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ABSTRACT

Charting Evolutionary Paths and Alternate Outcomes of the Origin of Life

by

Joshua Aaron Kenchel

How did life originate on Earth? How might it have happened differently? The

answers to these fundamental questions will inform efforts to develop useful synthetic

organisms and empower the search for extraterrestrial life. The “RNA World” hypothesis

posits that ribonucleic acid (RNA) once played the roles of both information carrier and

catalyst in primitive living systems. In the transition from the RNA World to DNA-based

heredity and catalysis by left-handed (L-)proteins, a likely essential step would have been the

emergence of substrate-specific self-aminoacylating RNA enzymes (ribozymes) functioning

in an early translation system. How these early self-replicating systems evolved toward

modern cells, and what other outcomes might have been possible, are open questions.

Evolution is conceptualized as a biased random walk through genetic space, in which each

genotype is associated with a fitness (the “fitness landscape”). Mapping the fitness landscape

for a given genetic element enables prediction of evolutionary paths. A recently developed

method maps fitness landscapes for self-aminoacylating ribozymes by selection from a

random library using prebiotically plausible activated amino acid analogs. In this work, we

vii



map the landscapes for self-aminoacylating ribozymes under variable environmental

conditions and assess the effect of the environment on the topography and connectivity of

fitness landscapes. We also evaluate the stereoselectivity of self-aminoacylating ribozymes to

determine whether life’s transition to homochiral L-proteins was deterministic, or whether a

right-handed (D-)protein world was possible. We find that a dynamic environment improves

the connectivity of fitness landscapes, increasing the number of evolutionary paths available

and enhancing evolution’s ability to optimize function. We also find that self-aminoacylating

ribozymes can be either L- or D-selective, suggesting alternate possible outcomes for the

chirality of life. These results represent incremental but meaningful contributions to human

understanding of the emergence and evolution of primitive life.
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Introduction

How life can emerge from nonliving matter is one of the most important questions in

biology. The nature of this phenomenon, called abiogenesis, has implications that span the

natural sciences and border on the philosophical. Specifically, knowledge of how the living

systems found on Earth came to be, and what other outcomes are possible, is crucial to the

fields of astrobiology and synthetic biology.

A widely accepted theory of the origin of life on Earth involves the “RNA World”

hypothesis, which posits that ribonucleic acid (RNA) once functioned as both genetic

material and catalyst in primitive self-replicating systems1–4. This has been supported by a

growing body of circumstantial evidence, including the ongoing discovery of the versatility

of RNA enzymes (ribozymes)5–8, and the centrality of RNA to the gene expression system in

all organisms9,10. Although some other genetic system might have preceded RNA1,11, the

RNA World provides a useful model for studying how early self-replicating systems can

emerge and evolve12. This knowledge stands to aid efforts in synthetic biology, including the

development of minimal cells13 with applications in e.g. manufacturing, medicine, and

environmental remediation.

At some point, the RNA World would have given way to modern cells dominated by

protein catalysts. Although RNA enjoys the advantage of template replication by

base-pairing, the selective advantage of protein enzymes is clear: with 20 chemically diverse

amino acid monomers, compared to the 4 bases available in RNA, proteins can fit a much

larger catalytic repertoire into a polymer of the same length. A necessary step in this

transition would have been the advent of self-aminoacylating ribozymes: RNAs that

1
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self-modify by 2’/3’ esterification with an activated amino acid14. If different RNA sequences

were specific to different amino acids, these ribozymes could have formed the basis for a

genetic code in a primitive translation system. In modern cells, this role is played by transfer

RNAs (tRNAs), and anticodon specificity is ensured by aminoacyl-tRNA synthetases15.

Aminoacyl-tRNA synthesis is driven by an energetically activated

aminoacyl-adenosine monophosphate (AMP) intermediate16. A number of analogous,

prebiotically plausible activated amino acids have been proposed to fill this role in the RNA

World17,18, including 5(4H)-oxazolones. These were found to react with mononucleotides to

form 2’/3’ esters19. The late RNA World may have seen the evolution of self-modifying,

substrate-specific catalysts of this reaction.

How could a system as complex as the genetic code evolve? Multiple

substrate-specific self-aminoacylating ribozymes might have arisen independently, or one

common ancestor might have evolved into substrate-specific variants. The latter case seems

more likely, dependent on whether there existed viable evolutionary paths from one function

to another. Evolution can be conceptualized as a biased random walk through a genotype

space in which each genotype is associated with a fitness. This framework is known as a

“fitness landscape”20. Starting with a population at a given point in the landscape, mutants

explore the adjacent space, and mutants with higher fitness are selected; the population

therefore tends to move “uphill” to “peaks” of fitness. Evolutionary paths from one point to

another are only possible if they do not pass through any non-functional (zero-fitness)

intermediates. The structure of the fitness landscape therefore determines the trajectories

available for evolution to produce new or improved functions. For example, the “neutral

theory” of evolution posits that the vast majority of mutations have no effect on fitness21,22; in

2
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other words, the landscape is mostly very flat. Other theoretical fitness landscapes suggest

more “ruggedness”, which would place constraints on evolutionary paths23,24.

Though fitness landscapes have historically been a theoretical framework, there has

been recent interest in mapping empirically measured fitness landscapes, fueled by the

increasing power and decreasing cost of genetic sequencing6,25–29. Knowledge of the fitness

landscape of a given genetic element can not only elucidate how it evolved, but also enable

prediction of future evolution30,31. As empirical fitness landscapes garner more focus,

previously unanswerable questions about the nature of fitness landscapes demand attention.

One such question concerns the effect of the environment on fitness landscapes. It stands to

reason that the landscape should change under different environmental conditions, with

formerly nonfunctional regions of the genotype space becoming functional. Thus, a dynamic

environment might create viable paths between otherwise isolated fitness peaks, in essence

forming a hyperdimensional bridge between them. However, this has yet to be tested

empirically for a molecular fitness landscape.

Efforts to map fitness landscapes generally involve generating a large number of

mutants at a defined locus, exposing them to selection pressure over multiple generations,

and tracking the winners and losers by high throughput sequencing; more successful

genotypes correspond to points of higher fitness on the landscape31. In the context of RNA

evolution, a technique called Systematic Evolution of Ligands by Exponential Enrichment

(SELEX), also known as in vitro selection, is used32–34. This technique couples selection from

a randomized RNA library with reverse transcription-polymerase chain reaction (RT-PCR) to

amplify selected sequences. Studying RNA fitness landscapes is attractive because of the

astronomical size of genotype space: since nucleic acids consist of 4 different bases, a nucleic

3
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acid polymer of length n has an n-dimensional genotype space of size 4n. For a

protein-coding gene, which usually consists of ~102-103 nucleotides, only a very small region

of the space can be explored. However, because even very small RNAs (~15-50 nucleotides)

can form functional structures28,35–40, mapping a comprehensive fitness landscape has become

feasible.

Recent work has focused on constructing fitness landscapes for self-aminoacylating

ribozymes. The study that formed the conceptual foundation for the work in this dissertation

used biotinylated 5(4H)-oxazolones of a tyrosine analog to select for self-aminoacylating

ribozymes from an RNA library with a 21-nucleotide random region41. By starting with

enough RNA to cover the entire genotype space as defined, the authors were able to map a

comprehensive fitness landscape for the function. The results sketched a picture of a rugged

landscape with three remote peaks of fitness, each corresponding to a functional motif,

separated by large valleys of baseline fitness. These valleys would seem to prevent

optimization by stepwise mutation and selection, producing a “frustrated” evolutionary

network.

These findings raised some immediate questions. First was whether the functional

sequence motifs that emerged were specific to tyrosine; this was later found to be the case for

two of the three motifs42. Second was whether there might be other motifs specific to other

amino acids. Such substrate-specific motifs might form the basis for a primitive genetic code,

which could be useful in a translation system in a synthetic minimal cell. Furthermore, the

presence of accessible paths between substrate-specific ribozymes would suggest

evolvability from a common ancestor. A third question concerned the structure of the fitness

landscape. The selection was performed under the constant environmental conditions of the

4
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laboratory, at room temperature. This is unlikely to be reflective of prebiotic conditions,

which probably experienced fluctuations43. How would the landscape change if the system

were subjected to dynamic conditions? Would the emergence of new fitness peaks “bridge

the gap” between previously isolated peaks, increasing the connectivity of the landscape?

The ribozymes discovered through this work also presented the opportunity to

address a major question in the field of astrobiology, that of the chirality of life. All life on

Earth is homochiral, consisting almost exclusively of right-handed (D-) sugars and

left-handed (L-)amino acids44,45. This contrasts with the observation that prebiotic chemistry

is chirally symmetric; in the astrobiology field, chiral asymmetry is considered to be one of

the hallmarks of life46. There exist multiple selection pressures that would drive an initial

chiral imbalance to completion; for example, secondary structures such as the ɑ-helix can

only be formed by a homochiral chain of amino acids47. However, a major open question is

why life on Earth went in the direction of L- rather than D-amino acids. It is possible that

there was an initial stochastic imbalance that could have just as likely gone the other way. On

the other hand, there might have been deterministic factors. Might early RNA catalysts, such

as self-aminoacylating ribozymes, have preferred one stereoisomer over the other, creating a

chiral imbalance?

The work presented in this dissertation uses techniques developed for the selection of

self-aminoacylating ribozymes to answer some of these key open questions about fitness

landscapes and the origin and early evolution of life. The dissertation is divided into two

chapters. In the first chapter, we select for self-aminoacylating ribozymes specific to valine

under both constant and dynamic environmental conditions, resolving fitness landscapes for

both. We find that, as hypothesized, a fitness peak that emerges under dynamic conditions

5
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provides enhanced connectivity between tyrosine-specific and likely valine-specific peaks

that are otherwise isolated. This constitutes a novel experimental demonstration of

environmental conditions affecting the evolvability of a fitness landscape at the molecular

level. In the second chapter, we test some previously identified self-aminoacylating

ribozymes for stereoselectivity and discover that every ribozyme tested is stereoselective.

Furthermore, we find that enantiomeric preference clusters by sequence motif, with two

motifs entirely L-selective and one motif entirely D-selective. To our knowledge, this is the

first documentation of D-selective self-aminoacylating ribozymes. Taken together, the

research presented here represents an incremental expansion of human understanding of the

possible evolutionary paths and alternate outcomes of the origin of life.
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CHAPTER 1

Evolutionary Paths
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1.1. Author Contributions

This chapter will be prepared as a manuscript tentatively titled

“Dynamic environmental conditions enhance adaptability between substrate-specific

self-aminoacylating ribozymes”

by

Josh Kenchel1,2, Alberto Vázquez-Salazar2, Weiwei Li3, Evan Janzen1,4, Krishna Brunton5,6,

Lisa Fetter1, and Irene A. Chen2

The text in this chapter was written by Josh Kenchel. The experiments were designed with

contributions from all authors and performed by Josh Kenchel, Alberto Vázquez-Salazar,

Weiwei Li, Krishna Brunton, and Lisa Fetter.

1. Program in Biomolecular Science and Engineering, University of California, Santa

Barbara

2. Department of Chemical and Biomolecular Engineering, University of California,

Los Angeles

3. Bren School of Environmental Management, University of California, Santa Barbara

4. New England Biolabs, Ipswich, Massachusetts, USA

5. Department of Chemistry and Biochemistry, University of California, Santa Barbara

6. Department of Bioengineering, University of California, San Diego
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1.2. Abstract

Fitness landscapes are a theoretical concept underpinning evolutionary biology.

Populations are visualized as evolving along paths through the landscape by stepwise

mutation and selection toward “peaks” of fitness. Elucidating the basic principles governing

fitness landscapes will enhance directed and predictive evolution, and aid evaluation of

possibilities for life on exoplanets. The RNA World hypothesis is a useful model for studying

fitness landscapes using in vitro selection. Previously, we resolved fitness landscapes for a

likely important role in the RNA World, self-aminoacylating ribozymes, using a tyrosine

oxazolone substrate. In this chapter, we expand on previous in vitro selection methods to

evaluate how the landscape changes under different environmental conditions. Starting with

the same RNA library, we selected for self-aminoacylating ribozymes using a valine

oxazolone substrate at constant temperature or under dynamic temperature. Comparing these

landscapes, we found that otherwise-disconnected tyrosine- or valine-specific peaks are

connected by sequences that only become fit under dynamic temperature. This result

suggests that dynamic environmental conditions reveal additional evolutionary paths on

fitness landscapes, improving the ability of evolution to optimize function.

9



1.3. Introduction

Evolutionary space can be idealized as a “fitness landscape”20, in which each

genotype is associated with a fitness and populations evolve along the landscape toward

“peaks” of fitness. Environmental adaptation being a primary determinant of fitness, the

topography of the landscape is in principle dependent on the environment. Thorough

understanding of the structure and topography of fitness landscapes and the forces governing

them is foundational knowledge. Among other applications, it would aid the design and

execution of directed evolution projects in synthetic biology, and enable predictive

evolution30 of e.g. viral pathogens or endangered species. In astrobiology, fitness landscapes

of protocatalysts in prebiotic conditions are important to understanding the plausibility of

different hypotheses for the origin of life on exoplanets or on the early Earth.

Due to the astronomical size of genotype space, studies of fitness landscapes have

long been limited to examinations of a few alleles25,26,48,49, or otherwise confined to the

domain of theoretical evolution20,50,51. Recent improvements in high throughput sequencing

(HTS) capability have enabled fine-grained, comprehensive elucidation of small slices of

genotype space, also called sequence space, at the molecular level27,28,41,42. While still many

orders of magnitude away from the power needed to resolve genome- or gene-level fitness

landscapes, current sequencing methods can cover the entire sequence space of e.g. some

small noncoding ribonucleic acids (RNAs)52–55. Because even short (~15-50 nucleotides)

RNAs can function in catalysis (“ribozymes”)35–37 or specific binding (“aptamers”)28,38–40,

comprehensive fitness landscapes for RNAs performing certain functions can be resolved.

10
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Recent work on molecular fitness landscapes has focused on the RNA World

hypothesis1–4, which posits that early life on Earth originated in or passed through a stage in

which RNA was both genetic material and catalyst. The transition from the RNA World to

cells with DNA and protein, which require a translation system, would likely have relied on

self-aminoacylating ribozymes that functioned as self-charging tRNAs14. The first

comprehensive fitness landscape for a ribozyme was resolved for this function using in vitro

selection on a random RNA library41 with a biotinylated tyrosine 5(4H)-oxazolone (BYO), a

prebiotically plausible high-energy amino acid analog19. In this method, catalytic sequences

in the RNA pool are amplified over several rounds of selection, the pools from all rounds are

sequenced, and fitness is evaluated by abundance or enrichment in later rounds. The fitness

landscape of the 21-nucleotide sequence space (about 4 x 1012 possible sequences) consisted

of three sequence motifs (peaks) separated by large “valleys” of baseline fitness41. In this

“frustrated evolutionary network”, the global optimum was separated from the broadest peak.

Therefore, given a randomly drawn catalyst, optimization along an evolutionary path by

stepwise mutation and selection was implied to be highly unlikely.

In the work presented in this chapter, we expand upon the previous work to

experimentally test hypotheses about the effect of environmental conditions on fitness

landscapes. First, we were motivated to repeat the in vitro selection on the same library with

a different amino acid analog of the same substrate, biotinyl-Val-5(4H)-oxazolone (BVO).

We hypothesized that valine-specific variant peaks in different regions of the fitness

landscape might be connected to tyrosine-specific peaks, creating paths that would enable the

evolution of substrate-specific variants from a single starting point.
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A major limitation of the previous work was the use of constant environmental

conditions in a laboratory setting, which is likely not reflective of a prebiotic environment43.

Using temperature as an example of an environmental variable, some RNA sequences may

only fold into catalytic structures at lower temperatures, while others may only become

appreciably catalytic at higher temperatures. Furthermore, the eutectic phase of an aqueous

solution might promote molecular crowding that could enhance catalysis56. We therefore

hypothesized that a dynamic environment, simulated by a temperature ramp, would enable

identification of new peaks of fitness by causing more sequence families to become

amplified. We further hypothesized that fitness peaks isolated under a constant environment,

as in the BYO landscape, would be better connected under a variable environment, with

viable paths passing through peaks only available at different temperatures (Figure 1.1c).

We sought to test these hypotheses in a single in vitro selection experiment,

modifying the previous method by changing the substrate to BVO and exposing the RNA

pool to a temperature ramp during aminoacylation (Figure 1.1a-b). We performed duplicate

selections of this test condition, and of a control condition at room temperature. We were

therefore able to separately assess changes in the fitness landscape caused by the dynamic

environment or by the change in substrate, by comparing the test condition to the control, or

by comparing to the original BYO landscape.
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1.4. Methods

General synthesis procedures

Synthesis of the biotinyl-Val-5(4H)-oxazolone substrate (BVO) followed previously

published methods19,41,42,57 that are described here in brief. The method is also mentioned in

Chapter 2 and nearly identical to the schematic in Figure 2.1. We obtained all reagents and

solvents from Millipore Sigma or Thermo Fisher and used them without purification, unless

otherwise noted. We prepared samples for proton nuclear magnetic resonance (1H NMR) by

dissolving dry analyte in deuterated dimethyl sulfoxide (DMSO), recorded spectra using a

Varian Unity Inova AS600 (600 MHz), and analyzed them with MestReNova software58,

comparing observed shifts to those predicted using ChemDraw software version 20.1.

Preparation of biotinyl valine (BV)

To biotinylate L-valine methyl ester (VME), we dissolved dry VME to 0.1 M

concentration in pyridine with 0.2 M N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide

(EDC) and 0.01 M dimethylaminopyridine (DMAP) and incubated under nitrogen with

stirring at room temperature overnight. We then evaporated the solvent under reduced

pressure and dissolved the residue in dichloromethane (DCM). We washed this solution three

times with equal volumes of saturated sodium bisulfate and three times with equal volumes

of saturated sodium bicarbonate, and dried it with solid sodium sulfate. We evaporated the
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DCM under vacuum and analyzed the resulting biotinyl valine methyl ester (BVME) residue

by 1H NMR (Figure 1.2). Dry BVME was stored at -20 °C indefinitely.

To demethylate the carboxyl group of BVME, we dissolved dry BVME in 2:1

isopropanol:water to ~0.05 M concentration with three molar equivalents of NaOH and

stirred at room temperature overnight. We then evaporated the solvent under reduced

pressure, dissolved the residue in water, and added 1 M HCl dropwise until biotinyl valine

(BV) crystallized and precipitated. We separated the precipitate by vacuum filter, washed it

three times with water, and dried it in a desiccator with dry phosphorus pentoxide for at least

three days. We analyzed the dry BV by 1H NMR (Figure 1.3) and stored it at -80 °C

indefinitely.

Preparation of biotinyl-5(4H)-Val oxazolone (BVO)

We dissolved dry BV to ~0.1 M concentration in DCM with EDC in excess and

stirred at 4 °C overnight. We then washed the solution with equal volumes of water (twice),

saturated sodium bicarbonate (once), and saturated sodium chloride (once), and dried it with

solid sodium sulfate. We evaporated the solvent under vacuum, analyzed the dry BVO by 1H

NMR (Figure 1.4), and stored it at -80 °C for up to two years. Stock solution for

aminoacylation reactions was prepared by dissolving dry BVO in anhydrous acetonitrile,

which was stored at -20 °C for up to six months.
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BVO degradation rate determination

We prepared BVO stock solution in anhydrous acetonitrile and mixed it to 15 mM

concentration in 1X selection buffer (100 mM HEPES (pH 7), 100 mM NaCl, 100 mM KCl,

5 mM MgCl2, 5 mM CaCl2). The mixture was incubated at 0, 22, or 50 °C. At different time

points, we determined [BVO] and [BV] by ultrahigh performance liquid

chromatography-mass spectrometry (UHPLC-MS) on an Agilent InfinityLab 1290 Infinity II

Series system. Briefly, 2 μL of sample was injected into a mobile phase of 20%:80% A:B,

where A was 20 mM ammonium formate in water adjusted to pH 3 with formic acid and B

was 90% acetonitrile and 10% A. The mobile phase flowed through the stationary phase (100

mm Agilent HILIC-Z column) at 0.5 mL/min. The MS peaks were integrated and

concentrations determined by comparison to a standard curve generated using the same

method. We measured experimental triplicates at each time point and fit [BVO] over time at

each temperature to an exponential decay model by least-squares regression. The

log-adjusted half-lives versus temperature fit an inverse linear relationship, again determined

by least-squares regression.

Ribozyme melting curves by circular dichroism (CD) spectroscopy

For each ribozyme, we prepared a solution of 1X selection buffer with 4 μM RNA in

a quartz cuvette. Ellipticity from 175 nm to 900 nm was recorded at 5 °C intervals from 5 °C

to 95 °C using a JASCO J-1500 spectropolarimeter. We fit the ellipticity at 264 nm to the
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Boltzmann sigmoidal equation θ = θmin + (θmax − θmin)/(1 + e(Tm − T)/s), where θ is the ellipticity,

T is temperature, and Tm is the melting temperature.

In vitro selection of self-aminoacylating ribozymes

Wherever possible, the selection scheme (Figure 1.1) adhered to previously published

methods41,42 for determining molecular fitness landscapes of self-aminoacylating ribozymes.

The method is briefly summarized here and deviations are noted.

A DNA library of sequence

5′-GATAATACGACTCACTATAGGGAATGGATCCACATCTACGAATTC-N21-TTCACT

GCAGACTTGACGAAGCTG-3′, where N21 denotes the 21-nucleotide random region and

nucleotides upstream of the transcription start site are underlined, was chemically

synthesized (IDT, PAGE purification) and used as the starting (R0) pool.

We performed 15 rounds of selection. For the first round, we transcribed 200 pmol

DNA (~30X sequence space coverage) using the New England Biolabs HiScribe T7

polymerase system and purified full-length RNA by urea polyacrylamide gel electrophoresis

(PAGE) and ethanol precipitation. 100 pmol RNA (~15X coverage) was mixed with 500 μM

BVO in 200 μL of 1X selection buffer (100 mM HEPES (pH 7), 100 mM NaCl, 100 mM

KCl, 5 mM MgCl2, 5 mM CaCl2). We stopped the reaction and transferred the RNA into Tris

buffer (pH 7.4) by desalting with Bio-Rad P30 size exclusion spin columns. Aminoacylated

RNA was selected by pulldown with Promega Streptavidin MagneSphere magnetic beads.

Beads were prepared by washing with bead buffer (phosphate-buffered saline, pH 7, with

16

https://www.zotero.org/google-docs/?Pk6Z6I


0.01% Triton-X 1000), 20 mM NaOH, and again with bead buffer. According to

manufacturer specifications, enough bead solution was mixed with each reaction mixture to

provide at least one streptavidin binding site per RNA molecule. This mixture was incubated

at room temperature with rotation for 15 min, then the beads were washed three times with

bead buffer, resuspended in ultrapure H2O, and heated at 70 °C to disrupt the

biotin-streptavidin interaction. RNA in the supernatant was reverse-transcribed using

SuperScript IV reverse transcriptase (Thermo Fisher), and the cDNA amplified by PCR with

Phusion high-fidelity DNA polymerase (Thermo Fisher).

Duplicates of each of two selection conditions were run in parallel. In the variable

temperature condition (selections V1 and V2), the RNA/BVO reaction mixture was subjected

to a quasi-linear temperature ramp from 60 °C to -20 °C over 8 h. First, the temperature was

changed linearly from 60 °C to 0 °C over 6 h in a Bio-Rad C1000 thermal cycler. The tubes

containing the reaction mixture were then immediately transferred to a 0 °C insulated

container, which was then stored at -20 °C. The reaction mixture reached -20 °C after an

additional 2 h. In the constant temperature (control) condition (selections C1 and C2), the

reaction mixture was incubated at room temperature for 8 h. In both conditions, three 1.5-μL

aliquots of BVO were added to the mixture at consistent time points in order to keep [BVO]

approximately constant over the course of the reaction.

Subsequent rounds of selection were performed identically to the first round except

for the following modifications. 50 pmol RNA (7.5X coverage) was added to 50 μL of 1X

selection buffer. To gradually increase selection stringency, [BVO] was reduced to 250, 50,

and 5 μM following rounds 2, 5, and 9 respectively. The reaction time was reduced to 1.5 h
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following round 13, with the temperature ramp in the variable temperature condition adjusted

accordingly.

High-throughput sequencing of selection pools

DNA pools from all 15 rounds of selection for both duplicates of both conditions,

plus the R0 pool (61 total pools) were adapted and barcoded using the Illumina Nextera XT

primer set, then multiplexed. Sequencing by synthesis (SBS) and demultiplexing were

performed using the Illumina NovaSeq 6000 system (Technology Center for Genomics and

Bioinformatics, UCLA).

Bioinformatic analysis of fitness landscapes

We used EasyDIVER59 to filter for quality and length, isolate the randomized region

of the ribozymes, and sum the counts of each unique sequence. We then used ClusterBOSS42

to identify homologous sequence families, which reflect peaks on the fitness landscape.

Briefly, ClusterBOSS treats the highest-abundance unclustered sequence as the center of a

peak, clusters all sequences within a provided edit distance into that peak, then repeats until

no sequences remain. Evolutionary paths between peaks and other sequences of interest were

identified by Peak-Pather41, a modified A* algorithm implemented in Python. Briefly, this

algorithm identifies best paths between two sequences by minimizing a cost function
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determined by the sum of a growing path’s length and the remaining edit distance to the

target sequence. Sequences present in the round 15 (R15) pools with at least 2 counts were

included in the set of possible node sequences.

Aminoacylation assays of pools and individual ribozymes

Depending on the experiment, we adjusted RNA and substrate concentrations and

reaction volumes as needed. Generally, we added 500 ng of RNA (4 μM) to a 50 μL reaction

mixture of 500 μM biotinylated amino acid oxazolone in 1X selection buffer. We incubated

this mixture for 1.5 h at room temperature or under the temperature ramp used in rounds

14-15 of the selection, then stopped the reaction by desalting with Bio-Rad P30 size

exclusion spin columns. The RNA/aminoacyl-RNA mixtures eluted into Tris buffer, pH 7.4.

The fraction of aminoacylated RNA was assessed by electrophoretic mobility shift assay

(EMSA) with streptavidin, or by reverse transcription-quantitative polymerase chain reaction

(RT-qPCR).

Streptavidin electrophoretic mobility shift assays (EMSA)

We mixed post-reaction RNA with streptavidin (1 mg/mL stock solution, New

England Biolabs) at a 1:4 molar ratio of RNA:streptavidin and incubated at room temperature

for 5 min. We then mixed these samples with native gel loading dye and separated them by
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8% native polyacrylamide gel at 300 V for 15 min. We stained the gels with SYBR Gold

(Thermo Fisher) and visualized them using an Amersham Typhoon (General Electric).

Aminoacylation was observed as high molecular weight-shifted bands due to binding of

streptavidin to the biotinylated amino acid. When appropriate, we quantified the fraction of

aminoacylated RNA by comparison of band density to the bands of non-aminoacylated RNA.

Catalytic activity measurement by reverse transcription and quantitative polymerase chain

reaction (RT-qPCR)

We mixed RNA with BVO at a range of concentrations as previously described. We

separated the aminoacylated RNA using streptavidin-bound magnetic beads and

reverse-transcribed it to cDNA, following the procedure used in the selection. We quantified

the cDNA by qPCR using the Bio-Rad C1000 system and SYBR Green intercalating dye

(Thermo Fisher). We calculated the fraction of aminoacylated RNA as the quantity measured

by qPCR divided by the quantity of RNA added to the reaction mixture. We measured

experimental triplicates for each concentration of BVO and fit these data to the first-order

rate equation F = A(1 - ek[BVO]t), where F is the fraction aminoacylated, A is the maximum

fraction aminoacylated, k is the effective rate constant, and t is the reaction time41. Errors in

these measurements were assessed by bootstrapped 95% confidence intervals, and statistical

differences in catalytic activity between two pools or sequences were also determined by

bootstrapping. The product of k and A has been previously found to be the best metric of

catalytic enhancement41,42,60, so we generally used kA to assess catalytic activity.
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1.5. Results and Discussion

Temperature ramp protocol design

We sought to expose the entire RNA library to a linear temperature ramp, such that all

sequences would be exposed to each temperature for the same amount of time. In theory, any

sequence with catalytic aminoacylation activity active at any temperature in the range would

react and be selected, so the resulting fitness landscape would be the union of all fitness

landscapes from all temperatures in the range. For simplicity, we decided to start at the high

temperature and ramp down one time to the low temperature, with the reasoning that RNA

secondary and tertiary structures would start mostly unfolded and different sequences would

slowly fold as they crossed their melting thresholds. For the endpoints, we sought the highest

reasonably achievable temperature at which RNA would not spontaneously degrade61,62, and

an achievable low temperature below the eutectic point of the reaction mixture. In our

experience, RNA degradation in aqueous solution with divalent salts becomes appreciable on

the timescale of minutes above 70 °C, so we chose 60 °C as the high endpoint. We measured

the freezing point of the solution at about -18 °C, so we chose -20 °C as the low endpoint.

Given that previous selections had used 90 min reactions at room temperature, and taking

human and equipment availability into account, we chose 8 h as the reaction time, for an

easily memorable ramp rate of -10 °C/h.

Commercially available dry baths and thermal cyclers cool samples to 0 or -10 °C at

minimum, and circulating wet baths or liquid nitrogen-based temperature control equipment

solutions were cost-prohibitive. Balancing cost and efficacy, we decided that exponential
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cooling from 0 °C to -20 °C would approximate a linear ramp and allow the reaction mixture

to slowly cross its eutectic point. Therefore, after linear decrease from 60 °C to 0 °C in a

thermal cycler, we transferred the samples to an insulated container equilibrated at 0 °C and

stored the container at -20 °C. We measured the coefficient of heat transfer of the container to

be such that the half-life of the temperature of the samples by Newton’s law of cooling63 was

29 min (Figure 1.5), so they descended below -19 °C in 2 h.

We tested the stability of the RNA over the planned temperature ramp, and verified

that aminoacylation activity would be possible, by subjecting a model ribozyme, the known

generalist S-2.1-a41,42, to the above protocol in 1X selection buffer with BVO. We observed

aminonacylated RNA, but no evidence of spontaneous RNA degradation, via an

electrophoretic mobility shift assay (EMSA) with streptavidin (Figure 1.9).

Maintaining [BVO] within a consistent range

A major concern in designing the temperature ramp (variable, or V selection

condition) was keeping [BVO] relatively constant over the course of the reaction, such that

the average [BVO] over a given ~10 °C interval would be about the same as over any other

similar interval. This ensured that temperature was the only environmental variable

experienced by the RNA pool, and the resulting fitness landscape represented the union of

the landscapes from every temperature. Additionally, the protocol was designed such that the

average [BVO] in the constant temperature (control, or C selection condition) reaction was

the same as the average [BVO] in the V reaction.
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BVO is depleted in aqueous solution by a side reaction in which the oxazolone

hydrolyzes19, producing the precursor biotinyl valine (BV). By tracking the fraction of BVO

remaining in 1X selection buffer over time by ultrahigh performance liquid

chromatography-mass spectrometry (UHPLC-MS), we determined the half-life of BVO at 0,

22, and 50 °C to be 20, 109, and 471 min respectively (Figure 1.6), with respective

bootstrapped 95% confidence intervals (19, 21), (107, 110), and (435, 520). These data

followed an expected log-linear relationship between reaction rates and temperature (Figure

1.7). The half-life of BVO at a given temperature can therefore be closely estimated by the

equation t1/2 = aebT in which t1/2 is the half-life, T is temperature, a is 460±22 min, and b is

-0.063±0.001 °C-1. Using this range of possible values for the relationship between

temperature and BVO degradation, we conducted bootstrap simulations of the likely range of

[BVO] over the course of the 8 h temperature ramp (Figure 1.8). We selected time points for

the addition of supplemental BVO to keep [BVO] within a factor of 4 of the starting

concentration. Under this protocol, the average [BVO] experienced by the RNA pool over

any 10 °C interval was no less than 36% and no higher than 61% of the starting

concentration. Bootstrapped 99% confidence intervals of the average [BVO] over the course

of the entire reaction were (49%, 56%) and (40%, 51%) for C and V respectively.

Following this procedure, the C reaction mixture was given supplementary 1.5-μL

aliquots of BVO equal to 10, 10, and 50% of the starting concentration at 0.5, 1.5, and 2.5 h

respectively (Figure 1.8). The V reaction mixture was given BVO supplements equal to 75%

of the starting concentration, at the same time points. Due to the use of anhydrous acetonitrile

to prepare the BVO stock solution, this protocol resulted in a final acetonitrile concentration

of 12% in the reaction mixture. To check whether that level of acetonitrile in solution might

23

https://www.zotero.org/google-docs/?TUZ17x


inhibit aminoacylation activity, we tested a previously identified model ribozyme with

biotinyl tyrosine oxazolone (BYO) in 1X selection buffer with 12% acetonitrile and assessed

aminoacylation activity by electrophoretic mobility shift assay (EMSA). We observed no

reduction in aminoacylation (Figure 1.10).

Evidence for temperature-dependent aminoacylation activity

We reasoned that essential secondary structures in some or most of the ribozymes in

the library might melt at temperatures nearing 60 °C. We recorded melting curves for four

previously characterized self-aminoacylating ribozymes by circular dichroism (CD) and

found the melting temperatures of all four ribozymes to be between 60 and 70 °C (Figure

1.11). We then reasoned that although the secondary structure might be stable below 60 °C,

there may be some tertiary structures that melt at lower temperatures. We tested one model

ribozyme, S-1A.1-a, with BYO at 22, 40, and 50 °C and assayed aminoacylation activity by

EMSA to assess whether aminoacylation was disrupted at higher temperatures. We observed

a modest reduction of aminoacylation activity at 40 °C and complete ablation at 50 °C

(Figure 1.12), suggesting disruption of some essential interaction, likely a tertiary structure,

just above 40 °C. Whatever the cause, this finding lent additional confidence to our

hypothesis that aminoacylation activity was temperature-dependent within the range of the

proposed temperature ramp, and the specific temperature dependence was likely determined

by sequence.
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In vitro selection progress

Each round, we tracked the approximate fraction of aminoacylated RNA based on

back-calculated cDNA recovery (Figure 1.13). We noticed that the variable temperature (V)

condition consistently produced two to four times as much aminoacylated RNA as the

control (C) condition. The aminoacylated fraction of the pool appeared to increase rapidly

each round, so we increased the selection stringency by decreasing the substrate

concentration. We also tracked the activity of the pool across rounds by electrophoretic

mobility shift assay (EMSA) with streptavidin, which indicated that RNA in the V condition

was aminoacylated at about three times the rate of RNA in the C condition (Figure 1.14).

Based on previous selections for self-aminoacylating ribozymes starting with the same

library41,42, we expected to detect aminoacylation over the background rate in the round 0

(R0) pool by EMSA within 6 rounds. However, we detected no aminoacylation over the R0

pool by R7 (Figure 1.14). It also became clear that the back-calculated cDNA recovery was

correlating poorly with activity observed by EMSA. Sequencing data from R7 indicated that

the pools were still very diverse, with some sequences countable over background in the C

condition, including at least one previously identified promiscuous ribozyme, S-2.1-a.

V-selected R7 pools were statistically indistinguishable from R0, consistent with the

hypothesis that selection stringency was lower in the V condition due to more sequences

becoming aminoacylated. We continued the selection until we observed enhanced

aminoacylation over background in the C condition by EMSA, which was after R15 (Figure

1.15).
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We measured the activity of the R15 pools under C and V conditions by reverse

transcription-quantitative polymerase chain reaction (RT-qPCR) and compared them to the

baseline R0 activity (Figure 1.16). Consistent with our observation of higher aminoacylation

rate in the V condition measured by back-calculated cDNA or by EMSA, the adjusted

background catalytic rate kA under the V condition was about two times higher than under

the C condition. We measured significant increases in catalytic activity in both C-selected

and V-selected pools under both reaction conditions. Furthermore, the catalytic enhancement

of the C-selected R15 pool was significantly higher under the C condition than under V, and

the reverse was true for the V-selected R15 pool. This suggested that each pool was

specialized to its selection condition and likely consisted of a unique population of sequence

families.

Sequencing data from all rounds revealed that no sequence family comprised more

than 1% of the pool before round 13 in the C condition, and before round 14 in the V

condition (Figure 1.17), again consistent with the observed higher diversity in the V-selected

pools due to lower selection stringency. In the C-selected pools, the most abundant sequence

was S-2.1-a, a ribozyme originally identified by selection with BYO41 but later found to be a

generalist42. S-2.1-a comprised more than 5% of the R15 pool, with the top three sequences

comprising nearly 15%. By comparison, no unique sequence comprised more than 0.02% of

the V-selected R15 pools. The round-over-round enrichment of top families in each condition

also aligned with these observations, averaging 400% for the top two C-selected families and

50% for the top three V-selected families.
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Fitness landscape peaks and paths

Based on the experimental and sequencing data, we were satisfied that the constant

temperature (C)-selected R15 pools were not overselected. The variable temperature

(V)-selected pools, while perhaps under-selected due to the comparatively low selection

stringency, had enough identifiable sequence families amplified above background to explore

the fitness landscape-related questions that we had initially set out to answer. The C-selected

landscape consisted of 11 families, 10 of which were previously unidentified; the remaining

family was the generalist Motif 2 identified by selection with BYO and containing the

aforementioned S-2.1-a41. The V-selected landscape consisted of 25 families, none of which

were dominated by previously characterized sequences. Each set of duplicates had greater

than three-quarters of sequence families in common, while only one-quarter of sequence

families were selected by both temperature conditions. Both the increased diversity in the V

condition and the appearance of C-selected families in the V-selected pools aligned with our

expectation that room temperature-optimized ribozymes would be selected in the V condition

in addition to ribozymes active at other temperatures.

Of critical importance to our initial hypotheses was the presence or absence of

evolutionary paths between fitness peaks under each condition. Due to the immense

complexity of the highly multidimensional sequence space and the associated computational

intensity, we focused our search on paths between the center sequences of peaks (that is, the

most abundant sequence of each family). To evaluate paths between substrate-specific peaks,

we used fitness landscape data from the selection performed on the same library with BYO,

the tyrosine analog of BVO. To our surprise, one of the V-specific peaks supported both of
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our initial hypotheses. Two of the top C-selected sequences, referred to here as Val-sC1 and

Val-sC2, differ by 12 edit distance and are separated by a gap of 7 edit distance along the best

possible path if only C-selected sequences are available (Figure 1.17). When allowed to

travel through V-selected sequences, however, the best path travels through a V-specific peak

with center sequence named Val-sV2, and has a maximum gap of 3 edit distance. Val-sC1

and Val-sC2 are separated from a BYO-selected ribozyme named S-3.1-a, which is

substrate-specific for aromatic amino acids42, by 12 and 13 edit distance, respectively. The

best paths between them must cross gaps of 5 or 8 edit distance, respectively. When allowed

to travel through V-selected sequences, the best path passes through the same Val-sV2 peak,

again reducing the maximum gap to 3 edit distance.

Consistent with previously published methods41, only sequences with at least 2 counts

in R15 were included as possible nodes for paths. About 5 x 105 C-selected sequences and

1.7 x 106 V-selected sequences met this criterion. We considered that any addition of the same

number of possible nodes would also create better paths between peaks, so as a control we

searched for paths between C-selected sequences and 1.7 x 106 randomly generated

21-nucleotide sequences. With the exception of the path between Val-sC2 and S-3.1-a, for

which the minimum gap decreased from 8 to 7 edit distance, no better paths were found

(Figure 1.18). We also considered that the observed patterns might be dependent on the

chosen counts threshold, which is ultimately arbitrary. When considering only sequences

with at least 5 counts as possible nodes, the best paths between Val-sC1, Val-sC2, and S-3.1-a

still pass through the family of Val-sV2, with maximum steps of 4-5 edit distance; without

V-selected sequences, the maximum steps increase to 6-8 edit distance (Figure 1.19).
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Validation of newly identified candidate ribozymes

We tested a subset of peak sequences for aminoacylation activity in order to check

our assumption that the selected sequence families were real catalysts. We observed

detectable aminoacylation in the constant temperature (C)-selected sequences Val-sC1 and

Val-sC2 by EMSA, with the fraction aminoacylated greater in C reaction conditions (Figure

1.20). However, the V-selected sequences Val-sV1 and Val-sV2 had no detectable

aminoacylation above background by EMSA under either reaction condition. We are

awaiting results of qPCR measurement of catalytic enhancement over background for these

ribozymes; the EMSA technique is not sensitive enough to detect small but significant

increases in catalytic rate. As with the V-selected R15 pools, it is possible that Val-sV1 and

Val-sV2 are catalysts with enhanced rates detectable by qPCR but not by EMSA.

Another remaining question is whether the newly identified sequence families are

substrate-specific, either exclusively for valine or for the class of small nonpolar amino acids.

In the case of Val-sC1 and Val-sC2, this question is especially interesting because of the

evolutionary paths between those sequences and the aromatic-specific S-3.1-a41,42. Given that

these sequence families were not amplified in previous selections using the tyrosine and

phenylalanine substrate analogs, it is unlikely that they self-aminoacylate with those

substrates at the same rate as with valine. This would then be the first study to our knowledge

to identify a plausible evolutionary path between substrate-specific ribozyme variants by

using in vitro selection to resolve a comprehensive fitness landscape.

29

https://www.zotero.org/google-docs/?jYCXZn


Implications for early molecular evolution

This study was motivated by questions about the topography of molecular fitness

landscapes, inspired by previous studies by our group using the same RNA library and

experimental technique for resolving fitness landscapes by in vitro selection41,42. Those found

that there were perhaps few solutions in the sequence space as defined, and any evolutionary

paths between those solutions were scarce and improbable, producing a frustrated

evolutionary network. The evolution and optimization of essential functions in the very early

stages of life were therefore implied to be very difficult, rare events. However, those previous

studies utilized constant selection conditions, which do not reflect environmental changes in

early Earth conditions over evolutionary time. We hypothesized that varying the selection

conditions, by selecting with a novel substrate and by changing the reaction temperature,

would select for new solutions in the same sequence space which might provide better paths

between otherwise-isolated peaks of fitness.

Though we are still awaiting experimental confirmation of catalysis by sequences

selected under variable temperature and the substrate specificity of the ribozymes newly

identified in this work, the landscapes resolved by high-throughput sequencing of the

selection pools appear to support our hypothesis. There are several lines of evidence

indicating that selection under variable temperature conditions increased the aminoacylated

fraction of the RNA pool, reducing the selection stringency and increasing the number of

sequence families enriched. The variable temperature-selected families provide paths

between peaks otherwise unavailable at constant temperature alone. Furthermore, they also

provide paths between likely substrate-specific sequence motifs. Based on these findings, it
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appears that environmental variability can significantly improve the ability of stepwise

mutation and selection to find and optimize solutions to essential functions.

Of course, the limitations of our experimental system, dictated by current

technological limitations, necessitate a number of caveats about the strength and significance

of the conclusions that can be drawn from this study. Among these limitations are the size of

the sequence space, the necessity of constant flanking regions on the RNA, and the coverage

by high-throughput sequencing. We readily acknowledge that the scope of this experiment is

limited to one highly constrained slice of the nearly infinite domain of possible genetic space;

e.g., there could be unapparent solutions in 20- or 22-nucleotide space that also provide paths

between peaks isolated in 21-nucleotide space. Furthermore, we only explore evolution by

stepwise mutation and selection, and disregard the possible effects of gene duplication or

recombination. With those considerations in mind, we expect that it is possible to draw

appropriately-scaled conclusions about the topography of fitness landscapes from our

findings.

The observation that dynamic environmental conditions increase the available space

in the fitness landscape echoes an ecological theory known as the intermediate disturbance

hypothesis64, which posits that biodiversity is highest when moderate levels of environmental

disturbance prevent communities from reaching equilibrium. It might be that in this chapter

we have resolved fitness landscapes at low and intermediate levels of disturbance. It would

be interesting to observe the landscape at a high level of disturbance, for example by

selecting at low temperature for one round, then at high temperature the next, and so on. How

many sequence families would survive in both conditions, and how connected would the

landscape be?
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Reflections on selection strategy

As noted, based on previous selections with the same library, we expected to observe

enhanced aminoacylation activity over background between rounds 5 and 10. However, those

previous selections used a reaction time of 90 min and 50 μM substrate concentration.

Stemming from a desire to avoid losing catalytic sequences to genetic drift, the selection

scheme in this work started with a >5X greater reaction time and 10X greater substrate

concentration. We increased the selection stringency as the selection progressed, but in

hindsight, the need for more rounds of selection than expected was likely due to keeping the

selection stringency lower than necessary for longer than necessary. In vitro selection design

often involves much trial and error65,66. Excessively high selection stringency may eliminate

functional sequences or their relatives by genetic drift (the “bottleneck” effect67), while

excessively low stringency will fail to amplify functional sequences on a reasonable time

scale. Most in vitro selection experiments are discovery-oriented, meaning that their goals are

achieved if even one sufficiently functional sequence is identified. Keeping in mind the goal

of resolving a comprehensive fitness landscape, we tried to avoid losing catalytic sequences,

and erred on the side of lower stringency.

The major technological limitation of our method of resolving fitness landscapes by

in vitro selection is still sequencing throughput. Currently, the most powerful method outputs

on the order of 1010 reads53, requiring that sequences from our sequence space of size 4 x 1012

be amplified by at about four orders of magnitude in order to be detectable. Though we

expect that there are ~106 catalytic solutions in this sequence space, it is possible that some

lower-activity ribozymes fail to be included in this “snapshot” of the landscape. If the ceiling
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of sequencing throughput could be raised by about three orders of magnitude, this would

cease to be a concern. A related issue is that even in later rounds, between 10% and 50% of

sequences appearing with 1 count may not be true catalysts. Introducing some method, e.g. a

targeted digestion-based method, to remove non-aminoacylated sequences as part of the

selection scheme would likely free up much sequencing depth to detect true catalysts.
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Figure 1.1. Method of mapping fitness landscapes by in vitro selection and hypothesized

effect of environment on the landscape. a) In vitro selection method. A random DNA library

is transcribed (1) to RNA, which is incubated with biotinyl-Val-5(4H)-oxazolone (BVO) and

catalytic sequences (green) self-aminoacylate (2); streptavidin-coated magnetic beads

separate the biotin-tagged aminoacyl-RNAs (3) from non-catalytic sequences (purple),

allowing them to be selectively reverse-transcribed (4) and PCR-amplified. b) The RNA pool

was exposed to either constant temperature (as a control) or a linear temperature ramp during

the aminoacylation step. c) Because all sequences in the pool have equal opportunity to react

with BVO at any temperature in the ramp, we expected to find more peaks of fitness in the

landscape at variable temperature, connecting otherwise-isolated peaks.
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Figure 1.2. Proton nuclear magnetic resonance (1H NMR) spectrum of biotinyl valine methyl

ester (BVME) in deuterated dimethyl sulfoxide (DMSO). Peak centers of chemical shifts are

labeled at the top. Peak integrations are labeled at the bottom. Inset: predicted shifts

generated using ChemDraw software.
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Figure 1.3. 1H NMR spectrum of biotinyl valine (BV) in deuterated DMSO. Peak centers of

chemical shifts are labeled at the top. Peak integrations are labeled at the bottom. Inset:

predicted shifts generated by ChemDraw.
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Figure 1.4. 1H NMR spectrum of biotinyl-Val-5(4H)-oxazolone (BVO) in deuterated DMSO.

Peak centers of chemical shifts are labeled at the top. Peak integrations are labeled at the

bottom. Inset: predicted shifts generated by ChemDraw.
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Figure 1.5. Calculation of thermal conductivity constant for the insulated container used in

the variable temperature selection condition. We measured the temperature in the container

using a digital temperature probe after placing the container at -20 °C. Points display the

recorded temperature at time points thereafter. The gray curve displays the best fit by least

squares regression (R2 = 0.995) to the model T = T0ert, where T is temperature, T0 is initial

temperature, t is time, and r is the rate of exponential cooling, which here is -0.0235 and

corresponds to a half-life of 29 min.
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Figure 1.6. Temperature-dependent rate of substrate hydrolysis. We mixed 15 mM biotinyl

valine oxazolone (BVO) in 1X selection buffer, incubated at each temperature without

agitation, and measured the fraction of BVO remaining at different time points by

UHPLC-MS. The average of triplicates at each time point is shown. Curves indicate the

best-fit to an exponential decay model by least-squares regression (R2 > 0.99 for all).
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Figure 1.7. Log-linear relationship between substrate hydrolysis rate and temperature used to

simulate [BVO] over the course of the variable temperature reaction. We used replicate

measurements of BVO hydrolysis by UHPLC-MS (Fig. 1.5) to calculate median (points) and

95% confidence intervals (error bars) of half-life at each temperature by bootstrapping. These

data conform to an expected log-linear relationship between temperature and first-order

reaction rates. The solid line indicates the best-fit by least squares regression (R2 > 0.99) and

the ribbon indicates a bootstrapped 95% confidence interval of the relationship.
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Figure 1.8. Biotinyl valine oxazolone (BVO) concentration over the course of the 8 h

reaction in the protocol used for the selection in the constant (C) and variable (V)

temperature conditions, simulated using the determined log-linear relationship between

half-life and temperature (Figure 1.7). Top: pseudo-linear temperature ramp experienced by

the RNA pool in the V condition. Middle: [BVO] over the 8 h reaction. Ribbons indicate

bootstrapped 99% confidence intervals. Dotted lines indicate average concentration for the

entire 8 h reaction and 99% CI. Bottom: same as middle, but showing average [BVO]

experienced by the pool during a 10 °C (1 h) sliding window.
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Figure 1.9. Streptavidin electrophoretic mobility shift assay for self-aminoacylation activity

under the reaction conditions used in the selection. S-2.1-a is a previously documented41

promiscuous42 self-aminoacylating ribozyme known to react with BVO at room temperature.

We mixed S-2.1-a with 500 μM BVO at constant (C) room temperature, or variable (V)

temperature, a quasi-linear ramp from 60 °C to -20 °C, over 8 h. After desalting, we mixed

the RNA with streptavidin and size-separated it by native PAGE. Aminoacylated RNA

appears as a higher molecular weight band. Degraded RNA would appear as a lower

molecular weight smear.
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Figure 1.10. Streptavidin electrophoretic mobility shift assay of self-aminoacylation activity

in the presence of the maximum acetonitrile concentration experienced by the RNA pool in

the selection protocol. We mixed the previously identified generalist ribozyme S-2.1-a with

BVO and stopped the reaction by desalting after 90 min incubation at room temperature, then

mixed the RNA with streptavidin and size-separated it by native PAGE.
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Figure 1.11. Melting curves by circular dichroism (CD) for some previously identified41

model ribozymes. We mixed 4 μM RNA in 1X selection buffer in a quartz cuvette and

measured the elliptical absorbance at 264 nm in 5 °C intervals with a JASCO J-1500

spectropolarimeter, then fit to the Boltzmann sigmoidal equation. Tm for all ribozymes

measured fell in between 60 °C and 70 °C.
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Figure 1.12. Temperature-dependent self-aminoacylation activity detected by streptavidin

electrophoretic mobility shift assay. We mixed a previously characterized model ribozyme,

S-1A.1-a, with 1 mM biotinyl tyrosine oxazolone (BYO), incubated for 90 min at different

temperatures, then desalted the RNA, mixed it with streptavidin and size-separated by native

PAGE. Streptavidin-bound aminoacyl-RNA appears as a higher molecular weight band.
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Figure 1.13. Fraction of each RNA pool aminoacylated each round based on back-calculated

cDNA recovery following amplification by PCR. We measured the amount of DNA

recovered after PCR by absorbance at 260 nm and back-calculated the initial quantity of

cDNA based on the number of rounds of PCR performed. We increased the selection

stringency following rounds 2, 5, 9, and 13. Though the relative fraction aminoacylated

compared between C-selected and V-selected pools was consistent with electrophoretic

mobility shift assays (EMSA), the round-over-round fraction aminoacylated correlated

poorly with EMSA; thus, we stopped recording these data after round 13.
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Figure 1.14. Streptavidin electrophoretic mobility shift assay of selection progress by round

7. We mixed RNA pools from replicate #1 selected under the constant temperature (C)

condition or the variable temperature (V) condition with 500 μM BVO and subjected them to

their respective temperature conditions. All lanes in this assay were overloaded, but no

increase in aminoacylation over the round 0 background is detectable. Due to overloading,

hyperstaining of lanes causes bands to appear as smears, and the middle of some bands

appear white due to lack of penetration by SYBR Gold intercalating fluorescent dye. The

control lanes are S-2.1-a mixed with 0 μM (-) or 500 μM (+) BVO.
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Figure 1.15. Streptavidin electrophoretic mobility shift assay of round 15 pools. We mixed

RNA with BVO or acetonitrile and incubated at room temperature (control or “C” condition)

or under a quasi-linear temperature ramp (variable or “V” condition) from 60 °C to -20 C for

90 min, then stopped the reaction by desalting, mixed with streptavidin, and size-separated

on native PAGE. Blue lines and points on the C condition images are artifacts from imaging

software denoting lanes and bands.
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Figure 1.16. Catalytic activity of round 15 pools measured by reverse transcription and

quantitative polymerase chain reaction (RT-qPCR). We mixed RNA with BVO at different

concentrations for 90 min at room temperature (control or “C” condition) or under a

quasi-linear ramp from 60 °C to -20 °C (variable or “V” condition), stopped the reaction by

desalting, then separated the aminoacylated RNA with streptavidin-coated magnetic beads

and quantified it by RT-qPCR. We measured triplicates at each concentration and fit the

fraction aminoacylated (F) versus [BVO] to the first-order rate law F=A(1-ek[BVO]t) to

generate estimates of k and A. Black curves display the best fits and gray ribbons indicate

bootstrapped 95% confidence intervals. The product kA is the most consistent metric of

catalytic enhancement41,42,60; fold-increases over round 0 background are shown. All pairwise

comparisons are significantly different (bootstrap, p < 0.01).
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Figure 1.17. Enrichment of top sequences and sequence families in later rounds of the in vitro

selection. Shown are the top three a) constant temperature (C)-selected sequences; b) variable

temperature (V)-selected sequences; c) C-selected families; d) V-selected families by

abundance after round 15. Sequences or families named elsewhere in the text are noted

where appropriate.
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Figure 1.18. Best paths, using a modified A* algorithm, between the aromatic-specific

ribozyme S-3.1-a41,42 and valine-selected sequences Val-sC1 and Val-sC2, using only

C-selected sequences, C- and V-selected sequences, or C-selected and random sequences as

the set of possible nodes. All sequences with at least 2 counts after round 15 were considered.

Without V-selected sequences, the best paths must make multiple steps of 5-8 edit distance.

When V-selected sequences are included, the best paths travel through a V-specific peak,

Val-sV2, reducing the maximum step size to 3-4 edit distance.
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Figure 1.19. Same as Figure 1.18, but considering only sequences with at least 5 counts after

round 15 as the set of possible nodes. Without V-selected sequences, the best paths require

multiple steps of 6-8 edit distance. With V-selected sequences included, the best paths travel

through the V-specific peak Val-sV2 and have maximum steps of 4-5 edit distance.
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Figure 1.20. Streptavidin electrophoretic mobility shift assays of candidate ribozymes

identified by in vitro selection in this chapter. 90-min reactions and native PAGE were

conducted as before. a) Self-aminoacylation activity assay of two sequences selected in

constant temperature (C) reaction conditions (Val-sC1 and Val-sC2) and two sequences

selected in variable temperature (V) reaction conditions (Val-sV1 and Val-sV2).

Aminoacylation activity is indicated by a higher molecular weight streptavidin-bound

aminoacyl-RNA band after mixing with BVO that does not appear without BVO. The box

highlights bands that appear streptavidin-bound, but disappear after heating the samples at 60

°C for 5 min (b), suggesting that they are some higher-order or alternate RNA structure.
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Figure 1.21. Predicted secondary structures for the individual sequences identified and tested

in this chapter, generated by RNAfold68.
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Table 1.1. Individual sequences identified and tested in this chapter.

Name Selected in Variable region coding DNA sequence

Val-sC1 C, V ATTCGTGTCGTACAGGGTAAC

Val-sC2 C, V CCTTTGCACGCAGCTGTGACT

Val-sV1 V ATCAAGTCTGTAAGCTTCGTC

Val-sV2 V AAGTCTGCCAAACGCTTCGTC
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CHAPTER 2

Alternate Outcomes
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2.2. Abstract

Modern life is essentially homochiral, consisting of D-nucleic acids and L-proteins.

Since coded proteins are believed to have developed from a prebiotic RNA World, the

homochirality of L-proteins observed in all known life presumably resulted from chiral

transfer from a homochiral D-RNA World. This transfer would have been mediated by

aminoacyl-RNAs defining the genetic code. Previous work on aminoacyl transfer using

tRNA mimics has suggested that aminoacylation using D-RNA may be inherently biased

toward reactivity with L-amino acids, implying a deterministic path from a D-RNA World to

L-proteins. Using a model system of self-aminoacylating D-ribozymes and epimerizable

activated amino acid analogs, we tested the chiral selectivity of 15 ribozymes derived from

an exhaustive search of sequence space. All of the ribozymes exhibited detectable selectivity,

and nearly half (6/15) reacted preferentially to produce the D-enantiomer of the product.

Furthermore, chiral preference was conserved within sequence families. These results are

consistent with the transfer of chiral information from RNA to proteins, but do not support an

intrinsic bias of D-RNA for L-amino acids. Different aminoacylation structures result in

different directions of chiral selectivity, such that L-proteins need not emerge from a D-RNA

World.

59



2.3. Introduction

All known life is homochiral, consisting almost exclusively of right-handed (D-)

sugars and left-handed (L-) amino acids69. Indeed, homochirality is considered to be a

hallmark of life itself, and enantiomeric ratios of organic monomers are used as a

biosignature informing the search for life elsewhere46,70–72. The selective advantages of

homochirality, namely structural specificities that confer chemical efficiencies, could drive

natural selection toward a system with nearly complete chiral asymmetry73. Therefore,

factors determining the direction of the imbalance, and the exact mechanisms responsible for

creating, amplifying, and perpetuating the imbalance, are important subjects of study74.

The emergence of homochirality from a racemic abiotic milieu can be considered in

three stages: symmetry breaking, in which the imbalance is introduced; amplification, in

which the initial imbalance increases until homochirality is reached; and chiral transfer, in

which one homochiral molecular type (e.g., RNA) passes the imbalance to another type (e.g.,

peptides), breaking the symmetry of the latter75. While recent research has substantially

advanced the understanding of symmetry breaking and chiral amplification45,76,77, chiral

transfer is still not understood well.

The RNA World hypothesis posits that at some point in its early development, life

went through a stage in which RNA played both roles of information carrier and catalyst in

primitive living systems2,3,78. Since modern life consists of D-sugars, the RNA World is

assumed to have shared this handedness. Interestingly, enantioenrichment of glyceraldehyde

(a prebiotic sugar precursor) can be promoted by amino acids and dipeptides, indicating the

potential for chiral transfer between small molecules even before the RNA World79,80 became
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established. The emergence of protein translation in the RNA World represents a major

transition, during which the chiral nature of RNA could have been transferred to coded

proteins. A critical bridge during this transition would have been the “adaptor” molecules

that matched individual codons with specific amino acids. While tRNAs, charged by

aminoacyl-tRNA synthetases, perform the role of adaptor molecules today,

self-aminoacylating ribozymes14,41,81,82 may have been the RNA World precursors of this

system. Given the modern observation that nucleic acids have D-sugars and proteins have

L-amino acids, it has been hypothesized that D-RNA might have inherent affinity or reaction

with L-amino acids or their precursors, and therefore a D-RNA World would lead

deterministically to an L-protein world. Indeed, earlier studies suggested that D-RNA would

favor L-amino acids, based on the observation that an RNA minihelix mimicking the

acceptor stem of tRNA reacts more quickly with an aminoacyl phosphate oligonucleotide

when the aminoacyl chirality is L- rather than D- 83,84. Furthermore, aminoacyl transfer

between strands of a model tRNA acceptor stem also showed stereoselectivity preferring the

L-enantiomer in two different transfer mechanisms. 57,85.

These studies on structural tRNA mimics suggest an intrinsic interaction of D-RNA

with L-amino acids. On the other hand, some variants of an aminoacyl transferase ribozyme

(the flexizyme) are capable of promiscuous activity, including catalyzing reaction between

tRNA mimics and D-substrates86, indicating the potential for chiral transfer from

D-ribozymes to D-peptides. However, because the flexizyme was originally selected for

reaction with L-substrates87, these observations cannot address whether D-ribozymes would

have an intrinsic preference for L- versus D-substrates. Therefore, the question of whether a

D-RNA World would lead to an L-peptide world, due to an intrinsic preference of D-RNA,
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remains open. In particular, in an alternative RNA World, utilizing different catalytic

structures for aminoacylation, would D-RNA still favor reaction of L-amino acids?

To probe this question, we analyzed several self-aminoacylating ribozymes originally

discovered through in vitro selection for reaction with an activated amino acid,

biotinyl-Tyr(Me)-5(4H)-oxazolone (BYO)19. The oxazolone substrates epimerize57,83,84 at the

𝛼-carbon due to tautomerization, so both L- and D-chirality at the 𝛼-carbon are equally

represented in the reaction mixture. The starting library of this selection was a pool of RNA

containing a random sequence flanked by regions of constant sequence41, where the random

region had nearly complete coverage of sequence space. The ribozymes catalyze the

formation of an ester bond with an internal 2’-OH to form aminoacyl-RNA85, fixing the

chirality of the 𝛼-carbon upon reaction. Three distinct sequence motifs, having distinct

aminoacylation sites, emerged from the selection, including several subfamilies and many

individual ribozymes. All ribozyme motifs were found to react at internal 2’-OH sites (i.e.,

not at a strand terminus), unlike the modern tRNA acceptor stem and previously studied

systems. The ribozymes also tolerate some changes to the substrate side chain, particularly

for aromatic side chains42. The unusual reactive sites on the RNA, as well as the fact that the

ribozymes were discovered through an exhaustive search of sequence space, indicate that

these ribozymes are orthogonal to natural and tRNA-inspired systems. This orthogonality

offers an opportunity to test whether the propensity for D-RNA to react to give L-aminoacyl

products is in fact generalizable. In this work, we analyzed the ratio of D- to L-aminoacyl

products in the reactions between a representative set of these ribozymes and the substrate

biotinyl-Phe-5(4H)-oxazolone (BFO), to test the existence of an intrinsic, deterministic

stereoselectivity governing chiral transfer from D-RNA to L-amino acids.
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2.4. Methods

Ribozyme sequences and substrate

For each of the 15 D-ribozyme sequences investigated in this paper, chemical

synthesis (Integrated DNA Technologies, PAGE-purified) was used to obtain single-stranded

template DNA with the following sequence:

5′-GATAATACGACTCACTATAGGGAATGGATCCACATCTACGAATTC-Nx-TTCACTG

CAGACTTGACGAAGCTG-3′, where Nx denotes the variable region (Table S1) and

nucleotides upstream of the transcription start site are underlined. The ssDNA template was

converted to dsDNA by Phusion polymerase (New England Biolabs) and a reverse primer of

sequence 5’-CAGCTTCGTCAAGTCTGCAGTGAA-3’, in a 50 μL mixture containing 1.5

μg template, 10 μM primer, 1 mM dNTPs, and 2 U enzyme in 1X HF buffer supplied by the

manufacturer, with 68 °C annealing temperature and 72 °C synthesis temperature for 30 min.

RNA was transcribed from the dsDNA reaction mixture using T7 RNA Polymerase

(New England Biolabs), in a 30 μL mixture containing 1 μg template, 6.7 mM each NTP, and

2 U enzyme in 1X buffer supplied by the manufacturer, at 4 °C overnight. The full-length

product was purified by 7 M urea, 8% 29:1 mono:bis-polyacrylamide gel electrophoresis

(PAGE) with the “crush-and-soak” method of gel extraction88,89, followed by ethanol

precipitation90. Purified RNA was dried in a vacuum centrifuge for 1.5 h and redissolved in

TE buffer (10 mM Tris pH 8, 1 mM EDTA) and stored at -20 °C for up to one year. The

purity of the full-length product was verified by PAGE with the same conditions.
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L-RNA of ribozyme S-1A.1-a (Table 2.1) was obtained by chemical synthesis with

HPLC purification (Bio-Synthesis, Inc.). The lyophilized pellet was resuspended in 10 mM

Tris buffer (pH 8) and stored at -20 °C for up to one month.

Synthesis of substrate biotinyl-Phe-oxazolone (BFO) was performed according to a

previously described procedure41,42 (Figure 2.1). Reagents and solvents were obtained from

Millipore Sigma and used without further purification. The identity and purity of the product

were verified by 1H NMR (Figure 2.2). Vacuum-dried solid BFO was dissolved in anhydrous

acetonitrile with sonication, to a concentration of 25 mM, and stored at -20 °C for up to three

months.

Aminoacylation reaction

To 6 mL of an aqueous buffer solution of 100 mM HEPES (pH 7) containing 100 mM

NaCl, 100 mM KCl, 5 mM MgCl2, and 5 mM CaCl2, BFO stock solution was added to the

desired concentration and mixed thoroughly. Then, RNA was added to a resultant

concentration of 10 ng/μL (~400 nM). Because the reaction with the lowest [BFO] contained

50 μM BFO, all reactions contained >100-fold molar excess of substrate over RNA. The

reaction was incubated on a rotator at room temperature overnight (Figure 2.3). Since the

apparent catalytic rates of the ribozymes are ≥0.01 min-1 at the substrate concentrations

tested, reactions reached saturation (>99% of maximum aminoacylation) within 10 hours.
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Hydrolysis of reacted RNA to isolate biotinyl-phenylalanine

The reaction solution after incubation was concentrated to ~50 μL (Amicon Ultra-4

Centrifugal Filter Units, Millipore Sigma), after which the RNA was exchanged into 60 mM

Na2B4O7 (pH 9.5) by size exclusion chromatography (Bio-Gel P-30, Bio Rad), also removing

excess substrate. The sample was then incubated overnight at 45 °C, during which time the

mildly alkaline buffer selectively hydrolyzed the aminoacyl ester bond to liberate

biotinyl-Phe from the RNA91 (Figure 2.3). 1-μL aliquots of the RNA were taken before and

after hydrolysis and analyzed by electrophoretic mobility shift assay (EMSA) (Figure 2.4).

EMSAs were performed by mixing samples with 2 μM streptavidin (aqueous stock solution,

New England Biolabs), incubating at room temperature for 5 min, adding 6X native loading

dye (New England Biolabs), and loading without heating into native 8% 29:1

mono:bis-PAGE cast and run with the Bio-Rad minigel system. Gels were stained with

SYBR Gold (Thermo Fisher Scientific) and imaged with an Amersham Typhoon scanner

(General Electric). Aminoacylated RNA migrates more slowly than unmodified RNA due to

streptavidin binding, resulting in a lower-mobility band. After successful hydrolysis of

biotinyl-Phe was verified by the disappearance of the high-MW band, the RNA was removed

from the hydrolysis reaction by size-based filtration (Amicon Ultra Centrifugal Filter Units,

10 kDa, Millipore Sigma), to isolate biotinyl-Phe.
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Quantification of L- and D-phenylalanine by chiral chromatography

The concentrations of L- and D-phenylalanine were determined by two methods. In

the first method, biotinyl-Phe samples were desiccated by vacuum centrifuge overnight,

dissolved in 100 μL 6 M HCl, and incubated at 100 °C for 3 h to remove biotin92 (Figure

2.3). Samples were then neutralized with equimolar NaOH prior to column separation

(Figure 2.5). Samples were diluted 1:1 with acetonitrile and analyzed by ultrahigh

performance liquid chromatography and mass spectrometry with an Agilent InfinityLab 1290

Infinity II Series system. L- and D-phenylalanine were separated on a 150 mm Agilent

InfinityLab Poroshell 120 Chiral column at a flow rate of 0.5 mL/min, with 2 μL injection.

The isocratic mobile phase was 70:30 aqueous:organic solvent, in which the aqueous

component was 20 mM ammonium formate (pH 3) and the organic component was LC-MS

grade methanol. The total run time for each sample was 10 min. Needle wash with isopropyl

alcohol was done between injections. The transition (from precursor ion to fragment ion) for

both L/D-Phe was 166 m/z to 120 m/z, with retention time of L-Phe at 5 min and D-Phe at

5.8 min. Six-point calibration standards ranging from 1 ng/mL to 100 ng/mL were used for

absolute quantitation.

A second, more sensitive method was used to validate the accuracy of the first

method (Figure 2.7). Biotinyl-Phe samples were desiccated and subjected to acid vapor

hydrolysis at 150 °C for 3 h, using 6 M double-distilled hydrochloric acid92,93, to remove

biotin. Samples were then desalted by cation exchange chromatography92,94 and prepared for

analysis by pre-column derivatization with o-pthaldialdehyde/N-acetyl-L-cysteine as

previously described92,93. Racemic tryptophan was used as an internal standard during
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execution of ion exchange chromatography. Sample analysis was performed using ultrahigh

performance liquid chromatography with fluorescence detection and ultrahigh resolution

Orbitrap mass spectrometry. Chromatography of target analytes was achieved using a 150

mm Waters ACQUITY CSH Phenyl Hexyl column, a 100 mm Waters ACQUITY CSH C18

column, and a 150 mm Waters ACQUITY CSH Phenyl Hexyl column in series. Analytes

were eluted using an isocratic flow (130 μL/min) of 60:40 aqueous:organic, where the

aqueous eluent was 46 mM ammonium formate (pH 9.00) with 7% LC-MS methanol, and

the organic eluent was LC-MS grade methanol. Fluorescence was detected with 340 nm

excitation and 450 nm emission wavelength (Figure 2.6). Mass spectrometry was performed

at a resolution setting of 60,000 (at full-width-half-maximum for m/z 400). Additionally,

accurate mass analysis was facilitated using a polysiloxane compound (m/z 371.10124,

[(C2H6SiO)5 + H]+ found in ambient air as an internal lock mass, which resulted in a typical

mass accuracy of <1 ppm.

Determination of enantioselectivity index

We measured the chiral output (L-Phe vs. D-Phe) for multiple experimental replicates

of reaction with each ribozyme, at multiple substrate concentrations, with overnight

incubations, as described above. The fraction of total RNA aminoacylated by each

stereoisomer, in each reaction, was calculated as the product of the fraction of L or D-Phe

[cL/(cL+cD) and cD/(cL+cD), where cX is the concentration of isomer X measured by LC-MS],

multiplied by the fraction of total RNA aminoacylated, as measured by EMSA. To calculate
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the ratio of the rate constants (kD/kL), a kinetic model was developed (Supplementary Text).

The total aminoacylation reaction was assumed to follow pseudo-first-order kinetics with

[BFO] >> [RNA], and [BFO] was assumed to be constant41,60. Since the substrate

epimerizes57,85,95 and was confirmed to contain a 50:50 mixture of D and L isomers (Figure

2.7, negative control), and [BFO] >> [RNA], [D] was assumed to be equal to [L]. In this

model, the integrated rate equation is , where FX is𝐹
𝑋
([𝐵𝐹𝑂]) =

𝐴𝑘
𝑋

𝑘
𝐿
+𝑘

𝐷
(1 − 𝑒

−[𝐵𝐹𝑂](𝑘
𝐿
+𝑘

𝐷
)𝑡
)

the fraction of total RNA aminoacylated with the X-Phe isomer (X = D or L), A is the

maximum fraction of total RNA aminoacylated, and t is the incubation time (in these

experiments, t = 16-20 h). To determine the ratio kD/kL, first the total amount of

aminoacylated RNA (FD+FL) was fit to the form to estimate kD + kL.𝐶(1 − 𝑒
−[𝐵𝐹𝑂](𝑘

𝐿
+𝑘

𝐷
)𝑡
)

Then, this value of kD + kL was fixed in the integrated rate equation, and data for FX over

[BFO] was fit to estimate Akx for each isomer, allowing calculation of kD/kL for each

ribozyme.  Note that kD/kL is insensitive to the choice of reaction time t (Supplementary Text).

The log of this ratio [log2(kD/kL)], here termed the enantioselectivity index (ienant), was used to

characterize the selectivity of each ribozyme. Errors were calculated as 95% confidence

intervals, determined by a bootstrapping procedure sampling replicate measurements with

replacement and calculating kD/kL (n = 1,000).
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2.5. Results

Ribozyme reactions with biotinyl-Phe-oxazolone substrate

Prior work from an exhaustive search of sequence space (random region of 21

nucleotides) had identified three ribozyme sequence motifs.41 These ribozymes catalyze

self-aminoacylation with biotinylated 5(4H)-oxazolones with aromatic side chains42. Ten

ribozymes representing a diverse set of the most active sequences from the three major

motifs had been previously validated for activity (Table 2.1). These included the most

abundant representative from each major family or subfamily (eight sequences designated by

the ‘-a’ suffix), as well as two other sequences with significant activity (one from Motif 1 and

one from Motif 2). In addition, we chose five more sequences from the most active family of

Motif 2. To choose these, we first used electrophoretic mobility shift assays (EMSA) with

streptavidin to assay the activity of 12 candidate sequences from Motif 2, based on results

from a previous high-throughput assay (kinetic sequencing, or k-seq41,60) which had indicated

high activity42. Of those 12 candidates, we chose the five ribozymes with the greatest

self-aminoacylation by biotinyl-Phe-5(4H)-oxazolone (BFO), determined by EMSA, to

include in the present analysis (Figure 2.8; Table 2.1). Thus, a total of 15 sequences (six from

Motif 1, eight from Motif 2, and one from Motif 3) were tested in the following experiments.

Although these ribozymes had been originally identified by reaction with

biotinyl-Tyr(Me)-5(4H)-oxazolone (BYO), BFO is a preferable substrate for chiral study,

given established protocols for downstream chiral analysis of the products. In particular,

methods for separating and detecting enantiomers of phenylalanine have been well
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described92,96,97. The fifteen ribozymes were confirmed to have catalytic activity with BFO by

EMSA (Figure 2.4), consistent with prior results41,42.

As a 5(4H)-oxazolone, BFO is subject to epimerization and the rate of degradation by

hydrolysis was expected to be similar for both stereoisomers57,85. Therefore, the BFO

substrate was expected to contain a 1:1 mixture of both stereoisomers. To verify this, samples

of BFO alone were analyzed by adding BFO stock solution (500 nM resultant concentration)

to 60 mM Na2B4O7 (pH 9.5) for hydrolysis, and incubating at room temperature on a rotator

overnight. The resulting biotinyl-Phe was then hydrolyzed under strongly acidic conditions to

yield Phe (L and D). The ratio of L-Phe to D-Phe was then verified to be indistinguishable

from 1:1 using chiral chromatography (Figure 2.7).

Ribozymes display a range of stereoselectivities

We measured the stereoselectivity of the 15 ribozymes by conducting overnight

aminoacylation reactions with different concentrations of substrate BFO. The amount of L-

and D-isomers incorporated during aminoacylation was determined after each reaction, by

mild basic hydrolysis of aminoacylated RNA to release biotinyl-Phe, followed by acid

hydrolysis to release Phe (L and D). LCMS with a chiral column was used to quantify L-Phe

and D-Phe (Figures 2.5 and 2.6). A more sensitive protocol involving derivatization was also

used to validate the results (Figure 2.7). The amount of RNA aminoacylated by each

stereoisomer over the concentration series was used to calculate the ratio of catalytic rates

(kD/kL) (Figure 2.9), according to a pseudo-first-order rate law with excess substrate, given a
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1:1 ratio of BFO isomers (Methods). The enantioselectivity index (ie) of a ribozyme sequence

was defined as log2(kD/kL), such that a negative value of ie indicates bias favoring the L

isomer and a positive value of ie indicates a bias favoring the D isomer (Figures 2.10 and

2.11). Of the ribozymes tested, nearly half (6/15) showed clear preference (>2-fold bias) for

the D isomer of BFO. Of the nine L-selective ribozymes, five showed a strong preference

(>4-fold bias) while four displayed relatively weak selectivity (<2-fold bias).

Stereoselectivity is consistent within sequence families

The 15 ribozymes represented three sequence motifs41, with two motifs (1 and 2)

represented by multiple distinct ribozymes. Within each motif, the direction of selectivity

was consistent, with all members of Motif 1 preferring D-Phe and all members of Motif 2

preferring L-Phe (Figures 2.10 and 2.12). The difference in enantioselectivity between two

ribozymes was generally greater when comparing ribozymes from different motifs (up to Δie

≈ 8) rather than ribozymes from the same motif (up to Δie ≈ 4) (Figure 2.13).

Stereoisomer preference is attributable to the aminoacyl 𝛼-carbon

Because BFO contains a biotin group, which itself has chiral centers (Figures 2.1-3

and 2.5), we considered the possibility that the measured ribozyme preferences might be

dependent on stereocenters other than the aminoacyl 𝛼-carbon. In theory, this possibility
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could be tested by reversing the stereocenters in the biotin moiety of BFO and assaying

ribozyme selectivity, or, equivalently, by assaying the selectivity in a reaction of BFO with an

L-ribozyme. The D-isomer of ribozyme S-1A.1-a prefers D-Phe with ie = 2.1 (95% CI:

1.4-2.7), and yields 80 ± 3% aminoacylation at [BFO] = 1 mM (ie = 2.7±0.8 [2σ] based on

triplicates at 1 mM done in parallel with the L-RNA). If the ribozyme’s activity is

independent of the stereocenters of biotin, then the L-enantiomer of  S-1A.1-a is expected to

prefer L-Phe, with ie ≅ -2.1. The reaction of the L-ribozyme showed a preference for L-Phe

with ie = - 3.3±0.6  and 79±3% aminoacylation based on triplicate measurements at [BFO] =

1 mM (Figure 2.14). Neither ie nor % aminoacylation was significantly different (t-test, p =

0.11 and 0.29 respectively). These results are consistent with the primary determinant of

selectivity being the chirality at the 𝛼-carbon rather than biotin.
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2.6. Discussion

Previous work on this subject supports the idea that aminoacyl transfer reactions

inspired by the transfer RNA (tRNA) structures found in modern cells show chiral selectivity

in agreement with that found in nature, with right-handed (D-)RNA favoring reaction with

left-handed (L-)amino acids. However, until now it has been unclear whether this selectivity

would be generalizable to alternative structures from the RNA World. The ribozymes studied

here catalyze aminoacylation at internal sites using an epimerizable substrate,

5(4H)-oxazolones, and thus represent a system orthogonal to tRNA-inspired structures.

Several of the D-ribozymes analyzed in this work, specifically those from ribozyme Motif 1,

were selective for D-phenylalanine over L-phenylalanine. This finding contradicts the

hypothesis that D-RNA has an intrinsic general preference for L-amino acids. Instead, chiral

preference appears to depend on the specifics of the system.

The homochiral L-protein world observed on Earth today is believed to have arisen

from a homochiral D-RNA World, given the important advantages of homochirality, such as

greater efficiency of replication98. The results from our model system suggest that either

outcome (D-protein or L-protein) would have been possible, depending on the structures

used for aminoacylation in the D-RNA world. Some of the observed selectivities are not

large, with the greatest selectivity less than 16-fold. However, small imbalances could have

been amplified by natural selection and/or physical resolution mechanisms74. Chiral

preference was preserved within the ribozyme motifs studied, so evolution of aminoacylation

ribozymes would not affect the direction of imbalance as long as the general motif was

conserved. When replaying the Gouldian “tape of life” from a homochiral D-RNA World, a
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homochiral L-protein world would not be guaranteed. Given the likely importance of chance

in ribozyme discovery28,41,60, the ultimate emergence of an L- vs. D-protein world may have

been as random as a coin flip.
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2.7. Figures

Figure 2.1. Synthesis of biotinyl-Phe-5(4H)-oxazolone (BFO)42. The chiral center

corresponding to the 𝛼-carbon is indicated with a red asterisk.
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Figure 2.2. Proton nuclear magnetic resonance (H1 NMR) spectrum of

biotinyl-Phe-5(4H)-oxazolone (BFO) in deuterated dimethyl sulfoxide (DMSO). Peak

centers labeled at top. Integrated values shown at bottom. Inset: structure of BFO with

predicted H1 NMR shifts generated by ChemDraw software.
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Figure 2.3. Preparation of phenylalanine for chiral separation. The analyzed chiral center is

indicated with a red asterisk.
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Figure 2.4. Confirmation of reactivity of ribozymes with BFO and product hydrolysis.

Electrophoretic mobility shift assays (EMSA) of self-aminoacylated ribozymes after reaction,

incubated with streptavidin before (left lane) and after (right lane) selective hydrolysis of the

aminoacyl ester bond (incubation overnight at 45 °C in 60 mM Na2B4O7 (pH 9.5)). 1-μL

sample aliquots were saved before and after hydrolysis. These were incubated with 2 μM

streptavidin for 5 min at room temperature, mixed with 1 μL 6X native loading dye, and

loaded without heating into 8% 29:1 mono:bis-acrylamide gels cast and run with the Bio-Rad

minigel system. The gels were run at 300 V for 15 min, stained with SYBR Gold (Thermo

Fisher Scientific), and visualized with an Amersham Typhoon scanner.
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Figure 2.5. Method used to determine stereoselectivity of ribozymes. Each ribozyme is

incubated with racemic biotinyl-Phe-5(4H)-oxazolone (BFO). Upon reaction (1), an ester

bond is formed at an internal 2’ hydroxyl to yield aminoacyl-RNA of unknown isomeric

ratio. (2) The ester is selectively hydrolyzed, yielding biotinylated phenylalanine, which is

separated from the RNA by size exclusion chromatography. The amide bond is then cleaved

to remove the biotin moiety. (3) The resulting mixture of L- and D-phenylalanine is separated

by HPLC on a chiral column, the peak identities verified by mass spectrometry, and the

enantiomeric ratio determined by peak integration.
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Figure 2.6. Determination of L-Phe and D-Phe concentrations by chiral LC-MS. (a-b)

Example LC-MS analysis for S-1A.1-a, [BFO] = 1 mM. Comparison of target analyte

detection in a combined 10 μM standard (a) and the sample (b). Racemic Trp was used as an

internal standard during ion exchange chromatography. An excess of D-Phe over L-Phe was

observed in this sample. (c-d) Mass spectra of L-Phe (c) and D-Phe (d) peaks detected in the

sample from (b).
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Figure 2.7. Validation of chiral chromatography procedure. Ultrahigh performance liquid

chromatography-mass spectrometry (UHPLC-MS) data used for enantioselectivity analyses

were obtained by method 1 (6 M HCl, no desalting or derivatization) and validated by

method 2 (acid vapor, desalting column, and derivatized by

o-pthaldialdehyde/N-acetyl-L-cysteine). Each point represents the mean of experimental

triplicates. Error bars indicate standard error of the mean. Ribozymes were incubated with 1

mM BFO. The negative control (open circle) shows the result of 500 nM BFO incubated

overnight in 60 mM Na2B4O7 (pH 9.5). The identity line is shown as a dashed line. The slope

of the linear best-fit was not significantly different than 1 (p = 0.16).
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Figure 2.8. Electrophoretic mobility shift assay (EMSA) of aminoacyl-RNA without (left

lane) or with (right lane) streptavidin for candidate ribozyme sequences. Based on these

results, five sequences were chosen for enantioselectivity analysis (highlighted yellow).
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Figure 2.9. Determination of reaction rates for L- and D-products for all 15 ribozymes

analyzed in this chapter. For each ribozyme, the fraction of RNA aminoacylated by L- and

D-BFO was measured at multiple concentrations of BFO and fit to the pseudo-first order rate

law as described, to estimate the enantioselectivity index ie = log2(kD/kL). Each point

represents one experimental replicate. Replicates are jittered horizontally for visibility. Lines

show the best fits to the rate law. Shaded areas indicate 95% confidence intervals from

bootstrapping analysis.
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Figure 2.10. Enantioselectivity indices (ie) for all 15 ribozymes analyzed in this chapter.

Points indicate the median ie and error bars indicate 95% confidence intervals determined by

bootstrapping.
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Figure 2.11. Distribution of enantioselectivity indices for the ribozymes analyzed in this

chapter. We found a range of positive and negative values, with nearly half (6/15) preferring

D-Phe and the other half preferring L-Phe.
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Figure 2.12. “Enantioselectivity landscape” of ribozymes analyzed in this chapter. The

enantioselectivity index is shown as a heat map, with each ribozyme represented by a labeled

circle. The Levenshtein edit distance (number of substitutions, insertions, or deletions)

between sequences is indicated by the line strength (see legend). Direction of preference is

conserved among related ribozymes.
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Figure 2.13. Difference in enantioselectivity vs. edit distance for each pair of ribozymes.

Blue: between ribozymes within Motif 1; red: between ribozymes within Motif 2; purple:

between ribozymes of Motifs 1 and 2; green: between ribozymes of Motifs 1 and 3; orange:

between ribozymes of Motifs 2 and 3. Across motifs, evolutionary proximity correlates with

shared enantiomeric preference (Spearman’s rank correlation, p < 0.001), but the statistical

significance of this relationship does not hold within motifs for these data.
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Figure 2.14. Stereoselectivity of ribozymes is dependent on the aminoacyl 𝛼-carbon. L- or

D-RNA stereoisomers of ribozyme S-1A.1-a were incubated with 1 mM BFO and the ratio of

D- to L-Phe in the aminacyl-RNA product was determined as described. Shown is the

percent enantiomeric excess of the D-product (%eeD). Bars indicate the mean of triplicates;

error bars indicate the standard error of the mean. The %eeD of each was not significantly

different from the inverse of the other (t-test, p = 0.29), indicating chiral reversibility of the

reaction and supporting the hypothesis that the enantioselectivity of the ribozymes is

dependent on the 𝛼-carbon, rather than other chiral centers in BFO.
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Table 2.1. List of ribozymes analyzed in this chapter. Sequence motifs were described in

Pressman et al. 2019. Enantioselectivity index ie = log2(kD/kL) determined by best fit to the

first-order rate law as described in the Methods; 95% confidence intervals were determined

by bootstrapping. Catalytic rate k and maximum aminoacylation fraction A were determined

by kinetic sequencing (k-Seq)41,42,60; 95% confidence intervals are given in parentheses.

Name Source

DNA sequence of

variable region Motif ie k (M-1min-1) A

S-1A.1-a

Pressman

et al. 2019

CTACTTCAAAC

AATCGGTCTG 1

2.07

(1.32, 2.77)

118.06

(20.17, 181.83)

0.79

(0.45, 1.00)

S-1A.1-n "

CTCTTCAAACA

ATCGGTCTTC 1

1.90

(1.84, 2.01)

122.46

(47.98, 227.55)

0.27

(0.22, 0.46)

S-1B.1-a "

CCACACTTCAA

GCAATCGGTC 1

1.88

(1.83, 1.92)

87.49

(34.90, 196.82)

0.99

(0.62, 1.00)

S-1B.2-a "

CCGCTTCAAGC

AATCGGTCGC 1

3.92

(3.84, 4.00)

136.11

(48.96, 279.25)

0.29

(0.21, 0.50)

S-1B.3-a "

CCGAGTTTCAA

GCAATCGGTC 1

3.26

(3.24, 3.28)

320.34

(112.17, 592.19)

0.61

(0.48, 0.86)

S-1C.1-a "

CTCTTCAATAAT

CGGTTGCGT 1

2.09

(1.99, 2.30)

103.94

(13.09, 503.88)

0.41

(0.14, 1.00)

S-2.1-a "

ATTACCCTGGTC

ATCGAGTGA 2

-0.67

(-1.40, -0.07)

1,656.27

(146.41, 4,616.20)

0.55

(0.37, 0.80)

S-2.1-t "

ATTACCCTGGTC

ATCGAGTGT 2

-2.33

(-2.45, -2.19)

1,860.97

(431.66, 5,167.17)

0.58

(0.40, 0.81)
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S-2.2-a "

ATTCACCTAGGT

CATCGGGTG 2

-4.00

(-4.12, -3.88)

2,114.88

(880.72, 5,739.42)

0.31

(0.21, 0.42)

S-3.1-a "

AAGTTTGCTAAT

AGTCGCAAG 3

-2.81

(-2.83, -2.79)

65.88

(17.87, 309.25)

0.66

(0.23, 1.00)

P4-1 This work

ATTACCTTGGTC

ATCGAGTGA 2

-0.50

(-0.80, -0.21)

108.30

(20.69, 2,219.98)

0.02

(0.01, 0.09)

P4-2 "

ATTACCTTGGTC

ATCGAGTGT 2

-0.36

(-0.51, -0.16)

49.597

(2.788, 1,428.20)

0.10

(0.03, 0.99)

P4-3 "

ATTACCTAGGTC

ATCGAGTGT 2

-0.76

(-0.90, -0.52)

550.48

(212.40, 2,646.26)

0.44

(0.19, 1.00)

P2-4 "

ATTCACCTAGGT

CATCGAGTGT 2

-2.21 (-2.40,

-1.98)

378.20

(172.18, 612.16)

0.47

(0.40, 0.61)

P1-5 "

ATTCACCTAGGT

CATCGAGTTT 2

-2.62 (-2.68,

-2.56)

222.78

(33.21, 673.91)

0.51

(0.26, 1.00)
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2.8. Supplementary Text

Determination of enantioselectivity index from the integrated rate law

The concentration of D-BFO ([D]) and L-BFO ([L]) are assumed to be equal and

constant, since BFO is synthesized in a racemic mixture and [BFO] >> [RNA]. At time t = 0,

let the relative concentration of unmodified RNA ([R]) be equal to 1, and the concentration of

aminoacylated RNA is 0. Aminoacylated RNA may be modified by D-BFO, giving product

RD, or by L-BFO, giving product LD. The concentration constraints are:

(1) [𝐿] = [𝐷] = [𝐵]

(2) 𝑅 + [𝑅𝐿] + [𝑅𝐷] = 1

The chemical system consists of two irreversible reactions:

(3) 𝑅 + 𝐿 − 𝑘
𝐿
→ [𝑅𝐿]

(4) 𝑅 + 𝐷 − 𝑘
𝐷
→ [𝑅𝐷]

where kL and kD are the rate constants for the reaction with each respective stereoisomer. The

change in [R] is given by the following differential equation:

(5) 𝑑𝑅
𝑑𝑡 =− 𝑘

𝐿
𝑅𝐵 − 𝑘

𝐷
𝑅𝐵
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the analytical solution to which is

(6) 𝑅(𝑡) = 𝐴𝑒
−𝐵(𝑘

𝐿
+𝑘

𝐷
)𝑡

where A represents the maximum fraction of aminoacylated RNA. Focusing on one

stereoisomer, the change in L-aminoacyl-RNA is given by the following differential

equation:

(7) 𝑑[𝑅𝐿]
𝑑𝑡 = 𝑅𝐵𝑘

𝐿

Substituting (6) for R gives

(8) 𝑑[𝑅𝐿]
𝑑𝑡 = 𝐴𝐵𝑘

𝐿
𝑒
−𝐵(𝑘

𝐿
+𝑘

𝐷
)𝑡

the analytical solution to which, given the initial conditions, is

(9) [𝑅𝐿] =
𝐴𝑘

𝐿

𝑘
𝐿
+𝑘

𝐷
(1 − 𝑒

−𝐵(𝑘
𝐿
+𝑘

𝐷
)𝑡
)

Similarly for D-aminoacyl-RNA,

(10) [𝑅𝐷] =
𝐴𝑘

𝐷

𝑘
𝐿
+𝑘

𝐷
(1 − 𝑒

−𝐵(𝑘
𝐿
+𝑘

𝐷
)𝑡
)
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Note that kD + kL can be estimated from fitting of [RL]+[RD] vs. time to a pseudo-first-order

rate equation. Note that the ratio kD/kL can be estimated from the ratio of amplitudes upon

fitting [RL] and [RD] to equations 9 and 10, respectively, given data from multiple [BFO], or

from direct calculation given a single [BFO], and that the ratio [RD]/[RL] = kD/kL is

independent of time.
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Concluding Remarks

The work from our research group that has been summed up in this dissertation

ultimately sought to probe interesting and important questions related to theoretical evolution

and abiogenesis. Our findings are briefly recounted here. In Chapter 1 we examined the

effect of environmental conditions on fitness landscapes. The results suggested that a

dynamic environment increases the proportion of genetic space accessible for evolution to

optimize function, and enables evolution between specialized variants for a given function

(Figure 1.18). In Chapter 2 we tested whether chiral transfer from the RNA World to proteins

would deterministically lead to a left-handed (L-)protein world. We documented the first

self-aminoacylating ribozymes selective for right-handed (D-)amino acids, and found

evidence that the bifurcation point between an L- or D-protein world may have been a

random event (Figures 2.10-12).

While the impetus for our work was academic interest in fundamental biological

questions about the distant past or yet-unreachable worlds – questions that may not be

answered in our lifetimes – we acknowledge the potential applications to current and

pressing efforts to improve the material condition of humans on Earth. Some of these were

briefly covered in the Introduction. The chief beneficiary of a thorough understanding of the

origin and early evolution of life will be the field of synthetic biology, which seems

inexorably linked to the fate of humanity as it seeks to transform the way we produce food,

fuel, and medicine. Knowledge of the forces governing fitness landscapes will empower

more efficient directed evolution, and also enable prediction and prevention of emergent

human pathogens30,31,99. Substrate-specific self-aminoacylating ribozymes are likely essential
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components of a minimal translation system100. Furthermore, D-selective self-aminoacylating

ribozymes could be used to construct D-proteins, which hold promise as potential

hyperstable therapeutics or industrial enzymes101.

The tangible benefits of this research may be years or decades away, but the

expansion of the human-explored region of the infinite, n-dimensional continuous space of

possible knowledge is of immediate benefit to the collaborative pursuit of science. We hope

that the incremental contributions of the work presented in this dissertation will at least be

presently of interest to some, and ultimately of service to many.
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