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Abstract

In all organisms, the modulation of gene expression is a critical aspect of growth,
development, and adaptation to environmental changes. Technological advancements in the
post-genomic era have provided new 'omics tools for achieving a systems-level understanding
of transcription and translation. This has led to an emerging appreciation for the complexity of
post-transcriptional mechanisms regulating gene expression, including the pool of transfer RNA
(tRNA) molecules within the cell and the spectrum of modified ribonucleotides that comprise the
epitranscriptome. The studies presented in this thesis address both 'omic tool-building and a
mechanistic understanding of the prokaryotic epitranscriptome. Observations that tRNA
modifications and tRNA copy numbers change dynamically in response to environmental
perturbations have led to the hypothesis that tRNA-mediated mechanisms contribute to the
cellular stress response.

Members of the Mycobacterium tuberculosis complex provide a highly relevant model for
investigating this mode of post-transcriptional regulation. Mycobacterium tuberculosis (Mtb) is
the causative agent of tuberculosis (Tb), one of the most prevalent infectious diseases in the
world. During infection, Mtb is subjected to harsh conditions - including hypoxia, nutrient
limitation, and macrophage-derived reactive oxygen/nitrogen species (ROS/RNS) - within
avascular granulomas. Mtb has evolved to persist by dramatically remodeling its metabolism
and entering a non-replicative, quasi-dormant state that renders it highly tolerant of host-inflicted
immune assaults. This thesis investigates the mechanisms by which mycobacteria use a
combination of tRNA modifications and tRNA copy number changes to orchestrate extensive
remodeling of biochemical networks during starvation-induced persistence. The technologies
and questions applied to mycobacteria were also used to characterize the network of tRNA
modifications and modifying enzymes in E coli, along with their role in tRNA surveillance and
quality control.

The results of our studies have led to new technologies with commercial potential and
have advanced our understanding of the complex mechanisms governing gene expression.

Thesis Supervisor: Peter C. Dedon
Title: Underwood-Prescott Professor of Toxicology and Biological Engineering

-5-



Acknowledgements

It's next to impossible to convey the swell of gratitude I feel toward all those who were a part my
journey and even harder to condense it all into a few paragraphs. But I will try.

First and foremost, I'd like to thank my thesis supervisor, Professor Peter Dedon. Pete, your
enthusiasm and encouragement has inspired me throughout my time at MIT and has sustained
me through both the highs and lows of this endeavor. The energy and intellectual rigor with
which you approach all of the work that you do is amazing to behold. Thank you for your trust
and generosity, as well as for the critical scientific input you've provided throughout this journey.
I've benefitted so much from your guidance and mentorship.

I would also like to thank my thesis chair Professor Elizabeth Nolan. Liz, I deeply appreciate
your kindness, encouragement, and support over the years. Your advice has always been
tremendously astute and helpful. The care and mentorship you provide to students is admirable
and your dedication to science is inspiring.

Thank you to Professor John Essigmann for serving on my thesis committee. John, your
insights and questions have been critical for my growth as a researcher. Thanks for the
productive discussions and for being so generous with your time.

I am grateful to past and present members of the Dedon lab for being wonderful colleagues on
many levels. Thanks to Drs. Bo Cao, Daniel Yim, Sabrina Huber, and Yiman Wu for
collaborating on an extraordinarily challenging project, bruises and all. Special thanks to Dr.
Michael DeMott, for keeping the trains running on time, and to my fellow graduate students, Dr.
Nick Davis, Dr. Maggie Cai, Xiaolin Wu, and Dr. Chen Gu, for the laughs, comradery, and
friendship. My deepest appreciation goes out to members of the SMART labs in Singapore
(especially Drs. Wilfried Moreira, Bena Lim, Peiying Ho, Megan McBee, and Yok Hian Chionh)
for hosting me, not once but twice, halfway across the world.

Thanks also to our close collaborators, Dr. Jo Marie Bacusmo and Professor Valbrie de Crbcy-
Lagard at the University of Florida for pushing our ideas in new and productive directions.

Finally, I would like to thank my family and loved ones who have been incredibly patient and
generous in their support of this undertaking. To Mom, Dad, and John thank you for your
unconditional love and for being my role models. I will always appreciate the sacrifices you've
made to give me the life that I have. Dad, I love and miss you every day.

To Jeff, who has been by my side through everything, thank you for your humor, love, technical
expertise, and for always challenging me to be better. I couldn't have done it without you.

-6-



Table of Contents

Title 1
Abstract 5
Acknowledgements 6
Table of Contents 7
List of Figures 10
List of Tables 12

Chapter One: Background and significance 13
1.1. Introduction and motivation 13
1.2. The role of RNAs in translation 14

1.2.1. Overview of prokaryotic translation 14
1.2.2. tRNA biosynthesis 19
1.2.3. Post-transcriptional modification of tRNAs 21

1.2.3.1. Functions of anticodon loop modifications 23
1.2.3.2. Functions of other tRNA modifications 25

1.2.4. tRNA quality control and surveillance 25
1.2.4.1. Quality control of precursor tRNAs 26
1.2.4.2. Degradation of mature tRNAs 26

1.2.5. Translational control of stress response via tRNAs 27
1.3. Mycobacteria and tuberculosis 30

1.3.1. Etiology, pathophysiology, and host response 31
1.3.2. Persistence and phenotypic drug resistance 32
1.3.3. Regulation of stress responses in mycobacteria 32

1.4. Broader perspectives and thesis outline 34
1.5. References 36

Chapter Two: Sequencing-based quantitative surveys of the tRNA landscape 44
2.1. Introduction and motivation 44
Results
2.2. Establishing a quantitative library construction workflow 47

2.2.1. Optimization studies ensure maximal capture of RNA species 47
2.2.1.1. Overview of the AQUA RNA-seq workflow 47
2.2.1.2. Evaluation of linker 1 ligation efficiencies 49
2.2.1.3. Optimization of AIkB demethylation conditions 52
2.2.1.4. Evaluation of linker 2 ligation efficiencies 53
2.2.1.5. Evaluation of linker removal efficiencies 57

2.3. Establishing a computational pipeline for AQUA RNA-seq 58
2.3.1. Data processing workflow 59

2.3.1.1. Mapping reads against reference sequences 59
2.3.1.2. Culling to reduce multiple mapping 61

2.3.2. Bioinformatic mining of sequencing outputs 62
2.3.2.1. Read counts 62
2.3.2.2. Coverage information 63
2.3.2.3. Alignment plots 63
2.3.2.4. Characterization of RNA fragments 65

2.4. Validating the quantitative accuracy of AQUA RNA-seq 65
2.4.1. Sequencing response as a function of oligo length 66

-7-



2.4.2. Evaluating sequencing biases using a microRNA mixture 67
2.4.3. Validation of AQUA RNA-seq against the E. colitRNA pool 69

2.5. Summary and discussion 71
2.6. Materials and methods 72
2.7. Acknowledgements and attributions 81
2.8. References 82

Chapter Three: Translational control of gene expression during starvation-induced
persistence 85

3.1. Introduction and motivation 85
Results
3.2. Establishing an in vitro model for non-replicative persistence 87

3.2.1. Nutrient deprivation induces non-replicative persistence 88
3.2.2. Cell lysis 90
3.2.3. tRNA isolation and purification 91

3.3. Spectrum of tRNA modifications in starved M. bovis BCG 93
3.3.1. Starvation-associated changes in tRNA modification 97

3.3.1.1. Modifications in the tRNA anticodon loop 97
3.3.1.2. Modifications in the tRNA body 99

3.4. Application of AQUA RNA-seq to starved M. bovis BCG 100
3.4.1. Large dynamic range of expression within the tRNA pool 101
3.4.2. Nutrient starvation remodels global tRNA pools 101
3.4.3. Effects of starvation on tRNA distributions within isoacceptor families 104
3.4.4. Synergies between epitranscriptomic datasets 105

3.5. Global survey of the starvation proteome in BCG 109
3.5.1. Trends in codon usage during starvation suggest altered decoding

capacity as a mechanism for selective translation 109
3.6. Summary and discussion 111

3.6.1. Towards an integrated model for translational control in persistent BCG 111
3.7. Supplemental data 114
3.8. Materials and methods 118
3.9. Acknowledgements and attributions 123
3.10. References 125

Chapter Four: The network effects of tRNA modifications in tRNA quality control 128
4.1. Introduction and motivation 128
Results
4.2. Synthetic lethality screen 130
4.3. Modification phenotypes of mutants validate genetic strains and LC-MS/MS

analytical platform 131
4.3.1. Challenges and unexpected findings 134

4.3.1.1. TrmB and m 7G 134
4.3.1.2. Unknown peak with m/z 348 134
4.3.1.3. A putative link between TruB and Gm 137

4.4. tRNA abundance changes in mutants with a propensity toward synthetic lethality 137
4.4.1. Loss of TruA is associated with declines in a subset of '4-carrying tRNAs 138
4.4.2. Patterns of polymerase blockage validate annotated modification positions 140

4.5. Summary and discussion 143
4.6. Supplemental data 145

-8-



4.7. Materials and methods 146
4.8. Acknowledgements and attributions 148
4.9. References 150

Chapter Five: Conclusions and future directions 152
6.1. Summary of findings 152
6.2. Future directions 154
6.3. References 156

-9-



List of Figures

Chapter One: Background and significance

Figure 1.1 Structure of tRNA Page 16

Figure 1.2 Overview of prokaryotic translation Page 18

Figure 1.3 Chemical structures of select tRNA modifications Page 22

Figure 1.4 A "just-in-time" model for the translational control of stress Page 29
responses by tRNA modifications

Chapter Two: Sequencing-based quantitative surveys of the tRNA landscape

Figure 2.1 AQUA RNA-seq library construction workflow Page 48

Figure 2.2 Optimization of linker 1 ligation Page 51

Figure 2.3 Optimization of linker 2 ligation Page 55

Figure 2.4 Testing the efficiency of linker 2 ligation with DNA oligos Page 56
of different lengths

Figure 2.5 Linker removal by 5' deadenylase in combination with Page 58
RecJ nuclease

Figure 2.6 Preprocessing of raw sequencing output Page 60

Figure 2.7 Positional mapping of tRNA reads Page 64

Figure 2.8 Length-dependence of sequencing response Page 66

Figure 2.9 Abundance distribution of miRNAs detected from the Page 68
miRXplore Universal Reference sample

Figure 2.10 Comparison of AQUA RNA-seq with quantitative 2D gel Page 70
electrophoresis

Chapter Three: Translational control of gene expression during starvation-induced
persistence

Figure 3.1 Nutrient starvation model for bacterial persistence Page 90

Figure 3.2 tRNA isolation and purification workflow Page 92

Figure 3.3 Starvation induces shifts in tRNA modification profiles Page 96

Figure 3.4 Detailed view of changing modification abundances during Page 100
starvation

- 10 -



Figure 3.5 Principal component analysis of tRNA distributions during
starvation

Figure 3.6 tRNA landscape of BCG during starvation

Figure 3.7 Starvation alters isoacceptor distributions for multi-box
tRNA sets

Figure 3.8 Detection of inosine by next-generation sequencing

Figure 3.9 Insights into starvation-associated changed in inosine

igure 3.10 Synonymous codons are differentially used in late
starvation

plemental Summed abundances of predicted t6A-carrying tRNAs
Figure 3.1 matches global changes in t6A

plemental Global survey of tRNA abundance during starvation in M.
Figure 3.2 bovis BCG

plemental Starvation-associated changes in isoacceptor distributions
Figure 3.3 in M. bovis BCG

plemental A partial least squares regression (PLSR) model of codon
Figure 3.4 usage as a function of proteomic response

Page 102

Page 103

Page 105

Page

Page

Page

106

108

111

Page 114

Page 115

Page 116

Page 117

Chapter Four: The network effects of tRNA modifications in tRNA quality control

Figure 4.1 An array of E. colidouble mutants deficient in pairs of Page 131
tRNA modifying genes

Figure 4.2 Heatmap of log2 fold-changes in global modification Page 132
profiles in deletion strains relative to wildtype

Figure 4.3 Unknown modification present in AmnmG Page 136

Figure 4.4 tRNA targets of TruA pseudouridylation are reduced in Page 140
AtruA

Figure 4.5 Heatmap of read alignment start positions across the set Page 142
of E. colitRNAs

Supplemental Global survey of tRNA abundance in 10 candidate Page 145
Figure 4.1 synthetic lethal strains

- 11 -

F

Sup

Sup

Sup

Sup



List of Tables

Table 2.1

Table 2.2

Table 2.3

Table 2.4

Table 2.5

Table 2.6

Table 2.7

Table 3.1

The composition of three AlkB reaction buffers

AlkB demethylation efficiency

Summary of the distributions of microRNA abundances

DNA and RNA oligos required for the AQUA RNA-seq
protocol

DNA oligos for linker 2 ligation studies

RNA oligo sequences for linearity studies

Standard mixes of RNA oligos

Modified ribonucleosides identified in small RNAs
isolated from M. bovis BCG

- 12 -

Page 52

Page 53

Page 69

Page 76

Page 79

Page 79

Page 80

Page 94



Chapter One: Background and significance

1.1 Introduction and motivation

The central dogma of biology describes the flow of genetic information from DNA to

functional proteins: a gene is transcribed into messenger RNA (mRNA) that is then translated by

transfer RNAs (tRNAs) into a polypeptide. The steps involved in this transformation provide

many potential inputs for regulation. For example, a variety of mechanisms affect the

abundance and stability of mRNA transcripts. The process of translation is also highly controlled

by the complex ribosomal machinery and the dozens of tRNA molecules that function as

adapters. A common observation when comparing transcription and translation is the poor

correlation between mRNA and protein abundance- 3 The modest power of mRNA copy

number to predict protein levels strongly suggests that post-transcriptional modes of regulation

intervene to modulate translational outputs. Indeed, many published reports describe how

altering the rate, 4 fidelity,5 6 and site of initiation5 .7 of translation can have dramatic effects on

protein steady-state levels, protein function, and cellular phenotypes. Although these regulatory

processes are important to providing spatial and temporal control of gene expression,

individually, they do not adequately describe the coordinated behavior needed to drive cell

growth and survival and organismal development.

Technological advancements in the post-genomic era have provided novel 'omic tools

for achieving a systems-level understanding of gene expression. Consequent to these analytical

advancements is the discovery of new systems that schedule transcription and translation - the

epigenome and epitranscriptome, respectively. The epigenome is comprised of enzymatically-

mediated modifications of DNA and histone proteins that form a poorly-understood code

controlling transcription. Corruption of this code is the etiological source for many human

diseases including cancer.8- 10 On the other hand, the epitranscriptome involves more than 170

chemically-modified ribonucleosides in all forms of RNA and all living organisms.11 12 The
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spectrum of RNA modifications present in an organism has recently been recognized as a

system that governs mRNA stability and schedules translation. 3 1 4

The majority of my dissertation research involves exploring the role of the

epitranscriptome in systems-level regulation of gene expression in mycobacteria. Among

pathogenic mycobacteria, Mycobacterium tuberculosis (Mtb) is the leading infectious cause of

mortality in the world. 15 Understanding how Mtb modulates its gene expression in response to

physiological stresses, such as those associated with the host immune response, is critical for

understanding tuberculosis disease pathogenesis. Defining pathways that enable bacterial

adaptation and survival not only has implications for microbiology and mycobacteriology but

could also reveal novel targets and strategies for tuberculosis drug development.

1.2 The role of RNAs in translation

Translation is a highly complex, RNA-catalyzed process involving at least three classes

of RNAs: rRNA, mRNA, and tRNA. Precise regulation of the steps and inputs to translation are

critical to ensure translational accuracy and to provide inputs for tuning gene expression. This

chapter aims to deliver a broad overview of prokaryotic translation and introduce the main

players involved. The roles and properties of tRNAs - including the steps involved in their

synthesis, maturation, and degradation - are explored in detail within the context of translational

control. The chapter concludes with recent studies that link changing tRNA modification profiles

with stress exposure and response.

1.2.1 Overview of prokaryotic translation

Ribosomes, the sites of translation, are molecular machines made up of proteins and

rRNAs. The 50S large subunit of the ribosome - named for its rate of sedimentation in

Svedberg units - contains 16S rRNA and -20 proteins whereas the 30S small subunit contains

- 14 -



5S and 23S rRNA and ~30 proteins.16,17 The ribosome owes its three-dimensional structure to

intramolecular hydrogen bond base pairs within its constituent rRNAs. 18

The mRNA transcript carries the genetic instructions for protein assembly written using

triplets of nucleotides known as codons. Each codon represents one of the twenty canonical

amino acids, selenocysteine, or the start or termination signals. Degeneracy in the genetic code

is exemplified by the fact that although each amino acid corresponds to at least one specific

tRNA, many amino acids are represented by more than one codon. Codon triplets with the

same nucleosides in the first two positions constitute a codon box. If all four codons represent

the same amino acid, the codons are degenerate (synonymous) for that amino acid and the box

is called a family codon box. Synonymous codons provide a key mechanism for adjusting gene

expression because a single polypeptide message may be genetically encoded in multiple

ways, thus linking protein production to the availability and properties of decoding molecules.

This phenomenon will be discussed in detail in section 1.2.3.

As alluded to above, tRNAs are the adapter molecules that transport amino acids to an

elongating polypeptide. Due to extensive intramolecular base-pairing, tRNA is highly structured,

adopting a three-dimensional, L-shaped configuration in solution. tRNAs molecules consist of

five regions: the acceptor stem, the D step loop, the anticodon stem loop, the variable arm and

the TWC stem loop (Figure 1.1). Each of the regions are important to tRNA function. For

example, the 3' end of the mature tRNA terminates in CCA and bears the amino acid

attachment site, whereas the TWC arm of the molecule is the site of ribosome recognition.17,19

Amino acid attachment occurs at either the 2'- or 3'-OH position of adenosine at position

76 of tRNA via an ester linkage. The reaction proceeds through an activated 5'-aminoacyl

adenylate intermediate and is catalyzed by aminoacyl-tRNA synthetase enzymes. Mutational

and crystallographic studies have shown that aminoacyl-tRNA synthetase enzymes use shape-

selective interactions with certain folds and specific nucleotide residues in the target tRNA in

- 15-



order to catalyze the aminoacylation reaction. 20,21 The tRNA D arm, in conjunction with the

anticodon, contributes to synthetase recognition. 19,21 Additional elements, including structural

motifs, modified nucleotides, and base pairs, also act variously as positive and negative

determinants for specific aminoacyl-tRNA synthetases.20 Given the importance of correct tRNA

charging, aminoacyl-tRNA synthetases are able to "edit" mischarging. Pre- and post-transfer

editing occurs when mischarged aminoacyl adenylate intermediates are hydrolyzed either prior

or subsequent to their attachment to the tRNA molecule.22 Once correctly "loaded", the tRNA is

known as an aminoacyl-tRNA and is ready to participate in translation in the ribosome.

A B
Acceptor stem A ada ,

.Th-C arm

D arm

Anticodon arm Varlable arm

tRNA anticodon

Wobble interaction mRNA codon
possible

Figure 1.1: Structure of tRNA. (A) The three-dimensional L-shaped configuration of yeast tRNAPhe(GAA),

adapted from PDB: 1 ehz.2 3 (B) The corresponding two-dimensional cloverleaf structure formed through
base-pairing in the acceptor stem-loop (purple), the D stem-loop (red), the anticodon stem-loop (blue), the
variable stem (orange), and the TLC stem-loop (green). The numbering of tRNA nucleotides follows the
standard numbering system 24 with positions 1 and 76 reflecting the 5' and 3' termini respectively. Of note,
and especially relevant to translation, are the anticodon (positions 34 to 36) and the CCA-(OH) amino
acid attachment site (positions 74-76).

In bacteria, the start of translation begins when the small ribosomal subunit attaches to

the Shine-Delgarno sequence (upstream of the start codon) and complexes with accessory

proteins. The 50S large subunit then binds this initiation complex forming three tRNA binding
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sites known as the aminoacyl (A), peptidyl (P), and exit I sites. The initiator tRNA, carrying

formyl-methionine with a 5'-CAU-3' anticodon, base-pairs with the 5'-AUG-3' start codon in the

P site. During the subsequent rounds of elongation, aminoacyl-tRNAs are delivered to the

tRNA-ribosome complex as a ternary complex with elongation factor (EF-Tu and GTP).

Structural interactions between tRNA, mRNA, and rRNA are important determinants for

translational fidelity. Cognate mRNA-tRNA interactions are primarily determined by base-pairing

between the first two bases of the codon/anticodon triplet. When the mRNA codon is matched

with a cognate anticodon, conformational changes in the 16S rRNA occur to stabilize the

association. Through structural and footprinting studies, nucleotides A1492, A1493, and G530

on the 16 rRNA were identified to be the sites of hydrogen bonding with the 2'-OH groups of the

codon during cognate binding to the anticodon. The stabilizing interactions do not form if the

codon is paired with a near-cognate tRNA thus they help discriminate between correct versus

incorrect codon base-pairing.25 ,26

Codon recognition triggers GTP hydrolysis by EF-Tu and EF-Tu release from the

ribosome, which allows the CCA terminus of the aminoacyl-tRNA to move into the large subunit

A-site. The ribosomal peptidyl transferase catalyzes peptide bond formation between the amino

group of the attached amino acid and the carbonyl group at the C-terminus of the nascent

peptide that is bound to P-site tRNA (known as the peptidyl-tRNA). 27,28 This results in elongation

of the growing polypeptide by one amino acid unit and transfer of the peptide chain to the

aminoacyl-tRNA (now a peptidyl-tRNA). Translocation occurs whereby the new peptidyl-tRNA

travels into the P site while the newly deacylated tRNA moves into the E site and is eventually

released from the ribosome. When a new aminoacyl-tRNA enters the A site, the process of

elongation repeats again. Translation termination begins when a stop codon enters the A site. A

protein called release factor, which mimics the shape of a tRNA molecule, recognizes the stop

codon and triggers the hydrolysis of the ester bond linking the polypeptide to its peptidyl-tRNA in

-17-



the P site. The ribosome assembly then separates releasing the mRNA transcript, deacylated

tRNA, and ribosomal subunits which are recycled for later use. (Figure 1.2).1617

A
H 3

Initiator
tRNA

Large ribosomal
subunit

Small subunit

Lk

Start codon Initiation complex
assembles

B Nascent peptide chain

E P A

Deacylated Peptidyl- Aminoacyl-
tRNA tRNA tRNA

Termination j

qH,
SE 4 P A

i~o RNA brings first amino
acid to AUG start codon

Nascent peptide chain +1

E P A

Peptide bond formation
Peptidyl transfer .

Elongation cycle repeats5

Reiease factor
recognizes stop codon

C Polypeptide

E P A

Released polypeptide

E P A

Disassembly

IL

Polypeptide is hydrolyzed
from peptidyl tRNA and

released

Figure 1.2: Overview of prokaryotic translation. Schematic shows key steps in initiation (A), elongation
(B), and termination (C). For simplicity, some enzymes and accessory factors are omitted.
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1.2.2 tRNA biosynthesis

All tRNAs are expressed from chromosomally-encoded genes. The precise number of

tRNA coding sequences within a genome varies widely by organism. Escherichia coli has 86

distinct tRNA genes while Mycobacterium bovis BCG has 47 and humans have upwards of

400.29 The large span in the number and types of tRNA genes is the result of gene

rearrangements, duplications, and mutations arising during evolution and divergent speciation.

These processes have also resulted in the existence of isodecoders (tRNAs that decode the

same codon but have different sequences elsewhere) and isoacceptors (tRNAs that decode

multiple related codons, e.g. tRNAPhe which decodes for both UUU and UUC codons for

phenylalanine). The rates of tRNA biosynthesis and turnover dictate the abundance and

proportions of individual tRNAs within the context of the cellular tRNA pool. And, given their

central role in protein synthesis, changes in the landscape of tRNAs and the proportions of

isodecoders and isoacceptors have strong implications for the rates and the products of

translation.

The life of a tRNA begins with the synthesis of primary transcript (pretRNA) that initiates

upstream and terminates downstream of the tRNA coding sequence. pretRNAs must undergo

extensive enzymatic processing into their mature, active form. In most organisms, removal of

the 5'leader sequence occurs via RNase P, a ribonucleoprotein with a catalytic RNA subunit,

that endonucleolytically cleaves pretRNA to produce a phosphate-terminated mature 5' end.

The fact that RNase P targets all tRNA precursors suggests that recognition by RNase P

depends strongly on conformation and less so on primary nucleotide sequence. This was

demonstrated experimentally when mutated pretRNA sequences with improper folding were

shown to have longer lifetimes and diminished RNase P processing. Linear fragments

consisting of known pretRNA-recognized primary sequences were also shown to be resistant to

cleavage.30
,
3 In some prokaryotes, tRNA genes are organized as operons that are transcribed
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as polycistronic RNA containing multiple tRNA sequences. In those cases, initial processing is

carried out by RNaseE which cleaves in the spacer regions between adjacent tRNAs and

converts polycistronic tRNA transcripts into their constituent pretRNAs. Preprocessing by

RNaseE is needed to facilitate recognition and subsequent 5'-processing by RNase p.32

Whereas 5'-end processing by RNaseP is nearly universally conserved across bacterial

and eukaryotic species, 3'-end processing proceeds by several possible pathways. One key

determinant is whether the 3'-terminal CCA sequence is chromosomally-encoded. The CCA

terminus is the site of aminoacylation and is functionally vital in all mature tRNA molecules. In E.

coli and some related species, all tRNA genes contain the CCA sequence. However, among

most domains of life, this is the exception rather than the rule: most prokaryotic and eukaryotic

tRNAs do not have a genomically-encoded CCA and require post-transcriptional CCA-addition

as part of their maturation process. In bacterial pretRNAs with a terminal CCA, 3' processing

consists of endonucleolytic cleavage at or downstream of the CCA by RNaseE and RNaselll

followed by 3' to 5' exonucleolytic trimming up to the CCA. This exonuclease activity can be

carried out by any one of a group of enzymes including RNase PH, T, BN, D, 11, and

PNPase.33 -35 Experiments show that individual deletion mutants are viable, indicating redundant

specificities among this group of 3' exonucleases.36 In CCA-free transcripts, the pretRNA is

endonucleolytically cleaved to the discriminator nucleotide (position immediately upstream of

the 3' CCA in the mature sequence) by RNaseZ. The presence of 3'-CCA inhibits RNaseZ

activity, preventing the digestion of mature tRNAs or 3'-CCA-carrying precursors.7 38 tRNA

nucleotidyl transferase is responsible for the final CCA addition. 39,40 In the context of a CCA-

bearing tRNA, the enzyme is able to repair damaged 3' CCA ends and thus additionally

functions in cellular tRNA quality control and surveillance systems.

Following removal of leader and trailer sequences and installation of CCA, tRNAs

undergo modification, which will be reviewed in detail in the next section. Some eukaryotic
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tRNAs additionally contain intronic regions that require splicing. Since the focus of my work is

on prokaryotic systems and tRNA splicing is a strictly eukaryotic phenomenon, it will not be

included in the present discussion.

1.2.3 Post-transcriptional modification of tRNAs

Prior to maturation, select nucleosides of tRNAs are decorated with modifications.

Modifications consist of chemical transformations of the four canonical ribonucleoside bases -

cytosine, uracil, guanine, and adenine. Occasionally the ribosyl moiety is also altered. The

existence of modifications in tRNA has long been known. In fact, the TLJC and D arms were

named for their characteristic 5-methyluridine (m 5U or T) and pseudouridine (J), and

dihydrouridine (D) nucleosides, respectively.41 Among the classes of RNAs, tRNA is the most

heavily and diversely modified. On average, 7-10% of the nucleosides in bacterial tRNAs are

noncanonical. In eukaryotes, the number is nearly twice as high.4 2 3 Recent analytical methods

based on high performance liquid chromatography and mass spectrometry have facilitated and

accelerated the discovery of new and rare modifications.444 5 To date, more than 170 different

nucleosides have been cataloged in the Modomics database and over 100 are found in

tRNA.11 12 Though the types and distributions of modifications varies among different organisms,

a core set - including the aforementioned pseudouridine ('4), dihydrouridine (D), and 5-

methyluridine (m 5U), as well as N4-acetylcytidine (ac4 C), 1-methylguanosine (m 1G), 1-

methyladenosine (m1A), NM-threonylcarbamoyladenosine (t6A), and 2'-O-methylcytidine (Cm) -

are evolutionarily conserved in the same positions, on the same subpopulations of tRNAs,

across all domains of life (Figure 1.3).46
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Their functions are also discussed in the text. Universally conserved modifications are boxed. R=ribose.

The range of chemical transformations encompassed within modified structures varies

from simple methylation (at the ribose or nucleobase), sulfonation, oxidation, and deamination,

to branching motifs, and to metabolite and amino acid adducts to the pyrimidine or purine ring

(Figure 1.3). One or multiple modifications can take place at several sites within a given

nucleoside in a combinatorial manner. Regardless of their form, all modifications are

enzymatically produced. Chemically complex or structurally elaborate modifications (called

hypermodifications) often require multiple enzymatic steps to synthesize and additional

enzymes to carry out insertion into the target tRNA.47 Families of related hypermodifications are

often synthesized using shared precursors and, as a result, tend to share a common "core"

structure. Bioinformatic identification and genetic validation of modification enzymes and
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pathways is an ongoing and active area of research. 47-49 Numerous studies report that the

absence of or defects in certain modification enzymes negatively impacts fitness and/or

survival.48-5 2 These findings suggest that tRNA modifications play a vital role in normal

development and function.

Given their abundance, chemical diversity, and extensive cross-species conservation,

tRNA modifications have long been hypothesized to be biologically relevant in tuning gene

expression and translation. Like the modifications themselves, the function of modifications on

tRNA are diverse but often related broadly related. They include altering the structure of the

anticodon loop and/or altering codon-anticodon interactions, maintaining global tRNA structure,

and aiding in substrate recognition and discrimination by tRNA-targeting enzymes.53

1.2.3.1 Functions of anticodon loop modifications

Positions 34 and 37 of the anticodon loop contain the greatest diversity of modifications.

Due to their proximity to the codon-anticodon interaction, these modifications exert the most

direct influence on protein synthesis including impacting codon recognition, aminoacylation,

reading frame maintenance, and the speed of translation. In many cases, modifications at

position 34 (wobble) will either restrict or expand the ability of the nucleobase to act as a

hydrogen bond donor or acceptor. For example, bacterial adenosine deaminases catalyze the

conversion of a wobble A34 to inosine (134) on tRNAArg(ACG). The hypoxanthine base of inosine is

able to base-pair with adenine, cytosine, and uracil through wobble interactions.54 The ICG

anticodon possesses an expanded ability to recognize and translate three codons - CGU, CGA,

and CGC - all of which synonymously code for the incorporation of arginine. Uridine 5-oxyacetic

acid (cmo5 U3 4 ) has been similarly shown to expand decoding. In some tRNAs and organisms,

the presence of cmo5 U34 enables productive interactions with all four canonical nucleobases

and thus allows a single tRNA to decode all four codons in a four-way degenerate codon
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box.55 -5 7 For codons that are two-way degenerate, wobble modifications are important for

preventing near-cognate mispairing and preserving translational fidelity. For example, within the

AAN codon box, lysine and asparagine are encoded by the AAA, AAG and AAU, AAC codons

respectively. Position 34 of mature tRNALys(UUU) is modified to 5-methylaminomethyl-2-thiouridine

(mnm5s 2Ua 4) which restricts wobble base-pairing to only A or G-ending codons and thereby

excluding near-cognate, C- and U-ending asparagine codons.58 , 9 Similarly, modification of

position 34 in tRNAlle(CAU) to lysidine (k2 C34) switches the specificity of the CAU anticodon from

the AUG codon to AUA, preventing the incorrect decoding of AUG (methionine) codons with

isoleucine.47

In most tRNAs, position 37 contains a modified purine. With few exceptions, G at

position 37 is methylated to 1 -methylguanosine (m1G37) which helps maintain an open anticodon

stem loop conformation by negating the intraloop hydrogen bonding between G 37:U 33. Absence

of m 1G37 results in increased +1 frameshifting during translation, leading to proteotoxic stress

and growth defects.60,61 Similar to G 37, A at position 37 is also nearly completely modified.

Depending on the tRNA, A37 is alternately converted to isopentenyl adenosine (i 6A37), t6 A37 and

occasionally 2-methyladenosine (m 2A37). In bacteria, i 6A37 tends to be found on tRNAs that carry

A-ending anticodons whereas t6A37 corresponds to tRNAs with U-ending anticodons. Both i6A37

and t6A37 can be further derivatized to hypermodifications - 2-methylthio-N'f-

isopentenyladenosine (ms 2i6 A37) and NM-(cis-hydroxyisopentenyl)adenosine (io 6A37) for i6A37 and

M\-methyl-NM-threonylcarbamoyladenosine (m 6 t6A37) and 2-methylthio-NF-

threonylcarbamoyladenosine (ms 2t6 A37) for t6A37, respectively. i6A37 and t6A37 hypermodifications

prevent frameshifting by controlling the speed with which the cognate tRNA enters the A-site.

Modification-deficient tRNAs enter slowly, which permits the P-site tRNA to slip, resulting in a

frameshift. By virtue of their chemical properties, i6A37 and t6A37 increase the hydrophobicity of

nucleosides and augment pi stacking - both intra-strand stacking (between bases of the
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anticodon) as well as cross-strand stacking (with the first position of the mRNA codon). These

interactions serve to decrease the conformational flexibility of the anticodon loop and help to

promote optimal geometries for codon-anticodon base-pairing. 55
,
58

1.2.3.2 Functions of other tRNA modifications

Broadly speaking, modifications in the T4YC and D arms tend to be involved in structural

stabilization. Examples include m 5U5 4 , I4Js, m'As8, and D20, which are all found in the "elbow"

region of the tRNA and collectively help stabilize and rigidify the tertiary fold. 4 6
,
4 9 tRNAs lacking

these modifications are often less thermally stable and more likely to denature. In a few cases,

hypomodification has been shown to be a determinant for tRNA degradation.6 2

The final functional class of modification are ones that aid in protein-tRNA recognition. A

number of modifications act as either positive or negative determinants for specific enzymes,

especially aminoacyl-tRNA synthetases.4 ,4963 For instance, in E. coi, the wobble base

modification mnm 5s 2U3 4 is a key determinant for the attachment of lysine to tRNALys(UUU) by lysyl-

tRNA synthetase. Absence of the mnm 5s 2U34 results in 140-fold lower levels of aminoacylation.

On the other hand, the aforementioned k2C34 modification present on tRNAlle(CAU) is a negative

determinant for the methionyl-tRNA synthetase enzyme. Sythetase recognition of k2C 34 prevents

inaccurate charging of isoleucine onto methionyl tRNA which shares the same CAU anticodon

as tRNA1e(CAU)

1.2.4 tRNA quality control and surveillance

Relative to mRNAs, tRNAs are much more stable with half-lives in the range of hours to

days.64 The heightened lifetimes of tRNAs is mainly due to their base-pairing, idiosyncratic

structure, and abundant modifications. Despite their stability, tRNAs undergo continuous quality

control to prevent the accumulation of nonfunctional molecules. Although RNA nuclease

enzymes have been studied and cataloged in various prokaryotic species, molecular
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mechanisms and pathways for tRNA surveillance and degradation have not been fully

elucidated in bacteria. Thus, in this section, I will begin by discussing eukaryotic mechanisms for

tRNA surveillance and quality control and follow with key observations and studies on tRNA

degradation in prokaryotic systems.

1.2.4.1 Quality control of precursor tRNAs

Distinct pathways of surveillance act on pretRNAs and mature tRNAs. In yeast, a

nuclear surveillance system called TRAMP binds precursor tRNAiMet that is missing m1 A58 prior

to cytoplasmic export. The hypomodified pretRNAi Met are 3' polyadenylated by the TRAMP

complex and then degraded by the 3' to 5' exonuclease Rexi, a member of the nuclear

exosome.53 ,6r37 The exact mechanism of how a pretRNA is recognized as a substrate for

polyadenylation is not known. Evidence from additional experiments indicate that misfolded

tertiary structure may be a determinant for TRAMP recognition and polyadenylation. 66-68

Somewhat analogously, in bacteria, polyadenylation is a key step in the removal of

defective precursor tRNAs during maturation. Li et al. showed that wildtype pretRNA transcripts

were rapidly processed into mature tRNA whereas pretRNA transcripts that harbored a

structure-disrupting mutation were poor substrates for processing RNase. As a consequence,

the mutated pretRNAs were more subject to polyadenylation and degradation. This finding

suggests that, in bacteria, one mechanism of quality control of abnormal precursor molecules is

through competitive binding between processing RNases and poly(A) polymerase to an

accessible 3' terminus. 69

1.2.4.2 Degradation of mature tRNAs

Turnover of mature tRNAs in yeast occurs by a pathway called rapid tRNA decay (RTD).

The RTD pathway consists of 5' to 3' exonucleases, Rati and Xrnl, and Met22. 53
,
70 RTD is
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thought to be a general quality control pathway that acts on tRNA species that have become

nonfunctional or structurally unstable. Recognition of hypomodified tRNAs is postulated to occur

via an exposed 5' end. Hypomodification may render the tRNA less thermally stable,

predisposing the structure to either have an accessible 5' end or permit binding of a 5'-exposing

helicase.70

Similarly, in a bacterial study, the absence of a set of modifications was found induce the

degradation of select tRNA species through structural destabilization.6 2,
71 Tomikawa et al.

observed that in Thermus thermophilus, deletion of TrmB, the enzyme responsible for

synthesizing m7G46, resulted in decreased modification at other tRNA locations especially during

elevated growth temperatures. For tRNAPhe and tRNAIle, hypomodification decreased melting

temperatures and increased degradation. Although the enzymatic mechanisms for degradation

are not clear, these results suggest the existence of a correlative hierarchy among tRNA

modifications: changes to one modification impact modification occupancy in other locations in a

network-like fashion. In this example, m 7G46 acts as a positive determinant for other modifying

enzymes and tRNA structural stability depends on the collective set of m7G 46 its downstream

effectors.

1.2.5 Translational control of stress response via tRNAs

In response to changing environmental conditions, organisms require mechanisms to

adapt their gene expression. Observations that tRNA modifications change dynamically in

response to environmental perturbations have led to the hypothesis that tRNA-mediated

mechanisms modulate the cellular stress response.13,14,44,72-76

One of these mechanisms is through the selective translation of codon-biased genes

(Figure 1.4). In an early example, Chan et al. showed that upon exposure to hydrogen peroxide

(H 2 0 2 ) stress, yeast increased the abundance of tRNA-derived 5-methylcytosine (m5C) in a
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dose-dependent manner.74 Deletion strains lacking Trm4 (the methyltransferase enzyme that

catalyzes the biosynthesis of m5C) were hypersensitive to H202, suggesting a mechanistic link

between the presence of m5C or its biosynthetic pathway and the cellular response to H 2 0 2 -

induced oxidative stress. In subsequent studies, the m5C modification was localized to the

wobble position of tRNALeu(CAA) and conversion of 034 to m5C3 4 on tRNALeu(CAA) was shown to

increase by 70% during H 20 2 exposure. Use of reporter constructs further established that

modification of C to m 5C at position 34 strengthened decoding of UUG-containing transcripts.

Genome-wide codon analysis revealed a group of proteins that are highly enriched in UUG

codons and targeted proteomic measurements confirmed the elevated translation of these TTG-

enriched genes. Among the UUG-rich genes is one that codes for RPL22A, a protein critical to

the oxidative stress response in yeast. Thus, in this emerging model of translational control,

stress induces reprogramming of tRNA modifications, which alters codon recognition to favor a

subset of target genes that are enriched in the preferred codon. The organization of functionally-

related genes into groups that share the same codon bias has been long recognized 77-79 and is

thought to enable their co-regulation under specific conditions one of which being during the

rapid implementation of a stress response program.
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Figure 1.4: A "just-in-time" model for the translational control of stress responses by tRNA
modifications. Exposure to stress alters the tRNA modification profile of cells resulting in an increase in
tRNA species that carry specific modifications. The wobble-modified tRNAs are able to bind to and
decode particular codons more efficiently than others driving the selective translation of transcripts that
are enriched in these preferred codons. The findings of Chan et al.13,74 are shown in this illustration.
Stress, in this case H 20 2 exposure, induces the modification of tRNALeu(CAA) -to tRNALeu(m5CAA) by the
methyltransferase Trm4. tRNALeu(CAA) bearing the m 5C modification preferentially decode UUG containing
codons. Transcripts that are not enriched in UUG are translated less efficiently. This system enables a
rapid "just-in-time" survival response to cytotoxic stressors.
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One aspect of this modification and selective codon translation model that has not been

adequately examined is the relative contribution of tRNA abundance to the model. tRNA species

are known to be differentially present in cells. Changes in the abundance of tRNA modifications

could be explained by altered activity of tRNA modifying enzymes and/or a change in the copy

numbers of the tRNA species harboring the modification.

Similarly, it has been demonstrated that tRNA abundance is correlated with the

translational needs of the cell. Support for this idea exists in the observation that, within a single

organism, tRNA gene expression can vary among tissues or different cell states and typically

parallels patterns of codon bias among proteins that are specific to that cellular context.80-82 On

the flipside, heterologous protein production often requires co-expression of additional copies of

select tRNA to improve yields of non-native proteins that have codon-usage mismatches with

the host.79,82

From the perspective of codon-biased translation, the unequal abundance of tRNA

isoacceptors adds an additional facet to the altered decoding efficiency of preferred and non-

preferred codons under stress conditions. How does exposure to stress affect the distribution of

tRNA isoacceptors and isodecoders within the tRNA pool? Are the dynamics of tRNA

abundance linked with stress-specific modification signatures and how does the interaction of

the two change the rate and efficiency of translation? The investigation of these questions

requires a systems-level examination of tRNA abundance in conjunction with modification

profiling.

1.3 Mycobacteria and tuberculosis

Tuberculosis is one of the oldest diseases known to humanity. Presently, it continues to

be a worldwide problem, claiming more lives than any other infectious disease. Each year, an

estimated 1.3-1.4 million people die from tuberculosis infection and more than 10 million new
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cases are identified.15 In light of these dire statistics, urgency exists to develop new therapeutics

that can target tuberculosis-causing pathogens.

1.3.1 Etiology, pathophysiology, and host response

Tuberculosis disease is caused by several closely-related mycobacterial species

belonging to the Mycobacterium tuberculosis complex. M. tuberculosis is the causative agent of

tuberculosis in humans whereas the M. bovis is a bovine pathogen. M. bovis bacillus Calmette-

Gu6rin (BCG) is an attenuated strain of M. bovis that is used as a neonatal vaccine in some

parts of the world.

Infection by Mtb typically begins through the inhalation of aerosolized droplets containing

infectious bacteria. The inhaled bacteria enter the pulmonary alveoli and are ingested by

alveolar macrophages via phagocytosis. Although a majority of the Mtb population is inactivated

in this process, a subset survive and persist within a macrophage-derived immune structure

called a granuloma.813 8 4

Within the granuloma, the bacteria are subject to an array of harsh physiological

conditions (hypoxia, nutrient starvation, low pH, bombardment with reactive oxygen and

nitrogen intermediates) which represent immunological efforts to eradicate or sequester the

pathogen.84 In reaction to the inhospitable microenvironment of the granuloma, the bacteria

enter a so-called dormant state characterized by reduced growth and replication and a host of

phenotypic changes.85 This type of sequestered infection can remain asymptomatic for decades

and constitutes latent disease. The maintenance of latent disease requires active immune

function. Whereas the majority of tuberculosis cases are latent, in 10% of infected individuals

(and especially among immunocompromised patients) the bacteria will opportunistically

reactivate, multiplying and spreading quickly to transform into active Tb. 84
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1.3.2 Persistence and phenotypic drug resistance

Challenges to treating tuberculosis disease are closely tied to its pathophysiology. The

population of dormant, persistent bacteria represents a key obstacle to effective eradication

because these bacteria are highly refractory to antibiotic killing. This type of drug resistance is

termed phenotypic resistance since it involves physiological adaptation and is not due to the

acquisition of genomic mutations or resistance plasmids. 86 Part of the reason for phenotypic

resistance is that most classes of antibiotics target actively growing and dividing cells. For

example, fluoroquinolones, a class of DNA gyrase inhibitors, are highly effective against

actively-dividing Mtb but much less potent against starved, nonreplicating bacteria.87

In addition to reduced growth and the lack of replication, other changes associated with

the persistent state include complex alterations in lipid metabolism, carbon utilization, and cell

wall permeability.84 These phenotypic adaptions, which promote and accompany the bacterial

shift into persistence, can reduce antibiotic susceptibility by downregulating intended targets of

drug inhibition and/or reducing drug uptake and/or promote drug efflux. 86 ,88,89 For instance,

Sarathy et al. reported reduced intracellular drug accumulation along with decreased

bactericidal activity for a panel of front- and second-line drugs in persistent mycobacteria.90

They suggested that thickening of the mycobacterial cell wall in combination with increased drug

efflux may explain these observations. These and similar findings indicate that a thorough

understanding of the bacterial cell state and metabolic context is needed to predict the efficacy

of existing antibiotics as well as to identify new drug targets that are relevant in latent disease.

1.3.3 Regulation of stress responses in mycobacteria

Although persistent mycobacteria are immunologically-contained and non-replicating,

they are nonetheless metabolically and translationally active. In fact, dormant mycobacteria

must undergo highly directed shifts in gene expression to upregulate stress response programs
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and downregulate normal metabolic pathways that are incompatible with survival within the

granuloma (and, incidentally, often the targets of common antibiotics).85 ,86 ,88

As mentioned in section 1.2.5, a number of recent studies have shown that tRNA

modifications regulate complex stress response pathways in both prokaryotes and

eukaryotes. 13
,44,73

,
7576 This form of post-transcriptional (or epitranscriptomic) regulation has also

been demonstrated in mycobacteria. Chionh et al. found that a tRNA modification-based stress

response system was operant during hypoxia-induced persistence. Upon exposure to hypoxic

stress, the Mtb surrogate, M. bovis BCG, upregulates the wobble modification cmo5 U on

tRNAThr(UGU).14 cmo 5U expands the decoding specificity of tRNAThr(UGU) from the ACA codon

alone to ACA, ACU, and ACG codons, with a preference for ACG. Global proteomics analysis

revealed a bias for ACG codon usage in highly expressed proteins. Among the targets for

increased translation were DosR, the transcription factor responsible for activating the dos

regulon, and BCG_0612, the putative synthetic enzyme for cmo5 U. The DosR protein is highly

enriched in ACG codons and governs a network of nearly 50 downstream genes involved in the

early hypoxia response.91 In this example, with BCG under hypoxic conditions, the targets for

increased proteomic expression due to codon enrichment include an entire regulon of genes

that are specific to the response of that stress, consistent with the tRNA modification and

selective codon translation model outlined in section 1.2.5 and in Figure 1.4.

Most recently, through a series of genetic and bioanalytical studies, Cai et al. showed a

strong correlation between the absence of i6A37 and antibiotic tolerance in the distant Mtb

relative M. smegmatis (Msmeg). Like Mtb, Msmeg becomes non-replicative and highly tolerant

to a variety of antibiotics in response to stress exposure. During nutrient starvation, levels of

i6A37 , and miaA (the enzyme responsible for i6A synthesis) both decrease dramatically. As

expected, an miaA-overexpression strain overproduces i6A but, unexpectedly, this strain is

sensitive to antibiotics in the non-replicative state. Reducing iPA levels via a conditional miaA
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knockdown strain recapitulates starvation-induced antibiotic tolerance even during normal

growth. Taken together, the result that manipulation of i6A levels in Msmeg controls antibiotic

susceptibility supports the notion that i6A or its biosynthesis pathway is involved in the

adaptation response to nutrient starvation and associated drug tolerance. Further metabolomic

studies suggest a potential link between i6A and tryptophan biosynthesis but the exact

mechanistic details remain unclear.

1.4 Broader perspectives and thesis outline

The two examples in the last section provide promising evidence of epitranscriptomic

regulation of mycobacterial adaptations to stress. Both examples demonstrate the

reprogramming of RNA modifications, but neither examined the effect of stress on global tRNA

copy numbers. We know that in isolation, changes in the proportions of isodecoders and

isoacceptors have strong implications for the rates and the products of translation. How do the

dynamics of the tRNA abundance landscape interact with changing modification profiles? Do

changes in the levels of individual isoacceptors override or accentuate altered decoding

capabilities imparted by anticodon modifications? How do tRNA copy numbers contribute to

codon-biased translation during stress? The answer to these questions requires a systems-level

examination of tRNA abundance in combination with modification profiling.

By applying a newly-developed, quantitative tRNA sequencing method, I aimed to

investigate the effects of tRNA pool composition on translational control. Changing tRNA

abundances are closely linked with tRNA modifications. Studying the fusion of these

complementary modes of regulation provides a deeper understanding into bacterial adaptation

and survival and is broadly applicable to many microbial pathogens in varied growth states (for

example, the antibiotic tolerance of persisters parallels the behavior of certain bacterial species

in biofilms). Ultimately, defining the pathways that enable bacterial proliferation and stress

- 34 -



adaptation can point the way toward vulnerable cellular targets and promote the development of

new, more efficacious, persister-targeting antibiotics.

In summary, the majority of this thesis focuses on the interaction of two main tRNA-

centric modes of prokaryotic gene regulation in Mycobacterium bovis BCG. The first is through

altering the proportions of tRNA isoacceptors in the tRNA pool and the second is via post-

transcriptional modifications of tRNAs. Chapter one provides an overview and background of

tRNAs and tRNA modifications in the context of prokaryotic translation. Chapter two describes

the development of a novel and quantitative tRNA sequencing method. In Chapter three, the

method is applied to assess changes in the tRNA pool that occur during starvation-induced non-

replicative persistence in mycobacteria. I additionally analyze both the tRNA modification

profiles and proteomic output of BCG during the course of nutrient starvation and combine these

datasets into an integrated model for tRNA-mediated translational control. In Chapter four, I

investigate changes in modification profiles in a panel of E. co/i strains with individual tRNA

modification enzymes removed to examine the consequences of hypomodification and to

explore possible mechanisms of tRNA surveillance and quality control. This work was done in

collaboration with Prof. Valerie de Cr6cy-Lagard at the University of Florida. The thesis

concludes in Chapter five with a summary and future directions.
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Chapter Two: Sequencing-based quantitative surveys of the tRNA landscape

2.1. Introduction and motivation

tRNAs play central roles in translation. At the most fundamental level, varying

abundances of tRNA isoacceptors within a cell can be used to alter the rates and products of

translation.1 4 Codons recognized by abundant tRNAs are thought to be more efficiently

decoded, therefore the composition of the tRNA pool may be critical to determining the

translational output of gene expression. The emerging model of epitranscriptomic regulation of

translation efficiency (see Figure 1.4 in Chapter 1)5-10 can also be linked to changes in tRNA

abundance since shifts in the modification profile could result from the altered activity of tRNA

modifying enzymes and/or a change in the copy numbers of the tRNA species harboring the

modification.

The number of copies of a tRNA gene in the genome is often used as a proxy for the

abundance of each tRNA species,11 but the approximation fails for organisms without a large

number of tRNA genes as well as for complex organisms where variation in transcription occurs

in a tissue- or compartment-specific manner. 12 Until recently, hybridization-based techniques,

such as microarrays, were used to assess relative changes in RNA abundance between

samples but probe- and sequence-dependent differences in hybridization efficiencies often

made it difficult to compare the proportions of different RNA species within a single sample.

Furthermore, the microarray approach requires custom-made arrays for each organism and has

limited dynamic range for quantification.

In the past decade, next-generation sequencing (NGS) approaches have radically

advanced the field enabling high-throughput measurement of thousands of individual species

without a priori knowledge of target sequences. Widespread application of next-generation RNA

sequencing (RNA-seq) has enhanced the discovery of novel types of RNA and has greatly

expanded functional classification of the "RNAome".13 Recent studies have also enriched our
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understanding of the biological functions of RNAs beyond canonical roles in translation and

protein synthesis. Some of the cellular processes newly discovered to be targeted by non-

coding RNA species include mRNA splicing, post-transcriptional silencing, genome

maintenance, and protein translation. 14,15

Although NGS-based techniques are often used for analyses of changes in transcript

levels between samples or treatment conditions, a major drawback of these techniques is the

inability to accurately quantify the proportions of different species within a sample. This limitation

is rooted in biases in the enzymatic capture and ligation of RNAs and results in the preferential

amplification of some input RNA sequences over others.16- 20 For example, a more than 103-fold

range in linker ligation efficiencies, based on the identity of the terminal nucleotides, have been

reported in studies with equimolar microRNA mixtures. This variation manifests as a 106-fold

variation in read counts for microRNAs that are present at the same molar concentration,8 21

which indicates that sequencing outputs cannot be reliably correlated with RNA abundance.

Another disadvantage of conventional RNA-seq approaches is an inability to detect

highly structured or heavily modified RNA species. tRNAs and their derivatives (tRNA

fragments, precursor tRNAs) often escape detection because their strong secondary structure

and abundant post-transcriptional modifications can induce polymerase stalling or premature

fall-off during cDNA synthesis. Within the tRNA pool, and even among isoacceptors and highly

similar isodecoders, there is significant variation in modification type, location, and occupancy.

Biases in the sites of polymerase blockage may increase detection of some tRNAs species over

others and lead to inaccurate quantification. To compound this issue, library construction

methods that are conventionally used for transcriptional profiling call for simultaneous ligation of

5'- and 3'-adapters prior to reverse transcription and PCR amplification. In this type of workflow,

polymerase fall-off causes removal of truncated cDNA species from the library mixture since
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premature polymerase fall-off means the cDNA is not amplified from the 5' end. sequencing

dataset.

Prior to our work, several strategies have been used to minimize modification-induced

polymerase fall-off during reverse transcription. Among these are a two-step ligation approach 22

where ligation of the upstream adapter occurs after cDNA synthesis. Although truncated cDNA

fragments formed from premature polymerase fall-off are captured in this approach, ligation

biases were not fully addressed leading to reports of "jackpot" sequences in the tRNA pool.

Another strategy involves the use of AIkB, a demethylating enzyme, to reduce interference from

polymerase-blocking modifications.23 In DM-tRNA-seq, AIkB treatment is followed by adapter

addition and reverse transcription via a template-switching, thermostable RT variant called

TGIRT.24 Earlier characterization of the TGIRT enzyme indicates that its template switching

activity is biased depending the identity of an overhanging nucleotide in the adapter strand.25 In

ARM-seq, demethylation is followed by reverse transcription using a traditional retroviral reverse

transcriptase enzyme for differential mapping of AlkB-susceptible modifications. 26 Other

techniques such as YAMAT-seq 27 and Hydro-tRNAseq28 target the measurement of specific

tRNA features or pre-tRNAs and are not easily generalized to all expressed forms of tRNA.

Notably, no prior technique has been systematically tested for ligation and amplification

efficiencies at each step and shown to be quantitatively accurate with regard to bias.

Furthermore, none are broadly applicable to a wide range of RNA species. In this chapter, I

focus on the development and validation of Absolute QUAntification (AQUA) RNA-seq, a new

library preparation method that implements several novel strategies to overcome challenges in

the measurement of tRNAs. Implementation of AQUA RNA-seq provides a way to quantitatively

compare changes in tRNA abundances under different physiological conditions.

Results
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2.2. Establishing a quantitative library construction workflow

Most existing NGS methods suffer from sequence-dependent or length-dependent

variations in ligation efficiency which leads to overrepresentation or underrepresentation of

certain species over others ("jackpot" and "dropout" sequences). RNA-seq workflows that are

commonly used in transcriptomic profiling do not capture the truncated cDNA species which can

result from modifications that interfere with polymerase processivity. Both of these limitations

have impeded the use of RNA-seq for absolute quantification of tRNA species. We developed a

new method, AQUA RNA-seq, with special attention to quantitative accuracy, especially for

tRNA species. Systematic optimization studies were performed to ensure maximal capture of

tRNAs, which cannot be adequately quantified by current approaches.

2.2.1. Optimization studies ensure maximal capture of RNA species

2.2.1. 1.Overview of the AQUA RNA-seq workflow

As outlined in Figure 2.1, the AQUA RNA-seq workflow begins with ligation of the 3' end

of input RNA molecules to a specially-designed DNA oligonucleotide adapter (linker 1) using T4

RNA ligase 1. Ligation of linker 1 results in a single-stranded RNA-DNA hybrid. The hybrid

product is then treated with AIkB to reduce the abundance of post-transcriptional methylations.

After demethylation, a combination of 5'-deadenylase and RecJ, a single-stranded DNA

exonuclease, is used to remove unused, excess DNA adapter while leaving the hybrid RNA-

DNA adapter product intact. In the next step, a DNA oligo (called RT primer) with six 5'

phosphorothioate backbone modifications as well as sequence complementary to the 3' DNA

adapter is then used to prime the reverse transcription reaction. The resulting cDNA is ligated to

a specially-designed DNA adapter (linker 2) at its 3' end using T4 DNA ligase. Following

attachment of linker 2, excess adapter is removed with exonuclease RecJ and PCR

amplification is used to incorporate standard Illumina anchor and barcode sequences. Samples
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are gel-purified to reduce interference from primer dimers prior to sample pooling (multiplexing)

and paired-end sequencing.

5'p- RNA -OH3'

I Remove 5' phosphate

5' HOI RNA OH3' 5'p - -ddC 3'

I Ligate 3' linker (T4 RNA ligase 1)

5' HO- RNA - dC 3'

- Demethylate (AlkB)
linker Lne

.Remove excess linker (RecJ)

5' HO RNA dC 3'
- .-OH 5'

Reverse
transcribe (RC Uneri)

5' HO- RNA N-nk ddC 3'
3' HO T H 5'

Hydrolyze RNA

3'HO OH 5'

Ligate 5' linker (T4 DNA ligase)

R 
3' p rOH 5'

Excess L nrRemove excess linker (RecJ)
linker n

3' HO OH 5'

PCR Illumina adaptors

Gel purify

Submit for sequencing

Figure 2.1: AQUA RNA-seq library construction workflow. Enzymes required to catalyze each step
are noted in parentheses. Unless specified, the termini of oligos and intermediates are hydroxyl groups. N
= randomized position (equal mixture of all 4 bases used during oligo synthesis). ddC = dideoxycytidine.
RT primer = reverse transcription primer.
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2.2.1.2. Evaluation of linker 1 ligation efficiencies

T4 RNA ligase 1 catalyzes the attachment of a 5'-phosphorylated donor (linker 1) to a 3'-

OH acceptor (input RNA) through the formation of a phosphodiester bond. The reaction requires

ATP and proceeds via formation of a donor DNA-adenylate intermediate which is then attacked

by the 3'-OH of the acceptor. Linker 1 is a 20-nucleotide DNA oligo that terminates in a

phosphate at its 5' end and dideoxycytidine (dideoxy-C) at its 3' end. Presence of the 3'

dideoxy-C prevents intramolecular circularization or concatemeric side products and ensures an

excess of linker is available to react with input RNAs. Similarly, prior to ligation, the input RNA is

dephosphorylated to prevent self-ligation.

Sequence-dependent bias in ligase activity is a known issue in the NGS field.16,18,19,2 2

Investigations of the source of ligation bias has shown that most of the variation activity can be

attributed to the last two nucleotides of the ligation substrates.19 Thus, we incorporated two

randomized nucleotides to the 5' end of linker 1 to minimize sequence-dependent, selective

capture of input RNA sequences.

To determine optimal stoichiometries of RNA to linker, we used the Agilent Bioanalyzer

to evaluate ligation efficiencies. The Bioanalyzer separates nucleic acid species by their

electrophoretic mobility which is highly correlated with length. Two homogenous species that

differ by 20 nucleotides are easily resolvable by Bioanalyzer since a larger species will migrate

slower and will have a later detection time than a smaller species. But a complication arises

since tRNAs are not uniform in length. Electropherograms of tRNAs often consist of an

"envelope" of different sized peaks that span from -60 to 80 nucleotides in length. This

variability in tRNA lengths prevents baseline resolution of ligated and non-ligated species. To

tackle this issue, we first determined the average elution time of the ligated and unligated

species by comparing the peak signal of a control reaction (tRNA, linker but no ligase) with that

of a ligation reaction (tRNA, linker, and ligase) (Figure 2.2A). We then used a Matlab peak-
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fitting algorithm to decompose and separately fit the overlapping peaks contained within the

electropherogram signal. Figures 2.2B-D are representative analyses at the three linker:tRNA

ratios that were tested. The dotted black line is the original electropherogram signal. The diffuse

blue line is the overall fitted peak shape. In most cases, the fit corresponds well with the original

signal (R 2 > 0.98). The thin green and red lines represent individual component peaks that

underlie and sum to the overall fitted peak (blue). Based on the average detection times of the

ligated and unligated species, we assigned each individually deconvoluted peaks as ligated

(green) or unligated (red). The heavy green and red lines are the summation of ligated and

unligated peaks, respectively. Ligation efficiencies are represented as the fraction of tRNA

ligated which was calculated using the following formula:

summed peak area (ligated)

summed peak area (ligated) + summed peak area (unligated)

By this metric, we achieved >90% ligation efficiency when the linker is in 50-fold excess

of the input RNA (Figure 2.2E). Ligation efficiencies decreased significantly as linker ratios

decreased from 50:1 to 30:1. The near stoichiometric ligation of input RNA with 50-fold excess

linker is important as selective capture of input RNA species is precluded when nearly

everything is ligated.
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tRNA + 50-fold excess linker 1, * ligase (n=5)

2 44 46 48 50 52 54 56 58 6
Time (seconds)

tRNA + 50-fold excess linker 1 + ligase
_ tRNA+Linker 1 ligation efficiency 0.921

Rsquared = 0.998

Unligated tRNA

2 44 46 48 50 52 54 56 58 6
Time (seconds)

tRNA + 40-fold excess linker 1 + ligase
ligation efficiency 0.747
Rsquared = 0.981

0

2 44 46 48 50 52 54 56 58 a
Time (seconds)

tRNA + 30-fold excess linker 1 + ligase
Unligated tRNA tRNA+Linker 1 ligation efficiency 0.495

Rsquared = 0.995

2 44 46 48 50 52 54 56 58 a
Time (seconds)

Ligation efficiencies (n=3-5)

SI I I

0.85 0.9 0.95 10.5 0.55 0.6 0.65 0.7 0.75 0.8
Fraction of tRNA ligated

tRNA+Linker 1

D

D

Figure 2.2: Optimization of linker 1 ligation. (A) Raw electropherogram traces of ligated (green) versus
unligated (red) tRNA. Each set of reactions was performed 5 times. The average detection times of
ligated versus unligated tRNAs differs by -3 seconds (49 versus 52 seconds) though each encompasses
a broad envelope of peaks. (B-D) Deconvoluted electropherograms from representative tests of various
linker:tRNA stoichiometries. Though only one replicate is shown for each condition, each study was
repeated 3-5 times. Detailed explanations for line colors can be found in the text. (E) Ligation efficiencies
for each linker:tRNA condition tested. Each data point represents the mean SD for 3-5 replicates.
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2.2.1.3. Optimization of AlkB demethylation conditions

AlkB is a repair enzyme that removes alkyl adducts from DNA and RNA. 29,30 AlkB

functions in vivo to target aberrant modifications at the N3 position of cytosine and N1 positions

of adenine and guanine. Because these modifications occur on the base-pairing face of the

nucleobase, they can cause mutagenesis or polymerase blockage.31 Harnessing the

demethylation activity of AlkB in AQUA RNA-seq reduces the interference of certain

modifications on cDNA synthesis. Adoption of AlkB in RNA-sequencing applications has been

reported by other groups 23,24,26 but the conditions used for the demethylation reaction varied

(Table 2.1). We decided to test and compare each of these conditions and quantify levels of

AlkB activity toward a panel of methyl modifications.

Table 2.1: The composition of three AlkB reaction buffers. MES = 2-(N-morpholino)ethanesulfonic
acid. BSA = bovine serum albumin. HEPES = 4-(2-Hydroxyethyl)piperazine-1 -ethanesulfonic acid.

Buffer # Source Buffer Composition

1 Zheng et al. 24 50 mM MES (pH 5), 300 mM KCI, 2 mM MgC 2, 300 pM 2-ketoglutarate,
2 mM L-ascorbic acid, 50 pM (NH 4)2Fe(SO 4)2 6H20, 50 pg/mL BSA

2 Roy et al. 32 20 mM HEPES (pH 8), 1 mM 2-ketoglutarate, 2 mM L-ascorbic acid, 20
e mM (NH4)2Fe(SO4)2*6H20, 100 pg/mL BSA

4 Cozen et al 26 50 mM HEPES (pH 8), 75 pM 2-ketoglutarate, 2 mM L-ascorbic acid, 75
pM (NH4)2Fe(SO4)2*6H20, 50 pg/mL BSA

Globally, mass spectrometric measurements indicate that AlkB is highly active toward

m 1A, mlI and m'G (m'l is likely the deamination product of m'A). This result is promising

because these modifications are known to be present in prokaryotic tRNAs and are strong

polymerase blockers.31 Our results also show that m 3C is a poor substrate for AlkB

demethylation (unlike what was reported in Cozen et al.). m3C is also a strong polymerase

blocker but has not been reported in bacterial tRNAs so far. Another interesting finding is the

increase in m 2G after AlkB treatment. One explanation is that m2,2G is converted to m2G leading
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to an accumulation in global m2G levels. 23 Although m 2,2G impedes polymerase procession,

m 2G only induces polymerase pausing.

Overall, reaction activities were broadly comparable between the three buffer conditions

tested although buffer 4 appeared to provide slightly higher efficiencies and was selected to be

used in the AlkB demethylation step in AQUA RNA-seq. (Table 2.2)

Table 2.2: AlkB demethylation efficiencies. Demethylation was performed on various methyl-
nucleosides in tRNA isolated from Saccharomyces cerevisiae. The three buffer conditions tested resulted
in small variations in demethylation efficiency.

% Demethylation

Buffer # mA m 1G m1i m2 G m 2G m 3C

1 74.5 43.7 i 96.1 24.8 -70.2 -14.5

2 88.5 37.0 78.8 18.6 -13.6 -7.5

4 90.9 47.9 96.1 35.4 -46.7 12.2

2.2.1.4. Evaluation of linker 2 ligation efficiencies

T4 DNA ligase catalyzes the ligation between linker 2 and the cDNA product of reverse

transcription. In vivo, T4 DNA ligase functions in the repair of single-stranded nicks within a

duplex DNA or RNA substrate and possesses low activity toward single-stranded subtrates.33

To improve the efficiency of the ligation, we incorporated a random hexamer into the design of

linker 2. This randomized region provides base-pairing flexibility and allows linker 2 to

complement with nucleotides in the cDNA, simulating a DNA duplex. Linker 2 terminates with a

defined sequence on its 3' end that acts as a primer binding site for subsequent amplification

(see Figure 2.1).

To improve the ligation reaction further, we performed Bioanalyzer studies similar to

what was done with linker 1. Because cDNA products are highly heterogeneous in size and

difficult to visualize cleanly, we used synthetic single-stranded DNA oligos to simulate the

reverse transcription output. Our first goal was to determine the optimal linker:oligo ratio for the
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reaction. We tested four linker:oligo ratios - 20:1, 30:1, 40:1 and 50:1 - using an 20+80

nucleotide donor oligo where the first 20 nucleotides correspond to the sequence of the reverse

transcription primer and the subsequent 80 nucleotides were a randomly-generated, defined

sequence meant to simulate a full-length input tRNA (Figure 2.3A-D).

To calculate ligation efficiency, the peak areas corresponding to ligated oligo were

divided by the summed peak areas of the unligated and ligated oligo peaks similar to the

formula used for linker 1. We found that the proportion of unligated 80-mer decreased with

increasing levels of linker 2 but plateaued at -95% ligation beyond a 30-fold excess of linker 2

(Figure 2.3E).

To ensure the reaction conditions would work for all cDNAs (including possibly truncated

ones), we varied the lengths of the oligos to account for possible differences in input tRNA and

cDNA length (Figure 2.4A-C). For all oligo lengths tested, over 95% of the starting oligo was

ligated to the linker (Figure 2.4D).
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Figure 2.3: Optimization of linker 2 ligation. (A-D) Raw electropherogram traces of ligated (green)
versus unligated (red) oligos at varied linker:oligo ratios. The rightward shift in detection time indicates the
product has been ligated. Ligation products are more heterogenous than the starting oligo and therefore
the green traces are composed of multiple peaks. Each set of reactions was performed 2-4 times and
replicates for each condition are overlaid within the same plot. (E) Ligation efficiencies were calculated for
each oligo based on integrated peak areas obtained through peak fitting (see text for details). Results
from replicate analyses were averaged. A 30-fold or greater molar excess of linker 2 is sufficient to
achieve greater than 95% ligation efficiency.
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Figure 2.4: Testing the efficiency of linker 2 ligation with DNA oligos of different lengths. (A-C)
Raw electropherogram traces of ligated (blue) versus unligated (red) oligos of specified lengths. Ligation
products are more heterogenous than the unligated oligo and therefore the blue traces are all composed
of multiple peaks. The rightward shift in detection time indicates the product has been ligated. Each set of
reactions was performed 4-5 times and all replicates are overlaid within the same plot. (E) A plot of the
calculated ligation efficiencies for each oligo, based on the average of 4-5 replicate experiments.
Regardless of the size of the donor oligo, ligation efficiencies were greater than 95% in the conditions
tested.
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2.2.1.5. Evaluation of linker removal efficiencies

Because both linkers are in large excess relative to the input RNA or cDNA, removal of

excess linker is necessary after each ligation step to prevent the formation of side products in

subsequent steps. Enzymatic digestion of unused DNA linkers is highly efficient and is

compatible with low amounts of starting material, obviating the need for tedious HPLC-based

purification. In selecting an appropriate enzyme, we had to carefully consider substrate

specificity to ensure the desired ligation product would not be digested. RecJ is a 5' to 3'

exonuclease that is specific to single-stranded DNA.34 Its specificity for DNA ensures that it will

spare the 5'-tRNA-linker 1-3' product of the first ligation. Furthermore, the 5' phosphorothioate

backbone modifications found in the RT primer protect the 5'-RT Primer-cDNA-3' product from

digestion.

Similar to the ligation experiments explained in the previous sections, linker removal

efficiency was evaluated using the Bioanalyzer. Both T4 DNA and RNA ligase mechanisms

require the formation of an adenylate intermediate located on the 5' phosphate of the donor

oligo. The adenylated oligo migrates slightly differently than the monophosphate-terminated

oligo and can be seen in the Bioanalyzer electropherogram as a group of peaks with a minor

rightward shift in detection time (Figure 2.5A). 5'-Deadenylase is first used to remove the

adenyl group from the 5' end of the donor oligo (linker). RecJ then processively digests the

deadenylated linker. Quantification of linker removal is calculated after peaks are fit and

integrated. To calculate linker removal efficiency, the summed peak areas corresponding to the

linker and the adenylated linker in the treated sample is divided by the linker + adenylated linker

peak area in the untreated sample. After RecJ treatment, over 92% of linker 1 is removed.

Removal of linker 2 is even more efficient at greater than 97% (Figure 2.5B).
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Figure 2.5: Linker removal by 5'-deadenylase in combination with RecJ nuclease. (A) Raw
electropherogram traces of ligation reactions that have either been treated (green) with 5'-deadenylase
and RecJ or left untreated (red). The minor peak at -36.5 seconds in the red traces is a Bioanalyzer
internal standard. The first group of peaks corresponds to linker 1. The second group of peaks
corresponds to the 5'-adenylated linker. After treatment with 5'-deadenylase followed by RecJ, both the
linker and adenylated linker peaks are reduced in size. Traces of linker 2 removal are similar and not
shown. (B) Peak integrations reveal that more than 90% of the linker 1 and more than 97% of linker 2 are
removed after their respective treatment steps.

2.3. Establishing a computational pipeline for AQUA RNA-seq

Uniquely-barcoded AQUA RNA-seq libraries are multiplexed and paired-end sequenced

on the Illumina NextSeq platform using custom sequencing primers. This section details the

processing steps and software tools required to convert raw sequencing files into read counts,

read alignments, and ultimately to information regarding the differential abundances of tRNAs

and tRNA fragments.
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2.3.1. Data processing workflow

2.3.1. 1.Mapping reads against reference sequences

After paired-end sequencing, reads are quality-filtered and multiplex barcodes are

separated by the sequencing facility and presented in the FASTQ format. Each de-multiplexed

sample corresponds to two FASTQ sequencing files - one containing forward reads (read 1),

the other containing reverse reads (read 2). If the insert size is shorter than the full read length,

the 3' adapter will be included in the read sequence. It is necessary, therefore, to remove the

adapters from the sequencing reads prior to mapping. Multiple tools exist to perform this

function. We use fastxtoolkit/O.O.13 to trim the adapter from the 3' ends of reads 1 and 2. In our

workflow, a minimum adapter match of 8 (out of 10) base-pairs is required and reads containing

unknown nucleotides (N) are kept (flags used: -n -M 8) (Figure 2.6A). Because linker 1 contains

two randomized NN nucleotides at the 5' end, the last trimming step involves removing two

nucleotides from the 3' end of read 1 and the 5' end of read 2. This is done using a custom

python script after which the sequences are now ready for alignment (Figure 2.6B).
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Sequencing output:

Read 1:

5 HO-I
3' HO-

cDNA insert
KLU CUNA insert

Read 2:

After removing sequencing adapters (fastxtoolkit):

1:

5' HO- 1 W cDN/
3' HO- -IM! RC cD

Read 2:

Ainsert

NA insert

B After trimming NN sequences (custom Python script):

Read 1:

5' HO-
3' HO- Linkr 2 RC cDNA n~ert

M EntFMIIIII Cc Aisr

Figure 2.6: Preprocessing of raw sequencing output. Due to the orientation of the sequencing
primers, preprocessed sequencing reads contain portions of the sequencing adapters on their 3' ends.
The read 1 (the forward read) also contains a 2-nucleotide NN sequence 5' upstream of the insert cDNA.
(A) Adapter sequences are clipped from the ends of forward and reverse sequencing reads using
fastxtoolkit. (B) NN sequences are removed from the 5' end of the forward read and the 3' end of the
reverse read using a custom Python script.

Alignment involves comparing the processed sequences with a set of reference

sequences. Computational algorithms calculate matches and make assignments according to

certain alignment thresholds. The selection of sequences to include in the reference library is an

important step and depends on the goals of the sequencing experiment. For example, mapping

reads directly to a reference library consisting of genomic tRNA sequences is not advised for

the study of functional tRNAs since genomic sequences may not reflect the post-transcriptional

splicing or CCA-addition required to transform pretRNA into functionally active tRNAs. On the

other hand, mapping reads to genomic tRNA sequences may be useful for the study of pretRNA
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processing intermediates. Another consideration is to remove duplicate sequences from the

reference library. For example, tRNA genes can exist as multiple copies in the genome. Aligning

reads to a reference that consists of the full set of tRNA genes from an organism can lead to

ambiguous assignment to multiple reference entries. In general, the mapping of reads to more

than one reference sequence should be avoided as much as possible to minimize ambiguous

assignments and inaccurate read counting. To reduce multiple mapping, reference sequences

should be culled of duplicate or replicate sequences as well as pseudogenes. Synthetic oligos

used as internal standards should be included in the reference library. Once the reference

library has been curated and finalized, sequencing reads are mapped using blast/2.6.0

(Nucleotide BLAST) with the following parameters:

-percidentity 90 -wordsize 9 -dust no -softmasking false

The BLAST alignment outputs all of the reference sequences that provide the best

match to each read. Some reads may be assigned to multiple target sequences, while others

may only match a single target sequence or may not match to anything in the reference library.

In the case of reads with multiple matching targets, not all target sequences will align equally

well. The BLAST algorithm calculates a confidence score (e-Value) for each match based on a

number of factors including the length of the match between query and target and whether there

are any gaps or mismatches in the alignment. High confidence (low e-Value) alignments consist

of long, continuous sequences of matching nucleotides with few or no mismatches or gaps.

2.3.1.2.Culling to reduce multiple mapping

Paired-end sequencing means that both ends of a single fragment are read, and hence

both forward and reverse reads should match the same target. When a target sequence is

assigned to only one read, but not its paired mate, the assignment is likely to have occurred by

chance. Read pairs that both match to multiple targets can be filtered such that only the highest
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stringency match is kept. This process is known as culling because poorly-matched hits are

culled away leaving only the highest confident assignments.

At this stage, calculating the percentage of reads that are unmapped, uniquely-mapped,

and multiply-mapped provides a form of quality control. Despite careful preparation of the

reference library and stringent culling of aligned reads, multiple mapping may still occur under

certain circumstances. High frequencies of multiple mapping tend to occur when there is high

sequence similarity between reference RNA species or if there is insufficient read length. In the

case of closely related reference sequences, multiply-mapped reads can be resolved by

collapsing the read assignment to broader "families" of sequences. Read length issues can

usually be traced to sample preparation or RNA purification steps.

2.3.2. Bioinformatic mining of sequencing outputs

2.3.2. 1.Read counts

After the culling step, any remaining multiply-mapped indicate ambiguous read

assignments and are discarded along with unmapped reads. Tabulating the reads that are

uniquely assigned to each reference sequence provides a measure of the abundance of that

species in the RNA mixture. To better account for sequencing variation, reads originating from a

single sample can be normalized to a spiked-in standard oligo. To compare between samples,

RNA read counts can also be expressed as a percentage of the total aligned reads for each

sample. For example, the abundance of an individual tRNA species can be expressed as a

fraction of the complete isoacceptor family. Another option would be to express the normalized

read count for each tRNA relative to the entire tRNA pool.
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2.3.2.2. Coverage information

Of the uniquely-mapped reads, coverage information contained in each forward and

reverse read pair can be merged to generate new start and end positions that reflect the

combined coverage of the original reads relative to the matched reference sequence. For ease

of analysis, tRNA sequences can be mapped and annotated using the standard Sprinzl

numbering system for tRNA structure35 (Figure 2.7C). This conversion enables direct coverage

comparisons between different tRNA species.

2.3.2.3. Alignment plots

Alignment plots are can be useful in the analysis of read coverage. In an alignment plot, the

start and end positions of every read assigned to a particular RNA is plotted on a stacked

horizontal bar graph. An example graph is shown in Figure 2.7A. The graph can be split into

three sections and interpreted as follows. The bottommost portion consists of full-length reads -

that is, reads that span the entire tRNA sequence - annotated here as "type 3" reads (Figure

2.7B). These reads originated from full-length tRNA molecules. The top section contains reads

that do not cover the 3' end of the tRNA ("type 1," reads - Figure 2.7B). These reads

correspond to 5' tRNA fragments because the read end reflects the position where the 3'

adapter (linker 1) was attached and where reverse transcription was initiated (Figure 2.7C). The

middle section contains reads that cover the 3' end of the tRNA sequence but do not reach the

5' end ("type 2" reads - Figure 2.7B). These reads can correspond to either tRNA molecules

that were partially digested, leaving behind a 3' portion, or full-length molecules where cDNA

synthesis was prematurely truncated due to polymerase fall off. We selected a subset of

isoacceptors and ran northern blots using 5' and 3' probes. Our northern blot analyses seem to

indicate that the majority of reads in this category are in fact full-length as the vast majority of

bands detected using the 3' probe were full-length.
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Figure 2.7: Positional mapping of tRNA reads. (A-B) Reads that map to the true 3' terminus of the
reference sequence correspond to either full-length molecules or to 3' fragments (type 2 or 3) depending
on the location of the 5' portion of the read. If the 5' portion of the read contains the 5' terminus of the
reference (type 3), the read originated form a full-length RNA molecule. If the 5' portion of the read is
located internally within the reference sequence, the originating molecule is either a 3' fragment or a full-
length molecule whose cDNA was prematurely truncated (type 2). Reads that do not map to within 5-10
base pairs of the 3' end of the reference sequence are true 5' fragments (type 1). This is because the 3'
end of a read reflects where the source RNA species was captured by the first adapter. (C) Schematic of
the Sprinzl tRNA numbering system showing where the 3' linker ligation occurs as well as the orientation
of the product cDNA. (D-E) Example alignment profiles of two tRNAs from BCG samples demonstrating
type 1 and 2 read alignments.
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2.3.2.4. Characterization of RNA fragments

tRNA fragmentation is an area of active research among those studying RNA

maturation, tRNA surveillance, and RNA-based regulatory elements including toxin-antitoxin

systems.36 -39 In eukaryotes, rapid tRNA decay (RTD) and TRAMP are two surveillance

pathways that remove hypomodified tRNAs from circulation. The TRAMP complex degrades

tRNAs in the 3' to 5' direction whereas RTD proceeds via 5' to 3' exonucleases.36,40 Analogous

tRNA degradation pathways may exist in prokaryotes but have yet to be elucidated. An alternate

tRNA turnover pathway that occurs in both prokaryotes and eukaryotes is the endonucleolytic

cleavage of tRNAs into halves or fragments., 4 1 4 2 The nucleases that mediate these reactions,

such as angiogenin, and the toxins within an toxin-antitoxin pair, are thought to be induced by

stress response and mediate growth arrest and translational inhibition.43

At present, within AQUA RNA-seq libraries, it is difficult to differentiate cDNA truncation

due to polymerase fall off from processive degradation events as both cases would result in an

intact 3' read alignment. Endonucleolytic cleavage, however, should produce a discernable

signal since, theoretically, one would expect to see both 5' and 3' products of the cleavage in

the read alignment. Although we did not see a preponderance of fragments in our BCG

starvation samples, a prior experiment applying AQUA RNA-seq to gel-purified RNA bands from

BCG resulted the detection of an enriched set of tRNA fragments (Figure 2.7E). This

preliminary result suggests that AQUA RNA-seq is a promising method to apply to the study of

tRNA fragmentation and processing.

2.4. Validating the quantitative accuracy of AQUA RNA-seq

To build confidence in the reliability of the AQUA RNA-seq, a number of experiments

were performed to validate its quantitative accuracy as well as to benchmark against other

NGS-based small RNA library construction workflows.
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Figure 2.8: Length-dependence of sequencing response. Standard curves were created from five
synthetic RNA oligos prepared at different abundances. Normalized read counts for each oligo was
plotted against the levels of input oligo present. Linear sequencing response was seen in oligo lengths
that spanned from 25- to 80-nucleotides. Each data point represents the average of triplicate
preparations.

2.4.1. Sequencing response as a function of oligo length

Five synthetic RNA oligos containing randomly-generated but defined sequences of

varying lengths (25, 40, 60, and 80 nucleotides) were mixed together at various levels ranging

from 200 to 1000 femtomoles. These mixtures were used as input RNA for library preparation.

After sequencing, the reads corresponding to each oligo were mapped and analyzed. We found

that read counts for each oligo varied directly and linearly with its starting abundance with R2

(coefficient of determination) values between 0.92 and 1 (Figure 2.8). A similar sequencing

response (slope ~300 +1- 50 reads/fmole of input RNA) was obtained for all five oligos indicating

that the measured response in terms of number of reads was highly comparable for oligos

between 25 and 80 nucleotides in length and there was not a large length-dependent bias in

detection. This control experiment suggests that sequencing outputs from AQUA RNA-seq
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correspond well to RNA abundances and the method can be used to quantify and compare the

proportions of RNA species of different lengths (e.g. microRNAs, tRNAs, full-length and

fragment species) within the same sample.

2.4.2. Evaluating sequencing biases using a microRNA mixture

A major concern in previous attempts to analyze tRNA copy numbers by NGS has been

the overrepresentation of "jackpot" sequences due to sequence-dependent ligase or

polymerase biases. 2 To determine the extent of sequencing bias in AQUA RNA-seq, libraries

were prepared from a commercially-available high-complexity microRNA reference sample

called the Miltenyi miRXplore Universal Reference. This mixture consists of 963 equimolar

microRNA sequences and includes microRNAs derived from human, mouse, rat, and viral

sources, as annotated in the miRbase.44 Sequences were verified to be equimolar by PAGE

analysis and mass spectrometry. They ranged in length from 16-28 nucleotides and

encompassed all 16 possible dinucleotide combinations at both 3' and 5' termini. Our aim was

to determine the degree to which biases in capture, ligation, and amplification during library

preparation are reflected in the final detected read counts of this diverse set of sequences.

After applying the AQUA RNA-seq workflow, the reads corresponding to each microRNA

were counted and normalized such that each was expected to have a read ratio of 1. Plotting all

963 read ratios according to their rank from lowest to highest showed that ~75% of the

microRNAs fell within two-fold variation of their expected abundance, meaning they were

detected with a read ratio of between 0.5 and 2. The number of jackpot and dropout microRNAs

(those with normalized read ratios that were more than 10-fold higher or lower than expected),

did not exceed 3% of the total microRNA mixture (Figure 2.9A, Table 2.3).
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Figure 2.9: Abundance distribution of microRNAs detected from the miRXplore Universal
Reference sample. (A) An equimolar mixture consisting of 963 synthetic microRNAs was sequenced
using AQUA RNA-seq. Sequencing reads for each microRNA were normalized to their expected values
and sorted. In this plot, each point represents a single microRNA species. The results of three replicate
samples are shown together. The colored bars on top indicate the percentage of the total mixture that
came within the stated thresholds of quantitative accuracy. Dotted lines delineate the 2-fold and 10-fold
thresholds. (B) Benchmarking of microRNA abundance distributions obtained from AQUA RNA-seq
against six commercially-available small RNA-seq library construction kits.
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Table 2.3: Summary of the distribution of microRNA abundances.

Number of microRNAs detected / % of total (963)

Read ratio Rp1 Rp2 Rp3 Aeae S
(Normalized reads/ expected reads) Rep 1 Rep 2 Rep 3 Average SD

>10 0 0 0 0 0

(more than 10-fold higher than expected) 0 0 0 0 0

2-10 58 59 74 64 9

(between 2-10-fold higher than expected) 6.0% 6.1% 7.7% 6.6% 1%

0.5-2 745 740 676 720 38

(within 2-fold of expected) 77.4% 76.8% 70.2% 74.8% 4%

0.5-0.1 134 136 184 151 28

(between 2-10-fold lower than expected) 13.9% 14.1% 19.1% 15.7% 3%

< 0.1 26 28 29 28 1.5
(more than 10-fold lower than expected) 2.7% 2.9% 3.0% 2.9% 0%

Relative to libraries prepared from the same reference sample but using other methods

(including six commercially available kits), none resulted in greater than 40% of microRNAs

falling within the two-fold threshold (Figure 2.9B). Based on this head-to-head comparison and

additional reports using the miRXplore Universal Reference sample, 18,21,25 we conclude that

AQUA RNA-seq is the most quantitatively accurate RNA sequencing workflow currently

available.

2.4.3. Validation of AQUA RNA-seq against E. colitRNA pool measurements

Next, we sought to test sequencing performance in quantifying tRNAs from a

biologically-derived sample. tRNA isolated from E. coli K1 2 strain BW25113 was sequenced

using AQUA RNA-seq. These results were compared to previously published data on tRNA

quantification data generated using two-dimensional (2D) gel electrophoresis in combination

with autoradiography. In this approach, E. co/li-derived small RNAs were electrophoresed to

resolve the tRNAs and 4.5S rRNA into 50 identifiable components. Each spot was identified by
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hybridization with 32P-labeled oligonucleotide probes. Quantification of tRNA abundance was

carried out by autoradiography by isolating RNAs from radiolabeled cultures, applying 2D

electrophoretic separation, excising individual gel spots and measuring radioactivity levels. 45

Apart from one tRNA outlier, there was remarkable agreement between results obtained by the

two workf lows despite how orthogonal each of the techniques are (Figure 2.10). Overall, this

outcome provides additional validation for the accuracy of the AQUA RNA-seq workflow applied

to a biologically-derived small RNA sample.
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Figure 2.10: Comparison of AQUA RNA-seq with quantitative 2D gel electrophoresis. Individual
tRNAs are represented as a fraction of the total tRNA pool and plotted to show their quantification by 2D
gel electrophoresis (based on work from Dong et al. 45) and sequencing. A Pearson correlation coefficient
of 0.81 was obtained between abundances derived from two very orthogonal measurements. The largest
outlier, tRNAvai(TAC), is labeled.
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2.5. Summary and discussion

During translation, tRNAs function as adapter molecules that associate codons in mRNA

transcripts with amino acids in proteins. There is growing evidence that active regulation of

tRNA abundance is used to link translational efficiency with gene expression.46 -8 In eukaryotes,

for example, distinct tRNA abundance profiles were found to characterize proliferative ("tumor")

versus differentiating ("normal") cells and the codon usage of genes upregulated in each of the

two cellular states correlate with their tRNA pools. 46 Another level of regulation occurs through

targeted degradation of tRNAs. Stress-induced tRNA cleavage via angiogenin37,4 1 and toxin-

antitoxin nucleases38,49 has been documented in eukaryotes and prokaryotes, respectively.

tRNA cleavage results in tRNA fragments and halves that have been shown to retard growth,

inhibit translation, and trigger specific stress-response pathways.

The interplay between tRNA abundance, tRNA availability, codon usage, and

translational efficiency offers a post-transcriptional mechanism for altering gene expression

during both normal cycles of cell growth and development48 50 and in response to abnormal

stimuli and stress.47 Insight into this form of regulation relies on quantitative measurements of

tRNA expression and abundance. Due to the extensive modifications and three-dimensional

structure of tRNA, conventional next-generation sequencing methods are ill-suited to measure

and detect this species of RNA. Until now, sequence-dependent biases in enzymes used to

generate NGS libraries preclude reliable quantitation of different RNA species relative to one

another within a single sample. In developing AQUA RNA-seq, we combined existing

approaches for library construction with several new strategies. We have provided evidence for

the robustness and quantitative accuracy of the method through rigorous testing with synthetic

oligos and standard mixtures.

So far, AQUA RNA-seq has been applied to biologically-derived RNA samples from both

prokaryotic and eukaryotic sources. In Chapter 3, I describe the application of our method to

- 71 -



BCG with the aim of identifying shifts in the tRNA pool that occur as a function of starvation-

induced persistence. In Chapter 4, the method was used to characterize changes in tRNA

populations as a function of tRNA hypomodification in E. coli mutant strains.

2.6. Materials and methods

Materials

All synthetic DNA and RNA oligos were ordered from IDT and used without further purification.

Enzymes, reagents, and kits were obtained from vendors as indicated.

Finalized AQUA RNA-seq protocol

Ligation of input RNA and DNA linker 1. Small RNAs (50 ng) were mixed with an 80-mer spike-

in RNA oligo internal standard (Table 2.4). The mixture was dephosphorylated in a 5 pL reaction

containing 0.5 pL of reaction buffer (NEB T4 RNA ligase buffer) and 1 U of Shrimp Alkaline

Phosphatase (rSAP, NEB) at 370C for 30 min. The reaction was stopped by heat inactivation at

65 0C for 5 min followed by cooling on ice. Linker 1 ligation was performed by adding the

following reagents directly to the dephosphorylation product: 1 pL linker1 (100 pmol/pL), 3 pL

ATP (10 mM, NEB), 2.5 pL T4 RNA ligase buffer (NEB), 2 pL T4 RNA ligase 1 (30 U/pL, NEB),

1.5 pL water and 15 pL PEG8000 (NEB). The ligation mixture was incubated at 25 0C for 2 h

and 16 0C overnight. The ligation product was purified using the Zymo Oligo Clean &

Concentrator kit (Zymo Research, D4060) according to the manufacturer's instructions. The

sample was eluted in 20 pL water and kept on ice prior to Bioanalyzer analysis (Agilent, small

RNA kit) or used directly in the demethylation step.

Demethylation. The ligated RNA sample was demethylated by AIkB (Arraystar, rtStar TM

tRF&tiRNA Pretreatment Kit). A 2X reaction buffer was freshly prepared before the reaction and

consisted of 150 pIM 2-ketoglutarate, 4 mM L-ascorbic acid, 150 pM (NH 4 ) 2 Fe(SO 4 ) 2 , 100 pg/mL
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BSA (NEB, molecular biology grade, 10 mg/mL), and 100 mM HEPES (pH 8.0). The

demethylation reaction was performed in a 100 pL volume consisting of 50 pL 2X reaction

buffer, 20 pL linker 1-ligated tRNA sample, 2 pL AlkB demethylase, and 1 pL RNase Inhibitor

(NEB, murine, 40,000 U/mL). The reaction was incubated at ambient temperature. After 2

hours, the reaction was stopped via the addition of 50 pL water and 100 pL

phenol:chloroform:isoamyl alcohol 25:24:1, pH 5.2. The mixture was mixed by inverting several

times and centrifuged at 16,000xg for 10 min. The top layer was transferred to a new Eppendorf

tube. Another 100 pL chloroform was added to the original mixture to remove any remaining

phenol. After centrifugation, the top layer was removed and combined with the first extraction.

The extracted sample was then purified using the Zymo Oligo Clean & Concentrator kit (Zymo

Research, D4060) per the manufacturer's instructions. The sample was eluted in 17 pL water

before proceeding to the next step (linker 1 removal).

Removal of excess DNA linker 1. In this step, the DNA oligo-adenylate intermediate was de-

adenylated and subsequently digested, together with unused linker 1, by exonuclease RecJ.

The de-adenylation was performed in a 20 pL reaction containing 16 pL RNA sample from

demethylation step, 2 pL NEB Buffer 2 (10X), and 2 piL 5'-deadenylase (NEB, 50 U/pL). After

incubation at 30 *C for 1 h, 2 pL RecJ (NEB; 30 U/pL) was added. The mixture was incubated at

37 0C for 30 min followed by the addition of another 2 pL RecJ and further digestion for an

additional 30 min. The reaction was stopped by heating at 65 *C for 20 min. The reaction

mixture was purified using a DyEx spin column (Qiagen, 63204).

Reverse transcription. The RNA sample obtained from DyEx column purification is mixed with 1

pL RT-primer (Table 2.4, 2 pmol/pL) and 1 pL dNTPs (10 mM each). The mixture was heated at

80 'C for 2 min and cooled immediately on ice. 6 paL PrimeScript Buffer (Clontech), 1 pL RNase

Inhibitor (NEB), and 1 pL PrimeScript Reverse Transcriptase (Clontech, RRO14A) were added.

The reverse transcription reaction mixture was then incubated at 50 *C for 2 h after which the
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enzyme was inactivated at 70 *C for 15 min. The RNA strand was then hydrolyzed by adding 1

pL NaOH (5 M) followed by incubation at 90 0C for 3 min. The hydrolysis product was

neutralized by adding 1 pL HCI (5M) and the reaction was cleaned up using the Zymo Oligo

Clean & Concentrator kit (Zymo Research, D4060). The sample was eluted with 15 pL of water

before vacuum concentration to 5 pL.

cDNA ligation. The purified cDNA was ligated to linker 2 (Table 2.4) in a 20 pIL reaction

consisting of 5 pL cDNA sample, 1 pL linker2 (50 pmol/pL), 2 pL T4 DNA Ligase Buffer (NEB),

1 pL ATP (10 mM, NEB), 2 pL T4 DNA ligase (40 U/pL, NEB), and 9 pL PEG8000 (NEB). The

mixture was mixed and then incubated at 16 *C overnight for ligation. The ligated product was

purified using the Zymo Oligo Clean & Concentrator kit (Zymo Research, D4060) per the

manufacturer's instructions and eluted in 16 pL water.

Removal of excess DNA linker 2. After cDNA ligation, excess linker 2 was removed via a two-

step purification. First, adenylated linker intermediates were de-adenylated. Then, RecJ was

used to digest the de-adenylated product. The de-adenylation was performed in a 20 pL

reaction containing 16 pL RNA sample from the previous, cDNA ligation step, 2 pL NEB Buffer

2 (1OX), and 2 pL 5'-deadenylase (NEB, 50 U/pL). After incubation at 30 *C for 1 h, 2 pL RecJ

(NEB; 30 U/pL) was added. The reaction was incubated at 37 'C for 30 min. Subsequently,

another 2 pL RecJ was added for further digestion for an additional 30 min. The reaction was

stopped through heat inactivation at 65 *C for 20 min.

PCR amplification and Illumina sequencing. Purified cDNA from the previous step was amplified

by PCR in a 100 pL mixture containing 24 pL cDNA template, 50 pL seqAMP DNA polymerase

buffer (2X buffer, Clontech), 2 pL each of PCR primer F and R with unique sequencing

barcodes (Table 2.4, 1 pM each), 2 pL Clontech seqAMP DNA polymerase (Clontech) and 20

pL water. The PCR reaction was performed according to the manufacturer's instructions with an

annealing temperature of 58 OC and 13 reaction cycles. The PCR product was extracted and
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purified from an agarose gel using a standard gel purification kit (QlAquick Gel Extraction Kit,

Qiagen). The gel-extracted samples were mixed together (multiplexing) and submitted for

Illumina sequencing. In the studies described, sequencing was performed on the Illumina

NEXTseq sequencer (BioMicroCenter, MIT) with custom primers F and R (Table 2.4).
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Table 2.4: DNA and RNA oligos required for the AQUA RNA-seq protocol. Asterisk (*) = phosphorothioate modification. N = randomized
position (equal mixture of all 4 bases used during oligo synthesis). Unless otherwise indicated, oligos terminate in hydroxyl groups at both ends.

Name Sequence (5'-3')
Spike-in internal RNA standard (80-mer) ACCCACGGCAGAGUGUGUGUGGCCCACGCGAUUCGUGAAUAACAUAACUAUGAG

UAGGAUAAGGAAUGUCACCUAACAGC
Optional second spike-in internal RNA standard (40-mer) NNNUAUCCUAAUCAUCUUAAUACUACAAUGGACCAUGNNN
Linker 1 /5Phos/-NNCAC TCG GGC ACC AAG GAddC-3'
Linker 2 /5Phos/TG AAG AGC CTA GTC GCT GTT CAN NNN NNC TGC CCA TAG AG/3SpC3/
RT-primer G*T*C*C*T*T*GGTGCCCGAGTG
PCR primer F-1 AATGATACGGCGACCACCGAGATCTACACAGAGAGACACTCTTTCCCTACACGACG

CTCTTCCGATCTTGAACAGCGACTAGGCTCTTCA
PCR primer F-2 AATGATACGGCGACCACCGAGATCTACACGTGTGTACACTCTTTCCCTACACGACG

CTCTTCCGATCTTGAACAGCGACTAGGCTCTTCA
PCR primer F-3 AATGATACGGCGACCACCGAGATCTACACTCTCTCACACTCTTTCCCTACACGACG

CTCTTCCGATCTTGAACAGCGACTAGGCTCTTCA
PCR primer F-4 AATGATACGGCGACCACCGAGATCTACACCACACAACACTCTTTCCCTACACGACG

CTCTTCCGATCTTGAACAGCGACTAGGCTCTTCA
PCR primer F-5 AATGATACGGCGACCACCGAGATCTACACCAAGGTACACTCTTTCCCTACACGACG

CTCTTCCGATCTTGAACAGCGACTAGGCTCTTCA
PCR primer F-6 AATGATACGGCGACCACCGAGATCTACACAGGTTCACACTCTTTCCCTACACGACG

CTCTTCCGATCTTGAACAGCGACTAGGCTCTTCA
PCR primer R-1 CAAGCAGAAGACGGCATACGAGATCCTGAGCGGTCTCGGCATTCCTGCTGAACCG

CTCTTCCGATCTGTCCTTGGTGCCCGAGTG
PCR primer R-2 CAAGCAGAAGACGGCATACGAGATTGCTGTCGGTCTCGGCATTCCTGCTGAACCGC

TCTTCCGATCTGTCCTTGGTGCCCGAGTG
PCR primer R-3 CAAGCAGAAGACGGCATACGAGATCATCACCGGTCTCGGCATTCCTGCTGAACCGC

TCTTCCGATCTGTCCTTGGTGCCCGAGTG
PCR primer R-4 CAAGCAGAAGACGGCATACGAGATTTCAGACGGTCTCGGCATTCCTGCTGAACCGC

TCTTCCGATCTGTCCTTGGTGCCCGAGTG
PCR primer R-5 CAAGCAGAAGACGGCATACGAGATACGGTGCGGTCTCGGCATTCCTGCTGAACCG

CTCTTCCGATCTGTCCTTGGTGCCCGAGTG
PCR primer R-6 CAAGCAGAAGACGGCATACGAGATGTAACACGGTCTCGGCATTCCTGCTGAACCGC

TCTTCCGATCTGTCCTTGGTGCCCGAGTG
Custom primer F GCTCTTCCGATCT TGAACAGCGACTAGGCTCTTCA

Custom primer R TGAACCGCTCTTCCGATCT GTCCTTGGTGCCCGAGTG
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Optimization of AlkB demethylation conditions

LC-MS/MS analysis of methylated ribonucleosides. Ribonucleosides were resolved with a

Phenomenex Synergi Fusion-reverse phase column (100 x 2 mm, 2.5 pm particle size, 100 A

pore size) eluted with the following gradient of acetonitrile in 5 mM ammonium acetate (pH 5.3)

at a flow rate of 0.35 mL/min and 35 0C: 0-1 min, 0%; 1-10 min, 0-10%, 10-14 min, 10-40%, 14-

15min, 40-80%. The HPLC column was coupled to an Agilent 6430 Triple Quadrupole LC/MS

spectrometer with an electrospray ionization source where it was operated in positive ion mode

with the following parameters for voltages and source gas: gas temperature, 350 0C; gas flow,

10 L/min; nebulizer, 45 psi; and capillary voltage, 3500 V. The first and third quadrupoles (Q1

and Q3) were fixed to unit resolution and the modifications were quantified by pre-determined

molecular transitions. The dwell time for each ribonucleoside was 500 ms. The retention time,

m/z of the transmitted parent ion, m/z of the monitored product ion, fragmentor voltage, and

collision energy of each modified nucleoside are as follow: m 1A, 3.6 min, m/z 282 -- 150, 100 V,

16 V; m 1G, 6.1 min, m/z 298 - 166, 90 V, 10 V; m1 1, 5.9 min, m/z 283 -- 151, 80 V, 10 V;

m2 2 G, 7.8 min, m/z 312 --* 180, 100 V, 8 V. Modified ribonucleosides were identified using

commercially available nucleoside standards.

LC-MS/MS Data analysis. Quantitative comparisons between control and demethylase-treated

samples from different buffers were made possible by correcting for variation in tRNA quantities

by dividing raw peak are for each ribonucleoside by the ultraviolet absorbance peak areas for

the four canonical ribonucleosides. The demethylation efficiencies were calculated by dividing

the peak area of the demethylase-treated sample by the peak area of the control sample for

each modification.
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Optimization of linker ligation conditions and determination of linker removal

Linker 1 ligation studies. Tests of linker 1 ligation efficiencies were performed by combining

dephosphorylated tRNA with ATP, T4 RNA ligase buffer, T4 RNA ligase 1, PEG8000, and

varying amounts of linker 1. The reaction was allowed to proceed under conditions consistent

with the manufacturer's recommendations and the resulting products were analyzed using the

Bioanalyzer small RNA chip. Electropherogram peaks corresponding to ligated and unligated

tRNA were fitted and integrated using Peakfit.m. Peakfit.m is a free Matlab-based peak-fitting

program which uses an unconstrained non-linear optimization algorithm to decompose a

complex peak signal into its fundamental underlying component parts. The fraction of ligated

tRNA was calculated by dividing the summed peak area corresponding to the ligated tRNA to

the total peak area.

Linker 2 ligation studies. To test the efficiency of the linker 2 ligation reaction, we used single-

stranded DNA oligos with phosphorothioate modification at the 5' end to simulate the reverse

transcription output. The sequences for the oligos used here are listed in Table 2.5. To

determine the optimal linker:oligo ratio, we combined the 80-nucleotide oligo with ATP, T4 DNA

ligase buffer, T4 DNA ligase, PEG8000, and varying amounts of linker 2. To determine whether

oligo length altered ligation efficiencies, we tested a 50:1 linker:oligo ratio and used oligos of

shorter lengths (50- and 60-mers). The reactions were allowed to proceed under conditions

consistent with the manufacturer's recommendations and the resulting products were analyzed

using the Bioanalyzer small RNA chip. Similar to linker 1 ligation studies, peaks were

deconvoluted and integrated using Peakfit.m. The fraction of ligated oligo was used as a metric

for ligation efficiency and used to determine final, optimized ligation conditions.
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Table 2.5: DNA oligo sequences for linker 2 ligation studies. Asterisk (*) = sites of phosphorothioate
modification. N = randomized position (equal mixture of all 4 bases used during oligo synthesis). Unless
otherwise indicated, oligos terminate in hydroxyl groups at both 5' and 3' ends.

Name Sequence (5'-3')
cDNA 50-mer G*G*T*A*G*C*ACAAAAGTATTACCATGGTCCTAGAAGTTCGGCACAGTTANNN
cDNA 60-mer A*C*T*G*T*T*GTTTGGTAGCACAAAAGTATTACCATGGTCCTAGAAGTTCGGCA

CAGTTANNN
cDNA 80-mer A*C*G*C*T*G*CCACGTGTTCATTAACTGTTGTTTGGTAGCACAAAAGTATTACCA

TGGTCCTAGAAGTTCGGCACAGTTANNN

Linker removal studies. The linker removal steps were performed on samples from the linker 1

and 2 ligation studies. The extent of linker removal by deadenylase and RecJ was determined

from Bioanalyzer electropherograms using peak fitting and integration.

Library construction for control AQUA RNA-seq samples

Standard RNA oligos. Five synthetic RNA oligos of different lengths and sequences (see Table

2.6) were used to study the effect of oligo concentration and length on sequencing response.

The oligos were diluted from stocks to varying final concentrations and mixed together into

standard mix samples A-E according to the scheme presented in Table 2.7. Samples A through

E were prepared in triplicate and used as input RNA samples for AQUA RNA-sequencing.

Table 2.6: RNA oligo sequences for linearity studies. N = randomized position (equal mixture of all 4
bases used during oligo synthesis). Unless otherwise indicated, oligos terminate in hydroxyl groups at
both 5' and 3' ends.

Name Sequence (5'-3')
25-mer std NNCAUUGUUAAGCGAACGGCUGCNN
40-mer std NNNUAUCCUAAUCAUCUUAAUACUACAAUGGACCAUGNNN
60-mer std NNNCGACCCAAGUUGUCUGAUUAAGCAUAUUAAGAGCCGAGGAUCGUAUCG

CCACCCNNN
80-mer std 1 UCCUGAUAAUUGCAGAGAAGUGACUUCGUGGGUGUCACCAGUAAUAAGGCA

UCGCCAGCUAACAAUCGGUGGGAACGUCA
80-mer std 2 UGUCUUUCACGGAGACUGCGGGUAGCUCUGACAAGCUCCUAUGGUGAUACC

_ACCACGCUCGUAAUGAGAUGGGAUAGUCG
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Table 2.7 Standard mixes of RNA oligos. Target abundances (in femtomoles) of each standard within
the five standard mix samples A, B, C, D, and E.

Mix A Mix B Mix C Mix D Mix E
25-mer std 40 80 120 160 200
40-mer std 80 120 160 200 40
60-mer std 120 160 200 40 80
80-mer std 1 160 200 40 80 120
80-mer std 2 200 40 80 120 160

MicroRNA mixture. The miRXplore Universal Reference (Miltenyi Biotec) consists of 963

synthetic unmodified, HPLC-purified RNA oligos. The sample was reconstituted according to

manufacturer's instructions and aliquoted. Three aliquots were used as separate RNA inputs for

AQUA RNA-seq library construction.

AQUA RNA-seq data processing

Forward and reverse reads were trimmed of their respective adapter sequences and aligned

using blast/2.6.0 (nucleotide BLAST). Multiple alignments were reduced by ranking all the

alignments for a given read by their e-value and retaining only the alignment with the lowest e-

value. Forward and reverse reads were required to match the same target. Paired reads that did

not match the same target were discarded. Paired reads that mapped to multiple targets were

also discarded and not analyzed. Of uniquely-mapped read pairs, forward and reverse reads

were merged by integrating their start and end positions to generate new start and end positions

that reflect their combined coverage. These reads are then tabulated and counted.

In the control experiments, the read counts of the microRNAs were normalized to the summed

counts for all detected microRNAs to obtain a "normalized read count". The summed counts of

all detected microRNAs was also divided by 963, the total number of detected microRNAs, to

obtain the "expected read count" assuming all species were equimolar. The read ratio was

calculated by dividing the normalized read count by the expected read count.
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Chapter Three: Translational control of gene expression during starvation-
induced persistence

3.1. Introduction and motivation

Chemical modifications of the nucleobase and ribose sugar are present on all forms of

RNA but are especially diverse and abundant in tRNAs. On average, 7-10% of the nucleosides

in bacterial tRNAs are modified.' Modifications are known to affect and alter the functional

behavior of tRNAs in diverse ways. As outlined in Chapter 1, modifications can help maintain

the three-dimensional conformation of tRNA by blocking or supporting specific base-pairing

interactions.2 They can also contribute to the structural stability by rigidifying loops as well as the

overall tertiary fold. 4 Modified ribonucleosides serve as both positive and negative

determinants for protein recognition, notably in the case of correct identification and

differentiation of tRNAs by aminoacyl-tRNA synthetases. 6 Nucleoside modifications at or near

the anticodon are critically involved in decoding. Wobble modifications alter codon choice by

expanding or restricting codon recognition and base-pairing while modifications that are

adjacent to the codon influence the rate and fidelity of protein synthesis and help to maintain the

reading frame.2 7 8

Several recent studies have implicated tRNA modifications in the regulation of

translation following stress (see Figure 1.4 in Chapter 1).9-15 In yeast, Chan et al. reported

unique modification signatures associated with exposure to different toxicants, suggesting that a

concerted reprogramming of tRNA modifications occurs as a coordinated response to distinct

stressors.9 Through additional studies, a linkage was revealed between increased levels of

m5 C34 (one of modifications associated with H 20 2 exposure) and strengthened decoding of

UUG-containing transcripts and ensuing proteomic upregulation of TTG-enriched genes.' 0

Stress responsive reprogramming of modifications has also been demonstrated in

prokaryotes as well. Chionh et al. found that hypoxic conditions led to the upregulation of

wobble cmo5 U in M. bovis BCG, a close-relative of the human pathogen M. tuberculosis."

- 85 -



Using LC-MS/MS mapping of nuclease-digested tRNA fragments, the cmo5 U modification was

localized to the wobble position of tRNAThr(UGU) tRNA. The presence of the cmo5 U wobble

modification on tRNAThr(UGU) adjusts translational decoding to favor transcripts harboring an

enrichment of ACG-coded threonines. Among these ACG-biased (and consequently highly-

expressed) transcripts are members of the dos regulon, a set of nearly 50 co-regulated genes

that mediate the hypoxic survival response, along with DosR, the transcription factor that

controls expression of the full regulon.11 Upregulation of DosR and the dos regulon are key to

mycobacterial survival during lengthy hypoxia.

Drawing on the work of Chionh et al. in hypoxia, we hypothesized that translational

control mechanisms may mediate mycobacterial adaptations to a wide array of physiological

stressors. During infection, pathogenic mycobacteria are subject to a broad spectrum of host-

derived immune assaults including nutrient starvation, low pH, and exposure to reactive oxygen

and nitrogen intermediates. The bacterial response to these stresses involves entering a non-

replicative, persistent state which renders the pathogens highly resistant to antibiotic killing.

According to the model established by Chionh et al. and others, modifications (especially those

in or near the anticodon) are differentially induced during stress exposure and alter the

translational efficiency of the available tRNAs to promote the expression of genes that are

biased in select codons. An attractive feature of the model is that it provides a possible

motivation for the nonrandom distribution of synonymous codons across the genome. It has

long been observed that sets of co-expressed genes share similar codon biases.16-18

Modification-linked changes in codon decoding preferences permits rapid cellular responses by

enabling concerted translation of sets of genes that share similar codon usage patterns.

Although chemical modifications can alter the translational prioritization of synonymous

codons, the relative proportions of tRNA isoacceptors also influences translational efficiency of

codons. 19 - 22 Additionally, changes in modification abundances may reflect altered copy numbers

- 86 -



of modification-carrying tRNAs, altered activities of modifying enzymes, or both. Further

refinement of the translational control model calls for a more thorough understanding of the

interplay between cellular modification profiles and tRNA pools during stress. In the earlier cited

work by Chionh et al., analysis of partially-digested tRNA fragments corresponding to each of

the three threonine isoacceptors showed that, relative to non-stress conditions, the abundance

of tRNAThr(UGU) increases by nearly two-fold in early starvation while tRNAThr(CGu) and

tRNAThr(GGU) both decreased by approximately two-fold. The proportion of tRNAThr(UGU)

modified with cmo5 U increases from -15% during aerated conditions to nearly 50% after 4 days

of hypoxia. 11 Here, both increased tRNA abundance and modification occupancy drive the

preferential translation of ACG transcripts and enhanced translation of hypoxia response

proteins.

This thesis chapter opens with the description of an in vitro model for persistence that

mimics the non-replicative, drug-tolerant phenotype found in vivo. We then profiled the spectrum

of tRNA modifications at various timepoints before, during, and after the transition into the

persistent state to determine how stress exposure remodels the profile of tRNA modifications.

Having established and validated a workflow for quantitative sequencing of tRNAs in Chapter 2,

we turn our attention to defining the global abundance landscape of the persister tRNA pool. In

the last part of this chapter, we integrate multiple systems-wide datasets (tRNA modification,

tRNA copy number, and protein expression) to assess the effect of related and complementary

types of post-transcriptional regulation on proteomic output during stress.

Results

3.2. Establishing an in vitro model for non-replicative persistence

This section describes a nutrient starvation model that was established to enrich for

persistent mycobacteria. After thorough characterization of the model, a workflow was

- 87 -



developed to isolate mycobacterial tRNAs from these cultures. In subsequent sections, the

tRNA is used as the input for further systems-level studies including modification profiling and

analysis of the tRNA pool.

3.2.1. Nutrient deprivation induces non-replicative persistence

When challenged by the human immune response, Mycobacterium tuberculosis (Mtb)

enters a state of persistence characterized by a lack of cell growth and increasing antibiotic

tolerance.2  Emerging evidence suggests that bacterial persistence is an active cellular

response to immune stressors including reactive oxygen species, low pH, and nutrient

starvation.25 To simulate the conditions that induce persistence within the granuloma, we used a

modified protocol of nutrient starvation initially pioneered by Loebel et al.26 and validated by

others.27-29 in our in vitro model of nutrient starvation, BCG cultures are transferred from rich

growth media to phosphate-buffered saline for 20 days prior to being resuscitated by

resuspension in nutrient replete media (Figure 3.1 B). Samples were saved for analysis on days

0, 4, 10, and 20 of starvation (SO, S4, S10, S20) as well on day 6 of resuscitation (R6). At S4,

growth declines and approximately 90% of the bacterial population is killed (Figure 3.1A).

Another 1-0.5 log of killing occurs at S10 after which the population stabilizes. At this point, the

culture is highly enriched in persisters. After 20 days of starvation, the remaining bacteria are

resuscitated. The population then recovers and nearly reaches pre-starvation levels of growth

and viability.

Unlike normally growing and dividing bacteria, cultures undergoing starvation stress are

highly tolerant to a variety of antibiotics. Colony-forming unit (CFU) counts of dividing cultures

are reduced by 3, 4, and 3 logs after exposure to 8 pg/mL of rifampicin, streptomycin, and

ethambutol, respectively, relative to an untreated control (Figure 3.1C). At the same drug

concentrations, starved cultures experience less than 1 log of killing with rifampicin and
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streptomycin and only half a log of killing with ethambutol. Starved cultures are likewise

resistant to isoniazid in contrast to the potent killing effect of the drug on log-growing cultures.

Decreased growth and viability and increased levels of tolerance for some drugs appear

to be concomitant with bacterial acclimation to nutrient deprivation. For example, S4 cultures

exhibit an intermediate level of tolerance to rifampicin and streptomycin relative to S10 and S20

cultures (Figure 3.1C). Additionally, but to a lesser degree, the 6-day course of resuscitation

does not fully restore drug sensitivity to pre-starvation levels - drug tolerance at R6 is slightly

higher than SO but still lower than S4. Similarly, culture densities and viabilities at R6 are slightly

lower than SO yet elevated above S4. Based on these results, the nutrient starvation model

appears to capture many of the hallmarks of the persistent state including the gradual transition

into persistence-induced phenotypic drug tolerance. In the revived resuscitated cultures, though

replication and drug sensitivity are partially restored, some intermediate features of the

persistent state linger.
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Figure 3.1: Nutrient starvation model for bacterial persistence. (A) Bacterial growth and viability
throughout the course of 0, 4, 10, and 20 days of starvation (SO, S4, S10, S20) and 6 days of
resuscitation (R6) as determined through colony-forming assays and optical density measurements (CFU
= colony-forming units; OD600 = optical density at 600 nm). (B) In vitro model for nutrient starvation
consists of starvation in phosphate-buffered saline followed by resuscitation in nutrient replete media.
During starvation, bacilli decrease in size, cease growth and division but remain viable. (C) Resistance of
starved cultures to four clinically-relevant antibiotics (isoniazid, rifampicin, streptomycin, and ethambutol),
relative to untreated controls.

3.2.2. Cell lysis

Mycobacteria possess thick, lipid-laden cell walls which are notoriously impermeable

and highly resistant to disruption by common cell lysis protocols. 30 ,31 The waxy cell wall imposes

a physical barrier to the efficient and unbiased extraction of cellular biomolecules. Many

established mycobacterial lysis protocols incorporate mechanical disruption glass beads (bead-

beating). In our starvation studies in BCG, we have adopted this approach for cell lysis with

slight modifications. To prevent enzymatic or chemical degradation of RNAs and RNA

modifications during lysis, we performed bead beating at 4 OC in the presence of Trizol, a
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monophasic solution of phenol and guanidine isothiocyanate. In this workflow, Trizol acts as a

strong denaturant, simultaneously improving the lysis efficiency of mechanical bead-beating and

quenching any residual biochemical activity in the sample. Lysed cells are immediately

processed for RNA purification.

3.2.3. tRNA isolation and purification

To purify total cellular RNA, chloroform is added to lysed cells to induce phase

separation between aqueous and organic phases. RNA partitions into the aqueous phase, away

from other classes of biomolecules (cellular DNA and proteins), due to inherent differences in

physiochemical properties. Crude RNA isolated at this stage includes all extracted cellular

RNAs. Since ribonucleoside modifications are found on many classes of RNA (not just tRNA),

extracted total RNA must be further fractionated to avoid contamination from other RNA

species, some of which are highly abundant. Fractionation occurs by way of differential ethanol

precipitation in conjunction with a solid-phase extraction system (Figure 3.2A). This strategy

takes advantage of differences in solubility among differently-sized RNA species in varying

percentages of ethanol. At 35% ethanol, large RNA species are retained on the solid-phase

extraction column while small RNAs are eluted. Adjustment of the ethanol concentration of the

eluate to 70% enables retention of small RNAs on a second (clean) column. Both columns are

then washed and their respective RNAs eluted into water. This workflow results in the

separation of small RNA species less than 200 nucleotides from larger mRNA or rRNA species.

Purified small RNAs can then be profiled on the Bioanalyzer (Figure 3.2B) for quality control.
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Figure 3.2: tRNA isolation and purification workflow. (A) BCG samples were lysed in Trizol by
mechanical bead-beating. Solid-phase extraction columns from Purelink were used to fractionate total
RNA. Ethanol was added to the RNA sample to a final concentration of 35%. The sample was then
loaded onto a Purelink column. At this ethanol concentration, larger RNA species are retained on the
column while small RNAs are eluted. The flow-through is re-adjusted into a 70% ethanol mixture before
being loaded onto a second column. At this ethanol concentration, small RNAs are retained while salts
and other contaminants flow through. Retentates from both columns are then washed before final elution
with water. (B) Bioanalyzer profile of small RNAs eluted with 70% ethanol show clean tRNA with minimal
contamination from other species.
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3.3. Spectrum of tRNA modifications in starved M. bovis BCG

To define the spectrum of modified ribonucleosides within M. bovis BCG tRNAs, we

used a chromatography-coupled mass spectrometry (LC-MS) approach. Individual

ribonucleosides were separated by reversed-phase liquid chromatography. An high sensitivity

triple quadrupole (QQQ) mass spectrometer was coupled to the HPLC output and used for in-

line identification and quantification.233 tRNA, purified and isolated from BCG cultures, was

enzymatically hydrolyzed to nucleosides and then subject to multiple reaction monitoring (NLS)

analysis on the QQQ. In NLS mode, the quadrupole of the mass spectrometer scans for the loss

of an uncharged ribose sugar (-m/z 132) or a 2'-O-methyribose sugar (-m/z 146) after

fragmentation of the heteroatomic glycosidic bond by collision induced-dissociation (CID).

Putative ribonucleosides were validated by corroborating their retention times with chemical

standards and/or with previously published reports. This step was especially critical for

modifications that possess non-canonical structures or positional isomers. For example, in

pseudouridine (14J), the uracil nucleobase is attached to the ribose via a C-C bond (instead of a

C-N glycosidic bond). This noncanonical configuration means that the dominant product ion is

not formed by loss of the m/z 132 nucleobase. In the case of pseudouridine, product ion scans

using a chemically synthesized pseudouridine standard revealed two dominant ions - m/z 209

and m/z 125 - consistent with previous reports.11 3 4 Through this and other validation studies, a

total of 34 modified ribonucleosides were identified in M. bovis BCG tRNA (Table 3.1).

Once the base set of modifications had been established, the retention time, and

precursor and product ion m/z of each nucleoside were incorporated into a dynamic multiple

reaction monitoring (MRM) method on the QQQ. In a multiple reaction monitoring analysis,

defined precursor-product ion m/z pairs (called transitions) are monitored within specified

retention time windows. The combination of m/z transition and retention time provide a set of

coordinates that can uniquely identify each modification and enables accurate quantitation.
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Table 3.1: Modified ribonucleosides identified in small RNAs isolated from M. bovis BCG. The set
of 34 modifications identified in this work along with their precursor to product ion transitions and retention
times on a reversed phase column.

N-ribosylnicatinamide r-NA 255.1 123.1 1.5
pseudouridine 4W 245.1 125,209 1.6

3-methylcytidine m3C 258.1 126.1 2.5
dihydrouridine D 247.1 115.1 2.7

cyclic M-threonylcarbamoyladenosine ct6A 395.1 236.1 2.7
5-methylcytidine m 5C 258.1 126.1 2.9

1-methyladenosine m1A 282.1 150.1 3.0
uridine 5-oxyacetic acid cmo5 U 319.1 187.0 5.0

7-methylguanosine m7G 298.1 166.1 5.1
5-methylaminomethyl-2-thiouridine mnm 5s 2 U 304.1 172.1 5.1

2'-O-methylcytidine Cm 258.1 112.1 5.3
W-glycinylcarbamoyladenosine g6A 369.1 136.1 5.4

inosine I 269.1 137.1 6.1
4-demethylwyosine imG-14 322.1 190.1 6.3

5-methyluridine m5U 259.1 127.1 6.3
M-(cis-hydroxyisopentenyl)adenosine io6A 352.2 220.1 6.4

2-thiouridine s2U 261.1 129.1 7.0
5,2'-O-dimethylcytidine m5Cm 272.1 126.1 7.1

lysidine k2C 372.2 240.1 8.1
2'-O-methyluridine Um 259.1 113.1 9.0

3-methyluridine m3U 259.1 127.1 9.3
2-methyladenosine m2 A 282.1 150.1 11.2

2'-O-methyladenosine Am 282.1 136.1 11.9
1-methylguanosine m 1G 298.1 166.1 13.6

2'-O-methylguanosine Gm 298.1 152.1 14.3

6-methyladenosine m6A 282.1 150.1 15.6

2-methylguanosine m2 G 298.1 166.1 17.2

AP,AP-dimethylguanosine m 2,2G 312.1 180.1 20.6
PA2'-O-dimethyladenosine M 6Am 296.1 184.1 20.7
/\P, /\-dimethyladenosine m6.6A 296.1 164.1 21.6

2-methylthio-t#- ms2t6A 459.1 327.1 22.2
threonylcarbamoyladenosine

M-threonylcarbamoyladenosine t6A 413.1 281.1 22.9

M-isopentenyladenosine i6A 336.2 204.2 23.6
2-methylthio-M-isopentenyladenosine ms 2 i 6A 382.2 250.2 24.4
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To capture modification signatures associated with nutrient starvation and the transition

into the persistent state, we purified small RNAs from M. bovis BCG cultures at 0, 4, 10, and 20

days after induction of starvation (timepoints, SO, S4, S10, S20) as well as 6 days after

resuscitation in nutrient replete media (R6). Cell lysis and RNA extraction and fractionation were

performed according to the workflow described in sections 3.2-3.3. The purified small RNAs

were enzymatically hydrolyzed and dephosphorylated into individual nucleosides and subject to

MRM analysis on the QQQ. To enable comparison between tRNA samples, extracted MRM

peaks corresponding to each modified ribonucleosides was first normalized to an isotopically-

labeled internal standard (15N5-2'-deoxyadenosine), to correct for autoinjector variability in

injection volumes. This value was then normalized to the summed UV signal intensities of the

four canonical ribonucleosides (C, U, G, and A), to account for differences in input tRNA. After

normalization steps, modification abundances were mean-centered across timepoints/samples

and then log2-transformed. Two-tailed T-tests were used to determine the significance of

changes in modification levels during starvation relative to SO.

Hierarchical clustering and principal component analysis (PCA) (Figures 3.3A and 3.3B)

of the data reveals that, similar to toxicant-exposed yeast and BCG cultures during hypoxia,

nutrient starvation induces unique patterns of up- and downregulation in the 34 tRNA

modifications that we targeted for measurement. In the PCA plot, the three starvation cultures

(S4, S1 0, S20) are clearly distinguished from pre-starved, log-growing cultures (SO) and the

resuscitated cultures (R6). Additionally, S4 appears as a distinct cluster, apart from later

starvation timepoints. This pattern seems to indicate biphasic behavior during starvation, with

S4 timepoints representing an intermediate, adaptive phase whereas later starvation timepoints

cluster much closer together, representing advanced persistence. This observation is supported

by previous experimental results (see Figures 3.1A and 3.1C) where 4 days of starvation

produced an intermediate state between normal log-growth and non-replicative persistence.
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3.3.1. Starvation-associated changes in tRNA modifications

Decades of prior work has resulted in the identification and validation of tRNA

modifications, their positions, and biosynthetic pathways and enzymes in several model

organisms including the prokaryote E. coli and the unicellular eukaryote S. cerevisiae.4 35 In our

analyses of starvation-associated changes in BCG tRNA modifications, we leveraged the

extensive literature precedent as well as comparative genomic tools to guide our predictions of

the localization of individual modifications and the function and biological significance of

changes in their abundances. Highlighted are several modifications that were significantly

changed during nutrient starvation. The process of mining the our tRNA modification dataset

resulted in testable hypotheses for additional 'omics analyses (tRNA sequencing and

proteomics) that will be discussed in subsequent sections.

3.3.1. 1.Modifications in the tRNA anticodon loop

Modifications in the anticodon loop are typically specific to certain isoacceptors or

classes of tRNA. They influence the decoding process by altering the structure of the anticodon

loop and modulating the codon-anticodon interaction. Among the group of anticodon loop

modifications, inosine (1), NF-threonylcarbamoyladenosine (t6A), methylaminomethyl-2-

thiouridine (mnm 5s 2 U) all declined significantly during late starvation (Figure 3.4).

In BCG, adenosine is enzymatically deaminated to inosine on the wobble position of

tRNA rg(ACG).6 Through wobble base-pairing, the ICG anticodon is able to recognize and decode

three codons - CGU, CGA, and CGC - that synonymously code for the incorporation of

arginine. The significant decline in inosine at S20 affords several hypotheses. First, since

inosine is present exclusively on tRNA rg(ACG), the reduction in inosine may reflect a decrease in

tRNAArg(ACG) during starvation. Alternatively, lower levels of inosine may be due to lowered

expression of adenosine deaminases which catalyze the conversion of adenosine to inosine.
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Quantitative measurements of arginine isoacceptor abundances can reveal which mechanism is

at work. Second, if inosine-induced wobbling drives translational decoding by tRNAAg(ACG), OCG

and CGA, the codons which rely on the presence of inosine for productive base-pairing, should

to be less efficiently translated during starvation and global analysis of protein expression levels

during starvation ought to reflect decreased abundance of proteins enriched in those codons.

mnm 5s2U is a wobble modification present on tRNAs that decode split-box codons. For

example, in E coli, lysine and arginine split the AAN codon box whereas glutamate and

aspartate split the GAN codon box. Presence of mnm 5s 2 U3 4 on tRNALys(Uuu) and tRNAGlu(UuC) are

believed to restrict wobble base-pairing, preventing U:C or U:U wobble interactions that could

cause incorrect decoding of lysine codons with asparagine and glutamate with aspartate.36 -38

This putative function of mnm5 s 2 U3 4 leads to the hypothesis that the 45% decrease in mnmIs 2 U

at S20 may be associated with higher rates of glutamate-to-aspartate or lysine-to-asparagine

mistranslation. Alternatively, levels of the modified tRNAs may decrease in response to

alterations in the mnm 5s 2U synthesis pathway.

t6A occurs at position 37 on tRNAs that decode ANN codons (tRNAs with NNU at

positions 34-36 of the anticodon). The presence of t6A37 is proposed to stabilize base-pairing

between U 36 of the anticodon with A1 in the codon. The absence of t6A37 is associated with

increased frequency of frame-shift mutations24 resulting in protein aggregation and proteotoxic

stress. Because the modification is present on nearly a dozen tRNAs, it is difficult to pinpoint the

precise source of changes in t6A. However, if the activity of t6A biosynthesis pathway remained

unchanged, significant decreases in global t6A levels should be captured by the overall

decreases in predicted t6A carriers within the tRNA pool. Our sequencing analysis of BCG

(discussed in section 3.4) does, in fact, show a significant decrease in the summed levels of

predicted t6A carriers at S20 relative to SO, providing evidence for this interpretation

(Supplemental Figure 3.1).
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3.3.1.2. Modifications in the tRNA body

Another group of profiled modifications that was significantly changed consisted of the

structural modifications pseudouridine (LIJ), 1 -methyladenosine (m1A) and 2'-O-methylguanosine

(Gm), as highlighted in Figure 3.4. These three modifications are widely distributed across

tRNA species and are generally thought to tune the conformational flexibility of their resident

tRNAs and/or mediate thermal stability.3 404 1 The presence of W has been demonstrated to shift

the equilibrium of ribose puckering to the 3'-endo conformation, facilitating formation of a low-

energy helical structure. Through base stacking, this stable conformation is propagated to '.-

adjacent nucleotides as well.42 m1 A58 is required for tertiary interactions within the TIJC loop and

its absence results in structural instability.3 2'-O-methylations, such as Gm, are believed to

prevent temperature-induced hydrolytic damage of the tRNA backbone. Studies by Tomikawa et

al. in the thermophilic bacteria Thermus thermophilus, showed that loss of Gm 18 along with

several other modifications, including m 1A58 , led to a decrease in the melting temperature of

tRNA.4 3 In this work, a "modification network" was proposed, where the presence or absence of

specific modification can alter the activities of subsequent tRNA modification enzymes. In our

study, Gm declined significantly during early starvation but increased to pre-starvation levels

during S20 and R6. Perhaps its initial decline acts as a signal within a broader, modification-

responsive network. The concept of modifications serving as regulatory or interaction partners

with enzymes is not new. In yeast, m1A58 acts as a marker for correct tRNA maturation via the

TRAMP pathway.44-46 tRNA quality control mechanisms have yet to be elucidated in bacteria but

are likely to be important for dynamic responses to environmental perturbations. The decline in

m 1A and LO during late starvation supports the idea of increased levels of denaturation and/or

the induction of specific tRNA degradation or recycling mechanisms during persistence which

may be reflected in global shifts in tRNA proportions within the landscape of tRNA molecules.
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Figure 3.4: Detailed view of changing modification abundances during starvation. Fold-changes,
relative to SO, in the normalized abundance of six modifications - pseudouridine (4P), 1 -methyladenosine
(m1A), 2'-O-methylguanosine (Gm), inosine, N#-threonylcarbamoyladenosine (tA), and 5-
methylaminomethyl-2-thiouridine (mnm 5s 2 U). Data represents the mean standard deviation of three
replicates. Statistical significance in fold-change calculations was determined using two-tailed T-test
relative to SO levels (ns . not significant, p > 0.05; *, p s0.05; **, p s0.01; ***, p s 0.001).

3.4. Application of AQUA RNA-seq to starved M. bovis BCG

To study the role of post-transcriptional regulation in persister formation, we performed

quantitative RNA sequencing on small RNA samples isolated from M. bovis BCG, at various

timepoints during stress-induced persistence. We sought to determine whether starvation-

induced persistence is associated with changes in the tRNA pool and whether this could be a

mechanism for adapting the translational output of the bacteria. Further, we hoped that

sequencing data could provide greater insights into some of the hypotheses generated in the

analysis of global modification changes.
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To obtain samples for sequencing, small cellular RNAs were purified from BCG at

starvation timepoints, SO, S4, S10, S20, and R6, according to the workflow described in

sections 3.2-3.3. NGS libraries were prepared from RNA samples using the AQUA RNA-seq

library construction protocol described in Chapter 2. After sequencing, the reads were mapped

to a non-redundant set of mature BCG tRNA sequences and then normalized by the total tRNA

read count. The abundance of each tRNA expressed as a percentage of the tRNA pool can be

found in Supplemental Figure 3.2.

3.4.1. Large dynamic range of expression within the tRNA pool

Within the uniquely-mapped tRNA reads, individual tRNAs spanned a large range of

abundances. In most samples, tRNALys(CTT) and tRNAMet(CAT) were the most fully expressed

tRNAs together totaling nearly 20% of the tRNA pool in pre-starvation cultures whereas

tRNASer(GGA) comprised only 0.1-0.3% of the tRNA pool - nearly 80 times lower than tRNALys(CTT)

(Figure 3.6A). Aside from tRNASer(GGA), tRArg(CCT), tRNALeu(TAG), and tRNAArg(TCT) were also

considered rarer tRNAs. Individually, none of these species exceeded 0.6% of the tRNA pool in

log-growing cells. The large differences in the expression levels of individual tRNAs highlights

the effective magnitude that codon usage exerts in influencing rates of decoding and protein

synthesis.

3.4.2. Nutrient starvation remodels global tRNA pools

Principal component analysis revealed distinct tRNA pool compositions during starvation

(Figure 3.5). In this analysis, each sample can be considered as a high-dimensional data point

comprised of the varying expression levels of 45 tRNAs. Dimensionality reduction involves

projecting the information contained in the dataset into fewer components through linear

combination. The new principal components are then used to transform the existing data into a
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new coordinate space. In our analysis, the first three principal components represented 96% of

the variation present in the untransformed data. Within the PCA plot, we see clustering that

indicates progression from log-growth into starvation and then back toward log-growth during

resuscitation. Interestingly, the tRNA pool is not fully restored to its pre-starvation composition

after 6 days of resuscitation. This result is consistent with studies described earlier in which R6

cultures do not attain the same viability and growth rates as SO cultures (Figure 3.1A).

Similarly, the antibiotic tolerance profiles of R6 cultures is slightly higher than those of SO but

lower than those during starvation (Figure 3.C), indicating that residual effects of starvation-

induced persistence may linger after a short period of resuscitation.

0.4

(6 S20

510

0

S4 R6

-0.4

so

0 3'

0-4

-0.4 pC-2 (13%)

Figure 3.5: Principal component analysis of tRNA distributions during starvation. PCA scores plot
showing the clustering of samples (loadings) based on the abundance distribution of tRNAs (scores).
Groupings of replicates are highlighted, and starvation progression is indicated by colored arrows. PC-1,
PC-2, PC-3 refer to each of the three principal components which together explain 94% of the observed
variance.
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Specific patterns of tRNA expression changes can be seen in Figure 3.6. Four tRNAs

that are significantly altered by starvation are highlighted in Figure 3.6B. tRNASer(CGA) and

tRNAHis(GTG) decrease significantly in the early stages of starvation before returning to SO levels

during late starvation and resuscitation. tRNALeu(CAG) and tRNAThr(GGT) show the opposite pattern,

increasing during starvation and returning to SO levels during resuscitation (Figure 3.6B).

3.4.3. Effects of starvation on tRNA distributions within isoacceptor families

Beyond examining the shifts in abundance of individual tRNA species, we were

interested in whether stress could change distributions within isoacceptor families and lead to

differential decoding of synonymous codons. In BCG, arginine, serine, threonine, and leucine

are genetically encoded by 6, 6, 4, and 6 synonymous codons, respectively. These codons are

then decoded by 4, 4, 3, and 5 unique tRNA species, respectively.47 Figure 3.7 shows the

fractional abundance of isoacceptors for these amino acids. At SO, prior to nutrient starvation,

tRNAArg(ACG) was the most abundant arginine isoacceptor comprising, on average, nearly 60% of

all arginine-decoding tRNAs (Figure 3.7). tRNAArg(CCG), a relatively minor arginine isoacceptor,

comprised 15% of the isoacceptor pool under the same conditions. However, at the onset and

during the progression of starvation, tRNAArg(CCG) surged from 15% to 46% of the pool - equal in

proportion to tRNArg(CCG)

Similar shifts occurred in serine, threonine, and leucine isoacceptor distributions (Figure

3.7). In the serine isoacceptor family, tRNASer(CGA) was the most abundant serine isoacceptor at

SO comprising, on average, 36% of all serine-decoding tRNAs. During log growth, tRNASer(TGA)

and tRNASer(GCT) made up 34% and 25% of the serine isoacceptor pool, respectively. After 4

days of starvation, the abundance of tRNASer(CGA) dropped to 7% while tRNASer(TGA) and

tRNASer(GCT) surged to 47% and 44%, respectively. For threonine, tRNAThr(CGT) was the dominant

isoacceptor during log-growth comprising 51% of all threonine-decoding tRNAs. tRNATh(GGT)

was relatively less common during log-growth (31%) but surged in abundance during starvation
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eventually surpassing tRNAThr(CGT) at S10 (47% versus 40%) and S20 (48% versus 40%) before

returning to pre-starvation levels during resuscitation. Changes in tRNALeu(CAG) and tRNALeu(CA)

paralleled the pattern exhibited by tRNATh(GGT) versus tRNAThr(CGT). The fractional abundances of

the full set of multiple-isoacceptor tRNA families is seen in Supplemental Figure 3.3. These

results collectively show that nutrient starvation stress remodels tRNA proportions within

isoacceptor families. The issue of altered decoding efficiencies of synonymous codons is

addressed in section 3.5 during examination of the proteomic output of starved cultures.
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Figure 3.7: Starvation alters isoacceptor distributions for multi-box tRNA sets. The fractional
isoacceptor distributions for arginine, serine, threonine, and leucine change over the course of starvation.
Each data point represents the mean +/- SD for 3 biological replicates.

3.4.4. Synergies between epitranscriptomic datasets

Joint examination of datasets on global modification changes and the state of the tRNA

pool addresses outstanding questions about the interaction between modification dynamics and

tRNA populations. Measured changes in the level of a specific tRNA modification could result

from either altered activity of tRNA-modifying enzymes, from altered copies of the tRNA

molecules containing the modification, or from a combination of both factors. Understanding the

relative contributions of each clarifies their mechanistic roles in the epitranscriptomic regulation

of cell phenotypes. In this section, I highlight an example where analysis of sequencing data
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provides support and insight into the modification states of tRNAs. These insights have led to

new hypotheses regarding altered translational outcomes during nutrient deprivation.

Inosine is a convenient target for both sequencing and modification analyses for several

reasons. First, it possesses a unique sequencing signature: it is a known inducer of

misincorporation by reverse transcriptase.48 The mechanism of how this occurs is illustrated in

Figure 3.8A. Briefly, the hypoxanthine nucleobase preferentially pairs with cytosine (C) during

reverse transcription leading to the misincorporation of deoxyguanosine (dG) instead of

deoxyadenosine (dA) during second strand cDNA synthesis. The presence of inosine in RNA is

detected as a thymine (T) to C sequencing error.

A Inosine in tRNA Unmodified A

(N 0 N NH2

N InNH C N/rA\N
Sugar' NR Su N

transcription

N 0 ----- H2N N NH - -

/N I NH- Nd N NrA ----- HN dT
Sugar' N' J-N, Sugar' N/ N

0 Sugar 0 Sugar

I mispairs with C Second strand Normal basepairing
cDNA synthesis

N 0- H 2N N NH2----'O

/dGNH ----- N dA -----HN
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Figure 3.8: Detection of inosine by next-generation sequencing. (A) The mechanism of inosine-
induced errors in reverse transcription. (B) Coverage map showing pileups of reads mapping to the argU
gene (top quarter) and alignment location of each read (bottom ). Position 34 within argU is nearly
completely read as cytosine (C) instead of the expected thymine (T) and corresponds to a site of inosine
modification. (dA = 2'-deoxyadenosine, dG = 2'-deoxyguanosine, dT = thymidine, rA = adenosine, rI =

inosine)
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As discussed in section 3.3.1.1, tRNAArg(ACG) is modified at the wobble position by

inosine. This leads to the second reason for the usefulness of examining changes in inosine: in

BCG, it is one of the only routinely-detectable modifications that is present at a single location,

on one tRNA species. This unique property of inosine means that global changes in inosine

levels can be directly attributed to changes in the wobble occupancy of tRNAArg(ACG)

Coverage analysis of one of the BCG sequencing files is shown in Figure 3.8B. In the

bottom portion of the view, sequencing reads have been aligned to the argU gene which codes

for tRNAArg(ACG). The top portion shows the read pileup coverage across the argU gene. Colors

represent read mismatches relative to the genomic reference. The bright blue vertical pileup in

the center of the gene sequence illustrates a high proportion of erroneous sequencer at a

position within argU. Due to inosine-induced polymerase errors, the percentage of argU-

mapped reads that carry C at position 34 serves as a proxy for the abundance of tRNAArg(ICG). At

SO and R6, 90-91 % of reads possessed a misincorporated C (Figure 3.9A) corresponding to

approximately 90% of tRNA1rg(CG). At timepoints taken during starvation, the percentage of

tRNAArg(ICG) rose to 96%, significantly higher relative to pre-starvation levels. The proportion of

reads that contain the correct base, T, mirrored that of C (Figure 3.9B) over the duration of

starvation and resuscitation and correspond to the abundance of unmodified tRNArg(ACG)

Figure 3.9C presents tRNAArg(ICG)abundance as a percentage of the tRNA pool,

calculated based on T to C misincorporation rates. Changes in tRNAArg(ICG) closely paralleled

global changes in inosine nucleoside levels as measured by LC-MS/MS in section 3.3.1 (Figure

3.9D). After 20 days of starvation, tRNAArg(ICG) declined by more than 20%, from 3.3% of the

total tRNA pool to 2.6% of the tRNA pool. Within the same period, the proportion of inosine-

modified tRNA increased from 90% to 96%, approximately a 7% increase. This data suggests

that while there is a modest increase in enzymatic synthesis of inosine, the decrease in

expressed tRNA molecules leads to an overall decline in inosine-modified tRNAArg(ACG)
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What are the implications of lowered levels of tRNAAgC ? tRNAArg(AICG) shares a codon

box with tRNAArg(CCG). As discussed in section 3.4.3, decreases in tRNAArg(CG) during all

starvation timepoints nearly perfectly mirror concomitant increases in tRNAArg(CCG) (Figure 3.7),

leading to the testable hypothesis that the CGG codon is preferentially decoded during

starvation. Codon usage analysis of proteomic upregulated proteins during late starvation

confirms that biased usage of CGG at the gene and transcript level is associated with protein

overexpression during late starvation. This finding is discussed further in the next section.
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Figure 3.9: Insights into starvation-associated changes in inosine. (A) The proportion of T to C error
is a proxy for abundance of tRNAArg(ICG). (B) Correct incorporation of T in sequencing reads that map to
argU represents the abundance of unmodified tRNAArg(ACG) and inversely mirrors the patterns in T to C
misincorporation. (C) Based on T to C misincorporation rates, changes in abundance of tRNAArg(ICG) over
the course of starvation can be calculated as a percentage of the total tRNA pool. (D) Global levels of
inosine during starvation are presented as normalized nucleoside abundances as measured by LC-
MS/MS. Inosine levels directly correlate with the abundance of tRNAArg(ICG). All data points represent the
mean standard deviation of 3 replicates. Statistical significance in fold-change calculations was
determined using two-tailed T-test relative to SO levels (ns, p > 0.05; *, p s 0.5; **, p s 0.01).
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3.5. Global survey of the starvation proteome in BCG

Examination of cellular proteomic output provides a means to test our hypotheses

regarding selective translation as an adaptive mechanism for stress survival (Figure 1.4). To

that end, we performed time-course quantitative proteomics to profile protein-level changes that

occur during starvation-induced persistence. Our proteomic time-course included sampling at 0,

4, 10, 20, and 30 days post-starvation (SO, S4, S10, S20, S30) and 6 days post-resuscitation

(R6).

3.5.1. Trends in codon usage during starvation suggest altered decoding capacity as a

mechanism for selective translation

Based on the genomic sequences of the 3891 annotated proteins in BCG, we used a

Matlab-based script to tabulate codon usage and calculate usage frequencies for each

genomically-encoded protein. The frequencies were normalized to the genomic average and

presented as Z-scores. We applied partial least squares regression (PLSR) analysis to

determine if there was a fundamental relationship between protein expression and codon usage

(Supplemental Figure 3.4A). To better spot correlative linkages between codon usage and

protein expression, we focused on the 70 proteins that were the most under- or overexpressed

in the S30 proteomic dataset relative to SO. In our PLSR analysis, we used codon usage Z-

scores as independent predictor variables and log2-transformed protein fold-change values as

the dependent response variable. PLSR projects the independent, predictor variables (codon

usage) into a new, lower dimension space with the aim of maximally capturing the variation

present in the response. Components of this new space are defined by linear combinations of

the predictor variables. In our model, the majority of the variation in the response variable (78%)

is captured by two components. Application of the model to the original set of 70 proteins
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showed a reasonable correlation between predicted and observed abundances (R 2 correlation

coefficient of 0.83) (Supplemental Figure 3.4B).

Our full PLSR model revealed a clear distinction between up- (red) and down-regulated

(blue) proteins (Supplemental Figure 3.4A) with each group having specific codon

associations. Interestingly, sets of synonymous codons were split, with members segregated on

opposing sides of protein expression. The splitting of synonymous codon sets is suggestive of

selective codon use in over- and underexpressed proteins. For example, increased usage of

two of the four members of the CGN arginine codon box - CGC and CGT - correlated with

lowered expression during S30 while CGA and CGG codons correlated with the overexpressed

S30 proteins (Figure 3.10). This result is consistent with what we know about the fractional

abundance of tRNAArg(CCG) and tRNA~rg(ICG) during starvation (Figure 3.7) and implies a model

where the increased representation of tRNAAg(CCG) in the tRNA pool ensures that transcripts

enriched in CGG codons are efficiently translated and expressed. On the other hand, codons

that are read by tRNAAg(ICG) are less efficiently translated resulting in underexpression of

transcripts that are enriched in CGC and CGT. Although tRNA~rg(ICG) declined significantly at

S20 relative to tRNA r(CCG), it still comprised over 40% of the arginine isoacceptor pool. The

association of CGA with overexpression may be due to the decoding activity of the remaining

portion of tRNA~rg(ICG)
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Figure 3.10: Synonymous codons are differentially used in late starvation. The PLSR model predicts
differential usage of members of the CGN arginine codon box. CGC and CGT are associated with
proteins that are down-regulated at S30 (blue) while their cognates, CGA and CGG, are enriched in up-
regulated S30 proteins. Unlabeled black points represent the other, non-CGN codons.

3.6. Summary and discussion

3.6.1. Towards an integrated model for translational control in persistent BCG

Work in this chapter was motivated by a desire to uncover and characterize post-

transcriptional modes of regulation in M. tuberculosis, a clinically-relevant pathogen. Upon

exposure to stress, Mtb enter a non-replicative, persistent state that is marked by physiological

and metabolic changes and increased levels of antibiotic tolerance. Growing evidence suggests

the interplay between tRNA abundance, tRNA decoding efficiency, and codon usage provides a

mechanism for tuning gene expression during stress exposure.1011,14,1649-51 We hypothesized

that post-transcriptional mechanisms of regulation may govern stress responses in

mycobacteria. To start, we developed an in vitro model of nutrient starvation in M. bovis BCG, a

closely-related laboratory surrogate for Mtb. This model reproduces many of the hallmarks of
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non-replicative persistence including a lack of growth and replication, and high levels of

antibiotic tolerance.

Because persistence is a complex and multifaceted phenomenon, we took a wide-

ranging, systems-level approach to characterize this state. Previous work in the lab established

a paradigm whereby various stressors induced characteristic reprogramming of tRNA

modifications. These changes altered the global decoding capacity of the tRNA pool and

resulted in preferential translation of families of codon-biased genes.9--1 We began with an

examination of whether starvation induces any tRNA modification changes in BCG. Our results

showed that starvation causes changes in a wide spectrum of modifications. Multivariate

statistical analyses showed distinct clustering of starvation timepoints based on modification

profiles at each state. Similar to previous studies,101 we found alterations in modifications that

could be localized to the anticodon loop. But significantly-altered modifications also included

ones that are widely distributed across tRNA positions and species. For example, m'A and 4J,

important structural modifications, were downregulated at S20. Changes in anticodon loop

modifications suggested shifts in decoding efficiency while those outside the anticodon loop

hinted at implications for tRNA degradation or quality control.

To explore these ideas, we use a newly developed tRNA-sequencing method (AQUA

RNA-seq, described in Chapter 2) to quantify starvation-linked changes in the abundance in

tRNA species. Multivariate statistical analysis of this dataset again revealed distinct patterns in

tRNA abundance changes that were associated with the starvation state. Notably, the fractional

isoacceptor distributions of several isoacceptor families were significantly altered enabling us to

generate hypotheses about the translational preferences of the "starved" tRNA pool. To test this

hypothesis, we performed quantitative proteomics and analyzed the codon usage frequencies of

the highest up- and down-regulated proteins during starvation. Our partial least squares

analysis showed distinctive separation of up- and down-regulated proteins along with divisions

of codons from synonymous codon groups.
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Overall, our findings suggest that one mechanism of epitranscriptomic control is through

changes in the availabilities of tRNAs which then influences the products of translation. For

example, in the case of inosine-modified tRNAAg(ACG), codon usage correlated with the

availability of the tRNA responsible for decoding the codon. While tRNA modifications influence

the decoding efficiency of tRNAs, at least in this case, their contribution is somewhat dwarfed by

changes in tRNA copy number.

The work outlined in this chapter represents a step towards an integrated model for

translational control. By combining systems-level analyses of tRNA modification, tRNA copy

number, and proteomics, insights can be gleaned about higher levels of cellular coordination

and regulation. In the next chapter, I will apply a similar approach to explore the interactions

between tRNA modifications and tRNA modification enzymes as well as the impact of

hypomodification on tRNA quality control.
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3.7. Supplemental data

m non-t6A-containing tRNAs

- t6A-containing tRNAs

* *

so S4 S10 S20 R6

Supplemental Figure 3.1: Summed abundances of predicted tA-carrying tRNAs matches global
changes in tA. However, if the activity of t6A biosynthesis pathway remained unchanged,
significant decreases in global t6A levels should be captured by the overall decreases in
predicted t6A carriers within the tRNA pool. This is indirectly testable by measuring the relative
proportions of those tRNAs within the complete tRNA pool. Our sequencing analysis of BCG
(discussed in section 3.4) did, in fact, show a significant decrease in the summed levels of
predicted t6A carriers at S20, thus confirming this interpretation (Supplemental Figure 3.1).
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Supplemental Figure 3.3: Starvation-associated changes in isoacceptor distributions in M. bovis BCG. The abundances of each
isoacceptor is expressed as a proportion relative to the total abundance of all tRNAs in the same isoacceptor family. Each data point is the
average of three biological replicates.
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3.8. Materials and methods

Microbiology

Bacterial strains and culturing conditions. Mycobacterium bovis bacille Calmette-Gu6rin (BCG)

str. Pasteur 11 73P2 was grown in roller bottles with 7H9 broth or PBS (with 0.05% (v/v)

tyloxapol) at 2 rpm and 37 0C. Exponentially growing cultures with an OD600 of 0.8-1.0 were

starved by washing pellets three times with PBS-tyloxapol. Starvation cultures were inoculated

into PBS-tyloxapol at a starting OD600 of 1.0. Samples were retrieved at 4, 10, and 20 days after

starvation. At day 20, cultures were resuscitated by pelleting and resuspension in 7H9 and for 6

days prior to harvesting. At each time point, cultures were plated on 7H10 agar for CFU

determination. Specific compositions of 7H9 media, PBS, and 7H10 agar are as follows.

Middlebrook 7H9 was supplemented with 0.5% (w/v) albumin, 0.2% (w/v) glucose, 0.085% (w/v)

NaCl, 0.2% (v/v) glycerol and 0.05% (v/v) Tween 80 as nutrient replete media; PBS (137 mM

NaCl , 2.7 mM KCl, 10 mM Na2HPO 4, 2 mM KH 2PO4) was supplemented with 0.05% v/v

tyloxapol, a non-hydrolyzable detergent. 7H10 agar was supplemented with 0.5% (v/v) glycerol

and 10% (v/v) Oleic Acid Albumin Dextrose Catalase.

Colony Forming Unit (CFU) determination. Serial dilutions of BCG cultures at various nutrient

starvation/resuscitation timepoints were plated on 7H10 agar and incubated at 37 OC for three to

four weeks. Colonies of the BCG timepoints were subsequently counted and respective CFUs

determined.

Antibiotic susceptibility assay. Log, S4, S10, S20 and R6 cultures were treated at OD 600 0.1 with

streptomycin, rifampicin, ethambutol, and isoniazid at the indicated concentrations in 96-well

plates for up to 5 days. CFU counts were obtained from serial dilutions on 7H10 again following

3-4 weeks of incubation at 37 C.
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Purification and enzymatic digestion of tRNA

RNA isolation and purification. BCG collected at nutrient starvation/resuscitation timepoints

were washed with PBS supplemented with 0.05% tyloxapol before resuspending in TRI reagent

(Sigma Aldrich T9424). Lysis was carried out with glass beads in a FastPrep FP120 bead

beater as previously described. 4 Small RNAs were fractionated from large RNAs using the

Purelink miRNA isolation kit (Invitrogen K1 57001). Small and large RNA fractions were profiled

using the Agilent Bioanalyzer.

Enzymatic hydrolysis of tRNA. 2-4 pg of bulk tRNA from each sample was hydrolyzed to

ribonucleosides in a reaction containing Benzonase (0.375 U), calf intestine alkaline

phosphatase (8.5 U), phosphodiesterase I (0.05 U), coformycin (3.5 pM; nucleobase deaminase

inhibitor), desferroxamine (3 mM; antioxidant), butylated hydroxytoluene (0.3 mM; antioxidant)

and MgC 2 (5 mM) in a final reaction volume of 50 pL. The reaction was allowed to proceed for

2 h at 37 0C and was stopped by removal of the enzymes by microfiltration with 10,000 Da spin

filters. Following the addition of 15N 5-2'-deoxyadenosine as an internal standard for data

normalization, ribonucleosides were resolved using one of the two LC-MS/MS methods.

LC-MS/MS measurement of ribonucleosides

Method 1 (6490 method). Ribonucleosides were injected into a Thermo Scientific Hypersil aQ

GOLD, 2.1 x 100 mm, 1.9 pm particle-size column mounted on an Agilent 1290 series HPLC

system equipped with a diode array detector (DAD). The ribonucleosides were eluted at a flow

rate of 0.3 mL/min and 25 0C with a gradient consisting of 0.1% formic acid in water (A) and

0.1% formic acid in acetonitrile (B) as follows: 0-12 min , 0% B; 12-15.3 min, 0-1% B; 15.3-18.7

min, 1-6% B; 18.7-20 min, 6% B; 20-24 min, 6-100% B; 24-27 min, 100% B; 27-28 min 100-0%

B; 28-33 min 0% B. The column, with its eluent directed through the DAD to record the

260 nm absorbance of canonical ribonucleosides, was coupled to an Agilent 6490 triple

quadrupole mass spectrometer operated in positive ion mode with the following parameters:
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electro-spray ionization (ESI-MS), fragmentor voltage 380 V, cell accelerator voltage 2-7 V, N 2 -

gas temperature 250 'C, N 2-gas flow 11 I/min, nebulizer 20 p.s.i., capillary 2500 V.

Method 2 (6430 method). Ribonucleosides were injected into a Synergi Fusion RP, 2 x 100 mm,

2.5 pm particle-size column mounted on an Agilent 1290 series HPLC system equipped with a

diode array detector (DAD). The ribonucleosides were eluted at a flow rate of 0.35 mL/min and

35 0C with a gradient consisting of 5 mM ammonium acetate, pH 5.2 (A) and acetonitrile (B) as

follows: 0-1 min, 0% B; 1-10 min, 0-10% B; 10-14 min, 10-40% B; 14-15 min, 40-80% B; 15-15.1

min, 80-90% B; 15.1-18 min, 90% B; 18-20 min, 90-0% B; 20-25 min, 0% B. The column, with

its eluent directed through the DAD to record the 260 nm absorbance of canonical

ribonucleosides, was coupled to an Agilent 6430 triple quadrupole mass spectrometer operated

in positive ion mode with the following parameters: electro-spray ionization (ESI-MS),

fragmentor voltage (average) 80 V, cell accelerator voltage 2 V, N 2-gas temperature 350 C, N 2-

gas flow 10 L/min, nebulizer 40 psi, capillary 3500 V.

Quantification. Each modification was quantified by normalizing the area under the curve (AUC)

for the modification against the summed AUC for the UV peaks of the four canonical

ribonucleosides of that sample. This normalized AUC was then normalized against the peak

area of the internal standard (15N-2'-deoxyadenosine). Analysis for each sample condition was

performed with at least three biological replicates.

tRNA sequencing

BCG samples, collected at the standard nutrient starvation/resuscitation timepoints (with at least

three replicates for each timepoint), were lysed as described above. Small RNA was

fractionated and 50 ng from each sample was used as input RNA for AQUA RNA-seq library

construction (method detailed in Chapter 2). Samples were multiplexed and sequenced at the

MIT Biomicro Center core facility. Raw sequencing output were processed as explained in

Chapter 2. Data visualization were performed in Matlab.
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Proteomic measurements

Bacterial culturing. Log and starvation cultures were grown as described above, in triplicate.

Sampling occurred on 0, 4, 10, 20, and 30 after induction of starvation (SO, S4, S10, S20, S30)

and 6 days after resuscitation (R6) in rich media. Proteins from BCG cultures were extracted,

precipitated, quantified and processed as previously described.5 2

Isobaric labeling and peptide fractionation. Aliquots of digested protein (from 50 pg of total

protein) were labelled with TMT 6-plex according to manufacturers' respective protocols. Small,

5 pL extracts of labelled peptides were taken from each biological replicate and combined to

reconstitute a full label set, and analyzed on a Thermo Scientific EASY- nLC 1200 interfaced to

a Thermo Scientific Q Exactive Hybrid Quadrupole-Orbitrap MS. Median total ion intensities for

each label were calculated and used to normalize volumetric mixing of respective labels, so as

to avoid signal suppression or bias from any one label. After combining labels into 6-plex sets,

samples were desalted with C18 SpinTips, dried by vacuum centrifugation and reconstituted in

IPD buffer without glycerol. Isoelectric focusing was performed from pH 3 to 10 over 24 wells on

an Agilent 3100 OFFGEL fractionator. Each of the 24 fractions was collected, dried by vacuum

centrifuge, resuspended in 0.1% formic acid in water, and analyzed by nano-LC-MS/MS.

Quantitative analysis of the BCG proteome by LC-MS/MS. TMT proteomics experiments were

performed on an Agilent 1200 nano-LC-Chip/MS interfaced to an Agilent 6550 iFunnel Q-TOF

LC/MS. The LC system consisted of a capillary pump for sample loading, a nanoflow pump and

a temperature-controlled microwell-plate autosampler. The HPLC- Chip configuration consisted

of a 160 nL enrichment column and a 150 mm x 75 ptm analytical column (G4340-62001 Zorbax

300SB-C1 8). The following mass-spectrometry grade mobile phases (Burdick & Jackson) were

used: 0.1% formic acid in water (solvent A), and 0.1% formic acid in acetonitrile (solvent B). A

130-min linear gradient LC separation was used with 10 min for column wash and equilibration

between runs. Samples (1-2 pL injections) were loaded onto the enrichment column at 3% (v/v)
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B at flow rates of 3 pL/min. The analytical gradient of solvent B was performed at a constant

flow rate of 0.3 pL/min using the following solvent transitions on the nanoflow pump: 0-1 min,

held at 1% (v/v); 1-10 min, 1-15%; 10-101 min, 15- 35%; 101-121 min, 35-75%; 121-123 min,

75-98%; 123-126 min, held at 98%; 126-127 min, 98- 1%; 127-130 min, held at 1%. LC-Q-TOF

was operated at high sensitivity (4 GHz) in positive ion mode with the following source

conditions: gas temperature 325 0C, drying gas 13 L/min, fragmentor 360 V. Capillary voltage

was manually adjusted between 1800 to 2,150 V to achieve a steady nanospray. Data were

acquired from 300 to 1700 m/z with an acquisition rate of 6 spectra/s in MS mode, and from 50

to 1700 m/z with an acquisition rate of 3 spectra/s in MS/MS mode. A peptide isotope model

(charge state 2+) was used to detect a maximum 20 precursors per cycle at a minimum

threshold of 25,000 counts/spectra at a narrow isolation window (-1.3 m/z). Sloped collision

energy (C.E.) was used to maximize collision induced dissociation of detected isobarically-

labeled peptides according to the following rules: charge state 2+ C.E. slope 4.2, offset 3.5;

charge states 3+ C.E. slope 4.2, offset 4.

Data acquisition and analysis. LC/MS data was extracted and evaluated for quality using the

MFE algorithm in MassHunter Qualitative Analysis software (v B06.00). For each fraction, the

MFE list of molecular ions was exported and used to exclude spectral acquisition of these ions

in subsequent technical replicates. Each of the 24 fractions from biological triplicates were

injected in technical duplicate - spectra generated from technical replicates 1 were acquired

without use of an exclusion list, whereas spectra generated from technical replicate 2 were

acquired with the exclusion list. Data from MassHunter Qualitative Analysis was exported to

Mass Profiler Professional (v B03.00) for analysis of technical reproducibility. This process was

repeated for all three biological replicates. Mass spectra were processed using Spectrum Mill

(Agilent, v B06.00) and Scaffold Q+ (v Scaffold_4.8.8), and quantified protein associations were

manually analyzed in Excel. Manually analyzing data pre-filtered at a 95% confidence interval
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yielded 1217 highly quantifiable proteins for the TMT proteomics experiment (starvation, 2

peptide min. per protein ID).

Data mining and analysis

Differential abundance of tRNAs and tRNA modifications was analyzed by principal component

analysis using the built-in singular value decomposition algorithm in Matlab. Cluster analysis

was performed on mean-centered, log2-transformed modification abundance data using two-

way hierarchical clustering with Pearson correlation distances and complete linkages and

visualized in Multiexperiment Viewer (MeV). Partial least squares regression analysis (PLSR)

using the SIMPLS algorithm was used to analyze relationships between codon usage and

protein up- or down-regulation. Input data consisted of Z-scores of codon frequencies, relative

to the genomic average (predictor variables) and log2-fold change of protein expression relative

to SO (response variable).
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acquired and processed by Dr. Nick Davis. Multivariate statistical analyses of changes in tRNA

modifications, tRNA abundance, and codon usage were performed with Matlab scripts written

by me using built-in statistical functions and algorithms.

- 124 -



3.10. References

1. Machnicka, M. A., Olchowik, A., Grosjean, H. & Bujnicki, J. M. Distribution and
frequencies of post-transcriptional modifications in tRNAs. RNA Biol. 11, 1619-29 (2014).

2. Bj5rk, G. R. et al. Transfer RNA modification. Annu. Rev. Biochem. 56, 263-87 (1987).
3. Lorenz, C., LOnse, C. E. & M6rl, M. Trna modifications: Impact on structure and thermal

adaptation. Biomolecules 7, (2017).
4. El Yacoubi, B., Bailly, M. & de Cr6cy-Lagard, V. Biosynthesis and Function of

Posttranscriptional Modifications of Transfer RNAs. Annu. Rev. Genet. 46, 69-95 (2012).
5. Tamura, K., Himeno, H., Asahara, H., Hasegawa, T. & Shimizu, M. In vitro study of E.coli

tRNA(Arg) and tRNA(Lys) identity elements. Nucleic Acids Res. 20, 2335-9 (1992).
6. Bj6rk, G. R. & Hagervall, T. G. Transfer RNA Modification: Presence, Synthesis, and

Function. EcoSal Plus 6, 263-287 (2014).
7. Bj6rk, G. R. et al. Transfer RNA modification: influence on translational frameshifting and

metabolism. FEBS Lett. 452, 47-51 (1999).
8. Hori, H. et al. Transfer RNA Synthesis and Regulation. eLS (2014).

doi:1 0.1002/9780470015902.a0000529.pub3
9. Chan, C. T. Y. et al. A quantitative systems approach reveals dynamic control of tRNA

modifications during cellular stress. PLoS Genet. 6, 1-9 (2010).
10. Chan, C. T. Y. et al. Reprogramming of tRNA modifications controls the oxidative stress

response by codon-biased translation of proteins. Nat. Commun. 3, 937 (2012).
11. Chionh, Y. H. et al. tRNA-mediated codon-biased translation in mycobacterial hypoxic

persistence. Nat. Commun. 7,13302 (2016).
12. Endres, L., Dedon, P. C. & Begley, T. J. Codon-biased translation can be regulated by

wobble-base tRNA modification systems during cellular stress responses. RNA Biol. 12,
603-14 (2015).

13. Helm, M. & Alfonzo, J. D. Posttranscriptional RNA modifications: Playing metabolic
games in a cell's chemical legoland. Chem. Biol. 21, 174-185 (2014).

14. Deng, W. et al. Trm9-Catalyzed tRNA Modifications Regulate Global Protein Expression
by Codon-Biased Translation. PLoS Genet. 11, el 005706 (2015).

15. Gu, C., Begley, T. J. & Dedon, P. C. TRNA modifications regulate translation during
cellular stress. FEBS Lett. 588, 4287-4296 (2014).

16. Quax, T. E. F., Claassens, N. J., S611, D. & van der Oost, J. Codon Bias as a Means to
Fine-Tune Gene Expression. Mol. Cel/ 59, 149-161 (2015).

17. Frenkel-Morgenstern, M. et al. Genes adopt non-optimal codon usage to generate cell
cycle-dependent oscillations in protein levels. Mol. Syst. Biol. 8, (2012).

18. Gingold, H. et al. A Dual Program for Translation Regulation in Cellular Proliferation and
Differentiation. Cel/158, 1281-1292 (2014).

19. Dittmar, K. A., Goodenbour, J. M. & Pan, T. Tissue-Specific Differences in Human
Transfer RNA Expression. PLoS Genet. 2, e221 (2006).

20. Gustafsson, C., Govindarajan, S. & Minshull, J. Codon bias and heterologous protein
expression. Trends BiotechnoL. 22, 346-353 (2004).

21. Goodarzi, H. et al. Modulated Expression of Specific tRNAs Drives Gene Expression and
Cancer Progression. CelI165, 1416-1427 (2016).

22. Frumkin, I. et al. Codon usage of highly expressed genes affects proteome-wide
translation efficiency. Proc. Nat. Acad. Sci. 115, E4940-E4949 (2018).

23. Lewis, K. Persister cells. Annu. Rev. Microbiol. 64, 357-372 (2010).
24. Grant, S. S. et aL. Identification of novel inhibitors of nonreplicating Mycobacterium

tuberculosis using a carbon starvation model. ACS Chem. Biol. 8, 2224-34 (2013).

- 125-



25. Zhang, Y. Persisters, persistent infections and the Yin-Yang model. Emerg. Microbes
Infect. 3, e3 (2014).

26. Loebel, R. 0., Shorr, E. & Richardson, H. B. The Influence of Foodstuffs upon the
Respiratory Metabolism and Growth of Human Tubercle Bacilli. J. Bacteriol. 26, 139-66
(1933).

27. Nyka, W. Studies on the effect of starvation on mycobacteria. Infect. Immun. 9, 843-50
(1974).

28. Betts, J. C., Lukey, P. T., Robb, L. C., McAdam, R. A. & Duncan, K. Evaluation of a
nutrient starvation model of Mycobacterium tuberculosis persistence by gene and protein
expression profiling. Mol. Microbiol. 43, 717-31 (2002).

29. Gibson, S. E. R., Harrison, J. & Cox, J. A. G. Modelling a Silent Epidemic: A Review of
the In Vitro Models of Latent Tuberculosis. Pathog. (Basel, Switzerland) 7, (2018).

30. Jarlier, V. & Nikaido, H. Mycobacterial cell wall: structure and role in natural resistance to
antibiotics. FEMS Microbiol. Lett. 123, 11-18 (1994).

31. Jarlier, V. & Nikaido, H. Permeability barrier to hydrophilic solutes in Mycobacterium
chelonei. J. Bacteriol. 172, 1418-1423 (1990).

32. Su, D. et al. Quantitative analysis of ribonucleoside modifications in tRNA by HPLC-
coupled mass spectrometry. Nat. Protoc. 9, 828-41 (2014).

33. Cai, W. M. et al. A Platform for Discovery and Quantification of Modified Ribonucleosides
in RNA. in Methods in enzymology 560, 29-71 (Elsevier Inc., 2015).

34. Hia, F. et al. Mycobacterial RNA isolation optimized for non-coding RNA: high fidelity
isolation of 5S rRNA from Mycobacterium bovis BCG reveals novel post-transcriptional
processing and a complete spectrum of modified ribonucleosides. Nucleic Acids Res. 43,
1-11 (2014).

35. Machnicka, M. A. et al. MODOMICS: a database of RNA modification pathways--2013
update. Nucleic Acids Res. 41, D262-7 (2013).

36. Armengod, M. E. et al. Enzymology of tRNA modification in the bacterial MnmEG
pathway. Biochimie 94, 1510-1520 (2012).

37. Yokoyama, S. et al. Molecular mechanism of codon recognition by tRNA species with
modified uridine in the first position of the anticodon. Proc. Nat/. Acad. Sci. U. S. A. 82,
4905-9 (1985).

38. Rozov, A. et al. Novel base-pairing interactions at the tRNA wobble position crucial for
accurate reading of the genetic code. Nat. Commun. 7, 10457 (2016).

39. Weissenbach, J. & Grosjean, H. Effect of Threonylcarbamoyl Modification (t6A) in Yeast
tRNAArgill on Codon-Anticodon and Anticodon-Anticodon Interactions. A
Thermodynamic and Kinetic Evaluation. Eur. J. Biochem. 116, 207-213 (1981).

40. Kierzek, E. et al. The contribution of pseudouridine to stabilities and structure of RNAs.
Nucleic Acids Res. 42, 3492-3501 (2014).

41. Oerum, S., D6gut, C., Barraud, P. & Tisn6, C. mlA Post-Transcriptional Modification in
tRNAs. Biomolecules 7, 20 (2017).

42. Davis, D. R. Stabilization of RNA stacking by pseudouridine. Nucleic Acids Res. 23,
5020-6 (1995).

43. Tomikawa, C., Yokogawa, T., Kanai, T. & Hori, H. N7-Methylguanine at position 46
(m7G46) in tRNA from Thermus thermophilus is required for cell viability at high
temperatures through a tRNA modification network. Nucleic Acids Res. 38, 942-957
(2009).

44. LaCava, J. et al. RNA Degradation by the Exosome Is Promoted by a Nuclear
Polyadenylation Complex. Cell 121, 713-724 (2005).

45. Kadaba, S. Nuclear surveillance and degradation of hypomodified initiator tRNAMet in S.

- 126-



cerevisiae. Genes Dev. 18,1227-1240 (2004).
46. Vanscovn, S. et al. A new yeast poly(A) polymerase complex involved in RNA quality

control. PLoS Biol. 3, e189 (2005).
47. Chan, P. P. & Lowe, T. M. GtRNAdb 2.0: an expanded database of transfer RNA genes

identified in complete and draft genomes. Nucleic Acids Res. 44, D1 84-D1 89 (2016).
48. Levanon, E. Y. et al. Systematic identification of abundant A-to-I editing sites in the

human transcriptome. Nat. Biotechnol. 22, 1001-5 (2004).
49. Begley, U. et al. Trm9-Catalyzed tRNA Modifications Link Translation to the DNA

Damage Response. MoL. Cell 28, 860-870 (2007).
50. Novoa, E. M. & Ribas de Pouplana, L. Speeding with control: codon usage, tRNAs, and

ribosomes. Trends Genet. 28, 574-81 (2012).
51. Prabhakar, A., Choi, J., Wang, J., Petrov, A. & Puglisi, J. D. Dynamic basis of fidelity and

speed in translation: Coordinated multistep mechanisms of elongation and termination.
Protein Sci. 26, 1352-1362 (2017).

52. Lucas, M. C. et al. Fractionation and Analysis of Mycobacterial Proteins. in Mycobacteria
Protocols 47-75 (2015). doi:10.1007/978-1-4939-2450-9_4

- 127 -



Chapter Four: The network effects of tRNA modifications in tRNA quality control

4.1. Introduction and motivation

Among classes of RNA, tRNAs are the most heavily and diversely modified.

Modifications are installed post-transcriptionally by specialized enzymes and in some cases,

require multi-step and multi-enzyme pathways. The cellular functions of post-transcriptional

modifications are wide-ranging and diverse and most importantly include the maintenance of

tRNA structure and stability and the regulation of translation speed and fidelity.1-5 There is

growing evidence that modifications can function in interactive networks. Interactive connections

are somewhat expected for structures that require multistep pathways for their synthesis: the

deletion of a precursor synthetic enzyme will result in the absence of its product as well as any

directly dependent, downstream modifications. But certain modifications can also exert influence

seemingly unrelated or distantly-related modifications and pathways. Several groups have

reported network-like dependencies where the status of one modification may serve as

determinants for downstream players including the modifying enzymes of an unrelated

modification or even factors involved in tRNA degradation.6-9

For instance, Tomikawa et al. found that deletion of TrmB, a m 7G46 methyltransferase,

was accompanied by hypomodification at m 1G37, Gm18, and m 1A58 in the thermophile, Thermus

thermophilus. 6 In vitro studies with purified enzymes and purified bulk tRNA showed that the

absence of m7G46 negatively affected the activities of several other tRNA methylation enzymes.

Phenotypic manifestations of hypomethylation included decreased in protein synthesis and poor

viability at high temperatures were observed. For example, under heat stress, absence of m 7G46

and concomitant hypomodification at m1G37, Gm 18, and m1A58 was linked to the degradation of

two tRNA species - tRNAPhe and tRNA1e. Taken together, these findings suggest that m7G46

mediates a primitive surveillance and quality control response that enables survival during

exposure to elevated growth temperatures.
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Although the details of tRNA quality control in bacteria have not been fully elucidated, in

yeast, surveillance and quality control of mature tRNAs occurs through a mechanism called

rapid tRNA decay (RTD).2 ,10 The RTD system consists of the 5' to 3' exonucleases, Rat1 and

Xrnl, as well as an indirectly-acting accessory protein, Met22. It is hypothesized that

hypomodification weakens the tertiary structure of tRNAs leading to local unfolding at the

acceptor stem. The exposed 5' end then triggers degradation by the RTD pathway. Alexandrov

et al. found that deletion of either member of the yeast m7G46 methyltransferase complex, Trm8

or Trm82, resulted in a temperature sensitive phenotype when paired with deletion of Trm4 (a

m 5C methyltransferase). In yeast, at least 7 tRNAs are substrates for both Trm4 and Trm8-

Trm82. Interestingly, only one species, tRNAVal(AAC), was found to be rapidly deacylated and

degraded at elevated temperatures.8 Growth defects were suppressed by overexpression of

tRNAVal(AAC) as well as by complementation with functional copies of Trm8 but introduction of

catalytically inactivated Trm8 did not restore normal growth. Furthermore, disruption of met22,

Rati or Xrn1 in the Atrm8/Atrm4 double mutant prevented tRNAVal(AAC) degradation and

suppressed growth defects. 10 Together, these findings strongly suggest that the absence of

m 7G 46 on tRNAVal(AAC) is the cause of RTD-induced tRNA degradation and loss of tRNAVal(AAC) is

the main contributor to the temperature sensitive phenotype in the Atrm8-Atrm4 strain.

Based on these reports, we sought to examine the effects of the loss of individual tRNA

modifications on the levels of other modifications as well as on tRNA proportions within the

tRNA pool. We elected to work in E. coli, a model organism that is well-characterized and easy

to genetically manipulate. To define the interaction network of tRNA modifications, we took

several approaches. Because the contributions of tRNA modifying genes to phenotype may be

modulated by dependencies, we performed a synthetic lethality screen of double-deletion

mutants. Within such a screen, negative epistasis (either synthetic lethality or phenotypic
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defects) is an indication that target genes may exist in parallel or as part of compensatory

pathways. Thus, screening for synthetic lethal relationships can provide broad clues to

functional interactions between tRNA modifications. In parallel, we also analyzed the tRNA

modification profiles of a panel of deletion mutants that are deficient in individual tRNA

modifying genes. We used our modification data to validate both our strains and our analysis

platform. Within a subset of mutants with a high propensity for synthetic lethality, we further

performed tRNA sequencing with the hope of identifying species that are selectively degraded in

response to the absence of a modification to identify putative targets of tRNA quality control

induced by hypomodification.

Results

4.2. Synthetic lethality screen

Through a combination of post-genomic experimental platforms, homology-based

bioinformatic mining, and traditional genetic and biochemical methods, the majority of tRNA

modifying genes have now been annotated in E. coi.11 i2 Of these, ~30 are non-essential and

available as part of the Keio collection of single-gene knock out mutants. 13 A pairwise deletion

matrix was used to prepare double deletion mutants from the set of 30 non-essential tRNA

modifying genes. Under normal growth conditions (rich media at 37 0C), 6.8% of the tested

strains presented with a synthetic lethal phenotype (0-10 colonies), 0.2% were synthetic

defective (resulted in small colonies) and 93% had no discernable phenotype (Figure 4.1).

From this screen, we identified 10 genes (truA, mnmC, mnmG, mnmA, thil, r/mN, miaA, truD,

dusB, and trm) that were recurrent in multiple synthetic lethal pairs. To investigate why these

genes and their respective modifications have a higher propensity toward synthetic lethality, we

investigated global changes in the full spectrum of tRNA modifications in the full panel of single

mutants.
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Figure 4.1: An array of E. coli double mutants deficient in pairs of tRNA modifying genes. Growth
phenotypes are color-coded as indicated in the matrix legend.

4.3. Modification phenotypes of mutants validate genetic strains and LC-MS/MS

analytical platform

In order to evaluate whether the absence of a given tRNA modification led to increases

or decreases in levels of other tRNA modifications, cellular tRNAs were extracted from 3

biological replicates of E. coi strains deleted in a single tRNA modifying gene. Global

modification profiles were analyzed by LC-MS/MS as described in Chapter 3 and compared to

profiles obtained from a wildtype E. cofi strain that acted as a control.

Unsurprisingly and consistent with annotated gene functions, we saw significant

decreases in the levels of a given modification when the gene responsible for its synthesis or

installation is deleted. cmo5 U is absent in the AcmoB strain, i6A in AmiaA, ms 2i6A in AmiaB, m2A
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in ArlmN, m 6A in AtrmN6, ac4C in AtmcA, Gm in AtrmH, m 5U in AtrmA, s2C in AttcA, s4U in Athil,

m6t6A in AtsaA, and queuosine (Q) in AqueG. The enzyme TgT transfers preQ1 (a precursor to

epoxyQ and Q) onto tRNA. The absence of Tgt results in decreased levels of both epoxyQ and

Q (Figure 4.2).

0o M~4O~ LOr -c'jto E E E E
O>-u E aO 6$2 E5 EE E_ NW3 EEE EE0(<O

AdusA * *
AdusB E*
AdusC 4

ArIuA * * *
AcmoA * *
AcmoB *
AmiaA
AmiaB *

Af* c* 2
AmnmA *
AmnmC * * * * * * **
AmnmG * ** * * ** **
AmnmH * * * ** *

ArImN
AqueG 0

Atgt
Athil * ** * **

AtmcA * **
AtrmnA**** ** * *
AtrmB * **
AtrmH ** -2
AtrmJ
AttnL** ** ***

AtrmnN6*** ****
AtruA * *** **
AtruB ** * *
AtruC * -*
AtruD **
AtsaA *

Figure 4.2: Heatmap of log2 fold-changes in global modification profiles in deletion strains relative
to wildtype. Data consists of the average of three biological replicates. Boxes indicate modification
changes that are expected based on the predicted or known function of the modification enzymes.
Statistical significance in fold-change calculations was determined using two-tailed T-test relative to
wildtype levels (*, p s 0.5).

We also saw consistent trends in cases where several enzymes generate the same

modification product but with different tRNA substrates or at different positions. For instance, the

dihydrouridine family of enzymes (DusA, B, and C) are responsible for catalyzing the conversion

of uridine to dihydrouridine (D) at various positions and within various tRNA species. Most of the
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bacterial D modifications are synthesized by DusA and DusB, whereas a smaller subset of

tRNAs are modified by DusC. 4 Our results reflected the proportional differences in the targets

of the enzymes. We saw a 60-70% decrease in D levels, relative to wildtype, when DusA or

DusB were deleted compared to a 20% decrease when DusC was absent. Similarly, in E. coli,

2'-O-methylation of cytidine or uridine at position 32 (Cm 3 2 , Um 3 2 ) is catalyzed by TrmJ, whereas

TrmL, a related methyltransferase, performs 2'-O-methylation of C or U at position 34.

Substrates for TrmJ include 5 tRNAs: tRNAGn(CUG), tRNAGn(UUG), tRNASer(cmo5UGA), tRNAfMet(CAU),

and tRNATrp(CCA).15 On the other hand, TrmL only functions at the wobble position of 2 leucine

isoacceptors, tRNALeu(CmAA) and tRNALeu(cmnm5UmAA).16,17 Our method was sensitive enough to

discern population differences in the substrates of the two enzymes. Deletion of TrmJ resulted

in a 70-80% decline in the global levels of Cm and Um while deletion of TrmL produced a

negligible effect owing to the lower fractional abundance of its targets.

In some cases, we observed an accumulation of modifications that act as biosynthetic

precursors when the gene responsible for a downstream reaction was deleted. For example,

MiaB methylates and thiolates i6A37 at position 2 of the nucleobase to form ms 2i 6 A37 .
18

19

Accumulation of iPA was observed in the absence of MiaB. Similarly, an accumulation of

epoxyqueuosine (oQ) was observed in QueG which catalyzes the reduction of oQ to Q.20

Finally, accumulation of s 2 U is observed in MnmG. The MnmG-MnmE enzyme complex

converts s2U into either cmnm5 s 2 U or nm 5s 2 U. 5 Together, these observations enable cross-

validation of both the genetic composition of the mutants as well as our LC-MS/MS platform for

profiling changes in modification abundances.
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4.3.1. Challenges and unexpected findings

4.3.1.1. TrmB and m 7G

In E. coli, m 7G occurs at position 46 in 22 out of 50 unique tRNAs species. TrmB is the

sole methyltransferase responsible for converting G to m7G. Unexpectedly, we did not see a

decrease in m 7G in the AtrmB strain relative to wildtype (Figure 4.2). Since m 7G is a positively

charged nucleoside with a robust LC-MS/MS signal, we think there was a genotype error in the

strain. Analysis of the TrmB mutant will be repeated to determine whether downregulation of

m1G37 and Gm18 reported by Tomikawa et al. in a T. thermophilus AtrmB strain are replicated in

E. coli.6

4.3.1.2. Unknown peak with mlz 348

An unknown peak, "peak X", was serendipitously discovered in the course of measuring

cmnmIs 2 U. This putative modification possesses the same transition (m/z 348 -. 216) and a

similar chromatographic retention time as cmnm 5s 2 U (the elution time of peak X was 4.8

minutes, while a chemical standard of cmnm 5s 2 U eluted at 3.6 minutes) (Figure 4.3B, D). Peak

X was not seen in the blank control which consists of all the components of the nuclease

digestion reaction including enzymes, antioxidants, and deaminase inhibitors, except tRNA.

Peak X was uniquely present in AmnmG strain but missing in all replicates of the wildtype strain

and all mutant other mutant strains (Figure 4.3A-C).

Along with MnmE, MnmG catalyzes the conversion of s 2 U to cmnm5s 2 U (Figure 4.3E). 5

The IscS-MnmA pathway mediates sulfur transfer from cysteine to s 2 U via a series of sulfur

carrier proteins named TusA-E. The sulfur relay culminates with MnmA which incorporates

sulfur into activated tRNA targets.2 1 Aside from TusA, IscS, a desulfurase that catalyzes the

generation of persulfide from cysteine, has many additional binding partners. 22 For example,
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Thil, the enzyme that catalyzes s4U formation, also acquires sulfur from IscS. Although the

identity of the putative modification is not known, one possible explanation is that disruption of

MnmG alters sulfur availability and results in accumulations of intermediates in alternate thio-

modification pathways.

Another possible hypothesis is that peak X corresponds to 3-(3-amino-3-carboxypropyl)-

5,6-dihydrouridine (acp3D). acp3D is isobaric with cmnm5s 2U meaning it shares the same m/z

348 -* 216 transition. acp3D was first reported in tRNALys(UUU) of the parasite Trypanosoma

brucei by LC-MS/MS. 23 Because its discovery was relatively recently, the synthetic pathway of

acp3D has not been characterized although it appears to be a derivative of either dihydrouridine

(D) or 3-(3-amino-3-carboxypropyl)uridine (acp3U) (Figure 4.3F). While the dus family of

enzymes (DusA, B, and C) are known to generate D, the catalytic sources of acp3U have been

elusive. It is postulated that an unannotated methyltransferase may be responsible for addition

of the aminocarboxypropyl (acp) group to uridine, but such an enzyme has not yet been

identified in E. coli.24 If peak X corresponds to acp3D and synthesis of acp3D relies on the initial

formation of acp3U, we would expect a modest increase in levels of acp3U in the AmnmG strain

representing increased flux through that pathway. Consistent with this notion, our modification

data showed a statistically significant 16% increase in acp3U in the AmnmG mutant. No change

was observed in the levels of D. Further analytical characterization of the unknown peak is

required to definitively determine its structure and to shed light on its connection to MnmG.
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Figure 4.3: Unknown modification present in AmnmG. Peaks corresponding to the transition m/z 348
- 216 in wildtype (A), AmnmG (B), a reaction blank consisting of enzymes and reaction components
without any tRNA (C) and a synthetic standard of cmnm 5s2U (D). Chromatograms in panel (A) and (B)
represent overlaid signal from biological replicates. The unknown peak, labeled in red as "Peak X" is
present at 4.8 minutes in all three replicates of the AmnmG strain but is not seen in the wildtype. (E) A
reaction scheme showing the interaction between the IscS-MnmA and MnmE-MnmG pathways and their
products. Enzyme names are colored in blue, dotted lines represent abbreviated steps in the IscS-MnmA
sulfur transfer pathway. S = sulfur. (F) Two proposed pathways for the synthesis of acp3D - either from
acp3U or D. Enzymes are colored in blue, acp = aminocarboxypropyl group.
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4.3.1.3.A putative link between TruB and Gm

TruB catalyzes the conversion of U to LP at position 55. In our TruB mutant, W decreased

by nearly 60%, relative to wildtype. Interestingly, under the same conditions, Gm increased by

25% relative to wildtype (Figure 4.2). This effect has been previously reported in T.

thermophilus. Ishida et al. noted a link between LP5 and the activity of TrmH (the guanosine 2'-

0 methyltransferase that catalyzes formation of Gm 18 ). In the absence of LJ55, TrmH activity was

enhanced, resulting in an increase in global levels of Gm18. The proposed mechanism for

enhanced formation of Gm in a AtruB deletion strain is that the absence of LP55 enables local

flexibility within tRNA structure facilitating the binding and induced fit of the tRNA substrate with

TrmH. 25 Ishida et al. further propose that in T. thermophilus, 4Js5 operates as a negative

determinant for several tRNA modification enzymes that elevate the melting temperature of

tRNA. By restricting the incorporation of modifications that elevate the thermal stability of tRNA,

LP55 is a key mediator of low temperature adaptation. Although E. coli is not a thermophile, LI

could conceivably play a similar role in cold adaptation. Additional studies are required to

address these hypotheses and to further investigate the biological significance of the W-induced

changes in Gm.

4.4. tRNA abundance changes in mutants with a propensity toward synthetic lethality

As mentioned in section 4.2, our synthetic lethality screen revealed 10 genes (truA,

mnmC, mnmG, mnmA, thil, rlmN, miaA, truD, dusB, and trm) that appeared in multiple

synthetic lethal pairs. To study the impact of the loss of tRNA modifications on tRNA quality

control and processing, we decided to analyze the tRNA population in each of the single

deletion strains. We grew replicate cultures of strains that were deficient in each of these 10

genes, isolated cellular tRNAs, and then prepared sequencing libraries using the AQUA RNA-

seq library construction protocol. After sequencing, the reads were mapped to a set of non-
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redundant E. coli tRNA sequences and then normalized by the total tRNA read count. The

abundance of each tRNA, expressed as a percentage of the entire tRNA pool, can be found in

Supplemental Figure 4.1. E. co/i has 8 pairs of tRNA isodecoders. Each pair differs in

sequence by 1-2 nucleotides. To minimize ambiguity in assigning reads that matched to these

closely related sequences, we performed all of our abundance quantification and downstream

analyses by tabulating isodecoder reads together. Combined isodecoder reads are denoted by

an asterisk (*) in Supplemental Figure 4.1.

4.4.1. Loss of TruA is associated with declines in a subset of W-carrying tRNAs

Although significant changes were observed in the tRNA abundances of many of the

mutant strains (Supplemental Figure 4.1), we were especially interested in alterations in the

tRNA substrates of the missing modifying genes. We hypothesized that absence of a modifying

enzyme could lead to a decrease in the levels of its tRNA target since hypomodification is a

hallmark of the currently known pathways of tRNA surveillance and quality control. 10,26

The most dramatic changes we saw occurred in the AtruA strain. TruA installs LP at

positions 38, 39, and 40. Deletion of TruA results in a 27% decrease in global levels of -L. The

remaining 4J is likely due to the presence at positions outside the anticodon loop, due to the

activity of other Tru family pseudouridylases. Of the 15 tRNAs modified by TruA, 6 were

significantly reduced in abundance the AtruA mutant while the other 9 did not change

significantly (Figure 4.4). Although these results are preliminary, they point to the existence of

bacterial mechanisms that degrade hypomodified or thermodynamically destabilized tRNAs. LP

modifications near the anticodon stabilize the stem-loop structure through base-stacking27 and

reinforce contacts between tRNA, mRNA, and rRNA during decoding within the ribosomal A

site.2 ,29 It is possible that absence of this modification renders certain tRNA species unable to

function in decoding. Degradation of the hypomodified species could then occur because the
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presence of these tRNAs is damaging to the cell either by causing decreased translational

fidelity or by otherwise impairing the process of protein synthesis.

The fact that only a subset of the tRNA substrates of TruA was altered is curious but not

all together surprising as the stabilities of anticodon stem-loops vary among tRNAs. 30 Plus, prior

studies have shown that the same modification can exert distinctive effects depending on its

location and position. For instance, Alexandrov et al. demonstrated that only tRNAVa(AAC) was

targeted for degradation in a Atrm8/Atrm4 double knockout yeast strain, despite the fact that at

least six other species are substrates for both enzymes.8 Similarly, of the nearly 20 yeast tRNA

species that have LIJ38 or 4-P39, only one (tRNAGn(UUG)) is defective when Pus3, the yeast position

38 pseudouridylation enzyme, is deleted.31
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Figure 4.4: tRNA targets of TruA pseudouridylation are reduced in AtruA. The abundances of
individual tRNAs were expressed as a proportion of the total tRNA pool and normalized to the averaged
levels found in the wildtype strain. Repeated markers represent separate biological replicates. To
minimize multiple-mapping to highly similar tRNA sequences, the abundances of isodecoders (indicated
by * in the horizontal -axis) were collapsed and summed together. Significant testing was performed by
using two-tailed T-tests comparing the replicate abundances of each tRNA in the wildtype and AtruA
strain*, p s 0.05; **, p 5 0.01)

4.4.2. Patterns of polymerase blockage validate annotated modification positions

In the course of analyzing the sequencing data, we noticed patterns in the start positions

of reads aligning to certain tRNAs. A read that covers the 5' end of the tRNA has a read

alignment start position of 1. Reads that begin internally within the tRNA are derived from

truncated cDNAs (see section 2.3.2.3 and Figure 2.7D for a more thorough explanation of "type

1" and "type 2" reads). A high frequency of cDNA truncation is often correlated with the

presence of a polymerase-blocking modification or structure. To visualize this phenomenon, we

tabulated the percentage of aligned reads that started at each position across a given tRNA and

140 -



generated a heatmap (Figure 4.5). We compared positions with high proportions of read starts

(a proxy for cDNA truncation) and noted striking overlaps with the presence of annotated

modifications.

The strongest polymerase blockage signal was seen in 7 tRNAs - tRNAVal(GAC),

tRNAAg(ACG), tRNAlle(GAT), tRNAMet(CAT), tRNALys(TTT), tRNA1e2(CAT), and tRNAPhe(GAA). Within this set,

cDNA truncation at position 48 occurred in 64% of the reads on average. All 7 tRNAs are

annotated to have acp3U at position 47.12 Modifications at the 3 position of uridine disrupt base-

pairing and are known to prevent polymerase procession.32 The second set of tRNAs that stand

out have a high frequency of blockage at position 38. Within these 9 tRNAs, cDNA truncation

occurred in 45% of mapped reads on average. This set of tRNAs is annotated to have i6A or

ms 2i6A at position 37.12 Although simple methylation at NV position of adenosine does not induce

polymerase blockage, it has been reported to cause polymerase pausing.32 Furthermore, the

isopentenyl moiety at NV is much larger and more sterically disruptive than a simple methyl

group.

Notably, the cDNA truncations continue to occur in set 2 tRNAs in the AmiaA mutant

strain. Deletion of MiaA prevents synthesis of i6A and ms 2i6A but structural studies indicate that

the presence of the modifications actually destabilizes a polymerase-blocking secondary

structure known as the U-term motif.33 Thus, in the presence of i6A or ms 2i6A, polymerase

processivity is blocked by the bulky isopentenyl moiety. In the absence of the modifications, the

polymerase remains blocked due to the formation of secondary structure.
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Figure 4.5: Heatmap of read alignment start positions across the set of E. coli tRNAs. The start positions of all reads that mapped to each
tRNA were tabulated and plotted at a percentage. Subsets of E. coli tRNAs had high proportions of reads that started at positions 38 and 48,
indicating the presence of a blocking modification or structure near those positions. Comparing polymerase stoppage sites with the map of
annotated E. coitRNA modifications from Modomics reveals strong correlations with blockage and the presence of i6A or ms 2i6A and acp3U at
positions 37 and 47 (boxed).
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4.5. Summary and discussion

In recent years, extensive experimental and comparative genomic efforts have focused

on the identification and validation of genes and enzymes responsible for installing tRNA

modifications in E. coli., 34 35 Significant strides have also been in cataloging and analyzing the

distribution of tRNA modifications in this model organism.12 Despite progress in the annotation

of many modifications and their biosynthetic sources, an analysis of the system-wide effects of

the presence or absence of modifications has not been endeavored. By combining an array of

'omics analyses including synthetic lethality and phenotype screens, tRNA modification profile

measurements, and tRNA sequencing, we have generated several new datasets that can

provide additional insight into the function of tRNA modifications.

Through our tRNA modification analyses, we confirmed the expected functions of 22

putative tRNA modifying enzymes by showing expected decreases or accumulations in products

or substrates when the corresponding genes were disrupted. We identified an unknown

modification bearing a transition of m/z 348 -- 216 that is associated with the absence of

MnmG. Our analyses have also led to some interesting observations between the enhancement

of Gm in the absence of TruB-derived 455. Although our work has helped integrate system-wide

modification phenotypes caused by the absence of specific tRNA modifying enzymes, it has

also showed how difficult it is to link causes and effects when the core translation machinery is

perturbed.

The application of AQUA RNA-seq to our set of E. coli strains provided additional

validation for the use of this sequencing approach. By leveraging previous reports of the types

and locations of E. coli modifications, we were able to correlate polymerase blockage with sites

of putative modifications and structural motifs. In less-well annotated organisms, sites of

polymerase blockage could be used to identify novel, or previously unannotated modifications.
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Analysis of tRNA abundances of 10 single deletion mutants revealed numerous mutant-

and tRNA-specific changes. By focusing on tRNAs that are substrates for the absent modifying

enzyme, we discovered that a significant portion of TruA targets are degraded in the AtruA

deletion strain. These findings spur additional questions about the structural and functional state

of the hypomodified tRNAs as well as about potential components of a system of tRNA

surveillance and quality control.
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4.6. Supplemental data
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Supplemental Figure 4.1: Global survey of tRNA abundance in 10 candidate synthetic lethal strains. The abundances of individual tRNAs
are expressed as a proportion of the total tRNA pool. To minimize multiple-mapping to highly similar isodecoders, the abundances of isodecoders
(indicated by *) were collapsed and summed together. Each data point represents the average of three biological replicates.
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4.7. Materials and methods

Bacterial strains

All E. coli strains used were taken from the Keio collection.13 The genotype of each of the

bacterial strains was validated before conducting the study.

Bacterial culture and RNA isolation

Strains were cultured in 10 mL LB broth (Fisher BioReagents BP1426-2) at 370C with constant

shaking at 180 rpm until the cultures reached a final OD6oonm of 0.6-0.7. Culture pellets were

harvested via centrifugation at 13.5k rpm for 2 min and immediately used for tRNA isolation

using the Purelink miRNA isolation kit following the manufacturer's protocol. Briefly, cell pellets

were resuspended in Trizol Reagent for lysis, followed by treatment with chloroform to separate

the aqueous layer containing bulk tRNA. The aqueous layer was then subjected to a 2-column

purification process where genomic DNA, larger RNA fragments (>200 bp), and excess salts,

are removed.

tRNA modification analysis

Enzymatic hydrolysis of tRNA. 2-4 pg of bulk tRNA from each sample was hydrolyzed to

ribonucleosides in a reaction containing Benzonase (0.375 U), calf intestine alkaline

phosphatase (8.5 U), phosphodiesterase I (0.05 U), coformycin (3.5 pM; nucleobase deaminase

inhibitor), desferroxamine (3 mM; antioxidant), butylated hydroxytoluene (0.3 mM; antioxidant)

and MgC 2 (5 mM) in a final reaction volume of 50 pL. The reaction was allowed to proceed for

2 h at 37 0C and was stopped by removal of the enzymes by microfiltration with 10,000 Da spin

filters. Following the addition of 15N-2'-deoxyadenosine as an internal standard for data

normalization, ribonucleosides were resolved using one of the two LC-MS/MS methods below.
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Method 1 (6490 method). Ribonucleosides were injected into a Thermo Scientific Hypersil aQ

GOLD, 2.1 x 100 mm, 1.9 pm particle-size column mounted on an Agilent 1290 series HPLC

system equipped with a diode array detector (DAD). The ribonucleosides were eluted at a flow

rate of 0.3 mL/min and 25 0C with a gradient consisting of 0.1% formic acid in water (A) and

0.1% formic acid in acetonitrile (B) as follows: 0-12 min , 0% B; 12-15.3 min, 0-1% B; 15.3-18.7

min, 1-6% B; 18.7-20 min, 6% B; 20-24 min, 6-100% B; 24-27 min, 100% B; 27-28 min 100-0%

B; 28-33 min 0% B. The column, with its eluent directed through the DAD to record the

260 nM absorbance of canonical ribonucleosides, was coupled to an Agilent 6490 triple

quadrupole mass spectrometer operated in positive ion mode with the following parameters:

electro-spray ionization (ESI-MS), fragmentor voltage 380 V, cell accelerator voltage 2-7 V, N 2-

gas temperature 250 C, N2-gas flow 11 I/min, nebulizer 20 psi, capillary 2500 V.

Method 2 (6430 method). Ribonucleosides were injected into a Synergi Fusion RP, 2 x 100 mm,

2.5 pm particle-size column mounted on an Agilent 1290 series HPLC system equipped with a

diode array detector (DAD). The ribonucleosides were eluted at a flow rate of 0.35 mL/min and

35 0C with a gradient consisting of 5 mM ammonium acetate, pH 5.2 (A) and acetonitrile (B) as

follows: 0-1 min, 0% B; 1-10 min, 0-10% B; 10-14 min, 10-40% B; 14-15 min, 40-80% B; 15-15.1

min, 80-90% B; 15.1-18 min, 90% B; 18-20 min, 90-0% B; 20-25 min, 0% B. The column, with

its eluent directed through the DAD to record the 260 nm absorbance of canonical

ribonucleosides, was coupled to an Agilent 6430 triple quadrupole mass spectrometer operated

in positive ion mode with the following parameters: electro-spray ionization (ESI-MS),

fragmentor voltage (average) 80 V, cell accelerator voltage 2 V, N 2-gas temperature 350 *C, N 2-

gas flow 10 L/min, nebulizer 40 psi, capillary 3500 V.

Quantification. Each modification was quantified by normalizing the area under the curve (AUC)

for the modification against the summed AUC for the UV peaks of the four canonical

ribonucleosides of that sample. This normalized AUC was then normalized against the peak
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area of the internal standard (15N 5-2'-deoxyadenosine). Analysis for each sample condition was

performed with at least three biological replicates.

tRNA sequencing

tRNA was prepared in triplicate from each of the 10 single deletion strains were prepared in

triplicate. For each sample, 50ng was used as input RNA for AQUA RNA-seq library

construction (method detailed in Chapter 2). Samples were multiplexed and sequenced at the

MIT Biomicro Center core facility. Raw sequencing output were processed as explained in

Chapter 2. Data visualization were performed in Matlab.
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Chapter Five: Conclusions and future directions

5.1. Summary of findings

By now, it is clear that tRNA modifications and the proportional abundance of tRNA

species play major roles in mediating gene expression at the level of translation. Modifications

and the genetic pathways that control their biosynthesis are linked in a network-like fashion and

are influenced both by the status of other modifications" and by environmental conditions.5-7

Modification status and extracellular factors can also induce changes in rates of tRNA

expression and turnover to alter the availabilities of individual tRNAs.3,4 Together, these

mechanisms result in global shifts in protein production by reprogramming the decoding

capacity of the cellular tRNA pool. The majority of this thesis has been devoted to

understanding the stress response program of pathogenic mycobacteria using M. bovis BCG as

a model. To define systems-level epitranscriptomic changes that occur in BCG, we used a top-

down 'omics strategy.

In Chapter 2, the development and validation of a novel sequencing method, AQUA

RNA-seq, was detailed. Thorough testing and optimization were performed at each step of the

library construction to ensure minimal sequence-dependent biases in ligation and amplification.

We tested the quantitative accuracy of the method using an equimolar mixture of synthetic

microRNA oligos and obtained accuracies superior to that of six commercially-available

sequencing kits. In subsequent studies, the AQUA RNA-seq protocol was also applied to E. coli-

derived tRNAs (described in Chapter 4). We found that polymerase fall-off signatures correlated

very well with the presence of annotated modifications. This discovery provided an additional

application for AQUA RNA-seq: beyond its utility in accurately quantifying expressed tRNAs, it

can also be used to map certain polymerase blocking modifications.

In Chapter 3, the AQUA RNA-seq method was applied to tRNA samples derived from

BCG that had been cultured under nutrient starvation conditions. In conjunction, we also
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analyzed the tRNA modification and proteomic profiles in matching samples. Our results

showed distinctive patterns of changes in both tRNA modifications and the tRNA pool. In the

case of inosine, changes in the modification occupancy led to an increase in the proportion of

inosine-modified tRNAAg(ACG) but decreases in the abundance of that tRNA species meant that,

overall, the levels of tRNAArg(ICG) ultimately declined in the tRNA pool during starvation.

Meanwhile, tRNAArg(CCG), an isoacceptor of tRNAArg(ICG), was strongly upregulated during

starvation. Analysis of the proteomic output during late starvation showed that CGG, the codon

that is read by tRNArg(CCG), was enriched in upregulated proteins, while two of three codons

decoded by tRNAArg(ICG) were enriched in proteins that are downregulated during S30. This

finding suggests that, at least in this case, altered isoacceptor distribution plays a dominant role

in driving translation.

In Chapter 4, we applied our set of 'omics tools to E coli, a well-characterized model

organism, to investigate the interactions of tRNA modifications and the quality control responses

to the absence of modifications. By measuring the abundance of tRNA modifications in a set of

mutants deficient in individual tRNA modification genes, we validated our LC-MS/MS platform

for detecting and quantifying tRNA modifications. We also found preliminary correlative changes

in some of the deletion strains. For instance, we saw an enhancement of Gm in the absence of

pseudouridine (L) at position 55. Although this observation is consistent with a previously

published study2 and suggests a modification-mediated system for low temperature adaptation,

additional biochemical studies are needed to test these hypotheses.

Through a pairwise deletion screen of tRNA modification genes, we identified a subset of

genes that had a high propensity toward synthetic lethality. We went on to perform tRNA

sequencing analysis on strains deficient in those genes to determine whether the loss of any of

the modifications resulted in increased tRNA degradation. We found that, in the absence of

TruA, a set of tRNAs that are substrates for TruA modification declined significantly. This
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decrease in a subset of hypomodified tRNAs strongly suggests the induction of mechanisms to

degrade nonfunctional or thermodynamically destabilized tRNAs although pathways for quality

control have not been identified in bacteria.

The studies outlined in this thesis have advanced our understanding of the mechanisms

governing translational control. At the same time, our findings have spurred additional questions

and avenues for inquiry in both M. bovis BCG and in E. coli. We discuss some of these in the

following concluding section.

5.2. Future directions

Our work in E. coli provides several large 'omics datasets from which new hypothesis

can be developed and tested. Additional biochemical testing can help validate many of the

preliminary findings we have made so far. For example, northern blots can confirm the AtruA-

associated decreases observed in 6 tRNAs by sequencing. Comparisons of the melting

temperatures of all of the tRNA targets of TruA may reveal differences in stability between those

that are unchanged versus those that decrease in abundance in the AtruA strain. Finally,

pulldown assays using the set of tRNAs that decrease in abundance may yield factors involved

in their degradation. On the analytical front, the mysterious MnmG-associated peak with a

transition of m/z 348 --) 216 needs to be further characterized using high resolution mass

spectrometry. Obtaining the accurate mass and collision induced disassociation (CID) spectra

will enable determination of structure and elemental composition. If the mystery peak is acp3D, it

should be mapped to determine its position and source tRNA(s) which may shed clues to

whether it is synthesized from a dihydrouridine (D) or 3-(3-amino-3-carboxypropyl)uridine

(acp3U) precursor. Additional biochemical detective work is needed to ascertain its connection

to the MnmG enzyme.
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The set of tRNA modifications identified in M. bovis BCG during starvation also remains

a largely uncharacterized trove of novel information. Limitations in the identification and

positional annotation of modifications in BCG have hindered some efforts to mine and integrate

the tRNA modification and tRNA sequencing datasets. Mapping the positions of individual tRNA

modifications and linking them with their source tRNAs is the next logical step in making sense

of changing modification levels in the framework of the greater tRNA landscape. For example, 4)

is present on all tRNA species but occurs at multiple positions, each likely catalyzed by a

different enzyme. Mapping the positional and/or tRNA source of declining levels of 4) during S20

and cross-referencing the abundance change of that tRNA provides much greater granularity for

contextualizing starvation-induced transformations. Work is currently ongoing to develop a tRNA

mapping method using MALDI-TOF MS.

Our preliminary observation in M. bovis BCG that inosine-modified tRNAArg(ACG)

decreases in abundance in our S20 samples opens several paths of investigation. If the

downregulation of tRNAArg(ICG) and concomitant upregulation of tRNAArg(CCG) is part of survival

mechanisms during late starvation, would overexpression of tRNAArg(ACG) or depletion of

tRNAArg(CCG) be maladaptive? What are the functional classifications of CGG-enriched

transcripts? Further biochemical annotation or characterization of the targets of selective

translation in late starvation will provide understanding into mechanisms used by persistent

BCG to evade killing by antibiotics and immune stressors. Modulating these adaptive

mechanisms could be the key to the development of new drugs that reverse antibiotic tolerance.
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