLL 21 9245.6
5 MGGPAAVLRGGAAVLVLVLLLVLLLVLALAPLAA 18 8783.1
6 MTFNYTTTHTTTTYNHYTTTNHHTNYHTSPYLYF 5 3349.5
7 MNYINHYNNHNNSNHNITNHNTLNHTPHLFFLFP 1 2597.2
8 MSYPYHTNTYNNIHNFPPFNHSNTYIYNTNHSLH 1 1131.1
9 MTSNFYHFYPHNNNHTNNTNHTILSNHNNYINHT 1 605.7
10 MHHTNSTSIYNIYNPTFYNSTNLHNTNNHYTNTN 1 549.8
11 MTNYTNTTHTNHNPPTNNNPYYTHFYTNLSPTNI 1 268.8
12 MYHINITPINYTNNSNTNTNHYTLNNFINNTNHS 1 225.2
13 MINTFFNNSYTNTNTPYNNNTHNHTNNYTNPTHL 1 212.9
14 MHTNPTHPNNITSNSNHNNHINNNHSYYINSSYH 1 157.1
15 MTNTNTNHTNHNYNSYTTSNTNQHNYLLYILFNS 1 155.3
16 MYYIINNHPNNHYSNNTNNNHPSNNTINNLYYTT 1 141.4
17 MNNLNTIYPTTNHTYTNNHNHNTTNYTHHISHNN 1 129.2
18 MNHNIPIYNLTNNNTTTNFHNHNTNSNHNFIILH 1 120.4
19 MTFIHNHHHHHTNINHTNNSNIHNTTHSFFFPSL 1 113.5
20 MNNNTIFTHFNSHTNLNNNNNHNHNPISFFHTTH 1 106.5
21 MNYNSITHNNNNHTTHFHTNNLNSTNNFIIHTNF 1 104.7
22 MLNNHINIYHHTTYIPNYNSNNNSHHTSIYFPST 1 97.7
23 MIHNSIHYTNTNPYNHTNSNITNYSNHTLFPTLH 1 90.8
24 MLNNHHTNHITTTLNHTNNNSNTIINSTYTIHNT 1 52.4
25 MTHNPIINSNYNYNYPFYNNNLTLNNHTNHNHTT 1 50.6
26 MHNSNNHTSYNHTHNILFNNNNSNNNNHTNLLHN 1 48.9
27 MNYFNYTNINNLNNHNNLTNHHPPNPPFTLNSFH 1 48.9
28 MTNTNTNHTNHNYNSYTTSNTNNTIIFFTFSSNS 1 41.9
29 MIFHYHTHNNYNTTSNLNYNHTNHIIHTSTLFHN 1 38.4
30 MTNYYINTHINNHTNYSNTTNPTSPLFHNIFHTS 1 34.9
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Figure 2-6. Amino acid composition feature of selected RNA-binding peptides. (A-B)

Sequence logos were generated from peptide sequences in round 0 and round 7, respectively.

For round 0 (before screening), 1,000 randomly selected peptide sequences were used. The top

sequences of the two most enriched clusters are listed below: (A) VMM/VRR codon library,

(B) HYY codon library.
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Figure 2-8. Two-dimensional plot representing hydrophobicity vs. net charge indexes of
individual peptides. Each dot represents individual peptides from round 0 (randomly selected

1000 sequences) and round 7 (top 30 sequences) libraries.
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2.3.5 Dissociation constant analysis of the identified RNA-binding peptides.

I chose the top two most enriched sequence clusters from each library (CP1/CP2 and
AP1/AP2) to test their affinity against polyRNAs. As a result, AP1 only expressed very low
affinity towards poly(A) RNA (Figure 2-9A), whereas the three peptides AP2, CP1, and CP2
have exhibited apparent affinity to their targeted polyRNAs with Kp of 18.8 uM, 0.2 uM, and
1.2 uM, respectively (Figures 2-9BCD). CP1 and CP2 exhibited slightly high affinity with the
target poly(C) RNA over the non-target poly(A) RNA, although they retain the affinity with
poly(A) RNA within a range of single micromolar (Kp) (Figures 2-9CD). On the contrary, AP2
revealed one to two orders of magnitude lower binding affinity towards its target RNA than

CP1 and CP2; however, AP2 exhibited specific interaction with poly(A) RNA (Figure 2-9B).

Further, by using CP1 and AP2 as a model for de novo RNA-binding peptides, I tested
the sugar recognition by switching the target sequence from polyRNA to polyDNA. As a result,
both AP2 and CP1 still exhibited affinity toward their DNA targets but with approximately two
to five-fold less affinity compared to that of RNA (Figures 2-10AB). Then, to examine the role
of nucleobase recognition in RNA-peptide interactions, I performed additional affinity analysis
using the RNA hybridized with antisense DNA. My findings revealed that AP2 lost its affinity
for hybridized poly(A) RNA (Figure 2-11A). Similarly, CP1 exhibited a significantly lower
affinity for poly(C) RNA, with approximately a 30-fold decrease compared to its affinity for
non-hybridized poly(C) RNA (Figure 2-11B). This observation strongly suggests that

nucleobase-peptide interactions play a significant role in determining the affinity.
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Figure 2-9. Thermodynamics plots of the identified RNA-binding peptides against
polyRNAs. Thermodynamics plots were generated to determine Kp values between the
identified peptides and polyRNAs. The Kp values were determined by spectral shift (SpS)
experiments for (A) AP1, (B) AP2, (C) CP1, and (D) CP2. The bars represent the standard error,

and the dots represent the mean from three experimental replicates.
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Figure 2-10. Thermodynamics plots of the identified RNA-binding peptides with

polyRNA/DNA. The Kp values between polyRNA/DNA and AP2/CP1 were determined by

spectral shift (SpS) experiments; (A) thermodynamics plots of AP2 against poly(A) RNA/DNA,

(B) thermodynamics plots of CP1 with poly(C) RNA/DNA. The bars represent the standard

error, and the dots represent the mean from three experimental replicates.
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Figure 2-11. Thermodynamics plots of the identified RNA-binding peptides with
hybridized RNAs. The Kp values between polyRNA and AP2/CP1 were determined in the
presence of the antisense oligo DNA by spectral shift (SpS) experiments: thermodynamics plots
(cy5)-labeld poly(A) RNA in the presence of poly(T) DNA and (B)
CP1 with cy5-labeled poly(C) RNA in the presence of poly(G) DNA. The bars represent the

standard error, and the dots represent the mean from three experimental replicates.
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2.3.6 The role of enriched dipeptide motifs found in the RNA-binding peptide sequences.

Next, I calculated the frequency of combinatorial amino acid pairs (i.e., dipeptide motifs)
enriched in the two libraries, expecting over-represented dipeptide motifs to play an essential
role in RNA-binding. I found that the top 100 selected poly(C) RNA-binding peptides were
strictly enriched in the dipeptide motifs comprising the (His/Asn/Thr) amino acid combinations
(Figure 2-12A). Whereas the top 100 selected poly(A) RNA-binding peptides still comprise a
broader spectrum of the enriched dipeptide motifs that includes one of the six

(His/Asn/Gln/Glu/Pro/Thr) amino acids (Figure 2-12B).

To experimentally validate the function of enriched dipeptide motif residues, I substituted
QNQ with TTT in the AP2 peptide due to the significant enrichment of QN and NQ motifs,
which both contain glutamine that is highly enriched in the VMM/VRR codon library.
Nevertheless, the Kp and specificity toward adenine were unaffected by the replacement of
QNQ with TTT (Figure 2-13A). Additionally, we created a truncated peptide called "AP2-
short," consisting of 626 AP2 residues, to identify the specific residues responsible for adenine
recognition. As a result, the affinity of AP2-short was approximately five times lower (Kp: 82.0
uM) than that of full-length AP2. However, the truncated peptide still recognized poly(A) RNA
specifically (Figure 2-13B). Finally, we introduced a single point mutation, replacing
glutamine (Q) with serine (S), in the middle of the sequence within AP2-short. This mutation
resulted in a decreased dissociation constant (Kp: 114.7 pM), demonstrating that a single
residue substitution can increase the overall affinity towards poly(A) RNA. The truncated
region (1-5 and 27-33 positions) contains two of the most enriched amino acids in the top 30

clusters of the VMM/VRR library: glutamine (Q) and proline (P), as well as the two basic amino
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acids, lysine (K) and arginine (R), which are well-known for their interaction with RNA and
DNA. Additionally, five enriched dipeptide motifs (PQ/QP/PK/QK/RP) are found in the
truncated region and could potentially serve as RNA-binding interfaces. However, additional
mutagenesis is necessary to confirm the involvement of specific residues in the interaction

between RNA and peptide.

As for the CP1 peptide, we designed two variants by replacing Asn with Ser within the
two most enriched dipeptide motifs (NH and TN) to determine the residues responsible for the
RNA-binding capability. Serine mutation was used instead of commonly used alanine to avoid
decreasing the peptide solubility. Both mutants, NH to SH and TN to TS mutants lost the
binding capability against polyRNAs to below detection limits (Figures 2-14), indicating that
asparagine alongside histidine and threonine residues are involved in the recognition of
polyRNAs. With an attempt to reveal the effect of the mutations on the peptide structure, CD
spectroscopy was performed with the native CP1 and its mutant peptides (Figure 2-15). The
CD spectrum of CP1 showed distinct maximum at 195 nm and minimum at 218 nm, indicating
the formation of a beta-sheet structure. On the other hand, the TN to TS mutant peptide
displayed a distinct random coil structure, with a single minimum at 198 nm, indicating TN to
TS mutagenesis induced a structural transition from a beta-sheet into a random coil structure.
Likewise, NH to SH mutagenesis resulted in a shift of the minimum from 218 nm in the native
peptide to 208 nm, indicating a partial loss in beta-sheet structure to form a random coil
structure. Altogether, the mutagenesis resulted in the structural transition from beta-sheet
towards the random coil signal, emphasizing the importance of beta-sheet structure for the

RNA-binding capability of CP1.
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Finally, to observe the effect of TN and NH motifs, AP2 peptide sequence was modified
by replacing the two QNQ motifs with the TNH motif (combination of TN and NH). This
modification aimed to enhance AP2's poly(C) RNA-binding capability while retaining its
inherent ability to bind poly(A) RNA. By replacing QNQ with TNH, AP2 recognized poly(C)
RNA as expected (Kp: 120.3 uM) and displayed notably higher affinity for poly(A) RNA
(Figure 2-13C). This observation is consistent with CP1's proficiency at binding poly(A) RNA.

Thus, the TNH sequence acts as a versatile ssSRNA-binding motif that prefers cytosine.
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Figure 2-12. Identification of the enriched combinatorial amino acid pairs and
dissociation constant analysis of the identified RNA-binding peptide variants. The
enrichment scores of combinatorial amino acid pairs were calculated by comparing the
frequency between the peptides from round 0 and round 7 of each library. Hierarchical
clustering was employed to visualize the enrichment scores through heat mapping for (A) the
HHY codon library and (B) the VMM/VRR codon library. (C) Table showing the dissociation
constants between the peptide variants and polyRNAs. NH to SH substitution (pink) and TN to
TS substitution (blue) are highlighted. The complete thermodynamics plots are available in

Figure 2-14.
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Figure 2-13. Thermodynamics plots of AP2 peptide and its mutated variants. The Kp
values between AP2 variants and poly(A)/(C) RNA were determined by spectral shift (SpS)
experiments. Native peptide (AP2) was compared to the mutated variants whose QNQ sequence
was mutated to (A) TTT or (C) TNH, while (B) the truncated AP2 (position 6 to 26) was
compared to the mutated variants whose Q was mutated to S. The bars represent the standard

error, and the dots represent the mean from three experimental replicates.
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Figure 2-14. Thermodynamics plots of CP1 peptide and its mutated variants with poly(C)
RNA. The Kp values between CP1 variants and poly(C) RNAs were determined by spectral
shift (SpS) experiments. Native peptide (CP1) was compared to the mutated variants whose (A)
TN sequence was mutated to TS or (B) NH sequence was mutated to SH. The bars represent

the standard error, and the dots represent the mean from three experimental replicates.

96



307 — cP1
— CP1NH—-SH

159 — cP1TN-TS

=)
3=\
E 0
(o]
(&)
-15-\W
n=2
'30 T T T T T 1
190 210 230 250

Wavelength (nm)

Figure 2-15. Circular dichroism spectra of CP1 peptide and its variants. Circular dichroism
(CD) spectra were measured for each peptide with a concentration of 0.2 mg/mL. The CD

spectra were acquired in duplicate and averaged: CP1 (green), CP1 NH—SH (pink), and CP1

TN—TS (blue).
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2.3.7 Synthetic poly(C) RNA-binding peptide interacts with cytosine-rich oncogenic RNA

motifs in a human plasma-like medium.

To evaluate the synthetic ssSRNA-binding peptide's affinity for biologically derived RNA
targets, I have chosen two cytosine-rich RNA motifs from the oncogenic Cdk6 3'UTR RNA
and MYU IncRNA. These motifs have previously been identified as targets of hnRNPK, and
they both consist of extended cytosine repeats (>4 nt) within a necessary single-stranded region
for the progression of colon cancer cells (Nakamoto et al. 2020). I have found that the CP1
peptide can bind to both RNA motifs with submicromolar Kps Specifically, it can bind to both
Cdk6 3'UTR RNA (103.2 nM) and MYU IncRNA (107.2 nM) in a medium that mimics human
plasma (Figure 2-16; The predicted secondary structures of RNA ligands are available in
Figure 2-17 and the complete thermodynamics are available in Figure 2-18). Notably, CP1
showed a comparable Kp to that of hnRNPK with Cdk6 3'UTR RNA (Kp: 450 nM) (Nakamoto
et al. 2020). On the contrary, CP1 did not demonstrate any affinity towards the established
negative control for hnRNPK cytosine-poor Gas5 hp RNA, suggesting a preference for a single-
stranded cytosine repeat. As CP1 exhibited a stronger inclination towards Cdk6 3'UTR RNA
compared to hnRNPK, we proceeded to mutate the cytosine-rich, single-stranded regions of
Cdk6 3'UTR RNA to confirm the contribution of these polyC regions to CP1 binding. The
replacement of two extended cytosine repeats positioned at 4—8 and 20—22 with adenine repeats
(C-repeat substituted mutant of Cdk6 3'UTR RNA) resulted in losing the binding ability

(Figure 2-16), demonstrating that CP1 interacts with the poly(C) regions of Cdk6 3'UTR RNA.
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RNA ligand Sequence Length (nt)  KpCP1 (nM)  *K hnRNPK (nm)
Cdk6 3UTR RNA GGUCCCCCGCCUCAUUCGCCCCUCUGCUCCC 31 10325918 450 + 60
VYU InaRNA GGCUCCCCCGACCUCUGUGCUCCCCUCCCCCGACCU 70570
+
ncl CUGUGC 42 107.2+84.4 +7.
GGAGCCUCCCAGUGGUCUUUGUAGACUGCCUGAUGG
Gas5 hp RNA 43 N.D. N.D.
AGUCUCC
C-repeat substituted mutant of GGURARRRGCCUCAUUCGCAARAUCUGCUCCC 31 N.D. _

Cdk6 3'UTR RNA

Figure 2-16. Assessment of the affinity of poly(C) RNA-binding peptides to cytosine-rich

oncogenic RNA motifs. The table displays the dissociation constants (Kp“"') between

hnRNPK-associated RNAs and CPI peptides. The KpP's were measured using microscale

thermophoresis in a human plasma-like medium. Cytosines predicted to be single-stranded

within RNA ligands are highlighted in red. Cytosine to adenine substitution is highlighted in

blue. The asterisk denotes the Kp values between hnRNPK- associated RNAs and hnRNPK

(Kp"RNPK) determined by fluorescence anisotropy binding assay reported in the previous study

(Nakamoto et al. 2020).
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Figure 2-17. Lowest free energy structures for hnRNPK-associated RNAs. MXfold server
(Sato, Akiyama, and Sakakibara 2021) was used to predict the lowest free energy structures for
hnRNPK-associated RNAs used in this study: (A) Cdk6 3'UTR RNA, (B) MYU IncRNA, and

(C) Gas5 hp RNA.
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Figure 2-18. Thermodynamic plots of CP1 peptide with hnRNPK-associated RNAs.
Microscale thermophoresis was employed to determine the Kp values of CP1 with a set of
hnRNPK-associated oncogenic RNA motifs including hnRNPK-nonassociated RNA (Gas5 hp
RNA) and C-repeat substituted mutant of Cdk6 3'UTR RNA. (A) Cdk6 3'UTR RNA, (B) MYU
IncRNA, (C) Gas5 hp RNA, (D) C-repeat substituted mutant of Cdk6 3'UTR RNA. The bars

represent the standard error, and the dots represent the mean from three experimental replicates.
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2.4 Discussion

mRNA and cDNA display have been commonly used as efficient tools to explore large
peptide sequence space against versatile binding targets (library size can reach up to
approximately 10! molecules). Previous in vitro selection studies have shown that various
RNA and DNA-binding peptides can be selected (Kumachi, Husimi, and Nemoto 2016;
Giacobelli et al. 2022; R. Liu et al. 2000; Barrick et al. 2001). However, screening for de novo
peptides that can interact with low-complexity ssSRNA remains a major challenge using the
mRNA display due to unwanted base pairing between mRNA and target RNA. Therefore, I
decided to take a renovated approach to combine codon-restricted DNA library with mRNA

display to overcome the problem mentioned above.

Our in vitro selection successfully led to the identification of four novel de novo RNA-
binding peptides (AP1/AP2/CP1/CP2) interacting with poly(A) or poly(C) RNA. Deep
sequencing revealed significant glutamine (Q) and asparagine (N) composition enhancement in
the top 30 enriched cluster sequences of each library. It has been known that Watson-Crick and
Hoogsteen-type interaction can occur between the Q/N carboxamide group and
purine/pyrimidine nucleobases (Figure 2-19) (Cheng et al. 2003; Kondo and Westhof 2011). It
was, therefore, not surprising that all four newly identified RNA-binding peptides are enriched
in Q/N residues (AP1: 18%, AP2: 39%, CP1: 36%, CP2: 27%). The most significant case was
the CP1 peptide, relying solely on the asparagine residues within the top 2 most enriched TN
and NH dipeptide motifs (enrichment > 250%, Figure 2-12B). The fact that CP1 binds to
poly(C) RNA with a Kp of 200 nM, which is approximately five-fold stronger compared to

binding poly(A) RNA and poly(C) DNA, strongly suggests that the asparagine carboxamide
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group is in contact with both bases (adenine and cytosine) as well as 2' OH of the ribose. This
is consistent with the evidence that the carboxamide group can form a hydrogen bond with 2'
OH either directly or indirectly bridged by a water molecule (Kondo and Westhof 2011; Corley,
Burns, and Yeo 2020). The decrease in Kp was not as prominent in the AP2-poly(A) DNA
interaction, suggesting that 2' OH is less important for AP2 recognition. Indeed, AP2 affinity
towards poly(A) RNA (Kp: 18.8 uM) was almost two orders of magnitude lower than that of
CP1, and specificity towards adenine moiety may suggest the recognition via Hoogsteen pseudo
pair. At least in the case of DNA duplex, Hoogsteen base pairing is approximately 3 kcal/mol
higher in energy than the Watson—Crick base pairing (Nikolova et al. 2011), which may explain
the relatively low affinity of AP2 and AP1. Because the configuration of cytosine—asparagine
interaction in the HHY library is limited to the Watson—Crick pseudo pair (Figure 2-19), I
speculate that limited structural configuration along with the lack of positively charged amino
acids likely resulted in the steep and non-continuous fitness landscape leading to the dominance
of CP1 cluster sequences occupying 77.6% of the entire population after seven rounds of

selection.

As opposed to the HHY library, the variety of amino acids that are able to interact with
polynucleotides is clearly diverse in the VMM/VRR library. I observed that the two QNQ
sequences consisting of the highly enriched QN/NQ dipeptide motifs (enrichment > 100%,
Figure 2-13A) can be replaced by TTT sequences, suggesting either (i) hydroxyl group in
threonine can complement the hydrogen bonding of carboxamide group, (ii) peptide backbone
is involved in the interaction, or (iii) these residues are not in direct contact with the poly(A)

RNA. While truncation and point mutation led to a stepwise decrease of AP2 affinity but did
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not entirely lose the binding, I consider the involvement of multiple amino acid residues that
contain other enriched dipeptide motifs. Also, since I did not incorporate metal cations during
the selection, previously reported cation-mediated interaction between acidic amino acids and
RNA (Giacobelli et al. 2022) is unlikely to be involved. Therefore, I assume that net negative
acidic peptides (net charge < 0) were unfavorable under our RNA-binding condition, resulting
in a constrained chemical parameter space of the enriched peptides after seven rounds of
selection. A clear trend toward decreasing hydrophobicity in both libraries may indicate that the
peptide maintains the overall linear and disordered structure to maximize the interface with the
unstructured linear RNA. The fact that RNA-binding capacity was affected by single amino
acid (Q or N) substitution, as well as N- and C-terminal end truncation, further supports this

hypothesis.

In nature, structured cellular PCBPs possess multiple KH domains that bind to cytosine
triplet at the hydrophobic cleft formed by a small GXXG loop and variable loop (Du et al.
2005). The positively charged amino acid residues surrounding the cleft attract the
oligonucleotide and specific recognition of cytosine is realized by a dense network of hydrogen
bonding with conserved amino acid side chains (Asp, Arg, Glu, Gly, Ile, and Lys) (Yoga et al.
2012). Such coordination requires a stable tertiary structure that short peptides cannot provide.
However, our novel poly(C) RNA-binding peptide (CP1), which is enriched with Asn, Thr, and
His can interact with RNA that is rich in cytosine with a comparable affinity to that of hnRNPK
with KH domain. This suggests that the RNA-binding mechanism differs significantly from
typical RNA-binding domains. Since the CP1 peptide contains four motifs (NH and TN) that

recognize cytosine within its sequence, it is possible that having multiple cytosine-recognizing
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motifs contributes to the preference for cytosine repeats. Additionally, secondary structure
analysis performed through CD spectroscopy confirmed a distinct beta-sheet structure in CP1,
whereas the two unbound variants peptides led to complete/partial disruption of this beta-sheet
structure (Figure 2-15). This result indicated that unlike the other poly(C) RBPs in nature,
which utilize a loop structure as a binding surface, the CP1 peptide likely supports the
interaction with polyRNAs via its beta-sheet structure. The fact that polyQ/polyN peptides do
not exhibit strong affinity toward polyRNA (Figure 2-20) clearly indicates that a tandem
GlIn/Asn sequence alone is not enough to support affinity towards polyRNA. Although further
characterization is necessary to uncover the precise binding mechanism, our findings showcase
the effectiveness of our methodology in examining variations in peptide sequences that have
not been investigated in natural settings. These de novo ssRNA-binding peptides exhibit
significant promise as versatile RNA-binding tags with a wide array of potential applications.
As demonstrated in the previous study, RBDs can precisely modulate RNA functions when
fused to proteins of interest (Ozawa et al. 2007; Tilsner et al. 2009; Choudhury et al. 2012;
Cooke et al. 2011; Puvvula et al. 2021; Puvvula, Buczkowski, and Moon 2021). Our
methodology enables high-throughput discovery of de novo ssRNA-binding peptides with
sequence specificity. Thus, the de novo RNA-binding peptides can serve as potent RNA-binding
tags, enabling the modulation of translation and stability in targeted mRNA molecules and
facilitating the labeling of specific RNA molecules within cells. It also offers the potential to
further design RNA-targeted drugs and therapies targeting RNA viruses and neurodegenerative
disorders. This advancement will facilitate the development of peptides and proteins targeting

various RNA molecules, expanding the scope of our methodology.
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In conclusion, our cell-free codon-restricted mRNA display approach identified a
catalog of possible de novo ssRNA-binding peptides from a synthetic peptide library containing
limited amino acid alphabets. For future work, the introduction of genetic code expansion and
codon reassignment technology (Iwane et al. 2016) will enable us to expand our method to
explore unnatural peptide sequence space with desired amino acid combinations, including non-

canonical amino acids.
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Figure 2-19. Proposed hydrogen bonding between GIn/Asn and adenine/cytosine. Green:
Watson-Crick-type hydrogen bonding interaction between Gln/Asn and adenine/cytosine. Blue:
Hoogsteen-type hydrogen bonding interaction between Gln/Asn and adenine. The common side

chain structure of Gln and Asn is shown here. The dashed line indicates hydrogen bonding.
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Figure 2-20. Thermodynamic plots of polyQ/N peptide with polyRNAs. Microscale
thermophoresis was employed to determine the dissociation constants of polyQ/N peptide (6-

mer) with poly(A)/(C) RNA. (A) polyQ peptide and (B) polyN peptide. The error bar represents

the mean = SE from three independent experimental replicates.
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Chapter 3 — One-pot de novo synthesis of
[4Fe-4S] proteins using recombinant SUF

system under aerobic conditions
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3.1 Introduction

In Chapter 2, a novel approach called codon-restricted mRNA display was developed
and applied to identify ssRNA-binding peptides from a random peptide sequence space. This
method works by preventing base-pairing interactions between the target RNA and mRNAs.
However, codon restriction in this technique exhibits the drawback of limiting the diversity of
amino acids that can be incorporated into the peptides, which in turn restricts the range of
chemical properties that can be tested. As described in Chapter 2, one solution to address this
limitation is to utilize codon-reassignment technology. This involves reassigning synonymous
codons to code for other canonical or non-canonical amino acids. However, the efficiency of
incorporating multiple amino acids remains not high enough to generate a peptide library.
Alternative strategy to diversify the chemical properties of the peptide library is to employ RiPP
enzymes. As mentioned in Chapter 1, rSAM enzymes, which contain a Oz-labile [4Fe-4S]
cluster and SAM at their catalytic sites, are capable of catalyzing various types of modifications
on peptides, including methylation, epimerization, incorporation of non-canonical amino acids,
and macrocyclization reactions. These diverse catalytic activities offer promising applications
in in vitro evolution campaigns. In this chapter, I have thus developed a method to produce Fe-
S cluster proteins using a PURE system under aerobic conditions. This advancement offers new

opportunities for harnessing the catalytic capabilities of rISAM enzymes in diverse applications.

Fe-S clusters are essential prosthetic groups of many redox-active proteins and are
employed by organisms across all three domains of life, serving as electron shuttles in a variety
of metabolic and respiratory networks (Evans, Buchanan, and Arnon 1966; Zhang et al. 1998;

Yankovskaya et al. 2003; H. Beinert, Holm, and Miinck 1997). Among multiple Fe-S cluster
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stoichiometries and coordination, the cubane-type [4Fe-4S] cluster is associated with the lowest
reported standard reduction potential down to —645 mV, depending on pH (Stephens, Jollie,
and Warshel 1996; Bak and Elliott 2014). [4Fe-4S] proteins play essential roles in central
carbon metabolism, N2 fixation, H> respiration, organohalide respiration, the biogeochemical
sulfur cycle, and one carbon metabolism (Helmut Beinert, Kennedy, and David Stout 1996;
Peters et al. 1995; Odom and Peck 1984; Holliger, Wohlfarth, and Diekert 1998; Jorgensen and
Kasten 2006; Ragsdale 2003). Biogenesis of [4Fe-4S] clusters is a complex process involving
multiple maturases with long evolutionary histories (Garcia et al. 2022). In bacteria, the
assembly process follows a scheme of (#) the extraction of the sulfide group from the precursor
cysteine; (if) the assembly of [4Fe-4S] cluster on a scaffold; (iii) the transfer of the [4Fe-4S]
cluster to recipient proteins (Esquilin-Lebron et al. 2021). This scheme can be accomplished by
three types of helper protein systems: NIF (NItrogen Fixation), ISC (Iron-Sulfur Cluster), and
SUF (mobilization of SUIFur). The NIF system is responsible for the cubane-type Fe-S cluster
assembly of nitrogenase for N2 fixation (Jacobson et al. 1989), while the ISC system is the
primary system for Fe-S cluster assembly in bacteria (Zheng et al. 1998). The third Fe-S cluster
assembly system, the SUF system, is more O2-tolerant and is activated when cells suffer from
iron starvation and oxidative stress (Takahashi and Tokumoto 2002; Dai and Outten 2012; Boyd
et al. 2014). The SUF system is encoded by the suf operon (sufABCDSE). The encoded SUF
subunits are assembled into two complexes: SufSE and SufBC2D. The SufS-SufE pair extracts
S* from cysteine; the SufBC2D complex acts as a scaffold, receiving the S* group from the

SufES complex and incorporating Fe>"3*

for Fe-S cluster assembly, which is an ATP- and
FADH2-consuming process (Wollers et al. 2010b); the SufA is a Fe-S cluster carrier protein that

transfers the Fe-S clusters to the recipient proteins (Figure 3-1).
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Figure 3-1. Schematic diagram of the SUF pathway. The SufBC:D complex acts as a
scaffold, receiving the sulfide (S*) group from the SufES complex and incorporating Fe?*
and/or Fe** depending on the type of cluster for Fe-S cluster assembly. FADH2 is used for Fe?*
reduction and [4Fe-4S] cluster assembly is driven by ATP hydrolysis. The assembled [4Fe-4S]

cluster are then transferred to the SufA which further transfers the cluster to the recipient

proteins.
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Mature [4Fe-4S] proteins have been purified from cells across the tree of life (Yakunin
and Hallenbeck 1998; Kennedy et al. 1992). However, due to the Oz lability of [4Fe-4S]
clusters, the expression and purification of mature [4Fe-4S] proteins often needs to be
performed under strictly anaerobic and highly reduced conditions (Khoroshilova et al. 1997).
Moreover, purified [4Fe-4S] proteins are often contaminated by Fd due to the high affinity of
sub micromolar Kp concentrations (Wan and Jarrett 2002). An alternative method for [4Fe-4S]
protein maturation is to reconstitute [4Fe-4S] clusters chemically. For example, the Clostridial
apo-Fd was reconstituted into holo-form by incubating apo-Fd with 2-mercaptoethanol, S*, and
Fe?™3* under anaerobic and alkaline conditions (Hong and Rabinowitz 1967). The traditional
chemical reconstitution method has been applied to reconstitute many Fe-S cluster proteins in

vitro and has reached a level of refinement (Tsibris et al. 1968; Petering, Fee, and Palmer 1971).

Cell-free protein synthesis systems have emerged as a powerful tool for high-throughput
protein expression (Shimizu et al. 2001; D.-M. Kim and Swartz 2001; Jewett and Swartz 2004;
Swartz, Jewett, and Woodrow 2004). These cell-free systems are flexible, enabling the
adjustment of the environmental conditions to produce correctly folded proteins with cofactors
(Niwa et al. 2012), and allow the functional expression of enzymes, membrane structural
proteins, toxic proteins, and de novo-designed polypeptides with high homogeneity.
Furthermore, cell-free systems enable protein expression from linear DNA, bypassing the
procedures of plasmid cloning and microbe culturing that often cause sequence mutations. Cell
extracts-based cell-free systems are easily prepared, robust, and economical, suitable for large-
scale, high-yield protein synthesis and high-throughput mRNA translation (Swartz, Jewett, and

Woodrow 2004), while the reconstituted cell-free systems (i.e., the PURE systems) allow
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protein synthesis in an environment free of proteases, nucleases, and any undefined
contaminated components, suitable for biochemical characterization of complex metabolic
networks and the bottom-up reconstruction of synthetic cells (Shimizu et al. 2001; Lavickova

and Maerkl 2019; Lavickova, Laohakunakorn, and Maerkl 2020).

Previously, the Swartz group established the protocols for synthesizing mature [2Fe-2S]
Fd in a cell extract-based cell-free system (i.e., S30 system) with a high yield of 0.45 mg per
mL and a maturation efficacy of ~85% (Boyer, Wang, and Swartz 2006). Interestingly, co-
expression of the ISC helper proteins in the cells used for cell-extract preparation did not
facilitate mature [2Fe-2S] Fd assembly, likely due to the limited ISC expression and activity in
host cells under aerobic conditions. Cell-free synthesis of [FeFe] hydrogenase that contains the
cubane-type [4Fe-4S] cluster was also attempted by the same group; nevertheless, the
maturation efficacy of holo-[FeFe] hydrogenase (44%) was much lower than the [2Fe-2S] Fd
even in the presence of the HydEFG helper proteins (Boyer et al. 2008). Due to the Oz lability
of [4Fe-4S] clusters, the cell-free hydrogenase expression and purification were performed
under anaerobic conditions, along with the addition of strong reductants to prevent loss of

function upon Oz exposure.
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3.2 Materials and Methods

All experiments requiring the anaerobic environment were performed in a Coy Lab type

B vinyl anaerobic chamber with an atmosphere of 5:95% (v/v) H2:N2 gas mixture.

3.2.1 Experimental materials.

All chemicals were purchased from Sigma-Aldrich (St Louis, MO, USA) unless specified
otherwise. The PUREfrex reagents were provided by GeneFrontier Corp. (Kashiwa, Chiba,
Japan). The pUCS57 plasmids carrying the recombinant E. coli SUF proteins, Thermococcus Fd,
and the pET-21d(+) plasmid and the pETDuet-1 plasmid carrying the recombinant E. coli
catalase (CAT) and superfolder green fluorescent protein (sfGFP), respectively, were purchased
from GenScript Biotech Corporation (Nanjing, Jiangsu, China). The pET-23b(+) plasmid
carrying the recombinant Pseudomonas formate dehydrogenase (FDH) gene is a gift from Prof.
Alexander F. Yakunin, Bangor University, United Kingdom (Batyrova et al. 2020). The ASKA
E. coli clones for aconitase (AcnA) and NADH-dependent flavin reductase (FRE) were
purchased from the National Institute of Genetics (SHIGEN) (Mishima, Shizuoka, Japan)
(Kitagawa et al. 2005). The detailed information for corresponding recombinant proteins is

shown in Table 3-1.

3.2.2 In vitro transcription.

In vitro transcription was performed using ScriptMax Thermo T7 Transcription Kit
(TOYOBO, Osaka, Japan) following the manufacturer’s standard protocols. Briefly, DNA

templates (0.7 ng) were added to the RNA transcription reaction mixtures (40 uL) and were
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incubated at 40°C for 4 h. The RNA transcripts were then purified using NucleoSpin® Gel and
PCR Clean-up Kit (Macherey-Nagel, Diiren, Germany) and the concentrations were measured

by NanoDrop™2000c¢ spectrophotometer (Thermo Fisher Scientific, MA, USA).

3.2.3 Gene cloning.

The suf genes (sufA/sufB/sufC/sufD/sufE/sufS) were cloned into a pET-26b(+) expression
vector by seamless ligation cloning extract (SLiCE) cloning (Motohashi 2015), while acnA
gene was cloned into pET-23a(+) for in vitro transcription. The linearized vector was amplified
from pET-26b(+)/pET-23a(+) plasmid DNA using the appropriate forward and reverse primers.
The suf genes were amplified from pUCS57 plasmid DNA, while acnA gene was amplified from
the corresponding ASKA E. coli clone. Note that the human rhinovirus (HRV) 3C protease-
cutting site was inserted between the gene of N-Hise-tag and acnd by PCR. All primer
sequences are available in Table 3-1. The SLiCE cloning reaction was performed as described
previously (Motohashi 2017). Briefly, SLiCE solution (1 pL) and 10x SLiCE buffer (1 uL)
were mixed with 60 ng of the insert DNA and 60 ng of the linearized pET-26b(+) vector (C-
Hise tag removed by PCR), and the final volume of the SLiCE reaction was adjusted to 10 pL.
using sterilized ddH20. The reaction mixture was incubated at 37°C for 15 min to produce the
pET-26b(+)-SufA/SufB/SufC/SufD/SufE/SufS and pET-23a(+)-AcnA plasmids, respectively.
The pET-26b(+)-SufA/SufB/SufC/SufD/SufE/SufS plasmids were transformed into E. coli
BL21(DE3) cells (New England Biolabs, Inc., Ipswich, MA, USA) for heterologous protein
overexpression, respectively, while pET-23a(+)-AcnA plasmid was subsequently amplified by

PCR to make a linear DNA harboring the T7 promoter for the following in vitro transcription.
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3.2.4 Heterologous protein overexpression and purification.

Heterologous protein overexpression and purification were performed based on the
established protocols published previously with some modifications (P.-H. Wang et al. 2020).
Briefly, the cultures were grown under aerobic conditions at 37°C in a shaker using Terrific
Broth medium at 200 rpm until a specific optical density was reached (ODsoo nm 0.6), followed
by the induction using isopropyl B-D-1-thiogalactopyranoside (IPTG) (0.4 mM) and overnight
incubation at 16°C. For Thermococcus profundus ¥d and Escherichia coli AcnA expression,
after 2 h of the IPTG induction, the cultures were transferred to 1 L screw-capped glass bottles
and were supplemented with cysteine (0.2 mM) and FeCls (0.1 mM), followed by overnight
incubation at 37°C for Fd and at 16°C for AcnA, respectively, with constant stirring.
Recombinant proteins were purified to at least 95% homogeneity using Ni-sepharose-based
immobilized affinity chromatography as previously described (Kuznetsova et al. 2006), and
protein purity was analyzed by SDS-PAGE (SDS-PAGE gels (5-20%, w/v); Supercep™ Ace;
Fujifilm Wako Pure Chemical, Osaka, Japan) followed by Coomassie staining (Figure 3-2).
Briefly, cells were collected by centrifugation at 8,000 x g for 10 min at 4°C, suspended in the
binding buffer: HEPES-Na (pH 7.5; 25 mM), NaCl (0.5 M), glycerol (5%, v/v), and imidazole
(5 mM), and the cells were homogenized via sonication in an ice bath for 10 min (1 s on and 2
s off). For Fd, the lysate was subsequently boiled for 20 min at 92°C to denature the endogenous
proteins. The lysate was centrifuged at 20,000 x g for 30 min at 4°C and the supernatant was
passed through a glass gravity column containing approximately 0.5 mL Ni Sepharose™ High
Performance resin (GE Healthcare, IL, USA). After washing with the wash buffer: HEPES-Na

(pH 7.5; 25 mM), NaCl (0.5 M), glycerol (5%, v/v), and imidazole (25 mM), recombinant
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proteins were eluted using the elution buffer: HEPES-Na (pH 7.5; 25 mM), NaCl (0.5 M),
glycerol (5%, v/v), and imidazole (250 mM). For Fd and holo-AcnA, FeSO4 (0.1 mM) and
NazS (0.8 mM) were supplemented to the lysate and wash buffer to chemically reconstitute Fe-
S cluster on the proteins. The protein stock solutions were flash-frozen in liquid N2 and stored
at —80°C. The N-terminal Hise-tag was retained for all experiments except the experiment for

purification of the holo-AcnA synthesized by the PUREfrex.

3.2.5 Preparation of apo-Fd and apo-AcnA.

Apo-Fd and apo-AcnA devoid of the [4Fe-4S] clusters were synthesized using a
PUREfrex2.0 following the manufacturer’s standard protocols. Briefly, in an ice bath, solution
I (amino acids, NTPs, tRNAs and substrates for enzymes, etc.; 10 pL), solution II (enzyme
mixtures; 1 pL), and solution III (ribosome; 2 pL) were mixed with the mRNAs (0.4-0.7 uM)
to a final volume of 20 pL. Cell-free protein synthesis was performed at 37°C for up to 6 h and
the reaction mixture was kept on ice after incubation before further SDS-PAGE analysis or

reconstitution experiments.

3.2.6 In vitro assembly of the [4Fe-4S] cluster on the SufBC2D complex.

(i) Anaerobic conditions.

The [4Fe-4S]-charged SufBC2D complex was anaerobically produced inside the anoxic
chamber. Reaction mixture containing HEPES-Na (pH 7.6; 50 mM), NaCl (100 mM), MgCl:
(5§ mM), dithiothreitol (DTT) (1 mM), pyridoxal 5'-phosphate (10 uM), ATP (1 mM), SufE
(0.5 uM), SufS (0.5 uM), SufB (10 uM), SufC (20 uM), SufD (10 uM), FeSO4 (0.1 mM),

cysteine (0.5 mM), and glycerol (5%, v/v). The reaction was initiated by the addition of cysteine
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and incubated at 37°C for 1 h. Optical analysis of the SufBC2D complex was performed using
a microplate reader (Epoch 2 microplate reader; Agilent, CA, USA). The [4Fe-4S]-charged
SufBC:D was later purified using Ni-sepharose-based immobilized affinity chromatography as
described in section 3.2.4. The protein stock solutions were flash-frozen by liquid N2 and stored

at -80°C.

(i) Aerobic conditions.

The [4Fe-4S]-charged SufBC2D complex was aerobically produced on the bench top.
Reaction mixture containing HEPES-Na* (pH 7.6; 50 mM), NaCl (100 mM), MgClz (5 mM),
DTT (1 mM), pyridoxal 5'-phosphate (10 uM), ATP (1 mM), sodium formate (10 mM),
NADH (0.1 mM), FAD (20 uM), FDH (0.05 mg/mL), FRE (0.05 mg/mL), CAT (0.01 mg/mL),
SufE (0.5 uM), SufS (0.5 uM), SufB (10 uM), SufC (20 uM), SufD (10 uM), FeSO4 (0.1
mM), cysteine (0.1 mM), and glycerol (5%, v/v). The reaction mixture amended with the Oz-
scavenging enzyme cascade was first assembled and incubated at 37°C for 10 min to scavenge
the dissolved O2. The SUF proteins were then added to the reaction mixture. The reaction
mixture was incubated at 37°C for 60 min. Optical analysis of the [4Fe-4S]-charged SufBC.D
complex was performed using a microplate reader (Epoch 2 microplate reader; Agilent, CA,
USA). The reaction mixture was flash-frozen in liquid N2 and stored at -80°C for the following

in vitro maturation of [4Fe-4S] proteins.
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3.2.7 In vitro maturation of apo-Fd and apo-AcnA using SUF system under anaerobic

conditions.

Apo-Fd and apo-AcnA were synthesized by the PUREfrex2.0 as described in section
3.2.5. The apo-proteins were then mixed with mature SufBC2D complex inside the anoxic
chamber. The reaction mixture contained HEPES-K (pH 7.6; 50 mM), DTT (0.5 mM), 2-
mercaptoethanol (0.1%, v/v), FeCls (40 uM), anaerobically/aerobically mature SufBC2D (2
uM), SufA (1.5 uM), apo-Fd/AcnA (0.01-0.1 mg/mL), and glycerol (5%, v/v). Note that for
control experiments, heat-denature SUF was prepared by incubating the mature SufBC:D and
SufA at 95°C for 10 min and was added to the reaction as well as S* (8 pM) was added to the
reaction instead of the SUF system. The reaction mixture was then incubated at 37°C for 10
min and dialyzed using the Amicon Ultra-0.5 centrifugal filter (molecular weight cut-off: 3

kDa) (Merck KGaA, Darmstadt, Germany) inside the anaerobic chamber.

3.2.8 The bifunctional enzyme cascade for FADH: regeneration and Oz scavenge.

The O2-scavenging enzyme cascade reaction was performed in the reaction mixture (100
uL) with HEPES-Na (pH 7.6; 50 mM), NaCl (100 mM), MgClz (5 mM), sodium formate (10
mM), NADH (0.1 mM), FAD (20 uM), FDH (0.05 mg/mL), FRE (0.05 mg/mL), CAT (0.01
mg/mL), and glycerol (5%, v/v). The reaction was initiated by the addition of FDH. Assays
were performed under aerobic conditions using an optical 96-well microplate at 37°C for 10
min with a UV-vis scanning at A44s nm every 5 s on a microplate reader. The stock solution of
sodium formate (1 M) was adjusted to pH 7.6 in HEPES-Na bufter (50 mM) to prevent a drastic

pH shift in the reaction mixture.
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3.2.9 Time-course [4Fe-4S] cluster degradation under aerobic conditions.

The mature SufBC:D produced under anaerobic conditions was incubated under aerobic
conditions with and without the O2-scavenging enzyme cascade. The reaction mixture
contained HEPES-Na (pH 7.6; 50 mM), NaCl (100 mM), MgClz (5§ mM), DTT (1 mM), sodium
formate (10 mM), NADH (0.1 mM), FAD (20 uM), FDH (0.05 mg/mL), FRE (0.05 mg/mL),
CAT (0.01 mg/mL), mature SufBC2D (10 uM), and glycerol (5%, v/v). The reaction mixture
was assembled to a final volume of 200 pL in the 300 pL PCR tubes under anaerobic conditions,
and the reaction was initiated by opening the lid under aerobic conditions. The reaction mixture
was incubated at 37°C for 0, 30, 60, and 90 min. Time-course [4Fe-4S] cluster degradation (A420
nm) in the reaction mixtures was monitored using an Epoch 2 microplate reader (Agilent, CA,

USA) under anaerobic conditions.

3.2.10 sfGFP synthesis using a cell-free synthesis system amended with the bifunctional

FADH?: regeneration/Oz-scavenging enzyme cascade.

sfGFP was synthesized using a customized PUREfrex2.0 system following the
manufacturer’s standard protocols. Briefly, in an ice bath, solution I (amino acids, NTPs, tRNAs
and substrates for enzymes, etc.; 100 puL), solution II (enzyme mixtures; 10 uL), and solution
III (ribosome; 20 puL) were mixed with the components to final concentrations of FDH (0.05
mg/mL), FRE (0.05 mg/mL), and CAT (0.025 mg/mL), sodium formate (10 mM), pyridoxal 5'-
phosphate (10 uM), NADH (0.2 mM), FAD (20 uM), and sfGFP mRNA (0.4-0.7 uM) to a final
volume of 200 pL. Note that the reaction mixture was assembled in a 0.2 mL tube to reduce the

headspace of the reaction. Cell-free protein synthesis was performed at 37°C for 6 h, and the
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reaction mixtures were kept on ice before fluorescence analysis. The production of sfGFP was
estimated using fluorescence emission at 518 nm (excitation, 494 nm) on a microplate reader
(Epoch 2 microplate reader, Agilent, CA, USA), with standard curves generated by purified

sfGFP (50-350 pg/mL).

3.2.11 One-pot cell-free synthesis of holo-AcnA under aerobic conditions.

Apo-AcnA was synthesized using a customized PUREfrex2.0 system following the
manufacturer’s standard protocols on a bench top. Briefly, in an ice bath, solution I (amino
acids, NTPs, tRNAs and substrates for enzymes, etc.; 100 puL), solution II (enzyme mixtures;
10 pL), and solution IIl (ribosome; 20 pL) were mixed with the components to final
concentrations of FDH (0.05 mg/mL), FRE (0.05 mg/mL), CAT (0.025 mg/mL), sodium
formate (10 mM), pyridoxal 5’-phosphate (10 uM), NADH (0.2 mM), FAD (20 uM), and AcnA
mRNA (0.4-0.7 uM) to a final volume of 200 pL. Cell-free protein synthesis was performed at
37°C for 6 h, and the reaction mixtures were kept on ice after incubation before in vitro
maturation of AcnA using the SUF system. The PUREfrex reaction containing apo-AcnA was
then supplemented with FeSO4 (0.1 mM) and individually purified SUF subunits: SufA (1.5
uM), SufB (8 uM), SufC (16 uM), SufD (8 uM), SufE (0.4 uM), and SufS (0.4 uM), and was
incubated at 37°C for 10 min. The holo-AcnA was purified using Ni-sepharose-based

immobilized affinity chromatography as described in section 3.2.4.

3.2.12 Cysteine desulfurase activity assays.

Total sulfide was measured based on a previously published protocol (Urbina et al. 2001).

Reactions were carried out anaerobically in a buffer containing HEPES-Na (pH 7.5; 50 mM),
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NaCl (0.1 M), SufE (3 uM), SufS (0.5 uM), and glycerol (5%, v/v). Pyridoxal 5'-phosphate
was added to 10 uM, and reactions were initiated by dilution of an L-cysteine/DTT stock (both
40 mM) to a 1 mM final concentration in a total reaction volume of 1 mL. Reactions were
allowed to proceed for 15 min at 37°C and then were quenched by mixing 100 pL of the reaction
with 100 pL of N, N-dimethyl-p-phenylenediamine (17 mM), and FeCl3 (22.2 mM) in HCI (6
M). Subsequently, the quenched reactions were incubated for 20 min, leading to the formation
of methylene blue. Precipitated protein was removed by 30 s centrifugation at 20,000 x g, and
methylene blue was measured with a UV-vis scanning at A¢70 nm On a microplate reader (Epoch

2 microplate reader, Agilent, CA, USA).

3.2.13 Cytochrome C reduction optical assays.

Oxidized Fd is reduced enzymatically by spinach Fd-NADP" reductase (FPR; Sigma-
Aldrich, MO, USA) using NADPH. Reduced Fd was used to reduce cytochrome C (Cyt C)
from the equine heart (Sigma-Aldrich, MO, USA) in a non-enzymatic manner. The formation
of reduced Cyt C is monitored by the time-dependent increase in Assonm. The reaction mixtures
(300 pL) contained HEPES-Na (pH 8.1; 50 mM), NaCl (0.1 M), glycerol (5%, v/v), NADPH
(1 mM), Cyt C (0.1 mM), FPR (0.25 pg/mL; Sigma-Aldrich, MO, USA), and reconstituted
holo-Fd. The holo-Fd was diluted and assayed at concentrations ranging from 0.5 to 4.0 uM.
The reaction was initiated by the addition of holo-Fd. Under aerobic conditions, assays were
performed in an optical 96-well microplate at 30°C for 25 min with a UV-vis scanning at Asso

nm €very 5 s on a microplate reader (EnSpire; PerkinElmer, MA, USA).
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3.2.14 AcnA and isocitrate dehydrogenase-coupled activity assays.

AcnA activity was assayed using the procedure previously described (Gardner and
Fridovich 1992) by monitoring the formation of NADPH through the increase in A340 nm. The
reaction mixture (100 pL) contained HEPES-K (pH 7.6; 50 mM), MnCl2 (0.5 mM), citrate (10
mM), NADP™ (1 mM), 2-mercaptoethanol (0.1%, v/v), and isocitrate dehydrogenase (IDH) (0.2
U; Sigma-Aldrich, MO, USA) with different concentrations of recombinant holo-AcnA. Note
that the stock solution for the citrate (1 M) was adjusted to pH 7.6 in HEPES-K (50 mM) buffer
to prevent a pH shift in the reaction mixture. The reaction was initiated by the addition of holo-
AcnA. Under anaerobic conditions, assays were performed in an optical 96-well microplate at
37°C for 10 min with a UV-vis scanning at A340 nm every 10 s on a microplate reader (Epoch 2
microplate reader, Agilent, CA, USA). The A3z40nm was later converted to NADPH concentration
based on the standard curves derived from the different concentrations of NADPH. All enzyme
assays were conducted in duplicates or triplicates as indicated in the figures. The concentration
of reconstituted holo-AcnA was estimated using a standard curve generated by serial diluted
holo-AcnA overexpressed and purified from E. coli. Concentration of AcnA in the enzyme
assays were estimated from the band intensity in the SDS-PAGE by using AcnA purified from

E. coli as a standard.

3.2.15 ESI-LC-MS analysis.

The completed reactions of the AcnA and IDH-coupled activity assays were collected and
filtered through the Amicon® Ultra-0.5 centrifugal filter (molecular weight cut-off: 3 kDa)

(Merck KGaA, Darmstadt, Germany), and the flowthrough fractions were used for an ESI-LC-
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MS system consisting of an Acquity UPLC plus system (Waters, Milford, MA, USA) connected
to XEVO G2-XS QTof Mass Spectrometry (Waters, Milford, MA, USA). The citrate and alpha-
ketoglutarate were separated and detected as described previously (Hodek et al. 2022). Briefly,
the separation of underivatized carboxylates was achieved by injecting 5 pL of a sample onto
an Atlantis Premier BEH C18 AX column (100%2.1 mm, 1.7 mm; Waters, Milford, MA, USA).
The mobile phase was composed of (A) 10 mM ammonium formate in the pH 2.6 water and
(B) 10 mM ammonium formate in 50/50 water/methanol (v/v) of pH 9.4 (pH of aqueous buffer
before mixing with methanol). The mobile phase was delivered to the column at a flow rate of
0.35 mL/min with the following gradient: 0.0 min (0% B), 0.5 min (0% B), 3.0 min (70% B),
6.0 min (70% B), 7.0 min (0% B), and 10.0 min (0% B). The column was thermostated at 30°C.
Analytes were ionized in an electrospray ion source operated in the negative mode. The source
and gas parameters were set as follows: capillary 2.50 kV, source temperature 100 °C, cone gas

100 L/h, desolvation temperature 300°C, and desolvation gas 490 L/h.
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Table 3-1. Complete list of recombinant proteins, expression vectors, and primers for gene

cloning used in this work.

Protein Gene O e Uniprot Expression Original M;:;cg:l‘" Forward primer sequence Reverse primer sequence

name name re plasmid plasmid (kDa) (5'to3") (5'to 3)

Fd frd Thermococcus QY9HHD4  pET-23a(+) pET-23a(+) 7.8 TAATACGACTCACTATA CAATCCGGATATAGTTCC

profundus GGG TCC

SufA sufA Escherichia coli ~ P77667 pET-26b(+) pUC57 146 ATGCATCACCACCACCA CCAACTCAGCTTCCTTTC
CCATTCACAAGATCCAG GGGCTTTAACGATATCG
ATATGCACTCAGGAACA CGCTATTTGCC
TTTAAT

SufB SufB Escherichia coli ~ P77522 pET-26b(+) pUC57 56.0 ATGCATCACCACCACCA CCAACTCAGCTTCCTTTC
CCATTCACAAGATCCATC GGGCTTTAACGATATCG
AAGGAATACAGAAGCTA  CGCTATTTGCC
CTG

SufC sufC Escherichia coli ~ P77499 pET-26b(+) pUC57 29.9 ATGCATCACCACCACCA CCAACTCAGCTTCCTTTC
CCATTCACAAGATCCACT GGGCTTTAACGATATCG
ATCAATAAAAGATTTAC CGCTATTTGCC
ACGTAAGT

SufD sufD Escherichia coli ~ P77689 pET-26b(+) pUC57 48.1 ATGCATCACCACCACCA CCAACTCAGCTTCCTTTC
CCATTCACAAGATCCAG GGGCTTTAACGATATCG
CAGGACTACCCAACAGT  CGCTATTTGCC

SufE sufE Escherichia coli ~ P76194 pET-26b(+) pUC57 17.1  ATGCATCACCACCACCA CCAACTCAGCTTCCTTTC
CCATTCACAAGATCCAG GGGCTTTAACGATATCG
CTTTACTACCCGATAAAG CGCTATTTGCC
AAAAG

SufS sufS Escherichia coli ~ P77444 pET-26b(+) pUC57 45.7 ATGCATCACCACCACCA CCAACTCAGCTTCCTTTC
CCATTCACAAGATCCAA GGGCTTTAACGATATCG
TATTTTCAGTTGATAAAG  CGCTATTTGCC
TAAGGGCT

AcnA acnA Escherichia coli ~ P25516 pET-23a(+) ASKA 99.8 CACCATCTGGAAGTTCTG CTTTGTTAGCAGCCGGAT

clone TTCCAGGGGCCCTCACA TCATTATTTCAACATATT

AGATCCATCGTCAACCCT ACGAATGAC
ACGAGAA

FRE fre Escherichia coli POAENI1 pET-23a(+) pET-23a(+) 275

FDH fdh Pseudomonas P33160 pET-26b(+)  pET-26b(+) 454

sp. (strain 101)
CAT katE Escherichia coli ~ P21179 pET-21d(+) pET-21d(+) 84.1

Expression vector

Forward primer sequence

(5'to3")

Reverse primer sequence
(5'to 3")

PET-23a(+)

ATCCGGCTGCTAACAAAGC

TGGATCTTGTGAATGGTGGTG /
GGGCCCCTGGAACAGAACTTCCAGATGGT
GGTGGTGGTGATGCAT

(to insert HRV 3C cutting site sequence between

N-His6 tag and acnA)

PET-26b(+)

AAAGCCCGAAAGGAAGCTGAGTTGG

TGGATCTTGTGAATGGTGGTGGTGGTGATG
CATCATATGTATATCTCCTTCTTAAAGTTA

AACAAAATTATTTC
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Figure 3-2. SDS-PAGE gel images of purified recombinant proteins and apo-
ferredoxin/aconitase A synthesized in the PURE system. All recombinant proteins
(SufABCDSE, formatae dehydrogenase (FDH), flavin reductase (FRE), catalase (CAT), holo-
ferredoxin (Fd) and holo-aconitase A (AcnA)) are overexpressed and purified from E. coli. apo-
Fd was expressed in the PURE system and purified by boiling and centrifugation. apo-AcnA
was ran on the gel along with the protein components in the PUREfrex reaction mixture. We

did not purify apo-AcnA due to its application for the one-pot de novo synthesis of holo-AcnA.
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Figure 3-3. UV-vis analysis of the recombinant proteins purified from the anaerobically
cultivated E. coli BL21 cells. The two recombinant proteins (A) holo-ferredoxin (Fd) and (B)
aconitase A(AcnA) were purified in an anaerobic chamber under strictly anaerobic conditions.

The UV-vis analysis was also performed in an anaerobic chamber. Visual image of the purified

protein in a test tube are also presented.
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3.3 Results and Discussion

In this study, I investigated the expression of mature [4Fe-4S] proteins using the PURE
system (PUREfrex) and the SUF helper protein system. Ideally, the synthesis of [4Fe-4S]
proteins would be possible under aerobic conditions, alleviating the need for complex anaerobic
systems. The PUREfrex already includes an efficient ATP regeneration system which can also
be used to drive SUF-mediated [4Fe-4S] cluster assembly (P.-H. Wang et al. 2020). To supply
FADH: to the SUF system and to overcome the O: lability of [4Fe-4S] clusters, I designed an
O:2-scavenging cascade including FDH, FRE, and CAT to (i) sequentially regenerate FADH>

from formate via NADH and (ii) scavenge the dissolved Oo.

3.3.1 Stepwise in vitro reconstitution of the SUF system from individually purified SUF

subunits.

I first sought to reconstitute the SUF system in vitro via a stepwise manner using the
recombinant SUF subunits individually purified from E. coli (Figure 3-2). According to the
literature, the first step in the SUF-mediated Fe-S cluster assembly is S** extraction from
cysteine by the SufES complex (Layer et al. 2007). Indeed, I observed S?> accumulation in
reactions when both cysteine and recombinant SufES were added (Figure 3-4A). Next, I tried
to validate the activities of the recombinant SufBC2D complex in vitro, because previous works
generally co-expressed the sufBCD and directly purified the mature SufBC2D complex from
the host via multi-step liquid chromatography (Outten et al. 2003). [4Fe-4S] cluster assembly
on the SufBCoD complex can be inferred from the increase in the characteristic optical

absorbance of [4Fe-4S] clusters at 420 nm (Johnson 1998). I first reconstituted the SufBC2D
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complex under anaerobic conditions. Notably, a small initial amount of [4Fe-4S] cluster was
observed (Figure 3-4B) and the A420 nm of the reconstituted SufBC2D complex decreased after
aeration. I then incubated the oxidized SufBC2D complex with cysteine, Fe>"** ) ATP, FADH>
(reduced by dithionite), and the recombinant SufES under anaerobic conditions, and observed
a time-course increase in the A420 nm (Figure 3-4C). Moreover, the increase in A420 nm Were not
observed in the assays devoid of the recombinant SufES (Figure 3-4D), suggesting that the
recombinant SufBC2D complex, along with SufES, is capable of assembling [4Fe-4S] clusters
in vitro under anaerobic conditions. It is worthwhile mentioning that adding a low Fe*"3*

concentration (< 0.1 mM) in the assays prevents the formation of blackish FeS (Sanden et al.

2020), which is required for optical measurement in the absence of turbidity (Figure 3-5).

135



>
o

T 087 o sSufs +, SufE + n= 0.3 — SufBC,D before O, exposure
c SufS -, SufE + — SufBC,D after O, exposure
e J-e- SufS +, SufE -
© [}
~ Q 0.2-
[0 c
%) ©
€ 0.4 £
=]
.E ]
=] L 0.1
] <
2
©
g < - ~ ~ ~
T—V——\f;
0.0 T T T T T T T T T T T T T T 1 o.o —'rTrrrranrrrmﬂTrrrrn'rrrp'nm
0 120 240 360 480 600 720 840 300 400 500 600 700
Time (s) Wavelength (nm)
C. D
0.3 0 min 10 min  —— 20 min 0.3 0 min 10 min —— 20 min
— 30 min —— 40 min —— 30min —— 40min
© @
Q 0.2 o 0.2
] o
2 £
[*] o
g g 0.1
< 0.1 <"
0.0~ 0.0 T
300 400 500 600 700 300 400 500 600 700
Wavelength (nm) Wavelength (nm)

Figure 3-4. Anaerobic [4Fe-4S] cluster reconstitution using the SUF system. (A) Cysteine
desulfurase activity of the SufES complex was measured with and without SufS or SufE. Free
S? production was measured based on the time-dependent production of methylene blue (As70
nm). The bars represent the range and the data points represent the average from two independent
experimental replicates, respectively. (B) Observation of [4Fe-4S] clusters (A420 nm) degradation
on the reconstituted SufBC2D complex after a 10-min aeration. (C—D) SUF-mediated [4Fe-4S]
assembly was conducted with the oxidized SufBC:D complex in the (C) presence or (D)

absence of SufES under anaerobic conditions.
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Figure 3-5. Images of the mature SufBC:D at different concentrations of Fe?*.
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Next, I validated whether the recombinant SufA is capable of transferring [4Fe-4S]
clusters from the SufBC2D complex to recipient proteins in vitro. A thermotolerant [4Fe-4S] Fd
from the hyperthermophilic archaeon Thermococcus profundus was used as [4Fe-4S] cluster
recipient protein (Imai etal. 2001). Cyt C reduction by Fd was followed at Ass0nm, with electrons
supplied by a FPR system for Fd reduction (Figure 3-6A) (Boyer, Wang, and Swartz 2006).
Often purified mesophilic [4Fe-4S] Fd results in contaminated Fd-binding proteins. The
thermotolerance of Thermococcus Fd allows a single-step purification by heating (at 92°C for
10 minutes) (Figure 3-2). Accordingly, I heterologously expressed and purified the holo-Fd
from anaerobically cultivated E. coli cultures. Following a chemical reconstitution to fully
mature the recombinant Fd (Figure 3-3A), the brown-colored holo-Fd preparations with a
defined gradient of concentrations were used to establish the optical Cyt C reduction assay

(Figure 3-6B).

Subsequently, I synthesized and purified the recombinant apo-Fd using the PUREfrex
free of the SUF system and Fe>"3" under aerobic conditions (Figure 3-2). The recombinant
apo-Fd was incubated with the recombinant SufBC2D complex charged with [4Fe-4S] clusters
(from Figure 3-3C) with and without either Fe?*, cysteine, or recombinant apo-Fd (Figure 3-
6C). The background activities in the negative controls could result from (i) the trace Fd
contaminated in the commercial spinach FPR (Km of Fd <3 uM) used for Fd reduction in the
Cyt C reduction assays (Aliverti et al. 2008); (if) the less efficient [4Fe-4S] cluster transfer by
the SufBC2D complex; and (iii) the chemical reduction by reductants (e.g., Na>S and DTT).
These data suggested that the reconstituted SUF system (SufABCDSE) likely can mature apo-

[4Fe-4S] proteins in vitro.

138



NADPH Fox Cyt Co
) o (A ‘X
NADP* Fdlrea Cyt Cres

0.06 -y —— Fd+Fe+Cys+

Fd=,Fe+,Cys +
—e— Fd+Fe—,Cys+
|~ FdvFescys—

e
o
S

T N 1
300 600
Time (s)

Cytochrome C absorbance (550 nm)
o

Figure 3-6. Standard curve to estimate the holo-ferredoxin concentration using the
cytochrome C-coupled optical assays. (A) Schematic diagram showing the enzyme cascade
of the cytochrome C (Cyt C)-coupled optical assays. (B) The activity of the recombinant holo-
ferredoxin (Fd) was measured by the Cyt C-coupled optical assays. The bars represent the
standard error, and the dots represent the mean from three experimental replicates. (C) The
activity of the anaerobically reconstituted Fd was measured by the Cyt C-coupled optical
assays. Apo-Fd was matured by the [4Fe-4S]-charged SufBC2D complex with and without Fd,
Fe?*, and cysteine. Cyt Cox, oxidized Cyt C; Cyt Cred, reduced Cyt C; Fdox, oxidized Fd; Fdred,

reduced Fd; FPR, Fd-NADP™ reductase.
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To gain a more definite answer, I also used PUREfrex to produce apo-form of E. coli
AcnA. The maturation of the SUF system can be validated by an NADP-dependent optical
assay (As4onm) (Figure 3-7A) where isocitrate, the product of AcnA, is converted to alpha-
ketoglutarate by the NADP-dependent IDH, with holo-AcnA purified from anaerobically
cultivated E. coli cultures as the standard (fully reconstituted via the chemical method) (Figures
3-3B and 3-7BC). Apo-AcnA incubated with the SUF system for 15 min under anaerobic
conditions demonstrated an enzyme activity of ~90% of holo-AcnA activity; no AcnA activity
was observed in the reactions without apo-AcnA nor the matured SUF system (Figure 3-8A).
Moreover, the apo-AcnA incubated with the SufBC2D complex but without SufA demonstrated
a reduced enzyme activity (~70%). Furthermore, no AcnA activity was observed when the apo-
AcnA was incubated with either heat-denatured SufBC2D complex or S for 15 min, suggesting
that the [4Fe-4S] cluster of holo-AcnA was transferred from the recombinant SUF system but
not assembled abiotically under the reduced conditions (Figure 3-8B). Together, my data
revealed that the recombinant SufBC2D complex is capable of assembling and subsequently
transferring the [4Fe-4S] clusters to the recipient proteins with a limited efficiency in vitro
under anaerobic conditions, and the efficiency can be enhanced by adding the recombinant

SufA.
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Figure 3-7. Standard curve to estimate the holo-aconitase A concentration using the
aconitase A and isocitrate dehydrogenase-coupled activity assays. (A) Schematic diagram
showing the enzyme cascade of the aconitase A (AcnA) and isocitrate dehydrogenase (IDH)-
coupled activity assays. (B) The activity of the recombinant holo-AcnA purified from E. coli
was measured by the AcnA and IDH-coupled activity assays. (C) Standard curves of holo-AcnA
derived from the slope value (calculated from the linear range (100-130 s)) of the activity
measured in (B). The bars represent the standard error, and the dots represent the mean from

three experimental replicates.
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Figure 3-8. [4Fe-4S] cluster transfer from mature SufBC2D complex to apo-aconitase A.
(A) Apo-aconitase A (AcnA) maturation by the SUF system under aerobic or anaerobic
conditions. (B) Anaerobic holo-AcnA synthesis using mature SUF system, heat-denatured SUF
system or S?. The reconstitution efficiency of holo-AcnA is evaluated as a function of the
relative enzymatic activity to that of the fully chemically reconstituted AcnA using AcnA and
isocitrate dehydrogenase (IDH) activity assay (See section 3.2.12). The bars represent the
standard deviations. The dots and columns represent the individual values and mean from three

independent experimental replicates, respectively.
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3.3.2 A bifunctional O:-scavenging enzyme cascade enabling aerobic [4Fe-4S] cluster

assembly.

Following in vitro reconstitution of the SUF system under anaerobic conditions, I then
worked to overcome the Oz lability of [4Fe-4S] clusters by amendment with an O2-scavenging
system. Inherent from the O2-lability of Fe-S cluster proteins, several enzymatic O2-scavenging
approaches have been developed during the past few decades. CAT, glucose oxidase, and
protocatechuate dioxygenase represent the most common Oz-scavenging enzymes(Patil and
Ballou 2000; Aitken, Marshall, and Puglisi 2008). However, in my case, their
substrates/products (i.e., gluconolactone and protocatechuate, respectively) are UV-vis active,
which affects the optical analysis for monitoring [4Fe-4S] cluster assembly. Recently, bilirubin
oxidase has been used as a single-enzyme O2-scavenger without H20O2 generation (Monteiro et
al. 2022). Unfortunately, bilirubin (red) and the oxidized product biliverdin (green) also affect
the optical analysis of the [4Fe-4S] clusters. Interestingly, the NADH-dependent FRE required
for FADH:2 regeneration in the SUF system can also scavenge O2 to form H202 (Gaudu et al.
1994). Working with CAT, the translucent FADH: can sequentially reduce Oz to H20 via H202
(O2+ 2 FADH2 — 2 H20 + 2 FAD). Therefore, I employed FRE and CAT for O2-scavenging.
The NADH required for FADH:2 regeneration was supplied by the NAD"-dependent FDH using
formate as the donor of reducing equivalent (Batyrova et al. 2020) (Figure 3-9A). Accordingly,
I tested if this bifunctional three-enzyme cascade can function in the buffer system of the
PUREfrex and observed time-course NAD™ reduction (A340 nm) when both formate and FDH
were added to the PUREfrex buffer (Figure 3-9BC). The addition of both FRE and FAD to the

PUREfrex buffer resulted in a time-course FAD reduction (A445 nm) (Figures 3-9DE), and the
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yellow color of the PUREfrex buffer gradually faded away to become translucent. The same
reaction mixture with CAT addition demonstrated a delayed FAD reduction compared to the
CAT-free mixture, suggesting FADH2 was recycled back to FAD. Likely, the produced FADH>
was mainly consumed for Oz degradation in the CAT-added PUREfrex buffer in the first 8
minutes. Together, these data suggested that the O2-scavenging enzyme cascade can sustain

continuous FADH> regeneration in the PUREfrex buffer system under aerobic conditions.
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Figure 3-9. The bifunctional enzyme cascade for FADH: regeneration and O: scavenge.
(A) Schematic diagram showing the bifunctional O2-scavenging enzyme cascade. (B) The
production of NADH was monitored for 10 min using the absorbance at A340 nm With formate

and formate dehydrogenase (FDH) supplemented PUREfrex buffer. (C) The eaction mixtures



were subjected to UV-vis analysis (300—450 nm). (D) FADH2 production was monitored by a
time-dependent decrease in A44s nm (0—10 min). The reactions were conducted with and without
catalase (CAT), flavin reductase (FRE), or FAD. (E) The reaction mixtures were subjected to
UV-vis analysis (300450 nm). The absorbances of NADH A340 nm and FADH2 A445 nm were

measured after 10 min incubation.
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Next, I employed resorufin, a sensitive fluorescent O2 indicator, to assess the Oa-
scavenging capability of the O2-scavenging cascade. Under reduced conditions (i.e., dissolved
02 removed), the pink-colored and highly fluorescent resorufin would undergo a reversible
reduction to form the non-fluorescent dihydroresorufin (standard reduction potential
approximately =51 mV) (Guerin et al. 2001). Consistent with O2 consumption, the PUREfrex
buffer with the O2-scavenging enzyme cascade demonstrated a fluorescence emission (As590 nm)
much lower than reactions devoid of either FRE or FAD (Figure 3-10). Moreover, the
fluorescence emission of the PUREfrex buffer amended with the O2-scavenging enzyme
cascade is comparable to those of the titanium citrate-reduced reactions. These data suggested
a faster O2 scavenge rate by the enzyme cascade than the O2 diffusion rate into the PUREfrex
buffer. Therefore, I amended this O2-scavenging enzyme cascade to the SUF-incorporated
PUREfrex buffer and performed the SUF-mediated [4Fe-4S] assembly in vitro under aerobic
conditions. After 30 minutes of incubation, the color of SUF-incorporated PUREfrex buffer
turned brown, along with an obvious increase in the characteristic optical absorbance of [4Fe-
4S] clusters at A420 nm, comparable to that of the SUF-incorporated PUREfrex buffer incubated
anaerobically (Figure 3-11A). Furthermore, the O2-scavenging enzyme cascade also protected
the [4Fe-4S] cluster from oxidation under acrobic conditions for at least 1.5 hours, while the
absence of the enzyme cascade resulted in a rapid oxidation of the [4Fe-4S] cluster in the first

30 min (Figure 3-11B).
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Figure 3-10. The evaluation of anaerobicity in the simulated PUREfrex buffer containing
the O2-scavenging system. The anaerobicity of the reaction mixture was evaluated by an
oxidation-reduction indicator, resorufin. The bars represent the standard deviation. The dots and
columns represent the individual value and mean from three independent experimental

replicates, respectively. CAT, catalase; FRE, flavin reductase; Ti citrate, titanium citrate.
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Figure 3-11. The bifunctional O:-scavenging enzyme cascade enables SUF-mediated [4Fe-
4S] cluster assembly under aerobic conditions. (A) The SUF-mediated [4Fe-4S] assembly
(based on the increase in A420 nm) With and without the O2-scavenging system under aerobic
conditions. (B) The bifunctional O2-scavenging enzyme cascade protects the [4Fe-4S] cluster
from oxidation (based on the decrease in A420 nm) under aerobic conditions. The degradation and

formation of [4Fe-4S] clusters were monitored by the UV-vis spectrophotometric analysis (280—

700 nm).
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The combination of the O2-scavenging enzyme cascade and the SUF system enabled in
vitro [4Fe-4S] cluster reconstitution under aerobic conditions. In E. coli, FRE is the main
enzyme responsible for FMNH2/FADH: regeneration, i.e., the native enzyme supporting the
[4Fe-4S] cluster assembly by the SufBC2D complex (Wollers et al. 2010b; Gaudu et al. 1994).
Moreover, my Oz-scavenging system only employs a low FAD concentration (~20 puM)
comparable to the intracellular FMN/FAD concentration in E. coli (Kimata et al. 2018). One
can envisage that such a biomimetic system for [4Fe-4S] protein maturation would be suitable
and compatible to reconstruct the cell-wide metabolic networks in both cell extract-based and
reconstituted cell-free systems. Going further, the required O2-scavenging capacity, which is
proportional to the formate concentration, can be estimated based on the ideal gas law (pv =
nRT), atmospheric Oz content (20%), and Henry’s law constant of O2 (Hag/gas = 0.032). For
example, since my PUREfrex reactions were performed in a capped 0.3-mL reaction tube with
0.1 mL of the headspace of the atmosphere, the amount of O2 in the PUREfrex reactions would
be ~0.9 umol/tube. Given that the O2-scavenging enzyme cascade reduces each O2 molecule at
the cost of two FADH2, complete O2 removal would require ~1.8 umol (9 mM) of FADH: (i.e.,
formate). Excessive formate addition to the system, while securing the anaerobicity, would

result in a drastic pH shift.

3.3.3 One-pot, two-step cell-free synthesis of active aconitase under aerobic conditions.

Finally, I tested the possibility of combining the processes of mRNA translation, O2
scavenge, and [4Fe-4S] cluster maturation into a one-pot process. Due to the adverse effects of
S? (metal precipitation) and Fe?* (in-line cleavage of RNA and generation of reactive oxygen

species (Guth-Metzler et al. 2020)) during cell-free translation, I separated the in vitro
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translation and cluster reconstruction process into two steps (Figure 3-12A). In step 1, AcnA
mRNA was added to the PUREfrex along with the three enzymes for O2-scavenging
(FDH/FRE/CAT) to maintain anoxic conditions while producing apo-AcnA. In step 2, FeSO4
and SufABCDSE were added to the reactions for the maturation of the apo-AcnA. This two-
step process can prevent continuous cysteine desulfurization by SufES that would result in (7)
a decrease of available cysteine for mRNA translation and (ii) metal (e.g., Fe*") precipitation

by the S*.

For a successful one-pot synthesis, a prerequisite is the compatibility of the PUREfrex
with the O2-scavenging enzyme cascade. The incompatibility of the two components can lead
to a significant reduction of the protein yield. Therefore, I first used the mRNA of sfGFP as an
indicator of the protein yield in the PUREfrex and compared the sfGFP yield of the PUREfrex
reactions with and without the O2-scavenging enzyme cascade, respectively. My data showed
that the incorporation of the Oz2-scavenging enzyme cascade to the PUREfrex only resulted in
a reduction of sfGFP yield <5% (Figure 3-12B), suggesting that the two components are
compatible. Another prerequisite is the feasibility of the SUF system to mature the apo-[4Fe-
4S] proteins in the O2-scavenged PUREfrex under aerobic conditions. After establishing
successful protein synthesis in the presence of the O2-scavenging enzyme cascade, I incubated
purified apo-AcnA (produced by the PUREfrex) with both the SUF system and the Oq-
scavenging enzyme cascade under aerobic conditions. Use of an HRV 3C protease for N-Hise-
tag removal allowed me to solely purify holo-AcnA from other recombinant proteins in the
reaction mixture (Figure 3-12C). The purified holo-AcnA demonstrated a relative enzyme

activity of ~95% to that of the fully chemically matured holo-aconitase activity (assuming that
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the N-Hise-tag did not alter the AcnA activity) (Figure 3-12D). Moreover, ESI-LC-MS analysis
revealed concurring citrate consumption and alpha-ketoglutarate production in the assays with
the AcnA purified from the one-pot, two-step system but not in the assays with the AcnA
purified from the PUREfrex reactions devoid of the SUF system (Figures 3-13 and 3-14).
Interestingly, the AcnA produced from the SUF-amended PUREfrex reactions without the Oo-
scavenging enzyme cascade demonstrated a relative enzyme activity of ~30% of the AcnA
activity (Figure 3-12D), suggesting that, consistent with the observation of previous studies,
the SUF system is relatively Oaz-tolerant. Altogether, these data suggested the successful

production of holo-AcnA from the one-pot, two-step process.

152



A. (Step 1)

Cell-free protein synthesis
under aerobic conditions

0,-scavenging

FRE
H'+ €O, NADH FAD 0.
XX ke
Formate NAD' FADH, H:0:”

Protein sysnthesis

AcnA MRNA f}
W

Ribosome Apo-AcnA

0,-scavenging system — + (kDal
= 200+ n=
é o 250
2 o 150
= 150 4
c
.Q 100
E 70
£ 100 .
@
Q 40
=
S 50- 30
o 20
T
Q b
% 0- _—

Figure 3-12. One-Pot de novo synthesis of mature [4Fe-4S| protein under aerobic
conditions. (A) Schematic diagram showing one-pot two-step cell-free synthesis of mature
[4Fe-4S] cluster bearing aconitase A(AcnA) under aerobic conditions. In vitro translation of
AcnA mRNA was carried out in a test tube along with the O2-scavanging enzyme cascade (step
1). FeSO4 and SUF components are further added to drive maturation of the apo-AcnA to its
holo-form (step 2). Other required components such as cysteine (Cys) and ATP are carried over
from the PUREfrex reaction. Catalase, CAT; FDH, formate dehydrogenase. (B) Superfolder
green fluorescent protein (sfGFP) production in the PUREfrex reaction mixtures with and

without the O2-scavenging enzyme cascade after 6 h of incubation. (C) Purification of holo-
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AcnA free of N-Hise-tag verified by SDS-PAGE analysis. (D) Relative activity of AcnA in the
one-pot PURE system with and without the SUF and O2-scavanging system. The bars represent
the standard deviations. The dots and columns represent the individual values and mean from

three independent experimental replicates, respectively.
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Figure 3-13. ESI-LC-MS spectra of citrate. (A) ESI-LC-MS extracted ion chromatograms
and (B) MS spectrum of the completed reaction obtained from the aconitase A (AcnA) and
isocitrate dehydrogenase (IDH)-coupled assay. The expected mass of citrate detected in
negative ion mode ([M - H]™®) is 191.027. Apo-AcnA was produced in the PUREfrex and then
the reactions were combined with the [4Fe-4S]-charged SUF under aerobic (aerobic SUF) or
anaerobic (anaerobic SUF) conditions. The experiment was conducted with and without apo-

AcnA. RT, retention time; TIC, total ion current spectrum.
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Figure 3-14. ESI-LC-MS spectra of alpha-ketoglutarate. (A) ESI-LC-MS extracted ion
chromatograms and (B) MS spectrum of the completed reaction obtained from the aconitase A
(AcnA) and isocitrate dehydrogenase (IDH)-coupled assay. The expected mass of alpha-
ketoglutarate detected in negative ion mode ([M - H]™®) is 145.021. Apo-AcnA was produced
in the PUREfrex and then the reactions were combined with the [4Fe-4S]-charged SUF under
aerobic (aerobic SUF) or anaerobic (anaerobic SUF) conditions. The experiment was conducted

with and without apo-AcnA. RT, retention time; TIC, total ion current spectrum.
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3.4 Conclusions

Functional expression and purification of [4Fe-4S] proteins have been a long-term
challenge in biochemical research. In this study, I demonstrated in vitro assembly and transfer
of [4Fe-4S] clusters from Fe>*** and S from cysteine using the SUF system reconstituted from
individually purified SUF subunits. The O: tolerance of the SUF helper proteins allows facile
heterologous expression and purification of each subunit under aerobic conditions and later
reconstitution. Interestingly, based on the results of the Thermococcus Fd-mediated Cyt C
reduction assays, the E. coli SUF system seems to be capable of transferring the [4Fe-4S]
clusters to [4Fe-4S] proteins from other organisms, suggesting broad applicability of the
reconstituted SUF system. In conclusion, the PUREfrex supplied with both the SUF system and
the bifunctional O2-scavenging enzyme cascade serves as a facile and efficient platform for
synthesizing O2-labile [4Fe-4S] proteins. I anticipate that this renovated PURE system, with
the flexibility to be paired with other helper proteins, would facilitate future studies on more
challenging [4Fe-4S] proteins, such as FeMoco-dependent nitrogenase, cobalamin-dependent
dehalogenases, and NiFeS acetyl-CoA synthase/CO dehydrogenase. Furthermore, although not
fully demonstrated in this study, the amendment of the O2-scavenging enzyme cascade also
makes the PURE system redox-active. If paired with FPR, the four-enzyme cascade can support
the regeneration of all common redox equivalents in cells (Fd, NADPH, Cyt C, ubiquinone,
and FMNH2/FADH2). Therefore, I also foresee the compatibility of this renovated PURE
system with in vitro reconstitution of complex biosynthesis pathways and respiratory networks,

likely to the extent of de novo synthetic cell reconstruction.
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Chapter 4 — Summary, significance, and future perspectives

4.1 Summary

The major goal of this thesis was to (i) develop a renovated mRNA display method for a
high throughput identification of de novo RNA-binding peptides and (i) open a new field in
the cell-free system to handle post-translational modification enzymes, especially those
employing [4Fe-4S] cluster for the catalysis. In addressing these goals, two objectives were
proposed and pursued (reported in Chapter 2 and 3). The major conclusions from each Chapter

are summarized below.

Objective 1: Experimentally demonstrating the validity of codon-restricted mRNA

display for the identification of de novo single-stranded RNA-binding peptides.

mRNA display is an established method for high throughput identification of de novo
functional peptides. However, mRNA display cannot be applied to the screening of RNA-
binding peptides due to the formation of base-pairing between a target RNA and mRNA portion
originating from mRNA-peptide conjugates. In this thesis, a renovated mRNA display was
developed, which employs codon-restricted DNA libraries to mitigate the base-pairing problem,
thus enabling the identification of the de novo ssRNA-binding peptides, one of which exhibits
affinity to oncogenic RNA motifs at submicromolar concentration range. The renovated mRNA
display can serve as a versatile tool for screening RNA-binding peptides with numerous RNA

targets.
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Objective 2: Developing a method to produce Oz-labile [4Fe-4S] cluster proteins using the
PURE system under aerobic conditions, especially for future applications in in vitro

evolution techniques.

A downside of Objective 1 was the limited chemical diversity of the peptide library due
to the codon-restriction. One solution to expand the chemical diversity is to incorporate non-
canonical amino acids into the peptides encoded in the DNA library. However, traditional
genetic code engineering techniques require pre-aminoacylated tRNA molecules, thus the
variety of non-canonical amino acids for the incorporation highly depends on the compatibility
with ribosome. Alternatively, I found a possibility to introduce non-proteinogenic structure into
peptide library via post-translational modification enzymes, especially, [4Fe-4S] cluster-
containing rSAM enzymes. The metallocofactor, [4Fe-4S] cluster serves as an electron shuttle
to catalyze numerous radical reactions along with SAM, which leads to the various types of
peptide modifications. However, the Oz-lability of the cluster has hindered its application in in
vitro evolution experiments. In this thesis, the Fe-S cluster assembly system (i.e., SUF system)
was reconstituted in vitro and employed to produce [4Fe-4S] cluster proteins (Fd and AcnA) in
the PURE system. To produce [4Fe-4S] cluster proteins under aerobic conditions, a synthetic
O:2-scavenging enzyme cascade was developed, enabling one-pot, two-step synthesis of [4Fe-

48] cluster proteins under aerobic conditions.
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4.2 Significance and future perspectives

The two projects present in this thesis aim to expand the application of the PURE system.
The two methods developed in this thesis are particularly relevant to (i) the development of de
novo RNA-binding peptide, (ii) high-throughput functional characterization of redox-active
proteins, and (@ii) the future applications in the generation of a RiPP library, which allows

exploration of the natural product chemical space in a cell-free context.

Many bioactive natural products are produced by microorganisms that thrive in anaerobic
environments. The development of cell-free systems capable of functioning anaerobically and
producing O2-sensitive enzymes is an emerging area of exploration. Access to these enzymes
has the potential to unlock a wide range of unique and valuable chemical reactions. Particularly,
[4Fe-4S] cluster-containing rSAM enzymes are versatile post-translational modification
enzymes. As described in Chapter 1, rfSAM enzymes catalyze various types of post-
translational modification while the majority of predicted rSAM enzymes remain functionally
uncharacterized. By harnessing the method developed in Chapter 3, one can produce rSAM
enzymes within four hours under aerobic conditions (unpublished data). This enables a high-
throughput characterization of rSAM enzymes with unknown functions, leading to the
discovery of a novel type of post-translational modifications and further expanding the
repertoire of cell-free biochemical reactions. Furthermore, by combining the characterized
rSAM enzymes with the codon-restricted mRNA display developed in Chapter 2, one can
generate a RiPP library as well as perform peptide screening against rRNA, which most of the

antibiotics are known to target.
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My techniques developed in this thesis can also contribute to improving cell-free system
by introducing tRNA modification. Previously, Hibi et al. demonstrated the in vitro transcribed
tRNA can be used for cell-free translation, but they found that the protein yield is lower than
with the modified tRNA (Hibi et al. 2020). In E. coli, 30 modifications have been found and
reported to play a pivotal role in decoding fidelity. Most of the modifications are catalyzed by
rSAM enzymes harboring [4Fe-4S] clusters, thus our system allows us to study the relationship
between post-transcriptional modification and protein synthesis in vitro. In summary, my
technology allows a rapid exploration of the vast chemical diversity of peptides resembling
natural products in vitro. The field holds great promise for expanding access to redox-active

enzymes and discovering novel antibiotics in a cell-free context.

Building on my research during the Ph.D. program, my focus has primarily been on
leveraging molecular biology, bioinformatics, biochemistry, and enzymology to elucidate
RNA-peptide interactions as well as to reconstitute biological systems in vitro. I foresee that
these techniques and insights will empower me to reconstruct cell-wide metabolic pathways in

vitro, ultimately leading to the creation of synthetic biological systems (i.e., synthetic cells).

Synthetic cells, often constructed by replicating specific attributes of cellular life, offer a
valuable platform for investigating the universal principles governing biological processes at
the molecular level. These synthetic systems are simpler than their natural counterparts since
these systems are often constructed via the assembly of minimal required components, serving
as tools to study the cellular metabolic pathways and signal transduction pathway as well as
microscale biofoundries for producing value-added products. Synthetic cells comprise various

components, including DNA, proteins, and lipids, which are sourced and engineered from
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different organisms to attain the desired functionalities. However, a fundamental function of a

cellular life, self-regeneration, has yet to be achieved.

As described in Chapter 1, although the PURE system enables the operation of the
central dogma in vitro, unlike cellular life, which couples the central dogma to metabolism-
expressing biosynthetic enzymes to regenerate cellular building blocks via enzyme-driven
metabolism, any synthetic biological system designed with the PURE system entirely relies on
an external supply of the internal building blocks (i.e., amino acids and nucleic acids) rather
than any coupled metabolic pathways. Therefore, to embed self-regenerating property with the
PURE system, in vitro reconstitution of the biosynthetic metabolic pathway is necessary. In
vitro reconstitution of the biosynthetic metabolic pathway will provide significant insights into
understanding the behavior of intricate cellular metabolic networks, and when integrated with

the PURE system, self-regeneration can be achieved.

As a first step to create a self-regenerating biological system, I aim to integrate the amino
acid biosynthesis pathways with the PURE system, allowing it to self-regenerate the building
block of protein (i.e., amino acids). So far, I have successfully produced proteins by coupling
protein synthesis with an amino acid-regenerating multi-enzyme cascade, generating four
amino acids (Asn, Asp, Gln, and Glu) from lactate as the amino acid precursor (unpublished
data). To make the PURE system more “life-like” system, I plan to further integrate other amino
acid biosynthesis pathways into the PURE system, ultimately enabling the production of
polypeptides/enzymes from 20 proteinogenic amino acids in vitro. This amino acid-self-
regenerating PURE system will serve as a robust platform to synthesize valuable enzymes,

therapeutic peptides, and even RiPPs.

169



In addition to producing protein building blocks, the amino acid synthesis pathways can
also be integrated into cell-wide metabolic networks. For example, serine is involved in folate
cycles, C1 metabolism, and nucleic acid biosynthesis (Anguera et al. 2006); cysteine is required
for the biosynthesis of the Fe-S clusters involved in cellular respiration (Garcia et al. 2022).
Reconstituting all 20 amino acid synthesis pathways in the PURE system would enable PURE
systems to emulate more complex cellular life forms and allow us to analyze cellular
metabolism in a simplified context. In summary, I anticipate that bottom-up reconstruction of
self-regenerating synthetic biological systems will allow us to elucidate the fundamental
principle of the current biological system as well as serve as an alternative workhorse for

protein/peptide production.
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Figure 4-1. Radical S-adenosyl-l-methionine (rSAM) enzyme-mediated post-

translationally modified peptide library generation via mRNA display.

171



Reference

1.  Anguera, Montserrat C., Martha S. Field, Cheryll Perry, Haifa Ghandour, En-Pei Chiang, Jacob
Selhub, Barry Shane, and Patrick J. Stover. 2006. “Regulation of folate-mediated one-carbon
metabolism by 10-formyltetrahydrofolate dehydrogenase.” Journal of Biological Chemistry 281
(27): 18335-42.

2. Garcia, Pierre Simon, Francesca D’ Angelo, Sandrine Ollagnier de Choudens, Macha Dussouchaud,
Emmanuelle Bouveret, Simonetta Gribaldo, and Frédéric Barras. 2022. “An early origin of iron-
sulfur cluster biosynthesis machineries before Earth oxygenation.” Nature Ecology & Evolution 6
(10): 1564-72.

3. Hibi, Keita, Kazuaki Amikura, Naoki Sugiura, Keiko Masuda, Satoshi Ohno, Takashi Yokogawa,

Takuya Ueda, and Yoshihiro Shimizu. 2020. “Reconstituted cell-free protein synthesis using in
vitro transcribed tRNAs.” Communications Biology 3 (1): 350.

172



