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Abstract

The biochemical process of protein synthesis, known as translation, is comprised and dependent
upon multiple types of RNA, including ribosomal RNA (rRNA), transfer RNA (tRNA), and
messenger RNA (mRNA). While necessary, the importance of structure, sequence, and
modification status of these different biomolecules is still being elucidated in the field. This body
of work focuses on the roles that sequence and nucleotide modification status, in both tRNAs and
mRNAs, have in impacting rates and efficiency of translation to better understand the roles of
these biomolecules in peptide synthesis. I developed methodology used through this work, the
reconstituted in vitro bacterial translation system, which I used to dissect translation down to its
components at mechanistic, molecular, and atomic levels. There are known instances of
ribosome pausing and slowed elongation rates, involved in protein and mRNA homeostasis,
during translation of mRNAs encoding for polybasic peptides. I challenged the dogma that this
process was caused by nascent peptide, decoupling and investigating role for individual
contributions of mRNA sequence, peptide identity, and tRNA modification status in such
synthesis (in the context of poly-lysine synthesis) and I determined that mRNA alone is
sufficient to alter elongation rates of the ribosome in these instances. More strikingly, I
discovered that when poly(A) is present within such mRNAs the ribosome can exhibit non-
canonical translation. I defined a mechanism for this new-found process, deemed ribosome
sliding, in which ribosome can lose frame and generating alternative protein products. My work

found that this process, as well as other instances of canonical translation, can be perturbed with
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either the presence or absence of modifications to mRNA and tRNA species existing at the
mRNA-tRNA interfaces within the ribosome. As such, my work serves a solid foundation for
probing and investigating the process of translation and other biological process, which is
necessary as the field considers the prevalence that RNA sequence and modification have in
myriad disease states. To that end, my study of modifications for the purines adenosine (N6-
methyladenosine [m°A]) and guanosine (N/-methylguanosine [m'G], N2-methylguanosine
[m?G], and N2, N2-methylguanosine [m22G]) revealed that modifications to mRNA codons can
drastically impact translation rates and efficiency in a position-dependent manner. I found that
the presence of m°A in poly(A) relegates the extent at which the ribosome can slide on the
message while guanosine studies suggest that the first two base-pairs between a codon and
anticodon need at least 1 either N/ or N6 hydrogen bond for effective translation. As such results
are also contingent upon the binding capacity of tRNAs, specifically its anticodon, I explored
and summarized the known effects that anti-codon stem loop modifications of tRNA have on
codon recognition and efficient translation as these concepts had been at a severe deficit in the
field and is improved by my work. I specifically detail that ASL modifications are integral for
frame maintenance, integral in -1 and +1 programmed ribosomal frameshift (PRF) events, and
proper decoding and accommodation during translation. I also show that tRNA modifications are
involved in stress-response situations, as is the case of antibiotic stress with hygromycin B, and
can impact cross-talk intermolecular tRNA modification levels as well as translocation and cell
viability. My work presented highlights the importance that mRNA and tRNA sequence and
modification status has in modulating protein synthesis as well as a better understanding of how

they do so.
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Chapter 1 Assessing the Consequences of mRNA Modifications on Protein Synthesis using

In Vitro Translation Assays'

Work presented in this chapter was published in Methods in Enzymology.
Copyright © 2021, Elsevier

Jeremy G. Monroe', Tyler J. Smith', and Kristin S. Koutmou.

t - The authors contributed equally to this work
1.1 Introduction

Translation of the genetic code into functional protein molecules is accomplished by the
ribosome. The ribosome uses messenger RNAs (mRNAs) as molecular blueprints to direct the
rapid and accurate synthesis of proteins. The ability of the cell to faithfully express its genetic
code is essential for cellular survival. However, the speed and fidelity of the ribosome is not
uniform. Even in healthy cells, amino acids unspecified by the mRNA are incorporated into
growing polypeptide chains every 1,000 to 10,000 codons [1]. While most miscoding events are
inconsequential for protein function, reductions in translational fidelity can have biological
consequences — both perturbing and promoting cellular health. Increases in amino acid

substitution levels are deleterious to cellular health and to linked a variety of neurological

"' In this work, Jeremy Monroe and myself, Tyler Smith, were co-first authors and contributed equally to the
conception of this methods paper. The sections (and protocols) I wrote and developed are listed hereafter (with
Jeremy’s contributions being those not listed — though we both served as general editor’s along with our advisor,
Kristin Koutmou): Section I: Ribosome Purification, Section 4: Preparing aminoacylated tRNA and mRNAs,
Section 5: Initiation complex formation and amino acid addition reactions, Section §: Quantification and Kinetic
Analysis.



disorders (Kapur & Ackerman, 2018)[2,3]. However, under some conditions temporary, modest
increases in miscoding transcriptome side enhance cellular fitness under environmental stress

[4-6].

Many factors, including the availability of aminoacyl-tRNAs and the post-transcriptional
modification status of RNAs in the translational machinery, influence the how accurately
ribosomes decode mRNAs [7—-11]. Evaluating the impact of individual RNA modifications on
translational fidelity is challenging in the context of a cell because modifications are often
incorporated into multiple RNAs important for protein synthesis (tRNAs, rRNAs and mRNAs)
by the same enzyme. This makes it difficult to deplete RNA modifying enzymes and confidently
assign observed changes in protein output to a distinct RNA species. Determining the influence
of mRNA modifications on translational fidelity is becoming an important question with the
discovery of modifications in mRNA codons, and the incorporation of modified nucleosides into

mRNAs in emerging mRNA-based vaccine and therapeutic platforms [12-16].



In vitro and cell free systems to study translation date back to the 1960’s when they were
used to reveal the triplet codon pattern of the genetic code [17]. Here we discuss the application
of a fully reconstituted E. coli in vitro translation system to investigate how chemically modified
mRNA codons impact ribosome fidelity at the molecular level. This approach has long been
used by researchers to discover how the ribosome decodes mRNA codons [18-20]. We present
how to purify the individual components required for translation (ribosomes, mRNAs, tRNAs
and translation factors), reconstitute active translation complexes from purified components, and
perform single turnover assays to assess amino acid incorporation (and misincorporation) by the

ribosome (Figure 1).
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Figure 1.1 Experimental flowchart for in vitro translation assays.

While these experiments focus on investigating modifications in mRNAs, the approaches

we discuss can also be applied to other aspects of translation.

1.2 In vitro System Chemicals and Equipment and Buffers



Table 1.1 A table of needed materials both chemical and instrumental in order to prepare and assess miscoding in
an prokaryotic in vitro system

Chemicals

Tris Base
Luria-Base (LB) Broth
Luria-Base (LB) Agar
Luria-Base (LB) Agar

Acetic Acid
Magnesium Chloride (MgClz)
Ammonium Chloride (NH4Cl2)
Sucrose
Beta-mercaptoethanol (BME)
Terrific Base (TB) Broth
Ethylenediaminetetraacetic acid (EDTA)
Pyridine
Stoddard Solvent
Ethanol (EtOH)
Liquid Nitrogen
Ampicillin
E. coli cells with a pUCS7 plasmid over expressing tRNA of interest
E. coli strain MRE600
GTP
Iron (IIT) Chloride (FeCls)
Glycerol
Acetic Acid

Equipment

HPLC (+ Fraction collector)
FPLC (+ Fraction collector)
Waters XBridge BEH C18 OBD Prep wide pore HPLC column
HisTrap FF column, 5 mL
Resource Q Column, 5 mL
Beckman Coulter Optima XE-90 Ultracentrifuge with zonal setting
Ti-15 Zonal Rotor
Type 45 Ti Fixed-Angle Titanium Rotor
Ti45 Polycarbonate Ultracentrifuge tubes
Beckman TLA 100 Benchtop Ultracentrifuge (or similar able to spink at 69,000 RPM)
TLA-100 Rotor (or comparable)
5 mL polycarbonate Ultracentrifuge tubes
Teledyne ISCO UA-6 UV/Vis Detector and Type 6 Optical Unit Attachment
French press/Microfluidizer
Large Shaking Incubator
CO8000 Cell Density Meter
4 L Erlenmeyer Flasks
50 mL conical centrifuge tubes
15 mL conical centrifuge tubes
Ultracentrifuge tubes
Bio-Rad P6 Spin Columns

Micropipettes and filter tips (2, 20, 200, and 1000 pL)

Table 1.2 Ribosome buffers needed for the purification of 70S ribosomes

Buffer R-D: Buffer R-60: Buffer R-10: 1X Buffer
: Final R-0, 10% w/v sucrose, 3
Final ’ 4
Reagent Concentration Reagent Concentration mM BME
. Buffer R-O Final
Tris (10X) 1X Reagent Concentration
HCLpH 20 mM )
75 Sucrose 60% (W/v) Buffer
NH4CI 500 mM BME 3mM RO X
MgClI2 10 mM S(IOX) 10% (w/ Buffer R-O (10X):
EDTA 0.5 mM uerose o (W/v) Reagent Final
Sucrose 1.1M BME 3mM & Concentration
Tris
HCIL, pH 200 mM
Buffer R-A 7.5
Buffer R-50: Buffer R-40: Final NH4C1 600 mM
Reagent ; MgCI2 52.5 mM
Concentration g D> m
Final Final . EDTA 2.5 mM
Reagent Concentration Reagent Concentration T;l;l;l(;l’ 20 mM
B};’_fg“ x Buffer R-O 1X NH4CI 100 mM
(10%) (10X) MgCI2 10 mM
. Sucrose 40% (w/v) EDTA 0.5 mM
Sucrose 50% (w/v) BME 3mM BME 6 mM
BME 3mM m




Table 1.3 Buffers required to purify native tRNA

Buffer A (IEX) Buffer B (IEX)
Final Final
tRNA Growth Media Regent Concentration Regent Concentration
. NH4O0Ac 50 mM NH4OAc 50 mM
Reagent Concentration
NaCl 300 mM NaCl 800 mM
Terrific Broth 25 /L MgCl» 10 mM MgCl 10 mM
(TB) ¥
Glycerol > g/l HPLC Buffer A, pH 5 HPLC Buffer B, pH 5
NH,Cl 50 mM , Final o Final
MgSO4 2 mM Reagent 1 centration Reagent . o entration
MgCl, 10 mM MgCl, 10 mM
NaCl 400 mM NaCl 400 mM
Glucose 0.05% (w/v) Methanol 60%
. 5x KF Buffer
Lactose (if Final
using 0.2% (w/v) Reagent Concentration
autoinduction) Extraction Buffer, pH 7
HEPES 0.5M
MgCl, 0.1M Tris-HCI 20 mM
H20 to 1 mL
Table 1.4 Buffers needed for miscoding assays
5x Charging Buffer 10x Translation Buffer
Reagent  Final Concentration Reagent Final Concentration
HEPES 0.5M Tris-Cl pH 7.5 0.5M
KCI 0.05M NH4Cl 0.7M
MgCl» 0.1 M KCl 03 M
H>O to 1 mL MgCI2 0.07M
BME 0.05M
H>O to 1 mL




Table 1.5 Possible buffers conditions for proper separation in

an eTLC system

eTLC Buffers
Volume in 3L
pH Contents (final volume)
19 formic ac.ld/acetlc 60mL/240mL
acid

2 formic acid 80 mL
2.5 acetic acid 200 mL
2.8 pyridine/acetic acid 15 mL /600 mL
3.5 pyridine/acetic acid 6.6 mL/66 mL

ammonium
3.6 formate/formic acid 6.3g/10ml
2M citric acid/IN

37 sodium hydroxide 40 mL/67 mL
45 acetic acid/sodium 9.4 mL

' acetate/EDTA /10.3g/1.3¢g
53 pyridine/acetic acid 20mL/8mL

6 acetic acid/pyridine 14mL/136mL
6.4 pyridine/acetic acid 200mL/8mL

barbitone/sodium

8.6 dicthylbarbitone 3.3g/25.3¢
9.2 sodium borate 38g

1.3 Section 1: Ribosome Purification

Zonal centrifugation of crude E. coli cell lysate yields fractions of 30S and 50S ribosomal
subunits, 70S ribosomes and polysomes. We use a linear sucrose gradient to purify coupled 70S
ribosomes and separate the 30S and 50S subunits. We find that standard double pelleting

ribosomes yields materials of insufficient purity for our assays [21].

1.3.1 Protocol

Day 1



1. Streak MRE 600 cells onto an LB-agar plate without antibiotic and incubate overnight at
37°C. E. coli MRE 600 is the strain of choice ribosome growth because it lacks Ribonuclease I

and has negligible nuclease activity [22].

Day 2
2. Inoculate 50 mL of LB media with a single MRE600 colony. Grow overnight (~16 hours) in a

shaker-incubator at 37°C, 220 rpm.

Day 3
3. Prewarm 6 x 4L flasks containing 1L of LB media. Add 5 mL of the MRE600 overnight

culture to each flask. Shake and incubate at 37°C, 220 rpm.

4. While the cultures grow, prepare an ice bath for the 4 L flasks.

5. Once the cultures reach an OD600 of 0.6, transfer them to the ice bath for 20 minutes.

6. Spin the chilled cultures at in a JLA-8.100 rotor at 4,000 RPM, 4°C for 15 minutes. Combine

the cell pellets in a 50 mL conical tube. Either store at -80°C, or continue to step 7.

7. Resuspend pellet in ~50 mL of cold Buffer R-A. Lyse cells by microfluidizer or French-Press.

8. Clarify lysate by centrifugation. Spin in a JA-20 rotor at 16,000 RPM, 4° C for 30 minutes.

9. While the lysate spins, prepare sucrose cushions by filling 4-6 Ti45 ultracentrifuge tubes with

35 mL of Buffer R-D. Chill on ice.

10. Discard the pellet. Filter supernatant through a 0.22 uM PES syringe filter.



11. Add cold Buffer R-A to bring the filtered supernatant volume to 100 mL.
12. Slowly pour (layer) 25 mL of the supernatant onto the pre-chilled Buffer R-D in Ti45

ultracentrifuge tubes. Balance centrifuge tubes with Buffer R-A.

13. Centrifuge tubes in a Ti45 Ultracentrifuge rotor at 37,000 x RPM, 4°C for 18 hours. Use the

slowest acceleration and deceleration setting available on the centrifuge.

Day 4

14. Remove supernatant and rinse each pellet with ~50 [/L of cold Buffer R-A.

15. Add 400 pL of Buffer R-A and resuspend pellets in the centrifuge bottles by orbital shaking

at 120 rpm, 4°C for 2 hours.

16. Prepare, filter (0.22 uM PES) and chill (store at 4°C) Buffer R-O, Buffer R-5, Buffer R-10,

Buffer R-40, Buffer R-50, and Buffer R-60. Add BME only after filtering.

*Note: make enough R-10 and R-40 to fill your zonal rotor (~1.85 L for the Ti-15 zonal

rotor used here).

17. While the pellets resuspend, generate a sucrose gradient in the chilled Ti-15 zonal rotor.
Using a gradient maker, begin slowly loading Buffer R-10 via the loading/unloading device
(rotor specific). A peristaltic pump can be used to automate buffer loading. After adding ~250
mL of Buffer R-10, begin slowly adding Buffer R-40 into Buffer R-10 to create a 10-40%
sucrose gradient. Keep stirring to ensure proper mixing of sucrose to form desired gradient. After
R-40 is loaded, add Buffer R-50 (~100 mL) until sucrose solution begins coming out of the top

of the rotor or loading device to ensure rotor is completely filled. Keep the rotor and centrifuge



chilled at 4°C and 3,000 RPM.

18. Clarify resuspended pellets (from step 15) by centrifuging in a benchtop microfuge at 14,800

RPM for 1 minute.

19. Combine the ribosome-containing supernatants in a 50 mL conical tube on ice. Make a

1:1,000 dilution of the supernatant and measure (in triplicate) the absorbance readings at 260 nm.

20. Dilute supernatant to ~ 30 mL in cold Buffer R-5. Load onto the top of the sucrose gradient
in the zonal rotor (step 17) via the loading/unloading device. For best results, load using a 50 mL

syringe.

21. Use a 50 mL syringe to slowly add 30 mL of cold Buffer R-O to the top of the gradient in the
zonal rotor via the loading/unloading device. This will fully displace the ribosome suspension

onto the sucrose gradient.

22. Spin the zonal rotor at 28,000 RPM, 4°C for 19 hours. After 19 hours the centrifuge should

not stop, but be programmed to transition to spin at 3,000 RPM, 4°C.

Note: check if your zonal rotor has different cap components for loading/unloading and

higher speed centrifugation, as these caps may need to be changed.

Day 5



23. Attach a UA-6 UV spectrophotometer to the loading/unloading device for the zonal rotor to

follow ribosome unloading at 260 nM.

24. Slowly unload the rotor by adding Buffer R-50 (as described in step 17). After adding ~250
mL, begin mixing Buffer R-60. Collect 15-50 mL fractions in conical tubes when UV peaks are

observed. Label tubes with fraction number, place on ice.

25. Take 100 pL of each fraction of interest and extract with 500 uL Buffer R-Extraction.
Phenol-chloroform extract the solution and ethanol precipitate the aqueous phase samples with

2.5 volumes of ethanol for 15 minutes on ice.

26. Centrifuge samples for 15 minutes in a benchtop microfuge at maximum speed. Remove
supernatant and wash pellets with 70% ethanol. Resuspend pelleted fractions in 25 pL of MilliQ

H:0.

27. Mix up to 2 pg from extracted samples with 2X formamide RNA loading dye and heat
denature at 95°C for 10 minutes. Run samples on a 5% denaturing PAGE gel and visualize by
UV shadowing or methylene blue staining. Fractions containing 70S ribosomes will have 2

predominant bands corresponding to the 16S and 23S rRNA.

28. Pool the fractions (from step 24) that contain 70S ribosomes. Measure and record the

absorbance of the pooled sample at 260 nm.

10



29. Place 70S ribosomes into chilled Ti-45 centrifuge tubes. Balance tubes with Buffer R-A and
spin at 37,000 X RPM, 4°C for 18 hours. Use the slowest possible acceleration and deceleration

settings.

Day 6

30. Remove the supernatant from tubes, taking care because the ribosome pellet is glassy and not
well attached. Gently resuspend the pellets using a total of 2-5 mL of Buffer R-A. Do not pull the
ribosome pellet up into the pipette tip, instead repeatedly (~50 times) rinse over the pellet buffer

until resuspended.

31. Measure the absorbance of the pooled ribosomes at 260 nm and calculate the concentration
(e=6.94 x 10" M'em™). Aliquot (50-100 pL) ribosomes and flash freeze in liquid nitrogen and

store at -80°C.

1.4 Section 2: Translation Factor Purification

A single round of translation involves a host of translation factor proteins. At a minimum,
initiation factors 1, 2, and 3 (IF1, IF2, IF3), ‘methionyl-tRNA formyltransferase (MTF),
aminoacyl-tRNA synthetases (AA-RSs) and elongation factor-Tu (EF-Tu) are required for the
reconstituted bacterial translation system to function. Additional protein factors, including
elongation factor thermal stable (EF-Ts) and elongation factor -G (EF-G), are needed if more
than one round of amino acid addition is desired. We purify translation factor proteins from His-
tagged plasmids available from AddGene. Multiple expression and purification protocols for
translation factors can be found in the literature, and are therefore not included here [9] [23] [24]

[25] [26] [27].
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1.5 Section 3: Purification of Natively Modified tRNA

Transfer RNAs (tRNAs) contain multiple post-transcriptional modifications important for
their function. While T7 transcribed tRNAs can be used for reconstituted translation assays,
these tRNAs often exhibit reduced speeds and accuracy in translation reactions compared to their
natively modified counterparts [7] [11]. Below we describe the large-scale purification of

individual natively modified E. coli tRNAs.

1.5.1 Protocol

Day 1 — Transform tRNA plasmid

1. Transform a pUCS57 plasmid containing an E. coli tRNA sequence of interest (e.g.

tRNAP) into HB101 cells. Grow overnight on an LB-ampicillin agar plate at 37°C.

Day 2 — Overnight culture

2. Inoculate 5 mL of LB-ampicillin media with a single tRNA-expressing colony. Shake for

~16 hours at 37°C and 220 rpm.

Day 3 — Large scale expression of tRNA

3. Add 400 pg/mL ampicillin to 1 L of enriched TB media. Inoculate TB media with 5 mL

of the starter culture from Day 2 (see for details see [28]).

4. Grow cells ~ 16-18 hours in a shaker incubator at 37 °C and 220 rpm.

12



Day 4 — Isolate tRNA from cells

S.

10.

11.

12.

13.

Harvest cells by spinning in a JLA-8.100 rotor at 4,000 RPM, 4 °C for 30 minutes.

Pour off supernatant and weigh the cell pellet(s). Pellets can be stored at -80 °C, or

extracted as described below.

For each cell pellet gather 2 x 250 mL Teflon centrifuge bottles with ETFE O-rings.

Label the centrifuge bottles A, B.

Resuspend each cell pellet in extraction buffer (200 mL buffer / 25 g cells).

Place resuspended cells in Teflon centrifuge bottle A.

Add a 1:1 volume ratio of RNase free acid phenol: chloroform (5:1), pH 4.3.

Tape centrifuge bottle A horizontally in a shaker-incubator. Shake at 4°C and 200 rpm

for 1 hour.

Remove the cells from the shaker-incubator. Separate the aqueous and phenol layer by
centrifuging the bottles in an A-4-44 swinging bucket rotor with 250 mL bottle adaptors
at 5,000 RPM for 1 hour, 4 °C. There will be three layers: brown (bottom, cell debris),

thin white (middle, lipids), and transparent (top, aqueous).

Use a 25 mL glass pipette to transfer the aqueous layer from tube A to tube B, avoiding

the lipid the layer. Add 1:1 ratio of chloroform.

13



14.

15.

16.

17.

18.

19.

20.

21.

22,

Add 100 mL of tRNA extraction buffer to solution remaining in tube A. Shake the tubes

for 30 seconds in a fume hood.

Spin tubes A and B at A-4-44 swinging bucket rotor at 5,000 RPM, 4° C for 1 hour.

Transfer the top layer from tube B to a collection tube. Move the top layer of tube A to

tube B.

Shake tube B for 30 seconds by hand in a fume hood, then spin in a A-4-44 swinging

bucket rotor at 5,000 RPM, 4 °C for 1 hour.

Collect the top layer from tube B and combine with the top layer from tube A in a 500

mL JA-10 centrifuge tube.

To the contents of the JA-10 tube, add NaOAc, pH 5.2 to 0.3 M (final) and 100%

Isopropanol to 20% (final volume). Shake for 30 seconds.

Centrifuge in a JA-10 rotor at 9,000 RPM, 4 °C for 1 hour. A small DNA pellet will be

visible following centrifugation.

Transfer the supernatant to another 500 mL JA-10 tube. Increase the amount of

isopropanol in the solution from 20% to 60% (final). Mix by shaking.

Precipitate tRNA at -20° C for at least 2 hours.

Day 4 — Deacylated tRNA

23.

Centrifuge the tRNA precipitant solution in a JA-10 rotor at 9,000 RPM, 4° C for 1 hour.

14



24. Discard the supernatant and resuspend the pellet in 10 mL of 200 mM Tris-Acetate, pH

8.0.

25. De-acylate tRNA by taping centrifuge bottles horizontally in a shaker-incubator at 37 °C

and 220 rpm for at least 30 minutes.

26. Adding NaOAc to 0.3 M (final concentration) and 2.1 volumes of 100% ethanol to the

deacylated tRNA and precipitate overnight at -20°C.

Day 5 — FPLC purification

27. Spin precipitated deacylated tRNA in a JA-10 rotor at 9,000 RPM, 4°C for 1 hour.

28. Wash the pellets with 70% ethanol. Resuspend tRNA in 5 mL of MilliQ H20.

29. Filter tRNA with a 0.22 pm syringe filter.

30. Load the filtered tRNA onto 5 mL ResourceQ ion exchange column equilibrated with

Buffer A on an FPLC.

31. Monitor column flow through at multiple absorbance readings (A260, A280 and A230) if
possible because the tRNA may saturate the detector. Wash the column with Buffer A

until the A260 reading returns to zero.

32. Elute over a linear gradient to 100% Buffer B with >15 column volumes, collecting 1.5

mL fractions.

15



33. Ethanol precipitate the fractions of interest overnight at -20 °C by adding 1 [IL

glycoblue/1.5 mL of fraction, 0.3 M NaOAc (final) and 2.1V 100% ethanol.

Day 6 — Selecting tRNA fraction

34. Spin down the ethanol precipitated tRNA at maximum speed in a refrigerated micro-

centrifuge set 4°C for 45 minutes.

35. Wash the pellets with 70% ethanol and resuspend in ~20-50 [JL MilliQ H20.

36. Estimate the tRNA concentration via absorbance at 260 nm (L] = 76,000 M! scm™).

37. Since tRNA can distributed throughout the peak, the ability of the components of each
fraction to be aminoacylated with the amino acid of interest should be evaluated. An
example of a test aminoacylation reaction is given in Table 1 (6) for tRNAP™. A control
(null) aminoacylation reaction with no tRNA included should be performed in parallel.

Aminoacylation reactions should be run for 30 minutes at 37°C.
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Table 1.6 Example conditions for tRNA"" aminoacylation reaction

38.

39.

40.

41.

42.

Reagent Final concentration
H,0 to 20 uL

Charging Buffer 1x

DTT 1mM

ATP 10 mM

¢ Phe 19.7 uM

Phe 80 uM

tRNA in fraction (estimated from A260) 5 pM

Fhe-RS 1=

While the aminoacylation reaction is running, chill 50 mL of 10% TCA and 50 mL of 100%

ethanol for 30 minutes.

After the reactions are complete, remove 1 pL from each reaction and spot on a piece of

Whatman paper. Measure the input cpms by scintillation counting.

To the reaction mixtures Add 5 pL of heat denatured 10 mg/uL carrier DNA (e.g. calf

thymus DNA).

Add 500 pL of chilled 10% TCA and pipette to mix. Place the TCA/reaction mixture on ice

for 10 minutes.

While the TCA/aminoacyl-tRNA reaction mixtures incubate, set up a vacuum flask apparatus

with microfiber glass filter paper.

17



43.

44.

45.

46.

47.

48.

After 10 minutes pre-wet the filter with 1 mL of cold 10% TCA and add the TCA/aminoacyl-

tRNA reaction mixture to the filter.

Wash the precipitated aminoacyl-tRNA twice with 1.5 mL cold 10% TCA.

Rinse the filter with 2 mL of cold 100% ethanol.

Dry the filter and wash the edges of the filter paper with ethanol to remove any residual

contaminates.

Remove the filter and measure the output counts (cpms) in a scintillation counter.

Use the input cpms and the concentration of unlabeled amino acid (e.g. Phe) added to the

reaction to calculate the cpm/pmol for each fraction, in Equation 1.

cpm / _ Input cpm
mel - Input amino acid concentration (uM)

(1.1)

49. Next determine the pmols of Phe in the output, in Equation 2.

50.

. . __ (Output cpm —Null output cpm)
pmols amino acid output = (Cpm/ ) (1.2)
pmol

Calculate the concentration of amino acid output by using Equation 3:

pmol amino acid output

amino acid output (uM):

(1.3)

reaction volume (19 ulL)
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51. Determine the percent charging with Equation 4:

Output amino acid concentration (uM)

x 100% (1.4)

Input tRNA concentration (uM)

52. Fractions with greater than 50% charging should be pooled and further purified.

Day 7- HPLC purification

53. Pre-equilibrate a Waters XBridge BEH C18 OBD Prep wide pore column with Buffer A.

54. Inject filtered tRNA sample onto the column on an HPLC.

55. Elute purified tRNA by setting the HPLC to run the program below. Monitor tRNA elution at

260 nm and 280 nm. Set the fraction collector to collect peaks (peak defined as a change of
50 mAU).

a) Flow rate: 3.75 mL/min

b) Inject

¢) Linear gradient to 35% buffer B over 35 minutes

d) Linear gradient to 100% B over 5 minutes

e) Hold 100% buffer B for 10 minutes

f) Linear gradient to 0% buffer B over 1 minute

56. Pool the fractions of interest and buffer exchange into water with a 15 mL Amicon Ultra

centrifugal filter (10K MWCO).

57. Ethanol precipitate pooled fractions of interest.
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58. Estimate concentration via absorbance at A260 (¢ = 76,000 M scm™). Concentrate tRNA to

~100 uM by spinning in a 15 mL Amicon Ultra centrifugal filter (10K MWCO) if necessary.

59. Measure the absorbance of 1 pL of purified tRNA at 260 nm — this the A260/uL value

required later for the calculation of acceptor activity.

Day 8 — Calculating tRNA acceptor activity

60. Prepare three reactions (Null, S100, and AA-RS) in triplicate to determine the purified tRNA
acceptor activity. An acceptor activity greater than 1000 pmols/A260 unit is desired. An A260

unit is the amount of nucleic acid contained in 1 mL and producing an OD of 1 at 260 nm.

Follow the same reaction steps and calculation as a test charging reaction (steps 37-51)
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Table 1.7 tRNA acceptor activity assays. Assays should include a positive control (S100) and a Null

control.
RS Charging reaction 5100 Charging reaction Null charging reaction
Reagent Final Reagent Final Reagent Final

concentration concentration concentration

H,0 to 20 uL H,0 to 20 L H,0 to 20 pL
Charging 1= Charging 1x Charging 1=
Buffer Bufier Buffer
DTT 1 mM DIT 1 mM DTT 1 mM
ATP 10 mM ATP 10 mM ATP 10 mM
1C-Phe 19.7 pM 14C-Phe 19.7 pM *C-Phe 19.7 uM
Phe 80 uM Phe 80 uM Phe 80 uM
Phe tRNA 5 uM Phe fRNA 5uM Phe tRNA OuM
fraction frachon fraction
Phe RS 1= 5100 1= Fhe RS 1=

61. Determine aminoacylation acceptor activity for the S100 and RS reactions with Equation 5.

Acceptor Activity = ( Average pmols of Phe outp%m ) x 1000 (1.5)

uLof tRNA used in reaction X TuLof tRNA

62. Compare extent of the aminoacylation in the RS and S100 reaction. Use the higher value of

acceptor activity as the measure of tRNA purity

1.6 Section 4: Preparing Aminoacylated tRNAs and mRNA

Aminoacylated-tRNAs are prepared using purified aminoacyl-tRNA synthetases (AA-RS) as

previously described [29]. mRNAs used in these studies have the following sequence: 5° —
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GGUGUCUUGCGAGGAUAAGUGCAUUAUGXXXUAA GCCCUUCUGUAGCCA- 3’ with
XXX denoting the codons positioned in the ribosome A site. Unmodified mRNAs are generated
by transcription with T7 polymerase. Chemically modified mRNA can be purchased from
Dharmacon, Keck and IDT, or prepared by ligation as previously described [30]. UHPLC
MS/MS can be used to verify the abundance but not the position of mRNA modification

incorporation in commercially prepared mRNAs [9].
1.7 Section 5: Initiation complex formation and Amino Acid Addition reactions

The first step in assembling active in vitro translating ribosomes is to form initiation complexes
(ICs). ICs consist of 70S ribosomes bound to mRNA with *°S-Met-tRNA™¢ in the P site and
can be stored at -80°C for ~3-6 months. To perform reactions, the ICs are mixed with ternary
complexes (TCs) assembled immediately before the translation reactions are started. Reactions
can be performed either by hand, or on a rapid quenching device (quench-flow) depending on the
time-frame of the experiment. When planning experiments note that different quenching methods

consume varying amounts material per timepoint (i.e. ~1 puL of IC/TC mixture per timepoint for

benchtop assays vs. ~15 puL per timepoint for quench-flow).

1.7.1 Protocol

Before forming ICs and carrying out translation reactions have following components available:
IM KOH, 10X translation buffer, 10 mM GTP, 70S ribosomes, *3S-‘Met-tRNA™¢ aminoacyl-

tRNA of interest, IF-1, IF-2, IF-3, EF-Tu, EF-G and mRNAs (see sections 1-4).

Part 1 - Assemble 70S E. coli Initiation Complexes (ICs)
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1. Prepare a 10X mix of Initiation Factors (IFs) containing 20 uM (each) of IF-1, IF-2, and IF-3

in 1X Translation buffer. Place the IF mixture on ice.

2. Assemble ICs by mixing components and gently pipetting up and down: 1X Translation
Buffer, ] mM GTP, 1X IF mixture, 2 pM mRNA, 1 pM 70S Ribosomes and 2.5 pM *S-

methionine-tRNAMet. Add 3°S-Met-tRNA™Met and 70S ribosomes to the tube last.

3. Incubate IC mixture at 37°C for 30 minutes. Pellet ICs for higher concentrations as described
below and store at -80°C, or proceed directly to Part 3 — Ternary Complex Formation. Pelleting

removes unbound **S-Met-tRNA™¢t and is recommended.

4. If pelleting ICs, pre-chill TLA 100.3 rotor and benchtop ultracentrifuge (such as a TLA-100)
to 4°C. Additionally, add 1 mL cold Buffer R-D to 5 mL polycarbonate ultracentrifuge tubes and

chill on ice.

Part 2 (recommended optional step) - Pellet ICs

5. After IC formation, remove 1 pL of IC and dilute in 9 pL of H20. Spot 1 pL of the dilution
onto Whatman filter paper and measure the *°S counts (cpm) by scintillation counting. This
measurement is needed to eventually calculate the final concentration of the pelleted,

resuspended ICs.

6. Stabilize ICs for pelleting by raising the final concentration of Mg?" to 12 mM using MgCla.

Remember that 1X Translation Buffer already contains 7 mM Mg?*.

7. Layer IC onto chilled Buffer R-D prepared in step 4. Place tubes in a cold TLA 100.3 rotor

and spin at 69,000 X RPM, 4° C for 2 hours in a benchtop ultracentrifuge.
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8. Immediately following centrifugation, place the tubes on ice.

9. Gently remove the supernatant. The pellet is glassy, fragile, and often poorly attached to the

tube.

10. Resuspend each pellet in the minimum amount of 1x Translation Buffer possible (~20-100
uL). For best results, resuspend pellet by gently pipetting the Translation Buffer up and down

slowly (up to 50 times). Avoid making the ribosome suspension bubbly.

11. Spot 1 pL of the resuspended IC onto Whatman filter paper and measure the *S counts
(cpm) by scintillation counting. Aliquot the remaining pelleted IC into 5-50 puL samples, freeze

in liquid N2 and store at -80°C.

12. Calculate percent yield, Equation , for IC formation and pelleting the equation below. A good

efficiency to aim for is > 60%.

cpmof resuspended pellet
P t Y . ld _ (vol.of pellet counted by scintillation)*w)l'of resuspended pellet 1 6
ercen e - ( cpmofIC formation reaction )*vol used in IC formation. ( . )
vol.of IC counted by scintillation ’ f
13. Calculate the IC concentration using the following equation:
[IC] _ [70S Ribosomes] ( cpmof resuspended pellet ) (1 7)
( cpm of IC formation reaction ) vol.of pellet counted by resuspension ’

vol.of IC counted by scintillation

Part 3 - Ternary complex (TC) formation

In contrast to ICs, TCs cannot be preassembled and frozen. The previously prepared protein and

24



nucleic acid component of TCs (EF-Tu, EF-G and aminoacylated tRNAs) should be thawed on

ice.

14. Prepare an “EFTu mix” containing final concentrations of 1X translation buffer, 10 mM GTP
and 20 uM EFTu. Incubate EFTu mix at 37°C for 15 minutes. The volume of EFTu mix required
will vary depending on the scale of the experiment and should be ~1/3 of the total volume of the

planned translation assay.

15. While the EF-Tu mix is incubating, prepare a “tRNA mix” containing final concentrations of
1X translation buffer, 10 mM GTP, 10-20 uM aa-tRNA*. If your investigations involve the
formation of more than a single peptide bond, include 24 uM EFG in the tRNA mix to enable
translocation. Keep tRNA mix on ice for 10-15 minutes. The volume of tRNA mix required will
vary depending on the scale of the experiment and should be ~1/3 of the total volume of the

planned translation assay.

16. Form ternary complexes (TCs) by combining equal volumes of the EFTu mix and tRNA

mixes and incubating at 37°C for 10 minutes.

Part 4 - Amino acid addition time courses

17. Before running reactions decide on a set of 8-12 timepoints. If your reaction is are slow
enough to stop timepoints by hand (3 seconds or longer) prepare a series of quench tubes
containing 1 pL. KOH prior to beginning assays. If the timepoints are fast enough to need a

quench-flow apparatus (e.g. KinTek Model RQF-3) load 1M KOH as the quench.

18. If using frozen ICs, thaw on ice. Make a 160-180 nM solution of ICs in 1X translation buffer

for use in your reaction. Immediately freeze any remaining thawed IC.
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19. Initiate translation reactions by mixing equal volumes of ICs and TCs. For reactions
performed on the benchtop that is quenched by hand, this usually means mixing 4-6 [IL of ICs
with TCs to make a 8-12 pL reaction. Much larger volumes (> 120 uL of IC and TC) are
required for experiments conducted on the quench flow. Reactions can be carried out at room

temperature or 37°C.

20. For slower reactions performed on the bench-top, transfer 1 pL of translation reaction to a
KOH quench tube prepared in step 17 at each of the pre-selected time points. Review your

quench-flow manual for information about how to quench time points 3 seconds or faster.

22. Quenched timepoints can be stored at -20°C or worked up as described in section 7.

Note: If storing samples for extended periods of time, consider neutralizing timepoints with

acetic acid.

1.8 Section 6: Miscoding Screening Assays

Miscoding screening assays use the endpoint level of overall miscoded dipeptide product to
evaluate if a modification alters the fidelity of amino acid incorporation. Screening assays are
much like the general translation assays described in section 5, only TCs are formed with a
mixture of aminoacylated total-tRNA. Controls should be run concurrently to confidently
identify the miscoded dipeptide products. Specifically, make sure to include: 1) a null reaction
performed with TCs formed without any aminoacyl-total tRNA, 2) a positive control with the
correctly charged aminoacyl-tRNA, and 3) a reaction with ICs formed on mRNA with an
unmodified codon. These assays only provide qualitative insights and results should be verified

with the careful kinetic assays presented in section 6.2.
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1.8.1 Protocol

Part 1- Aminoacylate total tRNA

1. Aminoacylate total tRNA by combining, in order, the following reagents (final concentrations
given) on ice: MilliQ H20, 1X buffer KF, 0.1 mM amino acid mixture (each amino acid is

present at 0.1 mM), 3 mM ATP, 8 mM total RNA, 1 X S100.

2. Incubate at 37° C for 20 minutes.

3. Add NaOAc pH 5.2 to a final concentration of 0.3 M.

4. Perform two sequential acid phenol extraction and a chloroform extraction.

5. Desalt the final aqueous layer using a Bio-Rad P6 spin column or equivalent.

6. To precipitate tRNA, add NaOAc to 0.3 M final and 2.3 volumes of 100% ethanol for at least

two hours at - 20°C.

7. Spin the ethanol precipitation at maximum speed in a refrigerated microfuge for 30 minutes at

4°C. Remove the supernatant and resuspend pellet in ~20 uL 20mM KOAc, pH 5.2.

8. Approximate the overall concentration of aminoacyl-total tRNA by absorbance at 260 nm (¢ =

76,000 M scm!)

Note: This is an estimated concentration, there is no way to determine the charging

efficiency of the S100 or acceptor activity of each tRNA.

9. Aliquot aminoacyl-total tRNA and store at -80°C.
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Note: Select aliquot sizes keeping in mind that aminoacyl-total tRNA samples can become

significantly deacylated after three or more freeze/thaw cycles.

Part 2- Perform miscoding screening assay

10.  Assemble total-TCs by combining, in order, the following reagents (final concentrations
given) on ice: water, 1X translation buffer, 8§ mM GTP, 4 [1M aminoacyl-total tRNA, 30 uM

EF-Tu. Incubate total-TC reaction at 37 °C for 15 min.

11.  While the total-TCs incubate, prepare ICs as in Section 5. If using frozen ICs, thaw on
ice. Make a 200 nM solution of ICs in 1X translation buffer for use in your reaction.

Immediately freeze any remaining thawed IC.

12. Initiate miscoding screening reaction by mixing equal volumes of total-TCs with ICs
(final concentration 100 nM ribosomes, 2 M aminoacylated-total tRNA). Typically, small
volumes (~1-2 puL of total-TC and IC) are used in these reactions. Incubate at 37 °C for 15

minutes. The control reactions discussed above should be set up in parallel.

13.  Quench each reaction by adding 1 pL of 1 M KOH. Visualize the resulting peptide

products by eTLC as described in section 8.

1.9. Section 7: Measuring Rate constants for Miscoding

To develop an understanding of how different modifications impact miscoding, single
turnover kinetic assays should be employed. Due to the ribosome’s stringent proofreading
mechanisms an energy regeneration mix is used to produce multiple rounds of accommodation,

while remaining single turnover with respect to peptidyl transfer, thus producing measurable

28



amounts of miscoded dipeptide product. The energy regeneration mix consists of the ternary
complex with the addition of EFTs, pyruvate kinase (PK) and phosphoenolpyruvate (PEP). This
protocol is adapted from previous work [18]. Before starting this miscoding assay, it is important
to ensure saturating levels aminoacyl-tRNA are being used (typically 5-10 uM). These reactions

have a ti2 of ~2 minutes, permitting reactions to manually quenched.

1.9.1 Protocol

1  As in section 5, determine a time-course and set-up a series of tubes containing 5 uL. 1 M

KOH.

2 Prepare I [IM ICs in 1X-translation buffer as described in section 5.

3  Assemble the EF-Tu/Ts mixture by combining the following reagents on ice
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Table 1.8 EF-Tu/Ts mixture for miscoding kinetic assays

Reagent Concentration in mixture  Final reaction concentration
Water - to 500 pL

10 % Translation Buffer 1.1 x 1=

GTP 111 ;M 1 mM

MgCl, 7.77 mM 7 mM

EF-Tu 44,44 uM 40 uM

EF-Ts 11.11 pM 10 uM

PEP 333 mM 3 mM

PK .11 mM 0.1 mM

4  Incubate the EFTu/Ts mixture at 37 °C for 15 min.

5 Add 1.11 uM of the aminoacyl-tRNA of interest. Incubate at 37 °C for 10 minutes to form
miscoding ternary complexes (MC-TCs).

6 Initiate translation reactions by adding the MC-TC to IC in a 10:1 ratio at room temperature.

7  For each timepoint, transfer 1 uL of the reaction to a tube containing 1uL 1 M KOH.

8  After approximately 5 minutes, add 2 uL of 5 M acetic acid to each quenched tube.

9 Spot 1 pL of the quenched and neutralized reaction in 0.8-1 cm increments on a cellulose

TLC plate to visualize reactions as described in section 8.

1.10 Section 8: Quantification and Kinetic Analysis

Electrophoretic thin layer chromatography (eTLC) separates small charged species by size and

charge, similar to isoelectric focusing. Below we describe how to use this method to visualize the
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unreacted Met and small peptide products in the translation reactions generated in sections 5-7.
Following separation, the different *3S-labeled species can be detected via scintillation counting

or phosphorescence (as is used in this protocol). Volatile buffers are used for separation so that

A C .
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Figure 1.2 Visualizing translation products by electrophoretic thin-layer
chromatography (eTLC). (A) TLC electrophoresis tank used in this protocol.
(B) Example eTLC plate after separation and phosphorimaging. Time courses
of miscoding product formed when Ile-tRNA"™ TCs are mixed with ICs
programmed with phenylalanine codons (UUU and Um'¥U) in the A site. (C)
Representative curves fit of MI dipeptide formed during experiment shown in
(B). Data from lle added on UUU [circle] or Um'®U [square] are fit with the
equation [Ml]gq = [M]g+ e %ot to determine the observed rate constants

(kobs) .

the TLC plates are dry prior to exposure to phosphorscreens. Different peptide compositions and

charge states affect separation and resolution. Consider the pl of potential peptides to be
synthesized and choose an appropriate pH and composition for your eTLC buffer. An example

set-up with buffer system is shown in Figure 2A.
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1.10.1 Protocol

1. Spot 1.0 [1L of each timepoint onto a cellulose eTLC plate, leaving ~1 cm between

spots.

2. Wet TLC plate with the selected buffer (most commonly pyridine acetate buffer, pH 2.8).

3. Run TLC for 10-50 minutes in an electrophoresis tank pyridine acetate buffer in the
cathode and anode reservoirs and an organic, nonpolar solvent — such as Stoddard Solvent —as a
liquid stationary phase (Figure 2A). Peptide charge state and pl affect separation in this system

and longer times may be needed for full separation and resolution of peptide products.

4. Remove TLCs from the tank and dry completely with a heat gun.

5. Once dry, wrap TLCs in plastic wrap and expose them against a phosphorscreen for 1-48
hours. The specific activity of the radiolabel and dilution state of samples will dictate exposure

time.

6. Scan phosphorscreen in an instrument capable of imaging in a phosphorescence mode,

scanning at a voltage of 4000 PMT and a resolution of 100 [1m.

7. Using the image analysis software of your choice (e.g. ImageQuant or ImageJ) quantify
phosphorescence signals to obtain percent and volume of peptide species at each time point in

the assay.
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Chapter 2 mRNA and tRNA Modification States Influence Ribosome Frame Maintenance
During Poly(lysine) Peptide Synthesis?
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2.1 Introduction

Translation of the nucleic acid code into protein is catalyzed by the ribosome. During this
process, ribosomes use messenger RNAs (mRNAs) as molecular maps to direct the programmed
assembly of amino acids into polypeptides. In E. coli, growing polypeptide chains are extended
by an average of 4 to 22 amino acids per second, though the rate of individual amino acid
incorporation by the ribosome is not always uniform [1-3]. Heterogeneity in peptide elongation
rates is caused by a number of factors including substrate (e.g. mRNA, aminoacyl-transfer RNAs
(aatRNAs), translation factors) availability and modification status, and the formation of stable
interactions between the growing polypeptide chain and the ribosome machinery [4, 5]. Although

translation initiation rates are responsible for controlling the rate of protein expression in many

2 In the work presented in this chapter I was the primary author and developer of all the work listed throughout. This
includes all work except as indicated hereafter. Kristin Koutmou assisted in editing, as well as conception and
motivation of the work. Mehmet Tardu performed bioinformatic analysis to determine frequency of poly(A), m°A
installation, and polybasic peptide iteration and frequency. Hem Raj Khatri synthesized the Valinyl-DBE substrate
used in flexizyme mis-acylation assays (assays performed by me, Tyler Smith).
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circumstances, situations that alter polypeptide elongation rates can change protein levels,

protein folding and mRNA stability to ultimately impact cellular health and fitness [6-8].

Contacts between the ribosome and its nascent peptide products are receiving growing
recognition for their role in translationally controlling protein expression [9]. The interactions
involving the ribosome and positively charged peptides present a classic example of this
phenomenon. There is overwhelming evidence that translating the cationic peptide sequences
commonly present in proteins slows the ribosome [10, 11]. In humans there are over 60,000
examples of proteins containing 4 or more consecutive basic amino acids, suggesting that the
synthesis of positively charged peptides contributes to the post-transcriptional control of a
significant fraction of the proteome (SI Tables 1-2). The observation that ribosomes slow while
linking iterated positively charged amino acids has long been attributed to the formation of
strong ionic interactions between cationic peptides and the anionic ribosome peptide exit channel
[12]. However, several recent reports demonstrate the ribosome produces different amounts of
protein from mRNAs encoding identical positively charged poly(lysine) and poly(arginine)
peptides [13—15]. Ionic interactions alone cannot explain these findings, suggesting that
additional factors in the translation system also contribute to modulating ribosome speed during

the synthesis of cationic peptides.

Multiple codons instruct the ribosome to add the positively charged amino acids lysine (AAA
and AAG) and arginine (AGA, AGG and CGN (N=U, C, A,G)). The ability of individual
arginine codons to differentially impact protein expression largely depends on the availability of
tRNA isoacceptors possessing appropriate anti-codon sequences. Some isoacceptors are less
abundant, and translation along mRNA sequences containing multiple codons corresponding to

these rare tRNAs can slow sufficiently to trigger cellular mechanisms that rescue stalled
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ribosomes [16, 17]. The cause of differential protein expression from the two lysine codons
appears to differ from that of arginine codons. In the case of lysine, less protein is produced from
mRNAs containing consecutive AAA codons than those with consecutive AAG codons in both
eukaryotic and bacterial cells [13, 14, 18, 19]. However, differences in substrate tRNA levels are
unlikely to account for these codon-specific observations, because AAA and AAG are decoded
by a single tRNALYys in at least one of the species (E. coli) where codon dependent differences in
poly(lysine) protein output have been observed. Furthermore, in addition to reducing the rate of
protein synthesis, under some conditions the presence of two or more AAA codons in a row can
promote an unusual ribosome movement termed ‘ribosome sliding’ [13]. During sliding, the
ribosome loses reading frame and shifts along an mRNA. The ribosome has been captured
moving backwards by 1 to 3 nucleotides while translating iterated AAA codons [13, 14],
changing the identity of the peptide beings made. These movements activate co-translational
surveillance mechanisms that target the translated mRNA and resulting peptide products for
degradation [18]. Ribosome sliding differs from other non-canonical ribosome movements,
which place the ribosome at a single, discrete location on an mRNA and can produce stable
products [20, 21].These data suggest that the influence of mRNA and tRNA sequences on the

translation of poly(lysine) peptide regions warrant further examination.

Here, we use a reconstituted E. coli translation system to deconvolute the contributions of
peptide, mRNA sequence and RNA (mRNA and tRNA) modification to both the speed of amino
acid addition and ribosome frame maintenance during the translation of iterated lysine codons.
We chose to investigate the role of RNA modifications in addition to peptide and mRNA
sequence because these common chemical changes to nucleosides can alter the hydrogen

bonding interactions between tRNAs and mRNAs used by the ribosome to ensure the faithful
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and rapid translation of the genetic code into protein [22]. Our findings expand the biochemical
framework for understanding the contributions of individual components of the translation
system to ribosome stalling during cationic peptide synthesis. We demonstrate that in addition to
peptide charge, mRNA sequence, along with mRNA and tRNA modification status, are
important determinants of ribosome speed during poly(lysine) translation. Additionally, we
developed a minimal kinetic mechanism for ribosome sliding on iterated AAA codons in which
the ribosome moves along an mRNA in the 3’ direction one nucleotide at a time, until it can bind
an available cognate aatRNA and resume “normal” translation (though in a different frame).
Much like ribosome speed, this series of 1 nucleotide ribosome movements is controlled not only
by peptide charge, but also by post-transcriptional modifications to tRNALys and mRNA (N6-
methyladenosine (m6A)). While it has been known for decades that tRNA anticodon stem-loop
modifications can influence ribosome movements, our data provide the first evidence that
mRNA modifications also have the power to impact ribosome reading frame maintenance [23].
Our work presents a molecular level rationalization for how seemingly small changes in the
translational machinery (e.g. synonymous codon substitution, single post-transcriptional

modifications) can result in different protein production outcomes.

2.2 Results

2.2.1 Ribosomes move backwards I nucleotide at a time on poly(A) sequences

There are multiple ways to envision how ribosome sliding on consecutive AAA codons could be
achieved. For example, the ribosome might hop directly into the -1 and -3 frames, ‘scan’ along
an mRNA until it reaches a specific, desired frame, or make series of discrete 1 nucleotide

frameshifts [13, 14, 24, 25]. We developed a kinetic framework to distinguish between these
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possibilities and describe how the ribosome moves during sliding using a fully reconstituted in
vitro translation system [26]. To accomplish this we first identified the reading frames the
ribosome enters during translation along an mRNA with a AUG-AAA-AAA-UUC-UAA
[MK2(AAA)FX; X=stop codon] coding sequence (Fig. 1A). In these assays, 70 nM of E. coli
70S ribosome initiation complexes (ICs) containing 35S-labeled formylmethionine-tRNAfMet
bound to an AUG in the P site and an AAA codon in the A site were reacted with saturating
concentrations of two ternary complexes (10-30 uM TCs; aa-tRNAaa*EF-Tu*GTP) formed with
cognate Lys-tRNALys and individual aa-tRNAaa species capable of reacting in each of the
reading frames that the ribosome could inhabit on our MK2(AAA)FX mRNA (-2 frame: Asn-
tRNAAsn, -1 frame: Ile-tRNAlle, 0 frame: Phe-tRNAPhe, +1 frame: Ser-tRNASer, +2 frame:
Leu-tRNALeu) (Fig. 1A). These reactions were conducted in the presence of 0-12 uM EFG*GTP
at 37°C. The reactants (fMet), programmed peptides (MK, MK2, MK2F) and peptide products

resulting from the ribosome sliding (MK2I, MK2N, MK2S, MK2L, MK3, MK4+) were
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Figure 2.1 The ribosome moves into multiple frames on poly(A) in absence of next cognate aa-tRNAaa. (4) Possible
ribosome sliding events on MK2(AAA)FX mRNA result in new discrete codons positioned in the A-site, allowing for
decoding and accommodation of non-coded aa-tRNAaa. (B) Phosphorimage eTLC of 20-minute end-point reactions
of frameshift studies during ribosome sliding on MK2(AAA)FX or MK2(AAG)FX mRNA incubated with Lys-
tRNALys and aa-tRNAaa TCs. Lanes indicate the aa-tRNAaa TCs used in each reaction, with the numbers
correlating to the amino acid identity as indicated in panel A (e.g. -2 indicates reaction with Lys-tRNALys and Asn-
tRNAAsn. O in short peptide sequences indicate amino acid that would be added upon successful frameshift and
incorporation of aa-tRNAaa as indicated per lane and in panel A (e.g. bands for MK20 and MK30 in -2 lane
correspond to the peptides MK2N and MK3N, respectively). (C) Percent of peptide formed due to
sliding/frameshifting compared to total peptide synthesized during translation assays, with frame and third amino
acid added as signified. Sliding in reactions produce -3 peptide products (incorporating additional lysine) as well as
frameshift products (e.g. MK2®), resulting in peptides longer than MK2. Peptide products were determined after
20-minute translation assays incubated with Lys-tRNALys and respective aa-tRNAaa TCs as specified with frame
corresponding to panel A. Error bars represent standard deviation. (D) Rate constants of frameshift events during
ribosome sliding on MK2(AAA)FX mRNA using Lys-tRNALys and aa-tRNAaa TCs as specified with frame (panel
A), as defined by the proposed mechanism in Figure 2. Error bars represent standard deviation. When comparing
rate constants for -1 (Ille; k71) and -2 (Asn;, k7N) amino acid addition, there is no significant difference when
compared to the rate constant for -3 (Lys; k3) amino acid addition when using an unpaired student t-test. For +1
(Ser, k75) and +2 (Leu, k7L) rate constants, a * * ’ represented a significant alteration with a p-value <0.05 using a
unpaired student t-test when compared to the -3 rate constant (Lys, k3).

visualized by electrophoretic TLC (eTLC; Figure 1B). In our assays, the ribosome generated

products in five different reading frames (0, -1, -2, -3 and +1; Figs. 1A-C). We find that
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movement of the ribosome into non-0 frames is EF-G dependent, much like canonical -1

frameshifting ribosome movements (SI Fig. 1) [24, 27-29].

After establishing which frames the ribosome inhabits during sliding, we measured the
extent of amino acid incorporation in each of these frames at discrete time points (0-1200
seconds, Fig. 1C, SI Fig. 2). These data were used to develop a minimal kinetic mechanism for
ribosome sliding by globally fitting our experimental observations with KinTek Explorer (SI
Figure 2). We examined a series of possible mechanisms (SI Fig. 3), and selected the model that
best fit our data to ascertain the rate constants for each step in the mechanism. Our fits indicate
that the ribosome undergoes a series of progressive -1 nucleotide movements from the O-frame
into the -1, -2 and -3 frames during ribosome sliding (Fig. 2, SI Fig. 4). The rate constants for
amino acid addition in the -1, -2 and -3 frames are relatively uniform (k7 values range between

0.01-0.02 s-1) (Fig. 1D, Table 1).

Table 2.1 Rate constants for frameshift and amino acid addition during ribosome sliding

Frameshift position 0 frame -2 frame -1 frame +1 frame +2 frame

tRNA TCs Lys + Phe Lys + Asn Lys + lle Lys + Ser Lys + Leu

Rate constants (s™)

k1 11.7+£0.01 13.1+0.01 15.3+£0.82 12.7 £ 0.66 13.3+0.74

k2 1.5+ 0.002 1.6 £0.002 1.4+0.19 1.5+£0.15 1.2+0.26

ks - 0.005 + 0.0002 0.008 + 0.0015 0.008 + 0.0012 0.02 + 0.0041
ka6, obs - 0.006 + 0.0015 0.003 + 0.0016 0.007 + 0.0027 0.002 + 0.009

ks - 0.0008 + 0.00004 0.0007 + 0.00026 0.002 + 0.0005 0.017 = 0.0087

k7 0.9 + 0.0007 0.01 + 0.0009 0.02 + 0.006 0.002 + 0.0007 0.0002 + 0.00097

Furthermore, a subset of ribosomes (~10%) appear unable to extend the growing polypeptide
following each progressive -1 nucleotide ribosome movement (Figs. 1B and 2 (k5, k4:6,0bs), SI

Figs. 3 and 5B). While we do observe a small amount of product formation in the +1 frame, both
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the endpoint and rate constant for this reaction are diminished relative to the same values for the
ribosome reacting in the -1, -2, and -3 frames (Figs. 1C, D). These observations lead us to
propose a model for ribosome sliding in which a small (< 5% of ribosomes) can undergo a +1
frameshift, while most ribosomes move in the 3’ direction by one nucleotide a time until they

enter a reading frame that can react with an available aminoacyl-tRNA species (Fig. 2).

MK,0

+ O aa-tRNA

353 k1 k2 k3 k4:6, obs
M+K ——> MK+K —— MK,+K —— MK;+K —— MK;*, MK,

\L.
MK,*

Figure 2.2 Proposed general scheme for frameshift events during ribosome sliding on poly(A). In the case where
available aa-tRNAs are incorporated via frameshift, as indicated by O, this scheme describes subsequent amino acid
additions by a ribosome translating on a poly(4) containing mRNA — as displayed in Fig. 1. The scheme contains
parameters obtainable from the experiments presented here. Rate constants refer to amino-acid addition and
peptide length: dipeptide formation (kl), tripeptide formation (k2), ribosome sliding and frameshift events (k3 — first
-3 sliding/frameshift event generating tetrapeptide [MK3] ; k5 — first sliding/frameshift event resulting in
unproductive ribosome(s); k70 — first sliding/frameshift of ribosome moving into new coding frame [MK2®O]), and
secondary/tertiary sliding events capable of occurring following first sliding/frameshift event (k4:6,0bs).

2.2.2 tRNALys modifications moderate ribosome sliding during poly-lysine synthesis

Native tRNAs possess post-transcriptional chemical modifications essential to their stability,
structure and function [30, 31]. Modifications located in tRNA anticodon stem loops have the
capacity to modulate -1 and +1 ribosomal frameshifts and enhance ribosome reading frame
maintenance [32, 33]. Since the tRNALys N6-threonylcarbamoyladenosine (t6A37) (and 5-
methoxycarbonylmethyl2-thiouridine (mem5S2U34) modifications in yeast tRNALys,UUU
influence tRNA decoding, we speculated that analogous E. coli tRNALys modifications, such as

5- methylaminocarbonylmethyluridine (mnm5s2U34), might suppress ribosome sliding and
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Figure 2.3 Modifications on tRNALys regulate extent of frame loss on poly(A) mRNA. (4)
Rate constants of ribosome sliding on MK2(AAA)FX mRNA using either Lys-tRNALys or
Lys-tRNANLys TCs, as defined by the proposed mechanism in Supplemental Figure 3A.
Error bars represent standard deviation. (B) Percent of total peptide formed as a result
of ribosome sliding (longer than MK?2 tri-peptide) on MK2(AAA)FX mRNA after 20
minute translation assays incubated with Lys-tRNALys or Lys-tRNANLys TCs. Error bars
represent standard deviation. (C) Phosphorimage eTLCs of 20-minute time course
reactions of ribosome sliding on MK2(AAA)FX mRNA, incubated with either Lys-
tRNALys TCs(left) or Lys-tRNANLys TCs (right).

enhance poly(lysine) translation (34, 35). To test this idea, we compared the rate constants for
lysine addition during the translation of AUG-AAA-AAA-UUC-UAA [MK2(AAA)FX] and
AUG-AAG-AAG-UUC-UAA [MK2(AAG)FX] messages using saturating levels (20-30 uM) of
unmodified T7 transcribed Lys-tRNALys and natively modified Lys-tRNANLys purified from
E. coli cells (Fig. 3A, SI Fig. 6). We find that the rate constants for programmed MK and MK2
peptide formation are 2- to 4-fold faster when ribosome complexes are reacted with TCs
containing modified Lys-tRNANLys than with unmodified Lys-tRNALys. These moderate
enhancements in lysine addition rate constants are observed when either AAG or AAA

containing mRNAs are translated (Table 2). The modifications have a larger role on frame
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maintenance than on programmed lysine addition; the rate constants for forming ribosome
sliding products (MK3 and MK4+) on AAA codons are decreased by up to 25-fold when
natively modified Lys-tRNANLys is used (Fig. 3B). Despite the slowed formation of these
sliding products, the percentage of peptides that are eventually extended and generated sliding
products is only slightly reduced by the inclusion of modifications on tRNALys (Lys-tRNALys
= 60% + 3% vs. Lys-tRNANLys = 40% + 6%) (Fig. 3B-C, SI Fig. 6). Our data suggest that

tRNANLys modifications likely limit the extent of ribosome sliding in cells.

2.2.3 Ribosomes slow and slide when synthesizing poly(Valine) peptides from lysine-

encoding mRNAs

Regardless of tRNALys modification status, we observed that after the first lysine is added into a
peptide, the rate constant for adding subsequent lysines on AAA-codons are reduced (Table 2,
Fig. 3A). This is consistent with a large body of evidence from cellular reporter and ribosome
profiling studies indicating that the translation of iterated positive charges slows the ribosome

[36].

Table 2.2 Rate constants for lysine addition during ribosome sliding

mRNA construct MKaaan)FX MKz(aac)FX

tRNA TCs Lys-tRNALs Lys-tRNANDS Lys-tRNAbs Lys-tRNANYS

Rate constants (s*')

k1 10.2+0.3 28.9+1.9 27+05 12.7+04

k2 1.2+04 48+04 21£0.7 4.4 £0.33

ks 0.02 + 0.004 0.0008 + 0.000008 0.006 + 0.002 0.002 + 0.001
ks (or Ka,obs) 0.007 + 0.001 0.07 £ 0.02 0.0004 + 0.0001 0.00009 + 0.00002

ks 0.01 +0.008 0.0001 £ 0.00005 0.001 £ 0.0001 0.001 £ 0.0002

ks 0.006 + 0.002 0.02 + 0.007
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However, the observation that different poly(lysine) encoding mRNA sequences differentially
impact translation lead us to wonder if mRNA sequence, and therefore also structure, contribute
to ribosome slowing and during poly(lysine) translation [13, 14]. To de-convolute the effects of
peptide charge from mRNA sequence, we mis-charged unmodified tRNALys and natively
modified tRNANLYys sequences with the small non-polar amino acid Valine (Val-tRNALys, Val-
tRNANLys) (Fig. 4A). Mis-acylation was accomplished using a small RNA microhelix
(fleixzyme) capable of attaching an esterified amino acid acyl-donor to virtually any tRNA of
interest [37]. ICs containing mRNAs encoding consecutive lysines (AUG-AAA-AAA-UUC-
UAA and AUG-AAG-AAG-UUC-UAA) were reacted with TCs possessing mischarged tRNAs
(Val-tRNALys*EF-Tu*GTP, Val-tRNANLys*EF-TusGTP). Because the translation factor EF-Tu
selects for correct tRNA and amino-acyl donor pairings, we titrated EF-Tu with each aminoacyl-
tRNA to ensure saturating conditions for incorporating these species (SI Fig. 7) [38, 39].
Concurrent control assays with TCs containing Val-tRNAVal and ICs formed on an mRNA

encoding consecutive valines (AUG-GUG-GUG-UUC-UAA) were also performed. The rate
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Figure 2.4 Neutral amino acid and tRNA pairing effect ribosome sliding on poly(A) mRNA. (A) Lysyl E. coli
tRNAUUU can be acylated with positive charge lysine or misacyalted with neutral charge valine, via dFx flexizyme,
to be used in studies to asses influence of amino acid charge on lysine addition during translation. (B)
Phosphorimage eTLCs of time course reactions of amino acid addition and ribosome sliding on mRNA. These
reactions were incubated with either Val-tRNALys (left) or Val-tRNANLys TCs (middle) on MK2(AAA)FX mRNA, or
incubated with Val-tRNAVal (transcribed) on MV2FX mRNA. (C) Rate constants of amino acid addition on
MK2(AAA)FX mRNA using Val-tRNALys and MV2FX mRNA using Val-tRNAVal TCs as defined by the proposed
mechanism in Supplemental Figure 3A. k3,0bs rate constant is presented on the right Y-axis with no rate constant
obtainable for peptide synthesis on MV2FX mRNA (f) as no sliding is observed in these assays. Error bars
represent standard deviation. (D) Percent of peptide products formed during assays on MK2(AAA)FX or MV2FX
mRNAs after 20 minute translation assays incubated with Val-tRNALys , Val-tRNANLys , or Val-tRNAVal TCs as
shown in panel B. Error bars represent standard deviation.

constants for MV and MV2 formation are 3- and 5-fold slower (respectively) on AUG-AAA-
AAA-UUC-UAA [MK2(AAA)FX] mRNA than AUG-GUG-GUG-UUC-UAA GUG [MV2FX]
mRNA regardless of the modification status of tRNALys (Fig. 4C, SI Table 3). In contrast, the
rate constants for synthesizing MV and MV2 on AUG-AAG-AAG-UUC-UAA [MK2(AAG)FX]
mRNA are reduced by less than 2-fold relative to [MV2FX] mRNA when modified Val-
tRNANLYys is included in the translation reaction. However, when unmodified Val-tRNALYys is

used instead the ability of the ribosome to add Val to a growing polypeptide on an AAG codon is
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dramatically slowed, and the rate constants for MV and MV2 synthesis are diminished by

>1000-fold (SI Fig. 8, SI Table 3).

In addition to impacting ribosome speed, our investigations with Val-tRNALys and Val-
tRNANLYys revealed that peptide charge also contributes to ribosome frame maintenance on
lysine encoding messages. We find that extended MV3+ peptides, analogous to the MK3+
peptides made during ribosome sliding (Fig. 4B), are generated from the AAA, but not AAG or
GUG containing messages. While unprogrammed MV3+ peptides can still be generated on
consecutive AAA codons, the incorporation of additional valines is ~10-fold slower than
unprogrammed lysine addition on the same message. Our findings suggest that peptide charge
and mRNA sequence make independent contributions to ribosome speed and frame maintenance

during poly(lysine) peptide synthesis.

2.2.4 m6A mRNA modifications suppress sliding on consecutive AAA codons in a position

dependent manner

Our data indicate that iterated AAA, but not AAG, lysine encoding codons promote a series of
consecutive -1 movements by the ribosome (ribosome sliding). We hypothesized that poly(A)
regions might form a unique structure within the ribosome mRNA channel that promotes these
loss of frame events. Recent cryo-EM structures of the yeast ribosome translating an mRNA
sequence with six consecutive A nucleosides supports this idea, revealing that stacked As can
adopt a single-stranded helix in the ribosome decoding center [40, 41]. In these structures there
are three As in the mRNA are positioned in A site, where they form a helical stack with residues
in the 18S rRNA [41]. To test the possibility that such a helical structure might enhance frame

loss on poly(A) sequences, we performed translation assays on AUG-AAA-AAA-UUC-UAA
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[MK2(AAA)FX] messages with various A-nucleosides substituted with N6-methyladenosine

(m6A) (Fig. 5A) to perturb the structure of this poly(A) helix. We selected m6A as a probe
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Figure 2.5 m6A modification to single nucleotides in poly(A) modulate
ribosome frame loss. (A) MK2(AAA)FX mRNA was chemically modified with a
single m6A on one of the six consecutive As. Specifically at positions A3, A4,
A5, and A6 with position 3, m6A4-3, shown. (B) Phosphorimage eTLC of 20-
minute end-point reactions of sliding studies on MK2(AAA)FX harboring a
single m6A modification at nucleotide specified. (C) Percent of total peptide
formed as a result of ribosome sliding (longer than MK2 tri-peptide) on
MK2(AAA)FX mRNAs harboring one or no m6A modification after 20 minute
translation assays incubated with Lys-tRNANLys TCs. Error bars represent
standard deviation. There is no significant difference observed for peptide
product formed on messages containing moA at either position A3 or A4 using
Lys-tRNANLys TCs when compared to peptide product formed on
MK2(AAG)FX using Lys-tRNANLys TCs when using an unpaired student t-
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because it has been shown to change RNA structure and dynamics [42—44]. We find that when
mo6A is positioned in the middle of a 6 consecutive A nucleosides (at the third and fourth
adenosine in the message), where they presumably could disrupt helix formation, very little
extended peptide product is formed (Figs. 5B-C, SI Table 4). In contrast, when the m6A is
positioned at the 5th or 6th adenosine in the poly(A) sequence, sliding levels are comparable to
those on an unmodified message (Fig. 5C). We examined the location of m6A in two available
datasets that mapped m6A transcriptome wide to begin evaluating if our observation that m6A
can promote frame maintenance could have relevance in endogenous A-rich mRNA coding
sequences [45, 46]. Our bioinformatic analyses reveal that m6A exists both in AAA codons and
in iterated A (5 or more As) stretches found in the coding region of over 80 mRNAs (SI Table 5).
These findings together suggest that one consequence of m6A might be to prevent the ribosome

from losing frame on consecutive AAA codons.

2.3 Discussion

The elongation of cationic peptides slows the ribosome and can impact the expression of
thousands of proteins (SI Table 1-2) (36, 47). Available evidence suggests that ionic interactions
between positively charged peptides and the ribosome account for reducing translation speed on
these sequences [40, 48, 49]. We directly tested this model by comparing the rate constants for
amino acid incorporation on MK2 encoding mRNAs using tRNALys aminoacylated with either a
positively charged (Lys-tRNALys) or neutral (Val-tRNALys) amino acid (Fig. 4). Our
investigations reveal that ribosomes translating consecutive AAA codons add a second amino
acid (V or K) more slowly. The extent of slowing amino is not dependent on amino acid identity
(Val-tRNALys k1/k2 = 6, Lys-tRNALys k1/k2 = 8). In contrast, on consecutive AAG lysine

codons the rate constants for adding the first and second lysine are equivalent (Lys-tRNALys
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k1/k2 = 1), while a second valine is added substantially more slowly (Val-tRNALys k1/k2 = 20)
(SI Table 3). The inclusion of modifications into tRNANLys diminished the differences we
observed in the rate constants for adding consecutive lysines and valines on AAG and AAA
codons (on AAG: Val-tRNANLys k1/k2 = 4, Lys-tRNANLys k1/k2 = 3; on AAA: Val-
tRNANLys k1/k2 = 2, Lys-tRNANLys k1/k2 = 6) (Table 2, SI Table 3). Our results indicate
that both peptide charge and codon:tRNALys interactions have significant roles in controlling
poly(lysine) peptide synthesis rates. These factors play similarly important roles in ribosome
frame maintenance during poly(lysine) peptide translation. While we observe ribosome sliding
when Val-tRNALys/Val-tRNANLys are used (Fig. 4), the rate and extent of sliding on AAA
codons are both modestly enhanced by Lys-tRNALys/Lys-tRNANLys. mRNA sequence (AAA
vs AAG) and the post-transcriptional modification status of tRNALys have larger impacts on
frame maintenance than peptide charge. As previously reported, we find that ribosome sliding is
only prevalent on lysine encoding mRNAs with consecutive AAA codons (Fig. 3, SI Fig. 1) [13].
We also noticed that the presence of tRNALys modifications significantly reduces the rate
constant (25-fold) for sliding associated frame loss events (Fig. 3, Table 2). The strong influence
of tRNANLys modifications on frame maintenance is consistent with previous observations that
both bacterial and yeast tRNA with these modifications also promote mRNA-tRNA interactions
[34, 50-52]. In addition to enhancing frame maintenance, tRNANLys modifications appear to be
especially important for the addition of valine on AAG, but not AAA, codons by mischarged
Val-tRNALys. The rate constant for Val insertion increases by 70 to >1000-fold when fully-
modified Val-tRNANLys is reacted on AAG codons (SI Fig. 8, SI Table 3). These findings

collectively help to rationalize why loss of tRNANLys modifications is lethal in yeast, and the
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observation that mutations in the tRNANLys modification machinery are linked to disease [23,

53-57].

mRNA:tRNA interactions can be controlled not only by tRNA modifications, but also by
the post-transcriptional modification of mRNAs. Emerging evidence suggests that mRNA
modifications can slow the ribosome, and influence the extent of amino acid mis-incorporation
into peptides [22, 58-60]. However, the impact of mRNA modifications on ribosome frame
maintenance has not been explored. This question is especially relevant in the context of
ribosome sliding because the most common mRNA modification, m6A, is present in AAA
codons in cells [45, 46]. Our analysis of available datasets that map the location of m6A
transcriptome-wide reveals that m6A is included into > 80 mRNAs containing 5 or more
consecutive As (SI Table 5). While m6A disrupts both RNA base-pairing and tRNA selection by
the ribosome, the influence of m6A , or any other mRNA modification, on ribosome frame
maintenance is not known [42, 61, 62]. Our results demonstrate that m6A can suppress frame
loss events. We find that ribosome sliding is limited when mo6A is positioned to break up
stretches of iterative adenosines (Fig. 5). Together, our biochemical and bioinformatic findings
suggest that one consequence of having m6A present in these mRNA sequences could be to

prevent ribosome sliding in homopolymeric A-rich stretches [63].

While previous studies revealed that the ribosome moves robustly into multiple frames on
poly(A) sequences in vitro, the mechanism by which this occurs was not known [13, 24, 25].
Here, we measured the rate constants for the ribosome moving into five different reading frames
while translating an AUG-AAA-AAA-UUC-UAA [MK2(AAA)FX] mRNA sequence. These
data lead us to propose a model for ribosome sliding in which the ribosome moves backwards,

one nucleotide at a time, along a homopolymeric(A) sequence until it either encounters a aa-
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tRNAaa that it can react with or enters an unproductive state (Fig. 2, SI Fig 3). We find that the
rate constants for backward movements by the ribosome are reduced by 50-fold relative to 0-
frame amino acid addition, and that the greatest levels of non-productive complex formation are
observed following the first -1 movement (Fig. 1D and Table 1). The rate constants for these
movements, collectively referred to as ribosome sliding, are reduced relative to normal amino
acid addition, amino acid mis-incorporation and -1 programmed frame shifting [22, 64, 65].
While we do observe some amino acid addition in the +1 frame, these events are less robust than
their -1 counterparts and we believe that the +1 frameshifts are not a product of sliding, but

rather the result of an empty A site [66].

The slow nature of the progressive -1 movements and formation of non-productive
complexes can help explain why it is possible to capture the ribosome in multiple frames in vitro,
but only visualize ribosome stalling and the first -1 movements in cells. Following the first -1
movement on poly(A) sequence, our results suggest that the ribosome is capable of adding the
amino acid in the -1 frame, likely leading to the creation of a pre-maturely truncated protein
product and triggering non-sense mediated decay (NMD). Indeed, there is evidence that NMD
occurs on following -1 frameshifts on poly(A) containing reporters in human cells [14, 67].
Additionally, the -1 movement is quite slow (longer than 1 min), giving time for ribosome
collisions to occur and a co-translational quality control mechanism targeting the stalled
ribosome complex to be activated [68—70]. Together, this work quantitatively describes how the
ribosome translates mRNAs containing poly(A) regions, and reveals the important contributions
of tRNA:mRNA interactions to ribosome slowing during cationic peptide. Our results suggest

that post-transcriptional mRNA modifications provide cells with a previously unrecognized for
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cells for ensuring that the ribosome remains in the correct mRNA reading frame during

translation of slippery sequences.

2.4 Experimental Procedures

2.4.1 Invitro translation assays

708 initiation complexes (ICs) were prepared using E. coli ribosomes programmed with various
mRNAs and f-[35S]-Met-tRNAMet in the P site [71]. Translation was initiated by mixing equal
volumes of ternary complex (20-60 pM aminoacyl-tRNA(s), 24 pM EF-G, 60 uM EF-Tu) with
ICs (140 nM) in 219-Tris buffer (50 mM Tris pH 7.5, 70 mM NH4Cl, 30 mM KCl, 7 mM
MgCl2, 5 mM BME). All initiation factors (IF-1, IF-2, and IF-3), translation factors (EF-Tu and
EF-G) used were His-tag purified from E. coli using plasmids available from AddGene [26].
The reactions were quenched with equal volume of 1 M KOH at discrete time points (0 s—20
min) by hand (5 s — 20 min) or using a KinTek RQF-3 quench flow apparatus (0.001 — 5 s) [72].
Each sample was diluted 1:10 in nuclease free water and the reactants, intermediates and
products were separated by electrophoretic TLC (eTLC), visualized by phosphorimaging and
quantified with ImageQuant as previously described [26]. Depending on the expected peptide
products, eTLCs were run in different running buffer conditions to improve separation [26].
eTLCs analyzing peptides containing one or more lysines were run in pyridine acetate buffer, pH
2.8, while eTLCs separating peptides with valine (but no lysine) were run in pyridine acetate
buffer, pH 5.2. For m6A studies in this work, all m6 A mRNA constructs were purchased from

Dharmacon — Horizon Discovery.

2.4.2 tRNA aminoacylation by synthetases and flexizyme
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tRNAs used in experiments were either transcribed with T7 polymerase or were overexpressed
and purified from using a pCWAug vector. tRNAs were then aminoacylated using either
purified, bacterial lysine aminoacyl tRNA synthetase (LysRS) or misacylated using the dFx
flexizyme as described previously [37, 73]. In the case of native tRNANLys, a pUC57 plasmid
containing the E. coli tRNANLysUUU sequence for study was transformed in HB101 cells.
These were then grown, purified, and tRNA de-acylated for use in synthetase and flexizyme
amino-acylation assays, as described previously [26]. All other T7 transcribed tRNAs used in
this study were aminoacylated using their cognate aminoacyl-tRNA synthetase (AsnRS, IleRS,
PheRS, SerRS, and ValRS) and were His-tag purified from E. coli using plasmids available from
AddGene [26]. E. coli tRNANfMet was natively purified from a pCWAug vector and
methionine was formylated and installed on tRNANfMet using MTF and MetRS enzymes,

which were His-tag purified from E. coli using plasmids available from AddGene [26, 74].

2.4.3 Global analysis simulations of amino acid addition

The reactions used to fit and model our data are displayed in SI Fig. 3. The fits used to obtain k1
and k2 were modeled using differential equations in Kaleidagraph. Subsequent rate constants
(k3+) were modeled against simulations using KinTek Explorer. Simulations in KinTek Explorer
were run against different potential mechanisms of ribosome sliding (SI Fig. 3) using data from

quantified peptide formation.

2.4.4 Homopolymeric A sequences in human coding sequences

Homo sapiens genome assembly GRCh37 (hg19 release 75, cds.fa) data was used to identify the
consecutive As in human coding sequences. Consecutive As were counted using in-house R

scripts. Then, we analyzed single nucleotide resolution m6A mapping studies in different tissues
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[45, 46] to find out whether any of these consecutive As have at least one installed m6A

modification. This analysis yielded m6A frequencies that were reported in SI Table 5.
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Chapter 3 Anticodon Stem-Loop --tRNA Modifications Influence Codon Decoding and

Frame Maintenance During Translation?

Work presented in this chapter was submitted for publication in
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3.1 Introduction

Transfer RNAs (tRNAs) are key adaptor molecules in protein synthesis, shuttling amino acids
into the ribosome in an order dictated by the genetic code. The ability of tRNAs to “read” mRNA
blueprints during translation is essential for ensuring that amino acids are linked together in the
correct order to generate functional proteins. One feature that distinguishes tRNAs from other
types of RNA molecules is the large number and variety of post-transcriptional modifications
enzymatically incorporated into their scaffolds. Typically, 10-20% of tRNA nucleobases are
modified, and the chemical diversity of these modifications range broadly in complexity from
methyl additions (e.g. 1-methyladenosine) incorporated by a single enzyme, to entire ring
additions that require multiple enzymes to install (e.g. Wybutosine (yW) is added in a 7-step
enzymatic pathway) [1]. Given the substantial effort that biology makes to incorporate and

maintain modifications in all organisms, it is unsurprising that post-transcriptional modifications

3 The work presented in this chapter was to review what is known about how modifications to the Anti-Codon Stem
Loop (ASL) of tRNAs impact translation rates, fidelity, and frame maintenance. While the referenced work
throughout are the motivation and proof of the role these modifications have in such factors, I was the primary
author and editor for assembling such work in this review. Kristin Koutmou provided writing and editing assistance
after completion of the main body of this work/review.
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play essential roles in tRNA function — affecting their structure, stability, aminoacylation, and

decoding capabilities [2].

The significance of modifications in tRNAs is underscored by wide-spread observations
that alterations in the tRNA modification status can drastically impact protein homeostasis [3],
[4]. This is exemplified during cellular stress, when changes to the overall modification
landscape of tRNAs can have important downstream consequences, including the
reprogramming of tRNAs to control selective translation as well as cell and protein homeostasis
[5], [6]. There is a wealth of rapidly expanding literature supporting notion that the dysregulation
tRNA modifications has deleterious outcomes on cellular and human health [1], [3], [7], [8].
Depletion of tRNA modifications and the enzymes that install them result in a wide range of
pathological consequences, or ‘RNA modopathies’, such as cancer, neurological disorders, and
mitochondrial diseases [9], [10]. In light of their central role in maintaining protein levels, it is
important to understand how tRNA modifications impact protein synthesis at the molecular
level. This is a complicated endeavor given the sheer variety of tRNA modifications reported in
biology (> 90), but a clear picture is beginning to emerge about how a limited subset of
modifications influence translation. While chemically altered nucleosides are incorporated
throughout the tRNA structure (Figure 1A), modifications localized in the anticodon stem loop
(ASL) region (Figure 1B) near the site of mRNA:tRNA interaction are particularly notable
because they often essential for guaranteeing that the translational machinery rapidly and
faithfully decodes mRNA sequences [11]. In this review, we discuss the current state of the
molecular-level knowledge surrounding how tRNA ASL modifications influence codon

recognition, translational fidelity, and ribosome reading frame maintenance.
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3.2 tRNA modifications impact codon decoding during translation

Aminoacylated tRNAs (aa-tRNAs) must faithfully decode messenger RNA (mRNA) codon
sequences to ensure that the ribosome rapidly and accurately synthesizes proteins. For the 61
sense codons, there are over 1000 known tRNA sequences across phylogeny, most of which
share a high level of structural conservation [12]. Despite their shared structures, different
tRNAs and their isoacceptors (tRNAs that encode for the same amino acid but recognize
different codons) recognize between one and four codon sequences. Codon recognition requires
the formation of stable interactions between mRNA nucleobases and the ASL region of tRNAs.
The ability of a given tRNA sequence to interact (or not) with a variety of codons is largely
dictated by the modification status of the tRNA anti-codon stem loop (ASL; as reviewed in

(Figure 1A,B) [13].

The ASL contains the highest density of modifications within tRNA sequences. Over 20
varieties of modifications have been reported within tRNA ASLs (Figure 1), and tRNA positions
32, 34, 37, 38, and 39 are most commonly modified. These modifications typically enhance

stem-
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Figure 3.1 Modifications to the anticodon stem loop of tRNAs impact ability to recognize codons. (4) Cloverleaf
representation of a tRNA, in 5’ to 3’ directionality, with regions highlighted. (B) Isolated Anticodon stem loop from
(A) consisting of nucleotides 26-44 with modifications that impact translation listed. Modifications discussed in this
work are installed at positions 34 (green), 35 (purple), and 37 (vellow) as part of, or just adjacent to, the anticodon
which impact direct codon recognition. Othe modifications are installed as part of, or just adjacent to, the stem loop
and impact ASL stability. (C) Summaries of numbered positions modifications and their general effect to the ASL
and codon recognition. Modifications at position 34 (green) stabilize the NI-N34 codon-anticodon base pair and
often expand degeneracy. Pseudouridine, y, at position 35 (purple) in tRNATyr in eukaryotes allows for UA(A/G)
stop codon suppression. Modifications at position 37 (vellow) serve a dual purpose based on extent of modification
(i.e. t6A37 vs ms2t6A37). These can be broadly summarized as stabilizing and decreasing flexibility of the ASL by
preventing intra-loop H-bond and improving N1-N34 codon-anticodon A-U base pairs via mRNA-tRNA cross-
strand stacking, both of which improve codon recognition. Modifications at the base and adjacent to the stem loop
(blue) improve ASL stability and codon recognition by allowing for additional H-bonding in the stem-loop or ASL,
or by introducing base-stacking elements to reduce flexibility — often being integral in formation of the U-turn motif
in tRNAs which improves decoding. y can be installed at one or more of the following positions in a single: 32, 38,
and/or 39.

loop stability and mRNA recognition, though their identity at each ASL position varies between
organisms and tRNA isoacceptors (Figure 1B) [2], [14], [15]. Positions 34 and 37 tend to have
the most chemically complex modifications on tRNAs (and more broadly within RNA biology).
These modifications are generally important for crucial steps in translation, namely elongation
and termination. The significance of these modifications is underscored by the observation that

some of the enzymes that incorporate them are essential for cell viability — for example, the
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tRNA-specific adenosine deaminase 2 (ADAT2)-ADAT3 complex in humans responsible for
catalyzing the conversion of adenosine to inosine at position 34. [9]. However, while genetic
studies reveal the importance of many ASL modifications to cellular health, our understanding of
precisely how individual modifications assert their function rely on molecular level biochemical
and/or structural investigations. Below we examine how modifications in the ASL impacting
amino acid addition, codon recognition, and mRNA-tRNA interactions, with an emphasis on

their mechanism of action.

3.2.1 Position 34 modifications enhance (and sometimes expand) codon decoding by tRNAs

Position 34 in tRNAs base pairs with the 3rd nucleotide in a codon, and referred to as the
“wobble position”. A wider variety of interactions are permitted between tRNA 34 and the
wobble position, and can include several types of non-Watson—Crick base pairs. While position
34 is not always modified, non-canonical interactions are largely facilitated by tRNA
modifications to all four nucleotides at position 34. Uracil bases at this position commonly
possess the largest, most diverse modifications and tend to be essential for mRNA decoding. For
example, tRNAs are commonly post-transcriptionally modified with xm5 (5-
methylaminomethyl [mnm5] and 5-methylaminomethyl-2-thio [mnm5s2] in bacteria, and 5-
carbamoylmethyl [ncm5], 5-carbamoylmethyl-2-thio [ncmS5s2], 5-methoxycarbonylmethyl
[mcm5], 5S-methoxycarbonylmethyl-2-thio [mcm5s2] in yeast and higher eukaryotes) at the U34
wobble base [16], [17]. This class of modifications is important for association and
accommodation in the A-site of the ribosome, among other elongation events, and loss of U34
modifications results in cellular dysfunction as a consequence of changes in rates of decoding
and altered protein homeostasis [10], [18], [19]. In vitro and cell-based studies of

tRNALys(UUU), tRNAGIn(UUG), and tRNAGIu(UUC) demonstrate that memS5 and s2 at U34
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stabilize binding to mRNA substrates and are indispensable for efficient translation on mRNAs
enriched with AAA, CAA, or GAA codons [19]-[22]. Although presence of mem5, mem5s2, or
ncm5s2 promote the decoding of codons ending in either A or G, the modifications do not appear
to be required (at least in yeast) for U-G wobble decoding for AAG, CAG, and GAG codons as

protein homeostasis is largely unaffected when they are missing [22]-[24].

High resolution NMR and x-ray structural studies support biochemical and cellular
findings that tRNALys(UUU) xm5s2U34 modifications increase the ability of the tRNA to
decode multiple codons. These investigations reveal that in humans tRNALys(UUU) mem5s2 is
able to undergo a tautomerization to form a U-G Watson-Crick like base-pair, and E. coli
tRNALys(UUU) mnm5s2 is similarly capable of adapting a zwitterionic form that allows for
reading of AAG codons [25]-[27]. The s2 modification appears to be particularly important in
tRNALys decoding as it is involved in H-bonding when pairing with G and increases binding
affinity of tRNALys when pairing with A [27]-[29]. In addition, kinetic studies of the translation
pathway indicate that tRNALys(UUU) possessing hypomodified mecm5U34 (lacking s2) have
slower EF-Tu rearrangement and Pi release following GTP hydrolysis (~6-fold), exhibit faster
dissociation between the codon-recognition complex (~5-fold), and increase the rate constant for
tRNALys(UUU) rejection (~3-fold). Additionally, s2-deplete tRNALys(UUU) also modestly
impede translocation of the ribosome when compared to natively mcmS5s2U34 modified
tRNALys(UUU) [29], [30]. Similar work investigating the impact of mnm5s2U34 on E. coli
tRNAGIn(UUG) function discovered through mass spectrometry that the mcmS5 moiety at
position 34 is actually cmnmS5s2U and that the s2 modification in this context also enhances
binding affinity to cognate codons (CAA and CAG) as well as increases the rate of GTP

hydrolysis of EF-Tu during translation (~5-fold) [31]. Furthermore, xm5s2U34 modifications are
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essential in frameshifting/frame maintenance, as we discuss in the subsequent -1 programmed

frame shifting (PRF) focused portion of this review.

Uridine modifications beyond the xm5s2U34 also have similar effects, enhancing weaker
mRNA:tRNA basepairing interactions to allow for expanded codon decoding by a single tRNA
species. Examples include tm5U34, found in mitochondrial E. coli tRNALeu(UUR), and
cmo5U34, one of the most prevalent modifications in tRNA. Mitochondrial E. coli
tRNALeu(UUR) decodes both UUA and UUG codons, and UUG (but not UUA) decoding
strictly requires the tm5U34 modification because it enables the tRNA to form a non-wobble
Watson-Crick like U-G base pair [32]-[34]. cmo5U34 also enables tRNAs to decode a wide
array of codons, as highlighted by the observation that E. coli and S. typhirium tRNA species
possessing cmo5U34 all recognize four codons in their four-fold degenerate codon boxes
(tRNAAla, tRNASer, tRNAThr, tRNAPro, tRNAVal, with tRNALeu having six codon
degeneracy), while those lacking the modification are not [35], [36]. In vitro studies in E. coli
have shown that the cmo5U34 modification of the tRNA1BAla(CGU) allows for efficient
recognition of its cognate codon (GCA) as well as of the non-cognate Ala codon (GCG), with the
U-G pairing treated as an almost-correct base-pair versus a mismatch [28], [37], [38]. NMR
studies further reveal that cmo5 is important for pre-ordering the anticodon stem loop to
promote the binding of E. coli tRNAVal3(UAC) to all four valine codons, further suggesting that

the modification may be important in both stabilizing and expanding codon reading [39].

Other support for wobble position expanding genetic code that does not involve modified
uridine is the 5-formylcytidine (f5C34) modification on mitochondrial human tRNAMet(CAU).
Prokaryotes and eukarytotes tend to have two isoacceptors for tRNAMet(CAU) to distinguish

between AUG initiator and elongator methionine. However, human mitochondria only have a
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single modified isoacceptor to decode AUG, which is not present in cytosolic human
tRNAMet(CAU) [40]. Instead, hmtRNAMet(CAU) has an f5C34 in its ASL which allows for
initiator Met decoding at AUG as well as elongator Met decoding at the universal Ile codon,
AUA, with 80% of elongator Met installed at these Ile codons in mitochondrial tRNA [41]. The
f5C34 hmtRNA is capable of decoding at both P- and A-sites of the ribosome through
prototropic tautomerization, allowing for a Watson-Crick f5C-A base-pair as well as proper ASL
U-turn formation for A-site binding on AUA codons [42]. Interestingly, cytidine at position 34 is
also found to be modified with lysidine (k2C34) on tRNA2Ile(CAU) in E. coli which seemingly
functions in the opposite manner of f5C34, enhancing decoding AUA and restricting AUG
decoding [43], [44]. The k2C34, in conjunction with a t6A37, facilitate base stacking and
stability of the ASL, which shift codon recognition from AUG to AUA for decoding [43], [45].
Comparing the effects wobble f5C and k2C have in expanding or restricting codon recognition
highlights the unique role tRNA ASL modifications have in adapting to evolution of genetic

code.

Inosine, formed by the deamination of adenosine, was the first modification discovered
within the anticodon and allows for expanded degeneracy by reading A, U, and C, serving as
another wobble nucleobase when at position 34 of tRNAs [46]. While it is widely considered a
standard Crick nucleotide, inosine has only been reported in two E. coli tRNAs
(tRNA1Arg(ACG) and tRNA2Arg(ACQG)), and 8 cytosolic eukaryotic tRNAs [1], [47], [48].
When harboring just a single 134 modification both E. coli tRNAArg(ACGQG) isoacceptors in are
able to decode all three synonymous codons for arginine (CGU, CGA, and CGG), whereas the
unmodified versions can only bind CGU [49]. Notably, tRNA1,2Arg(AGC) possess additional

modifications, s2C32 and m2A37, within their ASL which that drive them to prefer either CGU
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or CGC binding but drastically reducing CGA decoding [13], [49], [50]. The combinatorial
effect of modifications may explain codon bias against CGA in mRNAs as well as begin to
highlight the interplay that tRNA modifications have in evolution of genetic code degeneracy
[51], [52]. When combined, such structural and biochemical studies suggest that modifications,
especially those at U34, are imperative in proper ASL formation and accurate decoding of

mRNA (Figure 1C).

3.2.2 Position 37 modifications form hydrogen bonding interactions that promote base-

stacking to stabilize codon-anticodon interactions

Nucleotides at position 37 of tRNAs are adjacent to the 3’ of the anticodon, and not directly
involved in making mRNA:tRNA hydrogen bonding interactions (Figure 1). Nonetheless, these
nucleotides, which are universally purines, are often modified and can modulate ASL structure to
stabilize codon-anticodon interactions. N6-threonylcarbamoyladenosine (t6A) is among
modifications most commonly found on A37 of tRNAs decoding ANN codons in all domains of
life. t6A promotes efficient tRNA binding and decoding of codons in the ribosome A site, as well
as helps to maintain both efficient translocation and frame maintenance [53], [54]. This is
accomplished through a network of intra-ASL hydrogen bonding interactions that promote base-
stacking to promote tRNA:mRNA associations [2], [55]. tb6A modification can be found alone or
in conjunction with additional chemical moieties, as is the case in the human tRNA3Lys(UUU),
which contains an ms2 group to generate ms2t6A37 [56]. In either state (t6A or ms2t6A), this
modification stabilizes the A-U base pair formed between the mRNA and tRNA (Al — U36 or
Ul — A36) in the A-site by stacking over this codon-anticodon base-pair, with the stacking then
propagating up the 3’ side of the ASL necessary to form initial cross-strand stack to increase

ASL flexibility, though it should be noted that mnm5s2U34 (or mecmS5s2 in eukaryotes) must also
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be present for proper decoding of AAA or AAG codons as binding is weaker with the UUU
anticodon when either modification is absent [25], [57], [58]. The ms2 modification is not
present on all t6A37 modifications in tRNAs, however it appears to improve decoding of AAG
by tRNA3Lys(UUU) through dehydration of the ASL as well as the codon-anticodon interaction
when it is installed [27], [59], [60]. In E. coli and yeast, t6A37 can also be further cyclized to an
oxazolone ring (ctbA37) that enhances decoding efficiency by generating an additional H-bond
with an Al codon nucleotide in addition to the stacking effect the modification provides [61],
[62]. Interestingly, t6A has been found to be universal and essential in many bacteria and
eukaryotes but the enzyme orthologs responsible for the modification function in distinct
complexes and it is unclear how cellular environments have involved to maintain the

modification [58], [63].

Isopentyladenosine (i6A) and its ms2i6A counterpart are also frequently found on A37 of
tRNAs. Much like t6A, i6A modifications act to stabilize Ul - A36 base pairing when decoding
UNN codons [64]. Lack of (ms2)i6bA in E. coli tRNAPhe(GAA), tRNALeu(UUR)
tRNACys(GCA) and tRNATyr(QUA) decreases the recognition efficiency of cognate tRNAs for
their codons [65]-[68]. In eukaryotes (ms2)i6A37 modification appears to ensure both accurate
decoding in manners detailed above, as well as efficiency of suppressor tRNAs on the UGA stop
codon [69], [70]. Whether (ms2)t6A or (ms2)i6A are installed on A37, the modifications are
important in maintain ASL structure by preventing H-bonding between U33 and A37 in addition
to stabilizing their adjacent A-U Watson-Crick base pair of the codon’s first position [2]. The
other purine, guanosine, is frequently modified to wyosine (imG) and its derivatives at position
37 in tRNAs (e.g. tRNAPhe(GAA)) and is important for proper decoding and maintaining

mRNA-tRNA interactions in the both the P- and A-sites of the ribosome (Konevega et al., 2006;
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Soboleva et al., 2003). The complex modification enhances base stacking with adjacent bases to
prevent flexibility in the ASL, further supporting the role that modification to purines at position
37 in tRNAs have in the pre-structuring and decoding capability of the ASL (Figure 1C) [73],

[74].

3.2.3 Modifications at further positions within the ASL make diverse contributions to tRNA

maturation and function

Many modifications within tRNA ASLs act synergistically to impact decoding, such as s2C32
and 134 of tRNA(ACG) discussed above, or have been found to affect protein homeostasis (as
reviewed in Lateef et al., 2022). Additionally, many modifications in this region of tRNA are
responsible for directing efficient installation of other ASL modifications. As is the case for
yeast tRNASer in which i16A37 appears as a pre- or co-requisite of successful m3C32
modification [76]-[78]. Direct structural and biochemical investigations of other ASL
modifications in translation remain limited, though interest in these modifications is receiving
growing attention. Currently, pseudouridine (y), an isomer of uridine, is among the most well
studied modifications with the ASL region of tRNAs. It can be incorporated throughout the ASL,
but regardless of its location y appears to be important for pre-structuring the ASL and to
enhance tRNA decoding. For example, y modifications are frequently incorporated on E. coli
and eukaryotic tRNAs at U32, U38 and U39 of tRNAs and are involved in proper intra-ASL
base-pairing and structuring of the stem-loop (Figure 1C) [79], [80]. On E. coli tRNAPhe(GAA),
y39 base-pairs with A31 and allows for strengthening of the stem-loop while y32 forms a
bifurcated H-bond with A38 which promotes the U-turn motif and open-loop structure required
for efficient decoding of the ribosomal A-site [27], [81]-[83]. More directly involved in codon

recognition, the U35y substitution in tRNATyr(GyA) from multiple various organisms appears
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to be indispensable for both UAA and UAG stop codon suppression. Strikingly, this
modification does not impact normal UAU and UAC decoding by tRNATyr(GUA), suggesting
that the U35y modification is important for genetic code expansion — a similar situation
observed for a tRNAAsn(GyU) capable of decoding a near cognate lysine codon (AAA) while
not affecting normal asparagine decoding (AAC/U) (Figure 1C) [69], [84]. While clear that y
throughout the ASL are important for structure and codon recognition, continuing mechanistic
studies of other modifications is important to understand the role that the stem-loop and

modification cross-talk have in altering tRNA decoding.

3.3 tRNA Modifications in frame maintenance

Since codons of mRNA are comprised of 3 nucleotides, there are inherently 3 potential
translation reading frames the ribosome can decode. As such, it is important to understand how
the ribosome chooses and the maintains proper reading frame during elongation to ensure the
correct gene-encoded protein. While this is generally the case, altering frameshifting can be
situationally advantageous as is the case of many viruses which use programmed shifts to move
into different reading frames in order to recognize alternative start sites and bypass or recode
termination sites [85] (Figure 2A). mRNA:tRNA interactions are integral to maintain proper
frame, and it stands to reason that tRNA ASL modifications affect decoding, but also the ability

of frameshift.

3.3.1 ASL modifications can alternatively promote and limit -1 frameshifting events

Programmed ribosomal frameshifting (PRF) into the -1 frame requires mRNA elements to
improve frequency of frameshift compared to spontaneous ribosome slippage (once in every

104-105 codons) [86], [87]. These elements often include a 5’-Shine Dalgarno sequence (in
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bacterial systems) and a 3’- mRNA structural element such as a hairpin or pseudoknot, that
position and pause the ribosome over a ‘slippery’ heptanucleotide sequence: X XXY YYZ (in
which XXX and YYY are triplets of the same nucleotide, but different codons) [88], [89]. The
efficiency of any given -1 PRF in cells often depends on the availability of cognate tRNAs and,
sometimes, the nutrient levels of cells [90]. The site of -1 PRF occurs when the ribosome has the
Y(YY/Z) split-box codon positioned in the A-site and the anticodon of the aa-tRNA dissociating
before recognizing the new -1 frame [91], [92]. The ability of the aa-tRNA to dissociate from
YYZ and instead decode the -1 frame, YYY, can be influenced by the modification state of the

tRNA’s anti-codon ASL at positions 34 and 37 (Table 1, Figure 2A). tRNAs involved in these -1
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Figure 3.2 Modifications at position 34 and 37 are important in directing -1 and +1 frameshifis (4) Isolated
anticodon stem loop which with nucleobase modifications involved in enhancing or suppressing frameshifting when
installed at positions 34 or 37. Colored sections of nucleobases and their abbreviations indicate that various levels
of complexity of that modification are involved in directing frameshifting events. (i.e. (¢)mnm5s2U34 has three
possible modification states which impart frameshifiing — green: cmnm5s2U34, red: mnm5s2U34, blue: mnm5U34
—as shown in (B). (B) Modifications at position 34 or 37 which enhance or suppress frameshift.

events are commonly post-transcriptionally modified at the U34 wobble base with xm5 (mnm5,

mnm5s2 in bacteria, and ncm5, ncm5s2, mecm5, mecmSs2 in yeast and higher eukaryotes) [16],
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[17]. In bacteria, loss of the either the mnm5 or s2 modification on U34 of tRNALys(UUU)
impedes -1 frameshifting by the ribosome on the AAA/G split codon box, because the
hypomodified state has increased affinity for U-G binding for the A-site tRNA, limiting potential
dissociation and recoding (Figure 2B) [93]-[95]. However, when looking at individual lysine
codon-anticodon interactions, tRNALys with mnmS5s2 forms a unique zwitterionic U-G base pair
that is comparable to the U-A pairing when allowed opportunity to change ‘shape’ of the wobble
[26]. This highlights an interplay between U34 modification state and mRNA context as the
modifications shift the tRNALys to preferentially form U-A instead of U-G pairings although a
single isoacceptor is used to decode both AAA and AAG codons [25]. It may also help to
rationalize why many eukaryotes possess two distinct isoacceptors for lysine codons
(tRNALys(UUU) and tRNALys(UUC)), because in order to (limit such frameshifting events /
more finely control fidelity) [96]. mem5s2 U34 is found in other split-box codon tRNAs (e.g.
tRNAArg(UCU), tRNAGIn(UUG), and tRNAGIu(UUC)) and has the potential to influence
fidelity and frameshifting. Indeed, tRNAGIu(UUC) has been found to also have -1 frameshifting
in S. cerevisiae strains lacking Trm9, which is responsible for the formation of mecm5U (Figure

2B) [97]-99].

While some modifications are enhance -1 PRF, there are others that exhibit the opposite
effect. In particular, there is class of guanosine modifications at positions 34 and 37 of some
tRNAs reported to prevent or suppress potential frameshifting (Figure 2B). Wybutosine (yW)
and its derivatives incrementally reduce -1 PRF when installed at position 37 in tRNAPhe,
depending on the stage of modification (m1G > imG > yW) [100]-[102]. Queuosine (Q) shows a
similar effect when installed on position 34 of the “shifty” tRNAAsn, although it seems

compounded with distal alterations to tRNA sequence as well. Queuosine has been observed to
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Table 3.1 Summary of tRNA modifications in the anticodon stem loop of tRNAs and their impact on translation

ASL Position  Modification Enzyme(s) Reported roles in Frame Maintenance and/or Translation Refs
s 552, TteA? Prevents 134 wobble with adenosine and limits CGA decoding of tRNAArg) 1190 [49]. [30]
12
W RiuA?; Pusdp® H-bonding and U-turn formation for ASL stability and improved decoding [79], [121]
nem’U Elp complex” -— [16], [17], [23]
5 Promote decoding of NNA and -
U El lex®, Trm0® — £ 161, [17], [23], [98], [99
mem’ p complex”, Trm NNG codons ; [ M.mﬁ W.u [ W,H_.ﬁ W,mﬁ 1
mem’s? Elp complex®, Trm9®, Nea2-6° Increases rates of association and translocation [ m_w ﬁ __,v__mﬁ _mmm I
) Suppress -1 frameshifting at 98], [122], [123]
mnm”TJ mnmE? -— split-box codons ; [25]-[27]. [93]. [94]
mnm?s1U mnmA? mnmE? i [27].[93], [94]. [124]
‘n Increases rate of GTP hydrolysis of EF-Tu Suppress +1 frameshifting ~
cmam?sUJ mnmA?, mamE-G? [31], [123]
34 —— YT
: . . Expands codon degeneracy - pairing with NN(U/A/C/G) ; Pre-orders ASL ; enhances +1 X
k] 1% . b _
cmo’lJ CmoA?” ; CmoB frameshifting (in absence of m'G) [36]-[38]. [113]
U Mtolt? Improves decoding of UUA and UUG codons [34], [126]
I TadA? ; Tad2,3" Expands codon degeneracy - pairing with NNU, NNA, and NNG codons [47]. [48]
fC hm{RNAL Allows hntBRNAMECAD 0 decode AUG (Met) and AUA (Ile) [41], [42]
5 . Restricts AUG (Met) decoding of tRNATle(CAT) in bacteria ; Enhances base-stacking
a 2
kT TS to stabilize ASL (3]
Q Tgt?; Qtrtl 2° Suppresses -1 frameshifting [103], [104], [127]
33 W Pus7® Allows tRNATyr!®4 to function as a UAA/UAG nonsense suppressor [69]. [84]
tfA TsaC? TzaD?; Tesl-70 Suppresses -1 frameshifting on (AAA)D codons [63], [103], [124]
etfa TsaC? TzaD?, TedAl; Tedl, 2 — [61]. [62]
mstA TsaC?, TsaD?, TrmO? ; Cdkal Improves decoding of AAG ; stabilizes ASL Stabilize A-U'base pair between | 177 50 [60], [128]
N1 of codon and N34 of
ifA MiaA? MizB? ; Mod3p® anticodon [63], [67]. [691. [70]
37 mstifA MiaA?, MiaB? Enhance decoding of cognate codons [68], [129]
meiols MiaA? MiaB?, MiaE® [120]
m!G TrmD? ; Trm3® Suppresses +1 frameshifting ; stabilizes ASL [100]-[102], [1186]
imG Trm3?, Tywi® Enhance codon recogaition 3 Suppress -1 frameshifting (1007, [102], [130]
u._m..-.___. .H__Hn_.ud" ..—..._WqS..“_.nb.n Enhance .Fu.mmnmﬁm.n“_n_.hm to stabilize ASL _”“_._Q_”_”_ _”.Tmm”_ —._.mﬁ_”_
33 W TruA?; Degl® Increases ASL stability and improves decoding (807, [131]
10 v TruA?; Dest? H-bonding with position 3] and stem-loop formation for ASL stability and improved [0, [124], [131]

decoding

2 - Enown enzyme(s) for installation of modification in Ercherichia coli
b - Enown enzyme(s) for mstallation of modification in Saccharomyces Cerevisize

¢ - Enzyme(z) for mstallation in eukaryotes
d - Modifications that have been chemically synthesized

* - Enzyme is part of a pathway for installation
that has not been fully elucidated

T - Currently unkmown what enzymes are
imvabred in installation of modification .
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repress -1 PRF in eukaryotic retroviruses when present, and enhance -1 PRF, as observed in
yeast, when the modification is absent from the tRNAAsn. [103], [104]. The adenosine
modification t6A on position 37 of tRNALYys has also been reported to suppress -1 PRF in S.
cerevisiae, specifically in the case of tandem AAA codons [105]. Compared to other tRNALys
modifications (as discussed above) which increase -1 PRF, this showcases interplay of
modifications across the tRNA’s ASL, and likely across its entire sequence. This is further
highlighted when comparing frame maintenance of tRNALys on tandem AAAs in vitro when E.
coli tRNALYys lacks all modifications, as -1 frameshifting (among -2 and +1 frameshifts as well)

is much greater compared to natively modified tRNALys [106].

3.3.2 ASL modifications generally suppress +1 frameshifting events

Alterations to mRNA sequence and secondary structure are not the only way that organisms
accomplish the programmed expansion of their genetic code. Bacteria provide a prime example
using +1 frameshift suppressor tRNAs for recoding, in which the ribosome recognizes a codon
with ‘four nucleotides’ as a result of the tRNA recognizing four instead of three nucleotides
[107], [108]. Typically, these +1 frameshift tRNAs have an additional nucleotide inserted into
their ASL which allows for the hypothesized quadruplet-pairing model to restore proper
translation product from genes which have had single-nucleotide insertion or deletion mutations.
Classic examples of +1 frameshift suppressors include tRNASufD, a derivative of
tRNAGIy(GGC), and tRNASufA6 , a derivative of tRNAPro(GGG), in Salmonella which
themselves have a mutation insertion in their ASL adjacent to position 37: C and G, respectively
[109], [110]. While such suppressors were originally thought to decode 4 nucleotide codons,
biochemical and structural studies revealed that the frameshift suppressor tRNA is still

recognizing a 3 nucleotide codon, but in a different frame [111], [112]. Interestingly, the
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frameshift tRNAPro(GGG) and the tRNASufA6 mutant are dependent on a m1G modification —
at position 37 or 37.5, respectively — with the m1G programmed in position 37 of tRNAPro
isoacceptors across all three domains of life [1], [100]. Lack of this m1G modification at this site
result in increased +1 frameshifts which can be a consequence of destabilization of a A-U base-
pair in the ASL (as is the case with tRNAPro(CGG@G)), expanded codon recognition from the
wobble position in frameshift prone tRNAs (seen in tRNA(UGG)), or weakened mRNA-tRNA
base-pairing (tRNAPro(GGG) has the most modest effect with only up to ~50% frameshift
efficiency) [113]-[117]. While it is clear that the m1G modification is essential to allow for
proper +1 frameshift suppression it is of interest to note the presence of the cmo5U34
modification on tRNAPro(UGG) which actually promotes +1 and +2 frameshift in the absence of
m1G37 [113]. This example highlights the interplay of cross-tRNA modifications in expanding
codon recognition (cmo5U34 allows tRNAPro(UGG) to recognize all 4 proline encoding

codons) while guaranteeing proper frame maintenance.

Unlike -1 PRF, which can have enhanced or suppressed frameshift with modified tRNA
nucleotides, almost all +1 PRF events are suppressed by tRNA modifications on the ASL (Figure
2B). Lack of modifications to positions 34 and 37 result in increased frameshifting in a wide
range of tRNAs beyond the classic tRNAPro detailed above, showcasing that nucleotide
modification has much broader impact than just the incorporation of proline. As discussed with -
1 PRF, xm5 modifications presence are important for tRNAs to maintain proper frame and the
same is observed regarding +1 frameshifting events. Loss of either mem5 or s2 at U34 in yeast
tRNA  (tRNALys(UUU), tRNAArg(UCU), tRNAGIly(UCC), tRNAGIu(UUC)), or
(c)mnm5s2U34 in prokaryotes, leads to an increase in +1 frameshifting events [115], [118],

[119]. Loss of other modifications at position 34 of tRNA frameshift suppressors, such as the
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hypermodified guanosine modification queuosine in tRNATyr(GUA), are also shown to increase
+1 frameshift[120]. As position 34 is known to impact decoding capabilities of tRNA, it can be
rationalized that modifications at this position may also be involved in maintaining proper frame
on an mRNA. Similarly, position 37 reflects its importance in codon recognition as
modifications at position 37 of tRNA anticodons also result in increased +1 frameshift, as is the
case of ms2i0637 of tRNAPhe(GAA) or tRNA(GUA) in E. coli, t6A37 in bulk yeast tRNA, and
(c)t6bA in yeast tRNALys(UUU) [105], [132], [133]. It is important to note that many of the
modifications effecting +1 frameshifting are generally not involved in effecting -1 frameshifting,
despite being observed on some of the same isoacceptors [134]. When compared alongside
structure and dynamic studies that highlight difficulty of the ribosome to adopt canonical
interactions with mRNA-tRNA on frameshift elements, it can be reasoned that modifications to
tRNA are essential to disrupting the ribosome from more readily losing frame [91], [116], [135],

[136].

3.4 Conclusion

It is evident that tRNA modifications are important, and often essential, in maintaining
translation efficiency and fidelity across all domains of life. However, understanding the
discrete, molecular level roles many tRNA modifications have to improve codon recognition is
still underdeveloped at this point in time, though rapidly growing. The potential diversity that
modifications allow tRNA in decoding and recoding is tremendous, especially since presence of
modifications can influence intra- and intercellular signaling or further modification [77], [137].
Despite this potential diversity, it is interesting to observe the persistence of many modifications

across all domains of life. Understanding how such modifications work on a molecular level may

85



begin to provide insight into the evolution of gene expression as a consequence of RNA

modification state.
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4.1 Introduction

Post-transcriptional modifications to RNA molecules can change their structure, localization,
stability, and function [1], [2]. To date, over 150 different nucleoside chemical modifications

have been identified within non-coding RNAs (ncRNA), and many are important, or even
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- Joshua Jones was responsible for developing the LC-MS/MS pipeline as well as mRNA purification methods. He
was also involved in the assay development for the modification enzymes studies conducted. Finally, he served as
the primary author and editor.

- Monika Franco performed translation studies for mRNAs containing m°U, assisted with in vitro translation system
utilization, and served as a secondary author and editor.
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enzyme knockout strains as well as for RNA purification, extraction, and preparation prior and during to
characterization and LC-MS/MS steps.
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essential, for a myriad of cellular processes [1], [3]. The significance of RNA modifications to
cellular health is underscored by decades of observations implicating the mis-regulation of
ncRNA modifying enzymes in cancer and other diseases [4]-[9]. Recent advances in next
generation RNA sequencing (RNA-seq) [10]-[19] and liquid chromatography coupled to tandem
mass spectrometry (LC-MS/MS) technologies [20]-[24] enabled the detection of chemical
modifications in protein encoding messenger RNAs (mRNA). Over 15 mRNA modifications
have been reported, including N6-methyladensoine (m°A), inosine (I), N7-methylguanosine
(m’G), and pseudouridine (V) [1], [12], [13], [22], [25]-[28]. There are >10-fold more types of
modifications reported in ncRNA than in mRNA, raising the possibility that the diversity of

mRNA modifications has not yet been revealed.

While the biological significance of ncRNA modifications has been extensively studied, the
consequences of mRNA modifications on gene expression are just beginning to be explored.
Modified nucleosides resulting from RNA damage (e.g. oxidation, alkylation, or UV) commonly
perturb protein synthesis and can trigger RNA degradation pathways [29], [30]. Despite typically
being present at lower levels than their enzymatically incorporated counterparts [31], there is
evidence that oxidized mRNAs can accumulate in neurodegenerative diseases [31]-[33]. The
most abundant and well-studied modification added by enzymes into mRNA coding regions,
mo6A, has been implicated as a key modulator of multiple facets of the mRNA lifecycle including
nuclear expor t[34]-[36], mRNA stability [37]-[39], and translational efficiency [19], [38], [40]—
[43]. Given these potential contributions to mRNA function, it is unsurprising that the mis-
regulation of mo6A is linked to a host of diseases such as endometrial cancer [44] and type 2
diabetes [45]. While initial studies of m6A provide an example of the biological impact mRNA

modifications can have, most other mRNA modifications have been minimally investigated. The
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development of additional sensitive and quantitative techniques to comprehensively evaluate the
mRNA modification landscape will be essential to direct future investigations that characterize

the molecular level consequence of emerging mRNA modifications.

LC-MS/MS has been a powerful approach to characterize chemical modifications of all three
major classes of biomolecules central to protein synthesis (DNA, RNA, and protein). In
particular, the sensitivity and specificity of LC-MS/MS methodologies have enabled the
identification and extensive characterization of post-translational protein modifications [46].
While post-transcriptional modifications of ncRNA have been studied for decades using 2D thin
layer chromatography [47] and LC coupled to ultraviolet detection [48], [49], recent
developments in LC-MS/MS analyses provided some of the first insight into RNA modification
abundance and dynamics under cellular stress [S0]-[56]. Such methods can broadly detect and
provide absolute quantification of modifications in any purified RNA sample [25]. These
features have made LC-MS/MS an attractive technology to adopt for mRNA modification
discovery. Currently, published methods can assay up to 40 ribonucleosides in a single analysis
and use calibration curves from standards to enable quantification with high accuracy and
selectivity [20]. However, despite these advantages and the proven utility of LC-MS/MS
methodologies for investigating ncRNA modifications, LC-MS/MS has yet to be widely used to
study mRNA modifications unlike the comprehensive characterization of post-translational

protein modifications by LC-MS/MS technologies over the past few decades.

Here, we identify two factors that have impeded application of LC-MS/MS to mRNA
modification analysis: the quantity of mRNA required for current LC-MS/MS sensitivities, and
the difficulty to obtain highly pure mRNA. We integrated an improved chromatographic

approach with an enhanced mRNA purification and validation process to overcome these
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limitations and develop a robust workflow for mRNA modification characterization. Our method
is capable of quantifying 50 ribonucleoside variants in a single analysis. Analysis of purified S.
cerevisiae mRNA samples reveals that 1-methylguanosine (m1G), N2-methylguanosine (m2G),
N2, N2-dimethylguanosine (m22G), and 5-methyluridine (m5U) are likely incorporated into
mRNAs both enzymatically (Trm10, Trm11, Trm1, and Trm2) and non-enzymatically. We also
use a fully purified in vitro translation system to demonstrate that the inclusion of these
methylated nucleosides into mRNA codons can slow amino acid addition by the ribosome.
Together, our findings advance available chromatography and mRNA purification and validation
methods to enhance the high-confidence and high-throughput detection of modified nucleosides
by LC-MS/MS and support a growing body of evidence that the inclusion of mRNA

modifications commonly alters the peptide elongation during protein synthesis.

4.2 Results

4.2.1 Development of highly sensitive LC-MS/MS method for simultaneously quantifying 50

ribonucleosides

RNA-seq based technologies capable of identifying the location of RNA modifications have
revealed that modified nucleosides can be found in thousands of mRNAs [57]. These powerful
methodologies have enabled the widespread study of mRNA modifications, but are
computationally laborious, not generally quantitative, and typically detect a single modification
at a time. In contrast, LC-MS/MS analyses rapidly and quantitatively identify the presence of
RNA modifications but cannot report on where they exist throughout the transcriptome[25].
Therefore, the integration of orthogonal LC-MS/MS and RNA-seq based methodologies is

required to develop robust platforms for detecting mRNA modifications [57]-[66]. However, the
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application of LC-MS/MS for nucleoside discovery has been limited by lingering questions
regarding mRNA purity, as many reports do not present the comprehensive quality controls
necessary for confident mRNA modification analysis. Indeed, a few reported mRNA
modifications have not yet been mapped to discrete mRNAs in the transcriptome by RNA-seq
based methodologies (e.g., m1G), likely due to their low abundance and/or possible non-specific
incorporation. While there is evidence that the insertion of some mRNA modifications are
programmed, suggesting a biological function, other modifications are likely added in a less
specific manner (e.g., RNA damage, off target modification by ncRNA enzymes). Modifications
incorporated at lower levels are unlikely to be detected by sequencing-based methods, but can
have consequences for cellular health, as illustrated by links between RNA-damage and disease.
Therefore, regardless of why a modification is present, it is still essential for us to fully elucidate
the mRNA modification landscape and interrogate how these modifications affect cellular

function.

Ribonucleosides are most commonly separated using reversed phase chromatography and
quantified using multiple reaction monitoring (MRM) on a triple quadrupole mass spectrometer
[20], [50], [52], [67], [68]. These methods have reported limits of detection (LODs) down to ~60
attomole for select ribonucleosides using standard mixtures with canonical and modified
nucleosides at equal concentrations[50]. However, the abundance of unmodified and modified
nucleosides in RNAs are not equivalent in cells, with canonical bases existing in 20- to 10,000-
fold higher concentrations than RNA modifications (Figure 1A). In currently available
chromatography methods, modified nucleosides (e.g., m5U, m1G, m1[], and s2U) commonly
coelute with canonical nucleosides, reducing the detectability of some modified bases [50], [52],

[53]. Coelution limits the utility of available LC-MS/MS methods because it results in ion
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suppression of modified nucleoside signals, with abundant canonical nucleosides outcompeting
modified nucleosides for electrospray droplet surface charge. Additionally, this phenomenon
makes calibration curves non-linear and worsens the quantifiability of modifications at
concentrations necessary for mRNA modification analyses. Recent efforts have been made to
derivatize ribonucleosides prior to LC-MS/MS analysis to increase sensitivity and retention on
reversed-phase chromatography [21], [69]-[71]. The analogous benzoyl chloride derivatization
of neurochemicals has previously been an important separation strategy for many neurochemical
monitoring applications [72], [73]. However, labeling strategies are unlikely to prove as useful

for
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Figure 4.1 LC-MS/MS method development to quantify 50 ribonucleosides in a single analysis. A) Extracted ion
chromatogram for the 30 ribonucleosides (4 canonical bases and 26 naturally occurring modifications) detected in
a S. cerevisiae total RNA digestion displaying that the canonical bases exist at much larger levels than the
ribonucleoside modifications. B) LC-MS/MS signal percent improvement using 1 mm chromatography at 100
uL/min compared to 2 mm chromatography at 400 uL/min. C) Extracted ion chromatogram for 50 ribonucleoside
standards (4 canonical bases, 45 naturally occurring modifications, and 1 non-natural modifications). The
concentrations of each ribonucleoside standards within the standard mix and their corresponding peak numbers are
displayed in Supplemental Table S2. For the chromatograms, each color peak represents a separate ribonucleoside
in the method, and the colors are coordinated between panel A and C.3

investigating mRNA modifications because derivatizing agents are typically nucleobase specific,
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limiting the ability of LC/MS-MS assays to be multiplexed [21], [69], [70]. Furthermore,
labeling increases the amount of mRNA sample required due to additional sample preparation
steps following derivatization. This is an important consideration given that mRNAs represent
only ~1-2% of the total RNAs in a cell, and it is already challenging to purify sufficient
quantities of mRNA for LC-MS/MS analysis. We addressed these limitations by first improving
upon existing chromatography techniques. Current methods typically utilize 2 mm internal
diameter (I.D.) columns that require higher flow rates (300 to 400 pL/min), which worsens
ionization efficiencies than smaller [.D. chromatography with lower flow rates. We utilized a 1
mm [.D. column with flow rates at 100 pL/min to lessen these effects. In principle, even smaller
bore columns (i.e., “nano-LC”), which are commonly used in in proteomics [74], could be used.
Indeed, some studies have shown their effectiveness for nucleosides [75], [76]; however, smaller
bore columns can suffer from robustness issues in some conditions. Also, low binding capacity
of more polar nucleosides results in poor peak shapes in nano-LC because of relatively large
injection volumes. Another limitation has been the stationary phases used, where porous
graphitic carbon columns yield poor chromatographic performance for some ribonucleosides
(e.g., methylated guanosine modifications) and many C18 phases have low binding capacity for
some ribonucleosides (e.g., cytidine and pseudouridine) making them difficult to retain. We used
a polar endcapped C18 column to provide more retention and good performance for all
nucleosides. We also used mobile phase buffers which have previously been shown to provide
high ESI-MS sensitivity for modified ribonucleosides [50]. These alterations combined increased
the sensitivity of the assay by 50 to 250% for all nucleosides tested compared to standard 2 mm
I.D. chromatography at 400 uL/min (Figure 1B) while maintaining adequate ribonucleoside

binding capacity for early eluting ribonucleosides. We also altered the chromatographic
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conditions including increased temperature (35°C vs 25°C) and modified mobile phase gradients
to prevent coelution of the highly abundant canonical nucleosides with the modified nucleosides.
Notably, in contrast to most available methods, m5U, m1G, m1[] do not coelute with unmodified
nucleosides in our method (Figure 1C). This improved separation greatly reduced ionization
suppression of these nucleosides. Together, these advancements led to a wider linear dynamic
range than previous reports with over four orders of magnitude for most modifications and LODs
down to 3 amol (0.6 pM) using a single internal standard and no derivatization steps. Our method
represents at least a 10-fold improvement over previous ultrahigh-performance LC (UHPLC) and
nano-LC analyses for most modifications analyzed (Supplemental Table S1 and Supplemental
Figures S1 through S4). Therefore, the method described here provides a linear dynamic range
and LODs capable of analyzing both highly modified ncRNA in addition to the less modified
mRNA without large sample requirements. To perform an in-depth RNA modification analysis,
approximately 50 to 200 ng of total RNA or mRNA is required per replicate which is achievable
using standard eukaryotic and bacterial cell culture techniques. Overall, this assay can quantify
the 4 canonical nucleosides, 45 naturally occurring modified nucleosides, and 1 non-natural
modified nucleoside (internal control) (Figure 1C, Supplemental Table S2). This work
ameliorates current quantitative ribonucleoside LC-MS/MS methodologies by improving
chromatographic conditions and characterizing quantifiability at nucleoside concentrations
representative of typical RNA digest samples to enable higher confidence total RNA and mRNA

modification analyses.

4.2.2 Three-stage mRNA purification and validation pipeline provides highly pure S.

cerevisiae mRNA
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Total RNA is mainly comprised of the highly modified transfer RNA (tRNA) and ribosomal
RNA (rRNA) with a small percentage of mRNA. Unlike RNA-seq, LC-MS/MS assays are
unable to distinguish between modifications arising from ncRNA or mRNA. In total RNA
digestions, mRNA modifications typically exist at least 100X lower concentrations than in the
corresponding total RNA samples [20]. Thus, even low-level contamination of tRNA and rRNA
in purified mRNA samples can lead to inaccurate quantifications as well as false mRNA
modifications discoveries. Most of the published mRNA purification pipelines use a combination
of poly(A) enrichment and rRNA depletion steps to obtain mRNA [10], [12], [20], [22], [24],
[77], [78]. However, previously this was found to be insufficient for removing all signal from
contaminating ncRNA modifications during LC-MS/MS analyses, especially from contaminating
tRNA [20], [79]. The inability to obtain convincingly pure mRNA samples has long limited the
utility of LC-MS/MS for studying these molecules. Recently, small RNA depletion steps have
begun to be incorporated into mRNA purification pipelines to remove residual tRNA
contamination[80]; however, the highest efficiency purifications typically require expensive
instrumentation and materials (liquid chromatograph and size exclusion column) [23] or
expertise in RNA gel purification [21]. Despite these improvements, most reports do not provide
adequate mRNA purity quality control to confirm removal of ncRNA for confident mRNA
modification analyses. In order to apply our LC-MS/MS assay to studying mRNAs, we
developed and implemented a three-stage purification pipeline comprised of a small RNA
depletion step, two consecutive poly(A) enrichment steps, and ribosomal RNA depletion to
selectively deplete the small ncRNA (e.g., tRNA and 5S rRNA) in addition to the 18S rRNA and

28S rRNA using fully commercial kits (Figure 2).
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Additionally, we performed extensive quality control on our mRNA samples prior to LC-MS/MS
analysis — assessing the purity of our mRNA following the three-stage purification pipeline using
chip electrophoresis (Bioanalyzer), RNA-seq, and qRT-PCR. The highly purified mRNA
contained no detectable tRNA and rRNA peaks based on our Bioanalyzer electropherograms

(Figure 3A).
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Figure 4.2 Three-stage mRNA purification pipeline. Total RNA from S. cerevisiae is purified to mRNA using a
three-stage purification pipeline: 1. Small RNA (e.g., tRNA and 55 rRNA) is depleted; 2. mRNA is enriched from the
small RNA depleted fraction through two consecutive poly(A) enrichment steps,; 3. Remaining rRNA is depleted to
result in highly purified mRNA. The displayed percent removed is the additive percent of total RNA removed
throughout the three-stage purification pipeline.

The Bioanalyzer RNA 6000 pico assay provides an LOD of 25 pg/ul for a single RNA [81];

thus, the maximum theoretical tRNA or rRNA contamination would be 0.8% if it was just below
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our detection limit (3000 pg/uL sample analyzed). Similarly, RNA-seq indicated the mRNA is
enriched from 4.1% in our total RNA to to 99.8% purified mRNA samples (Figure 3B,
Supplemental Table S3). Additionally, we observed a >3000-fold depletion of 25S and 18S
rRNAs and an >9-fold enrichment of actin mRNA based on qRT-PCR (Supplemental Figure

S5).

Despite recent improvements in RNA-seq technologies and reverse transcriptases, the ability to

accurately measure tRNA abundance by RNA-seq remains a struggle due to RNA modifications
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Figure 4.3 mRNA purity following three-stage purification pipeline. A) Bioanalyzer electropherograms displaying
the RNA distribution following each stage of our purification pipeline. B) Average percentage of reads mapping to
ncRNA (rRNA, tRNA, snRNA, etc.) and mRNA determined by RNA-seq of two biological replicate total RNA and
purified mRNA samples. C) Representative overlaid extraction ion chromatograms for five RNA modifications that
exist solely in ncRNA. These five modifications, in addition to eight additional ncRNA modifications, were detected
in our total RNA samples (blue) while not detected in our mRNA samples (red) above our control digestions without

RNA added (grey).

in these highly structured RNAs. While similar purities by RNA-seq have been achieved without

a small RNA depletion step [20], [78], we previously found that this protocol was insufficient at

removing all contaminating ncRNA signals by LC-MS/MS[20] since RNA-seq does not
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accurately report on tRNA contamination [82]. Thus, quality control analyses in addition to

RNA-seq are necessary to judge tRNA contamination in purified mRNA.

Since our highly multiplexed LC-MS/MS methodology is capable of quantifying known
ncRNA and mRNA modifications in a single analysis, we can use this assay to further confirm
the purity of our mRNA from the three-stage purification pipeline (Figure 2). In these assays,
total RNA and purified mRNA are degraded to ribonucleosides using a two-stage enzymatic

digestion with Nuclease P1 and bacterial alkaline phosphatase (Figure 4A).

The resulting modified ribonucleosides are quantified and their concentrations are normalized to
their corresponding canonical nucleosides (e.g., m°A/A) to account for variations in RNA
quantities digested. In our total RNA samples, we detected 26 out of 30 known S. cerevisiae
ribonucleoside modifications that we assayed for, where £C, s’U, m*’G, and m3G were not
detected (Figure 4B, Supplemental Table S4). This was expected because these modifications
likely exist at levels below our LOD in our total RNA samples as they either arise from oxidative
damage of m°C (£°C) [83], [84], are present at very low levels on S. cerevisiae tRNA (s°U) [85]-
[87], or are only found in low abundance snRNA and snoRNA (m*’G and m3G) [88]-[90].
Additionally, we do not detect the 16 ribonucleoside modifications in our assay that have never
been reported in S. cerevisiae (1 non-natural and 15 natural) (Figure 4B, Supplemental Table
S4). Our purified mRNA samples contained markedly fewer modifications than total RNA, as
expected. In addition to the 16 non-S. cerevisiae modifications, we do not detect 13 S. cerevisiae
non-coding RNA modifications that were present in our total RNA samples (Figure 3C and
Supplemental Table S4). All modifications not detected in the purified mRNA are reported to

be exclusively located in S. cerevisize tRNAs or rRNAs (e.g., i°A, m’C) [3], result from
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oxidative damage (f°C) [64], or were only previously detected in S. cerevisize mRNAs purified

from cells in
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Figure 4.4 Enzymatic digestion and LC-MS/MS analysis of S. cerevisiae total RNA and mRNA. A) RNA is enzymatic
digested to ribonucleosides through a two-stage process. RNA is first digested to nucleotide monophosphates by
nuclease Pl and then dephosphorylated to ribonucleosides by bacterial alkaline phosphatase. The resulting
ribonucleosides are separated using reverse phase chromatography and then quantified using MRM on a triple
quadrupole mass spectrometer. B) S. cerevisiae total RNA and mRNA were analyzed using the LC-MS/MS method
developed to quantify 46 modifications in a single analysis. In total RNA, 26 modifications were detected while 13
ribonucleosides were detected in the highly purified mRNA.

grown under H202 stress (ac*C) [20]. The highly abundant dihydrouridine (DHU) modification
provides a key example of such a common ncRNA modification that is not detected in our
purified samples. DHU is located at multiple sites on every S. cerevisiae tRNA and is present at
high levels (1.9 DHU/U%) in our total RNA samples (Supplemental Table S5 and S6).

However, we do not detect DHU above our LOD in our purified mRNA (Figure 3C). The
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inability of our assay to detect highly abundant ncRNA modifications such as DHU provides
further evidence that our three-stage purification pipeline produces highly pure mRNA.
Commonly, mRNA modification LC-MS/MS analyses characterize only a select few target
modifications, which prevents the utilization of LC-MS/MS to judge purity of mRNA. The LC-
MS/MS assay described here quantifies up to 46 ribonucleoside modifications in a single
analysis, enabling us to use our method to thoroughly characterize mRNA purity. Our analyses
ensure that rRNA and tRNA specific modifications are not present at a detectable level in our
highly purified mRNA. This highly sensitive corroboration of our Bioanalyzer findings is

essential because RNA-seq is not able to sufficiently report on tRNA contamination.

Since all RNA present in our samples will be enzymatically degraded to ribonucleosides
during sample preparation (Figure 4A), contaminating highly modified ncRNA will lead to
inaccurate modifications quantification in mRNA samples. Thus, extensive quality control for
mRNA purity is necessary to give us confidence in downstream LC-MS/MS analyses; however,
such data are rarely provided in previous mRNA modification LC-MS/MS studies. Together, we
provide four types of evidence (Bioanalyzer, RT-qPCR, RNA-seq, and LC-MS/MS) that our
protocol yields highly pure mRNA appropriate for LC-MS/MS analysis. While previous mRNA
purification pipelines may inaccurately portray the modification landscape, this pipeline will
enable the accurate characterization and quantification of mRNA modifications by providing
highly purified mRNA for the analysis using solely commercial kits. We believe that our
purification and rigorous purity assessment pipeline could provide a standard method to purify

polyadenylated mRNA from total RNA for LC-MS/MS analysis.

4.2.3 mlG, m2G, m22G, and m5U detected in S. cerevisiae mRNA
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In our purified mRNA samples, we detected 13 ribonucleoside modifications that ranged in
abundance from pseudouridine (0.023 ¥/U%) to 1-methyladenosine (0.00014 m'A/A%) (Figure
4B, Supplemental Figure S6 and Supplemental Tables S5 and S6). These abundances are
lower than other previous mRNA modification LC-MS/MS analyses, including a previous S.
cerevisiae study [20]. We attribute this to the fact that our mRNA is more pure than the mRNA
used in previous studies, which leads to lower modification abundances in our samples since
there is less contaminating highly modified ncRNA. Most of these modifications we observed in
our samples are known to be present in S. cerevisiae mRNA; however, we detected four
modifications for the first time in S. cerevisiae (m'G, m?>G, m%G, and m°U) (Figure 5A). This
finding corroborates previous studies that detected m'G [24] and m°U [15], [21], [91] in

Arabidopsis thaliana and multiple mammalian cell lines at similar levels, respectively.
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Figure 4.5 mlG, m2G, m22G, and m5U are present in S. cerevisiae mRNA. A) Overlaid extracted ion
chromatograms displaying m1G, m2G, m22G, and m5U are detected in our mRNA samples (red) above our
digestion control samples without RNA added (grey). B) mIG, m2G, m22G, and m5U are only present in S.
cerevisiae tRNA; thus, we reasoned that they would be retained at a higher percentage than other highly abundant
tRNA modifications if they are present in mRNA. Dihydrouridine, which is the most abundant non-mRNA
modification in tRNA, was not detected in our purified mRNA samples. If dihydrouridine existed at levels just below
our limit of detection (530 amol), the maximum retention of solely tRNA modifications would be 0.06% (red dashed
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line). The four new mRNA modifications we detect, along with all other known mRNA modifications, are retained at
greater extents which proves these modifications exist in S. cerevisiae mRNA. The error bars are the standard
deviation of the percent retention. C) mi1G, m2G, m22G, and m5U are incorporated into S. cerevisiae mRNA by
their corresponding tRNA modifying enzymes (Trml10, trml1, Trml, and Trm2 respectively). The modification/main
base% (e.g., m1G/G%) were normalized to their levels in the average WT mRNA levels. A significant decrease (**p
< 0.01) was detected for all cases. The error bars are the standard deviation of the normalized mod/main base%.

We next critically considered our findings and contemplated the possibility that the
signals we detect originated from minor contaminations of tRNA. Prior to this study, in S.
cerevisiaze m'G, m’G, m*G, and m>U have only been reported in tRNA [3], [92]. Therefore, we
reasoned that if these methylated nucleosides are present in S. cerevisiae mRNA, they must be
retained at higher levels than other tRNA modifications that are not found in mRNA. DHU is the
second most abundant RNA modification in S. cerevisiae tRNA and thus provides a measure of
maximum tRNA contamination (Supplemental Table S6). We did not detect any DHU in our
purified mRNA samples. Recent sequencing based studies have reported the presence of DHU in
mammalian and S. pombe mRNA [15], [16], but our findings indicate DHU either does not exist
within S. cerevisiae mRNA or is incorporated at levels below our limit of detection. If
dihydrouridine existed at levels just below our limit of detection (530 amol), (Supplemental
Table S1) the maximum extent of DHU/U% retention in our purified mRNA would be 0.06%
when calculated using the average digest uridine concentration in a sample of digested mRNA.
We find that m'G, m*G, m%2G and m>U (in addition to all other modifications) were retained to a
greater extent than the maximum theoretical retention of level of DHU (>2.5-fold more) in our

purified mRNA (Figure 5B and Supplemental Table S7).

Since all contaminating ncRNA species will be digested to ribonucleosides along with
mRNA, it is essential to carefully assess our mRNA purity quality controls and the retention of
known exclusive ncRNA modifications in our mRNA modification LC-MS/MS data. In this

work, our extensive mRNA purity quality control by Bioanalyzer, RNA-seq, RT-qPCR, and LC-
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MS/MS in conjunction with there being no other exclusive highly abundant tRNA and rRNA
modifications detected in our purified mRNA samples confirms that these modifications are

present in S. cerevisiae mRNA.

4.2.4 Trml, Trm2, Trm10 and Trml1 incorporate methylated guanosine and uridine

modifications into S. cerevisiae mRNA

Many of the reported mRNA modifications are incorporated by the same enzymes that catalyze
their addition into tRNAs and rRNAs [3]. We investigated if the enzymes responsible for
inserting m'G, m’>G, m*»G, and m°U into S. cerevisiae tRNAs (Trm10, Trm11, Trm1, and Trm2
respectively) also incorporate them into S. cerevisiae mRNA. We compared the levels of m'G,
m’G, m%G, and m°U in mRNA purified from wild-type and mutant (rm10A, trmlIA, trmIA,
and trm2A) S. cerevisiae. The abundance of all four modifications decreased significantly in
mRNAs purified from the knockout cell lines (Figure SC and Supplemental Tables S6). While
this demonstrates that the tRNA modifying enzymes incorporate these modifications into S.
cerevisiae mRNA, low levels of m'G, m’G, m*G, and m°U modifications are still detected in
the mRNAs from knockout cell lines (Figure 5C). Several explanations could account for this. A
second enzyme, TrmS5, also catalyzes m'G addition into tRNAs and could possibly explain the
remaining mRNA m'G signals. However, given that m'G and m’G were previously found as
minor products of methylation damage in DNA and RNA [31], [93]-[99], it is perhaps more
likely that the remaining low-level signals that we detect arise from methylation associated RNA
damage or minor off target methylation by other enzymes. Regardless of how they are

incorporated, when present, these modifications have the potential to impact mRNA function.

125



4.2.5 mlG, m2G and m5U containing mRNA codons slow amino acid addition by the

ribosome in a position dependent manner

While our LC-MS/MS assays indicate that m'G, m?>G, m?G and m°U modifications exist
within §. cerevisiae mRNA, no previous work has revealed the location or biological
consequence of these modifications in mRNA. Despite their low abundance compared to ncRNA
modifications (typically significantly lower than 1% modified), evidence that mRNA
modifications can alter the chemical and topological properties of modified transcripts which
resultingly affect their stability and function continues to increase. Analogously, N-linked and O-
linked glycosylations of proteins occur at rates less than approximately 1% and 0.04% per target
amino acid, respectively [100]; however, these post-translational modifications play important
biological roles, such protein localization and receptor interaction [101], [102], and their
misregulation is linked to multiple diseases [103] despite their low abundance. mRNAs are all
substrates for the ribosome, and post-transcriptional modifications can change how the ribosome
decodes a message by altering the hydrogen bonding patterns between the mRNA codons and
aminoacylated-tRNAs [104]-[109]. Indeed, several mRNA modifications have been shown to
alter the overall rate and fidelity of protein synthesis in a modification and codon-position
dependent manner [40], [41], [110]-[115]. Such perturbations to protein synthesis can have
significant consequences even when modifications are incorporated into mRNAs transcripts at
very low levels, as exemplified by the biological consequences of oxidatively damaged mRNAs,
which exist at levels similar to m'G, m?’G, m%G and m°U [31], [116]. We investigated how the
insertion of m>U, m'G, and m*G into mRNA codons impacts translation using a well-established
reconstituted in vitro translation system[40] (Figure 6A). This system has long been used to

investigate how the ribosome decodes mRNAs because it can be purified in sufficient quantities
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to conduct high-resolution kinetic studies. Translation elongation is well conserved between
bacteria and eukaryotes [117], and prior studies demonstrate that mRNA modifications (e.g.

pseudouridine, N6-methyladenosine and 8-oxo-G) that slow elongation and/or change mRNA
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decoding elongation in the reconstituted E. coli system [40], [41], [110], [118] also do so in
eukaryotes [40], [119]-[121]. m*%G was not selected for study because the phosphoramidite

required for mRNA oligonucleotide synthesis is not commercially available.
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Figure 4.6 Methylated guanosine and uridine modifications alter amino acid addition. A) Watson-Crick base
pairing of m1G, m2G and m5U. The added methylation is displayed in red and the hydrogen bond interactions
displayed as a dashed orange line. B) Total peptide formation of translation reactions after 600 seconds using
transcribed or single-nucleotide modified mRNAs encoding for either (Left Panel) Met-Val (GUG) or (Right Panel)
Met-Arg (CGU) dipeptide. Error bars are the standard deviation. B) Time courses displaying the formation of fMet-
Phe dipeptide on an unmodified and singly modified UUC or UUU codons (left panel). Observed rate constants
(right panel) were determined from the fit data. The error bars are the standard deviation of the fitted value of kobs.
m5U has a minor affect on translation in a position dependent manner in mRNA and no major observed affectt in
tRNA. (A) LC-MS/MS analysis showing that our tRNAphe purified from trmA KO cells does not contain m5U
modfications. (B) Bar graph showing the formation of misocded Met-Ile product. (C) Kobs Curves and bar plots
showing observered rates constant for met-phe dipeptide formation using the KO tRNAphe. panel) were determined
from the fit data. The error bars are the standard deviation of the fitted value of kobs. m5U has a minor affect on
translation in a position dependent manner in mRNA and no major observed affectt in tRNA.
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In our assays, 70S ribosome initiation complexes (ICs) containing *S-Met-tRNA™®!
programmed in the A site are formed on transcripts encoding Met-Phe, Met-Arg, or Met-Val
dipeptides. Ternary complexes comprised of aminoacyl-tRNA:EF-Tu:GTP are added to the ICs
to begin translation. Reactions are quenched as desired timepoints by KOH, and the unreacted
35S-"Met-tRNA™" and dipeptide translation products are visualized by electrophoretic TLC
(eTLC) (Supplementary Figures S7 through S10). We evaluated the extent of total dipeptide
synthesis and/or the rate constants (ko»s) for amino acid incorporation on unmodified (CGU,
GUG, UUC, UUU) and modified (Cm'GU, Cm>’GU, m'GUG, m*GUG, GUm'G, GUm’G,
m°UUC, Um°UC, Uum’U) codons. The presence of modifications in the codons were verified by
direct infusion ESI-MS or nanoelectrospray ionization (nESI)-MS (Supplemental Figures S11
to S13). We observed that the extent of amino acid addition is drastically reduced when m'G is
present at the first or second position in a codon but is restored to normal levels when m'G is at
the third nucleotide (Figure 6B and Supplemental Figures S7 through S9). Codons containing
m?G show a more modest defect in dipeptide production, only significantly impeding dipeptide
synthesis (1.9 + 0.2-fold) when m?G is in the third position of a codon (Figure 6B and
Supplemental Figures S7 through S9). These findings are consistent with a previous report
indicating that insertion of a single m'G and m>G modification into an mRNA codon reduces the
overall protein production and translation fidelity in a position and codon dependent manner
[115]. m'G and m’G should both disrupt Watson-Crick base pairing between mRNAs and
tRNAs (Figure 6A) and might be expected to alter amino acid addition in similar ways.
However, our results reveal that the insertion of m'G has a much larger consequence than m*G
on peptide production. This can be partially rationalized by the fact that m'G would impede

canonical Watson-Crick base-pairing by eliminating a central H-bond interaction, while m*G
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disrupts only peripheral interactions (Figure 6A). Additionally, the methylation of the analogous
position of adenosine (m'A) similarly abolishes the ability of the ribosome to add amino acids
[30], suggesting that the conserved N1 position on purine nucleobases is particularly crucial to
tRNA decoding. The hydrogen bonding patterns possible between m*G and other nucleosides
would be expected to closely resemble those of another well studied modification, inosine.
Inosine also has a moderate (if any) impact on the rates of protein synthesis, though it can
promote amino acid mis-incorporation [122], [123]. The limited consequence of both inosine and
m’G on overall peptide production indicates that purine peripheral amines on the Watson-Crick
face are less important than the N1 position for ensuring the rapid addition of amino acids by the

ribosome.

In contrast to the guanosine modifications that we investigated, transcripts containing
m>U Phe-encoding codons did not reduce the total amount of dipeptide produced (Figure 6C).
However, the insertion of m°U into codons can reduce the rate constants for amino acid addition
(kobs) in a position dependent manner, similar to ¥ modified transcripts [40]. The rate constant
for Phe incorporation on an unmodified and modified codons at the 1% and 2" position were
comparable to an unmodified codon, with a kobs of ~ 55! (Figure 6C and Supplemental Figure
S10). However, when m°U is in the 3™ position we see a 2-fold decrease in the kobs at ~ 2.5s™!
(Figure 6C and Supplemental Figure S10). This is the first evidence that m°U can influence
amino acid addition when encountered by the ribosome. It is less clear how m°U and other
modifications that do not change the Watson-Crick face of nucleobases (e.g., ¥ and 8-0x0G)
impact translation [124]. It is possible that such modifications alter nucleobase ring electronics to

perturb the strength of the hydrogen bond donors and acceptors involved in base pairing.
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While the levels of the mRNA modifications we identified are lower than that of more
well-established modifications (m®A and W), our findings suggest that they still have potential to
impact biology. Although our data do not report on the ability of the modifications that we
uncover to control gene expression or identify the number of mRNAs that they are in, they do
suggest that there will be consequences for translation when these modifications are encountered
by the ribosome. It is also important to note that the levels and distributions of mRNA
modifications (enzymatic and RNA damage) can change significantly in response to different
environmental conditions, so the low levels of modification that we measure in healthy, rapidly
growing yeast have the potential to significantly increase under stress [20], [28], [116], [125].
The three modifications we investigated alter translation differently depending on their location
within a codon. Such a context dependence has been observed for every mRNA modification
investigated to date [124]. Modifications have the capacity to change intra-molecular interactions
with an mRNA, or interactions between rRNA and mRNA within the A site. There is growing
evidence that such factors, and not only anticodon:codon interactions, have a larger contribution
to translation elongation than previously recognized. For example, ribosome stalling induced by
the rare 8-oxo-guanosine damage modification has the potential to perturb ribosome homeostasis
or even the small pauses in elongation induced by mRNA pseudouridine modifications can
impact levels of protein expression in a gene specific manner [31], [121]. Additionally, transient
ribosome pauses have the potential modulate co-translational protein folding or provide time for
RNA binding proteins to interact with a transcript [126], [127]. Future systematic biochemical
and computational studies are needed to uncover the causes of the context dependence.
Additionally, the continued development of RNA-seq technologies is needed to locate these

modifications throughout the transcriptome. This information will be broadly useful as
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researchers seek to identify which of the modified mRNA codons are the most likely to have

molecular level consequences when encountered by a translating ribosome.
4.3 Conslusions

Mass spectrometry based approaches are widely used to study protein post-translational
modifications, but the application of similar techniques to investigate mRNA post-transcriptional
modifications has not been widely adopted. The current LC-MS/MS workflows for discovering
and studying mRNA modifications are hindered by either low-throughput method development,
inadequate mRNA purification, or insufficient sensitivities to detect low level mRNA
modifications. This study presents mRNA purification, validation, and LC-MS/MS pipelines that
enable the sensitive and highly multiplexed analysis of mRNA and ncRNA modifications. These
developments enable us to confidently identify four previously unreported mRNA modifications
in S. cerevisiae (m'G, m*G, m*G and m°U), demonstrating the utility of applying LC-MS/MS to
discover and quantify mRNA modifications. In addition to revealing the enzymes that
incorporate these modifications, we also demonstrate that the presence of m'G, m*G, and m°U in
mRNA can impede translation. However, the impacts of the modifications on amino acid
addition are not uniform, with the position and identity of each modification resulting in a
different outcome on dipeptide production. This work suggests that the ribosome will regularly
encounter a variety of modified codons in the cell and that depending on the identity and position

of the modification, these interactions can alter the elongation step in protein synthesis.
4.4 Methods

4.4.1 8. cerevisiae Cell Growth and mRNA Purification
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Wild-type, Atrm1, Atrm2, Atrm10 and Atrm11 BY4741 S. cerevisiae (Horizon Discovery) were
grown in YPD medium as previously described [20]. Knockout cells lines were grown with 200
pug/mL Geneticin. Briefly, 100 mL of YPD medium was inoculated with a single colony selected
from a plate and allowed to grow overnight at 30°C and 250 RPM. The cells were diluted to an
OD600 of 0.1 with 300 mL of YPD medium and were grown to an OD600 of 0.6-0.8 at 30°C
and 250 RPM. The cell suspension was pelleted at 3,220 x g at 4°C and used for the RNA

extraction.

S. cerevisiae cells were lysed as previously described with minor alterations [20], [128].
The 300 mL cell pellet was resuspended in 12 mL of lysis buffer (60 mM sodium acetate pH 5.5,
84 mM EDTA) and 1.2 mL of 10% SDS. One volume (13.2 mL) of acid
phenol:chloroform:isoamyl alcohol (125:24:1; Sigma-Aldrich, USA; P1944) was added and
vigorously vortexed. The mixture was incubated in a water bath at 65°C for five min and was
again vigorously vortexed. The incubation at 65°C and vortexing was repeated once. Then, the
mixture was rapidly chilled in an ethanol/dry ice bath until lysate was partially frozen. The lysate
was allowed to thaw and then centrifuged for 15 min at 15,000 x g. The upper layer containing
the total RNA was washed three additional times with 13.2 mL phenol and the phenol was
removed using two chloroform extractions of the same volume. The resulting RNA was ethanol
precipitated in the presence of 1/10th volume of 3 M sodium acetate and then a second time in
the presence of 1/2 volume of 7.5 M ammonium acetate. The extracted total RNA was treated
with 140 U RNase-free DNase I (Roche, 10 U/uL) in the supplied digestion buffer at 37°C for 30
min. The DNase I was removed through an acid phenol-chloroform extraction. The resulting
RNA was ethanol precipitated in the presence of 1/10th volume of 3 M sodium acetate pH 5.2

and then a second time in the presence of 1/2 volume of 7.5 M ammonium acetate. The
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precipitated RNA was pelleted and resuspended in water. The resulting total RNA was used for

our LC-MS/MS, bioanalyzer, and RNA-seq analyses.

mRNA was purified through a three-stage purification pipeline. First, small RNA (tRNA
and 5S rRNA) was diminished from 240 pg of total RNA using a Zymo RNA Clean and
Concentrator-100 kit to purify RNA > 200nt. Two consecutive poly(A) enrichment steps were
applied to 125 pg of the resultant small RNA diminished samples using Dynabeads oligo-dT
magnetic beads (Invitrogen, USA). The resulting poly(A) RNA was ethanol precipitated using
1/10th volume of 3 M sodium acetate pH 5.2 and resuspended in 14 pL of water. Then, we
removed the residual 5S, 5.8S, 18S, and 28S rRNA using the commercial riboPOOL rRNA
depletion kit (siTOOLs Biotech). The Bioanalyzer RNA 6000 Pico Kit (Agilent) was used to

evaluate the purity of the mRNA prior to LC-MS/MS analysis.

4.4.2 4qRT-PCR

DNase I treated total RNA and three-stage purified mRNA (200 ng) were reverse
transcribed using the RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific) using the
random hexamer primer. The resulting cDNA was diluted 5000-fold and 1 pL of the resulting
mixture was analyzed using the Luminaris Color HiGreen qPCR Master Mix (Thermo Scientific)

with gene-specific primers (Supplemental Table S8).

4.4.3 RNA-Seq

The WT S. cerevisiae mRNA was analyzed by RNA-seq as previously described with minimal
alterations [20]. Briefly, 50 ng of DNase I treated total RNA and three-stage purified mRNA
from the two biological replicates were fragmented using the TruSeq RNA Library Prep Kit v2

fragmentation buffer (Illumina). First-strand cDNA synthesis was performed using the random
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hexamer primer, and the second strand was synthesized using the Second Strand Master Mix.
The resulting cDNA was purified with AMPure XP beads (Beckman Coulter), the ends were
repaired, and the 3’ end was adenylated. Lastly, indexed adapters were ligated to the DNA
fragments and amplified using 15 PCR cycles. Paired-end sequencing was performed for the
cDNA libraries using 2.5% of an Illumina NovaSeq (S4) 300 cycle sequencing platform flow

cell (0.625% of flow cell for each sample). All sequence data are paired-end 150 bp reads.

FastQC (v0.11.9) [129] was used to evaluate the quality of the raw and trimmed reads.
Then, cutadapt (v1.18) [130] was used to trim to paired-end 50 bp reads and obtain high quality
clean reads with the arguments -u 10 -U 10 -1 50 -m 15 -q 10. Following, Bowtie2 (v2.2.5) [131]
was used to align the forward strand reads to S. cerevisiae reference genome (R64-1-1) with the
default parameters. Following alignment, Rmmquant tool R package (v1.6.0) [132] and the
gene_biotype feature in the S. cerevisiae GTF file was used to count the number of mapped reads

for each transcript and classify the RNA species, respectively.

4.4.4 RNA digestions and LC-MS/MS analysis

RNA (200 ng) was hydrolyzed to composite mononucleosides using a two-step
enzymatic digestion. The RNA was first hydrolyzed overnight to nucleotide monophosphates
using 300 U/ pg Nuclease P1 (NEB, 100,000 U/mL) at 37°C in 100 mM ammonium acetate (pH
5.5) and 100 uM ZnSOs. Following, the nucleotides were dephosphorylated using 50 U/pg
bacterial alkaline phosphatase (BAP, Invitrogen, 150U/uL) for 5 hrs at 37°C in 100 mM
ammonium bicarbonate (pH 8.1) and 100 uM ZnSOas. Prior to each reaction, the enzymes were
buffer exchanged into their respective reaction buffers above using a Micro Bio-Spin 6 size

exclusion spin column (Biorad) to remove glycerol and other ion suppressing constituents. After
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the reactions, the samples were lyophilized and resuspended in 9 pL of water and 1 pL of 400

nM PNa-inosine internal standard.

The resulting ribonucleosides were separated using a Waters Acquity HSS T3 column (1
x 100 mm, 1.8 pm, 100 A) with a guard column at 100 uL/min on a Agilent 1290 Infinity II
liquid chromatograph interfaced to a Agilent 6410 triple quadrupole mass spectrometer. Mobile
phase A was 0.01% (v/v) formic acid in water and mobile phase B was 0.01% (v/v) formic acid
in acetonitrile. The gradient is displayed in Supplemental Table S9. The autosampler was held
at 4°C, and 5 puLL was injected for each sample. The eluting ribonucleosides were quantified using
MRM and ionized using electrospray ionization in positive mode at 4 kV (Supplemental Table
S10). The electrospray ionization conditions were optimized by infusing 500 nM uridine at 100
uL/min at 5% mobile phase B. The gas temperature was 350°C, the gas flow rate was 10 L/min,
and the nebulizer gas pressure was 25 psi. After each RNA digestion sample, a wash gradient
injection was performed to eliminate any column carryover of late eluting nucleosides (e.g., i°A)

(Supplemental Table S9).

To compare the sensitivity between the 1| mm and 2 mm I.D. column chromatographies,
a 2.1 mM Waters Acquity HSS T3 column (2.1 x 100 mm, 1.8 um, 100A) with a guard column
was used at 400 uL/min using the same gradient and mobile phases described above. The source
conditions for the 2.1 mm L.D. column were optimized by infusing 500 nM uridine at 400
puL/min at 5% mobile phase B. The gas temperature was 350°C, the gas flow rate was 10 L/min,
and the nebulizer gas pressure was 55 psi. For both analyses, 5 uL of ribonucleoside standard

mixes containing 1.4 uM canonical nucleosides and 72 nM modifications was injected.
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To quantify RNA nucleosides calibration curves were created for the four main bases, 45
natural modified nucleosides, and 1 non-natural modified nucleoside using seven calibration
points ranging over four orders of magnitude. '"Ns-inosine (40 nM) was used as the internal
standard for all ribonucleosides. The concentrations of ribonculeoside in the calibration curves
standards can be found in Supplemental Table 11. Suppliers for ribonucleoside standards can be
found in Supplemental Table 12. Automated peak integration was performed using the Agilent
MassHunter Workstation Quantitative Analysis Software. All peaks were visually inspected to
ensure proper integration. The calibration curves were plotted as the logio(response ratio) versus
the logio(concentration (pM)) and the RNA sample nucleoside levels were quantified using the

resulting linear regression. The limits of detection were calculated using:

(3 x standard error of regression) + (log,g average response ratio of blank) — (y intercept)

LOD (pM) = 10 Slope of linear regression

(4.1)

The calculated LOD was then converted to amol. For each RNA enzymatic digestion samples,

the respective calibration curve was used to calculate nucleoside concentrations in the samples.

The retention of modifications in mRNA was calculated using the following equation:

mod/main% in mRNA
mod/main% in total RNA

Retention% = x100% (4.2)

4.4.5 E. coli ribosomes and translation factor purification
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Ribosomes were purified from E. coli MRE600 as previously described[40]. All constructs for
translation factors were provided by the Green lab unless specifically stated otherwise. The

expression and purification of translation factors were carried out as previously described[40].

4.4.6 tRNA and mRNA for in vitro translation assay

Unmodified transcripts were prepared using run-off T7 transcription of Ultramer DNA
templates that were purchased from Integrated DNA Technologies (Supplemental Table S13).
HPLC purified modified mRNA transcripts containing 5-methyluridine, 1-methylguanosine, and
N2-methylguanosine were purchased from Dharmacon (Supplemental Table S14). The
homogeneity and accurate mass for most of the purchased modified oligonucleotides were
confirmed by direct infusion ESI-MS prior to use by Dharmacon (Supplementary Figure S11
through S13). For the remaining purchased oligonucleotides lacking Dharmacon spectra, they
were analyzed on a ThermoFisher Q-Exactive UHMR Hybrid Quadrupole-Orbitrap Mass
Spectrometer in a negative ionization polarity. Samples were buffer exchanged into 100 mM
ammonium acetate (AmOAc) using Micro Bio-Spin P-6 gel columns and directly infused via
nanoelectrospray ionization (nESI). nESI was performed using borosilicate needles pulled and
coated in-house with a Sutter p-97 Needle Puller and a Quorum SCX7620 mini sputter coater,
respectively. The acquired native mass spectra were deconvoluted using UniDec [133] in

negative polarity (Supplementary Figure S11).

Native tRNA was purified as previously described with minor alterations [134]. Bulk E.
coli tRNA was either bought in bulk from Sigma-Aldrich or purified from a HB101 E. coli strain
containing pUCS57-tRNA that we obtained from Prof. Yury Polikanov (University of Illinois,

Chicago). Two liters of media containing Terrific Broth (TB) media (TB, 4 mL glycerol/L, 50
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mM NH4Cl, 2 mM MgSO4, 0.1 mM FeCls, 0.05% glucose and 0.2% lactose (if autoinduction
media was used)) were inoculated with 1:400 dilution of a saturated overnight culture and
incubated with shaking at 37°C overnight with 400 mg/ml of ampicillin. Cells were harvested the
next morning by 30 min centrifugation at 5000 RPM and then stored at -80°C. Extraction of
tRNA was done by first resuspending the cell pellet in 200 mL of resuspension buffer (20 mM
Tris-Cl, 20 mM Mg(OAc)2 pH 7.) The resuspended cells were then placed in Teflon centrifuge
tubes with ETFE o-rings containing 100 mL acid phenol/chloroform/isoamyl alcohol mixture.
The tubes were placed in a 4°C incubator and left to shake for 1 hr. After incubation, the lysate
was centrifuged for 60 min at 3,220 x g at 4°C. The supernatant was transferred to another
container and the first organic phase was then back-extracted with 100mL resuspension buffer
and centrifuged down for 60 min at 3,220 x g at 4°C. Aqueous solutions were then combined and
a 1/10 volume of 3 M sodium acetate pH 5.2 was added and mixed well. Isopropanol was added
to 20% and after proper mixing was centrifuged to remove DNA at 13,700 x g for 60 min at 4°C.
The supernatant was collected, and isopropanol was added to 60% and was left to precipitate at -
20°C overnight. The precipitated RNA was pelleted at 13,700 x g for 60 min at 4°C and
resuspended with approximately 10 mL 200 mM Tris-Acetate, pH 8.0. The RNA was incubated
at 37°C for at least 30 min to deacylate the tRNA. After incubation 1/10" volume of 3 M sodium
acetate pH 5.2 and 2.5 volumes of ethanol was added to precipitate the RNA. Then, the mixture
was centrifuged at 16,000 x g for 60 min at 4°C. The pellet was washed with 70% ethanol,
resuspended in water, and desalted using an Amicon 10 kDa MWCO centrifugal filter prior to

purification (Millipore-Sigma, USA).

Next, the tRNA was isolated using a Cytiva Resource Q column (6 mL) on a AKTA Pure

25M FPLC. Mobile phase A was 50 mM NH4OAc, 300 mM NacCl, and 10 mM MgClL.. Mobile
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phase B was 50 mM NH4OAc, 800 mM NaCl, 10 mM MgCl.. The resuspended RNA was
filtered, loaded on the Resource Q column, and eluted with a linear gradient from 0-100%
mobile phase B over 18 column volumes. Fractions were pulled and ethanol precipitated

overnight at -20°C.

The precipitated RNA was resuspended in water and filtered prior to purification on a
Waters XBridge BEH C18 OBD Prep wide pore column (10 x 250 mm, 5 um). Mobile phase A
was 20 mM NH4OAc, 10 mM MgClz, and 400 mM NaCl at pH 5 in 100% water. Mobile phase
B was 20 mM NH4OAc, 10 mM MgClz, and 400 mM NaCl at pH 5 in 60% methanol. The
injection volume was 400 pl. A linear gradient of mobile phase B from 0-35% was done over 35
min. After 35 min, the gradient was increased to 100% mobile phase B over 5 min and held at
100% for 10 min, column was then equilibrated for 10 column volumes before next injection
with mobile phase A. TCA precipitations were performed on the fractions to identify fractions
containing the phenylalanine tRNA as well as measuring the A2 and amino acid acceptor

activity.

4.4.7 Formation of E. coli ribosome initiation complexes

Initiation complexes (ICs) were formed in 1X 219-Tris buffer (50 mM Tris pH 7.5, 70
mM NH4Cl, 30 mM KCl, 7 mM MgClz, 5 mM B-ME) with I mM GTP as previously described
[134]. 70S ribosomes were incubated with 1 uM mRNA (with or without modification),
initiation factors (1, 2, and 3) all at 2 pM final, and 2 uM of radiolabeled *3S-"Met-tRNA™M¢t for
30 min at 37°C. After incubation, MgCl> was added to a final concentration of 12 mM. The
ribosome mixture was then layered onto 1 mL cold buffer D (20 mM Tris-Cl, 1.1 M sucrose, 500

mM NH4Cl, 10 mM MgClz, 0.5 mM disodium EDTA, pH 7.5) and centrifuged at 69,000 rpm for
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2 hrs at 4°C. After pelleting, the supernatant was discarded into radioactive waste, and the pellet

was resuspended in 1X 219-tris buffer and stored at -80°C.
4.4.8 Invitro amino acid addition assays

IC complexes were diluted to 140 nM with 1X 219-Tris buffer. Ternary complexes (TCs)
were formed by first incubating the EF-Tu pre-loaded with GTP (1X 219-Tris buffer, 10 mM
GTP, 60 uM EFTu, 1 uM EFTs) at 37°C for 10 min. The EF-Tu mixture was incubated with the
tRNA mixture (1X 219-Tris buffer, Phe-tRNAP" (1-10 pM), 1 mM GTP) for another 15 min at
37°C. After TC formation was complete, equal volumes of IC complexes (70 nM) and ternary
complex (1 pM) were mixed either by hand or using a KinTek quench-flow apparatus. Discrete
time-points (0-600 seconds) were taken as to obtain observed rate constants on m°U-containing
mRNAs. Each time point was quenched with 500 mM KOH (final concentration). Time points
were then separated by electrophoretic TLC and visualized using phosphorescence as previously
described [40], [134]. Images were quantified with ImageQuant. The data were fit using

Equation 1:
Fraction product = A+ (1 — eFobst) (4.3)
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5.1 Introduction

Post-transcriptional modifications to RNA impact the structure, function, stability and
dynamics of cellular RNAs. Thus, it is unsurprising that the dysregulation of RNA modifications

is linked to a myriad of pathologies including diabetes, neurological disorders, and many cancers

5 In the work presented in this chapter I served as a secondary writer, editor, and motivator for the experiments and
validation. I provided much of the intellectual discourse surrounding Hygromycin B’s effect on translation in the
absence or presence of tRNAP" modifications (namely m°U) and how modification landscape is dynamic during
stress. In addition, I assisted in translation assays for tripeptide synthesis (translocation) and amino acid addition in
the presence of m*U on tRNAP in conjunction with Monika Franco. The briefly summarized work of other authors
are as follows:

- Monika Franco served as the primary investigator (and whom 1 assisted) in the translation studies for tRNAP"
species containing or missing m°U under Hygromycin stress. In addition, she was involved in experimental
execution of yeast culture assays for wild-type and mutant Trm2 strains under stress conditions. She also served as
the primary author and editor for this work.

- Joshua Jones was responsible for using the LC-MS/MS pipeline to asses modification landscape of tRNAP in this
work. He was also involved in detecting m°U levels under stress conditions. Finally, he served as a secondary author
and editor.

- Mehmet Tardu was responsible for the experimental design and execution of yeast culture assays for wild-type and
mutant Trm2 strains under stress conditions.

- Laura Snyder was responsible for construction growth curves of wildtype and Trm2 knockout yeast under various
stress conditions.
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[1]-[6]. To date, over 150 different ribonucleoside modifications have been reported over the last
50 years within all three kingdoms of life and all RNA species [7]. However, the precise
contribution of only a modest subset of these modifications to discrete biological processes has
been established. Here, we identify the affect that a prevalent non-coding RNA (ncRNA)

modification, 5-methyluridine (m°U), has under translational inhibition.

m°U was originally discovered in 1963 and has since been detected in ncRNAs from all
phylogenies and eukaryotic mRNAs [8]. Initial studies of m°U in tRNAs revealed that it is
incorporated into the T-loop of tRNAs by the conserved bacterial and eukaryotic enzyme tRNA
(uracil-5-)-methyltransferase (Trm2), and more recent work has detected m°U in eukaryotic
rRNA and most recently the large subunit of bacterial and archaeon rRNAs [9]-[11], [12], [13].
In tRNAs, the tertiary interaction between the T-loop structural motif in tRNAs and the D-loop is
known to play an important role in tRNA structure and stability, and the addition of m>U54 into
the T-loop is increases the stability of tRNAs [14]. However, m°U does not significantly alter the
hydrogen bonding pattern in the T-loop. Thus, it is not known whether this stabilizing effect
comes from the presence of m°U54 in the T-loop, however Trm2 and the E. coli homologue
(TrmA) were found to act as a tRNA folding chaperones which could cause the stabilizing effect
[15]. Despite this, the role of m°U in tRNA and the enzymes that incorporate it have been
difficult to define. When a tRMA enzyme is mutated to expunge methyltransferase activity, there
were no observed changes in translation in vivo [16]. Nonetheless, cells containing uracil-5-
methyltransferase outcompete those without [16], [17]. Additionally, m°U54 is a highly
conserved modification, which suggests that there is an evolutionary significance to the addition

of this modifications. Despite its conservation and apparent contributions to tRNA structure, the
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overall biological significance of the tRNA m°U modification and its contributions (if any) to

protein translation remains unclear.

Recently, modulation of tRNA modification landscapes has been implicated in the
bacterial resistance to antibiotics [18]-[21]. For example, it has been reported that the 1-
methylguanosine at the 37 position (m'G37) methylation of tRNA helps produce strong gram-
negative OM membrane proteins in E. coli and salmonella that promote multi drug resistance
[21]. Thus, TrmD, the enzyme that catalyzes m'G37 incorporation, has now become a target for
drug development [19]. There are three targeted mechanisms of action that antibiotics typically
take: (1) attacking the cell wall or membrane, (2) attacking the machinery that makes nucleic
acids, (3) attacking the ribosome [22]. One example of an antibiotic that works by inhibiting
translation is hygromycin B. Hygromycin b is part of the aminoglycoside family of translation
inhibitors that works in both prokaryotic and eukaryotic systems. Although Hygromycin B is a
widely used translation inhibitor for studying hygromycin resistant genes, as well as a tool for
understanding the translation machinery, its mechanism of action is still not fully understood
[23], [24]. It is known that hygromycin B strengthens tRNA binding to the A site, but the most
important aspect is the ability for it to prevent translocation from occurring [16], [19]. What is
particularly interesting about hygromycin B is that it does not need to be in the presence of
elongation factors to function compared to other antibiotics in the same family. This highly
suggests that its inhibitory actions are due to interactions with mRNA, tRNA and the ribosome
itself [26]. There are no current studies that show aminoglycoside interaction with RNA

modifications, or that RNA modifications impact translation inhibition by aminoglycosides.

In this work, we identified the first phenotype for tRNA (uracil-5-)-methyltransferase

where yeast lacking the methyltransferase has altered cellular growth under translational
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inhibition by aminoglycosides — hygromycin B, cycloheximide, and paromomycin. In particular,
we see that #7m2A yeast grow more efficiently and produce more protein than wildtype yeast
under hygromycin B stress. Additionally, we find that the wildtype cells have increased m°U
levels under hygromycin B stress. Since hygromycin B inhibits protein synthesis by preventing
the translocation of the tRNA, we sought to investigate how tRNAP'* purified from wildtype and
trmAA cells affects amino acid addition and tripeptide synthesis using a well-established fully
reconstituted in vitro translation system. In tRNAP™ purified from trmAA E. coli, we find that
m°U abundance is significantly decreased as expected; however, we see a significant increase in
iA and decrease in acp’U abundances in the trmAA tRNAP™. Interestingly, we observe a
decrease in ms?i®A, which is located at A37 in the tRNA, suggesting that m°U installation is tied
to ms? installation across the tRNA. We found that the t#rmAA purified tRNAP™ does not alter
amino acid addition or tripeptide synthesis compared to wildtype tRNAP™ using native
conditions. However, in the presence of hygromycin B, trmAA purified tRNAP™ produces more
tripeptide than wildtype tRNAP". We find that hygromycin B interacts with the ms?i®A37 in the
tRNAP based off a crystal structure, suggesting that ms> may be stabilizing the aminoglycoside
in the A-site of the ribosome. These findings reveal that the removal of the hypermodification
ms?i®A37, as observed in the tRMAA purified tRNAP™ may provide some antibiotic resistance

by promoting translocation within the ribosome.
5.2 Results
5.2.1 Trm2 impacts cell growth under translational stress conditions

Despite being studied for over 50 years, the biological role of m°U remains unclear.

While bacterial and eukaryotic cells lacking uracil-5-methyltransferase do not exhibit a growth
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defect under normal laboratory conditions [15], [17],cells possessing uracil-5-methyltransferase
out compete those lacking the enzyme which suggests that m°U is advantageous for cellular
fitness [16], [17]. This is consequential from the dual function of Trm2 which catalyzes m>U
installation and acts as a tRNA folding chaperone [15]. Nonetheless, conditions under which

these individual activities are important are still not known.

To better understand the biological function of Trm2 and m°U incorporation, we sought
to identify situations in which the enzyme impacts cell growth. We conducted spot plating assays
with wildtype and &rm2A cells to survey the impact of varying temperature (22°C, 30°C, 37°C),
carbon source (glucose, sucrose, galactose), pH (4.5, 6.8, 8.5), salt concentration (NaCl,
MgSO0s4), and proteasome (MG132) and translation inhibitors (hygromycin B, cycloheximide,
puromycin, paromomycin) on cell growth (Supplemental Figure 1). Wildtype and trm2A grew
similarly regardless of temperature, carbon source, pH, MgSO4 concentration, or the presence of
a proteasome inhibitor. Although the growth of #m2A cells was unchanged by MgS04, we
observed that deletion of Trm2 resulted in a modest growth enhancement over wildtype under 1
M NaCl salt stress condition. However, the largest effect was observed under the presence of
three translation inhibitors: hygromycin B, cycloheximide and paromomycin. Relative to
wildtype cells, trm2A cells were more sensitive cycloheximide, while they were less sensitive to
hygromycin B and paromomycin treatment (Figure 1A). These findings were further supported
in cellular growth curve assays under the same conditions, where trm2A grew more robustly in
the presence of 1 M NaCl, 50 pg/mL hygromycin B, or 3 mg/mL paromomycin and worse in the
presence of 0.1 pg/mL cycloheximide (Supplemental Figure 1). This is the first evidence that

uracil-5-methyltransferase and m°U play a significant biological role.
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Figure 5.1 Translational stress response modulated in trm2 KO cell lines.(A) Spot platting assays displaying The
growth of trm24 was affected in the presence of three translation inhibitors: hygromycin B, cycloheximide, and
paromomycin. (B) Luciferase reporter assasys shows that protein level significantly decreased in wild-type than
trm24 after hygromycin B treatment. (C) m5U levels are higher under hygromycin b stress compared to WT
conditions and Cycloheximide stress

5.2.2 Trm2 influences reporter protein production in cells under translational stress

conditions

The influence of the uracil-5-methyltransferase under translational stress cellular fitness
could be resultant from altered protein production following the knockout. To investigate this,

we tested how hygromycin B and cycloheximide affects protein production in wild-type and
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trm2A cells transfected with luciferase mRNA transcript. Both transfected cell lines were grown
to an ODeoo of 0.5 prior to the Hygromycin B and cycloheximide stress, and the fluorescent
intensity was recorded at multiple time points after the stress (0 min, 20 min, 60 min, 120 min).
We found that luciferase protein level significantly increased in the #rm2A cells compared to the
wildtype after hygromycin B treatment (Figure 1B). Interestingly, we see a decrease in luciferase
abundance 20 min following hygromycin B stress in the wild-type cells that is not present in the
trm2A cells. This data corroborates that the presence of uracil-5-methyltransferase influences the
impact of hygromycin B and cycloheximide treatment, and the alteration in trm2A cells cellular
fitness could be resultant of altered protein product rates under stress. This further leads us to
believe that uracil-5-methltransferase and/or m°U modification impacts translation under

translational inhibition.

5.2.3 m’U levels in tRNAs fluctuate in response to translational stress

It is well documented that cells modulate RNA modification abundance in response to
cellular stress or nutrition to alter their biological function. Accordantly, yeast tRNA m°U
abundance was previously shown to be altered under oxidative and alkylative stress [27]. Since
m°U addition by Trm2 displayed an impact under translational translocation stress, we tested
how m°U abundance is affected following hygromycin B and cycloheximide exposure using a
previously reported UHPLC-MS/MS methodology [28]. The m*U/U% levels of yeast total RNA
were altered under both stress conditions where hygromycin B- and cycloheximide-stress
resulted in an upregulation and downregulation of m’°U, respectively (Figure 1C and

Supplemental Figure 2).
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This alteration in m°U/U% can come from multiple different factors — a change in total
RNA distribution, altered stoichiometry of m°U modified sites, or newly modified locations.
While the tRNA:rRNA distribution does not drastically change following cycloheximide-stress
when compared to the WT, the 18S rRNA expression is downregulated from approximately
20% of the total RNA electropherogram signal to approximately 16% (Supplemental Figures 3).
This is consistent with a previous study that detected a decrease in mature 16S rRNA in E. coli
following hygromycin B treatment [29]. Since m°U is not present in S. cerevisiae rRNA and the
bioanalyzer electropherogram signal > 200nt remains approximately 70% of the overall signal
for all three conditions, this would not result in the large increase in m°U signal we detect under
this condition [7]. Additionally, since m°U is present in almost all S. cerevisiaze tRNA, it is
unlikely that the altered m°U signals detected under each antibiotic stress is coming from a
change in individual tRNA abundance. Instead, we posit the altered abundance is arising from an
altered stoichiometry of m°U at position 54 or additional modification sites within the S.
cerevisiae tRNA or rRNA. This suggests that m°U enzymatic incorporation in tRNA plays an

important role during translational inhibition by hygromycin B and cycloheximide.

Since the UHPLC-MS/MS assay we utilized can be multiplexed to detect up to 50
ribonucleosides in a single analysis, we also identified that translational inhibition affects the
abundance of other total and mRNA modifications. Similar to m’U, most total RNA
modifications are upregulated following hygromycin treatment and downregulated following
cycloheximide treatment (Supplemental figure 4). Contrarily, mRNA modifications are
preferentially upregulated following treatment by both translational inhibitors (Supplemental
figure 2). Messenger RNA was purified using a previously described three-stage purification

pipeline, and the mRNA purity was confirmed using Bioanalyzer, RNA-seq, RT-qPCR, and LC-
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MS/MS (Supplemental figures 2-5). While the total RNA modifications distribution remains
similar following translational inhibition, small mRNA (~500 nt) is enriched following both
hygromycin and cycloheximide treatment (Supplemental figure 3). Thus, the alteration in mRNA
modification abundance could be resulting from a modulation in prevalence or even enrichment
in highly modified mRNA transcripts. Nonetheless, this suggests that a multitude of these
modifications are important for translation and adds an additional layer of evidence of the
translational inhibitor mechanism of action. While we know how these translational inhibitors
interact with the ribosome, this suggests that there are further downstream effects on the cellular

biology which ultimately affects the translational machinery in more than one way.
5.2.4 trmAA changes the modification landscape of E. coli phenylalanine tRNA

Thus far, we identified that m°U levels increase and #rm2A cell lines grow more
efficiently and produce more protein than wildtype cells under hygromycin B stress, while the
opposite is true for cycloheximide stress. We posit these alterations could be resultant from the
following factors: (1) altered amino acid addition rates under native conditions, (2) altered amino
acid addition rates during translational stress, (3) altered ability for translocation to occur during
the translational stress. Thus, we sought to use a well-established fully reconstituted in vitro
translation system to interrogate these two phenomena. Within these assays, we can assess
translation using E. coli tRNAP" purified from either WT or #rmAA cell lines. For tRNAs
purified from trmAA cells we confirmed that m°U was not included by a targeted ribonucleoside
LC-MS/MS assay (Figure 2A). In these assays were screened over 51 nucleosides. During the
same analysis, we surprisingly found a significant alteration in the overall modifications
landscape of E. coli tRNA™ when purified from #rmAA cell lines. In the #rmAA tRNA, we

detected a significant upregulation of i®A (~12-fold, Supplemental figure 2), which could be
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resultant from the depletion of the hypermodification ms%®A within the anticodon. The i6A
abundance could be estimated to be approximately 0.8 modifications per the trmAA tRNAFPhe,
The low abundance selenocysteine tRNA is the only E. coli tRNA that contains i6A within the
tRNA and our tRNAP™ charging efficiency was approximately the same (700pmol/A260), so we
posit that this change is coming from an altered tRNAP"* modification landscape. We also

detected a moderate decrease in acp®U in the trmAA tRNAP (~1.7-fold, Supplemental figure 2),

a modification within the variable loop.

Our studies both confirmed that #rmAA tRNAPP lacks m°U, and revealed that the lack of
TrmA further alters the modifications landscape of tRNAP" | suggesting that cooperativity may
exist between the modifying enzymes and the tRNA structure or current modification landscape.
These findings highlight why it is so difficult to study the biological significance of RNA
modifications because the removal of RNA modifying enzymes could have further downstream
biological consequences. Nonetheless, these results provide a more comprehensive picture of the
tRNA landscape, and we utilize this data along with in vitro translation assays to piece together

why E. coli trmAA cell line displays a phenotype under translational inhibition.
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Figure 5.2 m5U has a minor affect on translationin a position dependent manner in mRNA and no major observed
affectt in tRNA. (4) LC-MS/MS analysis showing that our tRNAphe purified from trmA KO cells does not contain
m5U modfications. (B) Bar graph showing the formation of misocded Met-Ile product. (C) Kobs Curves and bar
plots showing observered rates constant for met-phe dipeptide formation using the KO tRNAphe.

171



5.2.5 Translational fidelity is impacted on m>U-containing codons in a position dependent

manner

After successfully purifying our KO phenylalanine tRNA, and analyzing its modification
landscape, we were able to perform translation assays using our in vitro reconstituted system to
test our proposed hypothesis of the effect of m°U on translation. In previously published work
we assessed the impact of m°U containing codons on translation rates using the same in vitro
translation system. In our assays, 70S ribosome initiation complexes were formed on messages
encoding Met-Phe peptides programmed with 33S-'Met-tRNA™ bound to AUG in the P site, and
UUC or m5U in the 1%, 2" or 3™ position in the A site. Initiation complexes (140 nM) were
reacted with Phe-tRNAPEF-Tu*GTP (ternary complex; 2uM) at 37° C. These reactions were
stopped at discrete time points with KOH, and the resulting products were visualized by
electrophoretic TLC. We measured kobs on UUU and UUC codons because the observed rate
constants for Phe addition are well established. We observed that amino acid addition rates are
impacted on m°U-containing codons in a position dependent manner, with a 2-fold decrease in
the kobs. Following this observations, we were interested in whether or not this phenomenon
would have an impact on translation fidelity when m°U was present on a UUC codon. m°U has a
methyl group on the non-Watson face of the nucleotide and should not affect hydrogen bond
base pairing. As previously described, we observed a modest 2-fold change in amino acid
addition only at the 3™ position when m°U is present, therefore we hypothesized fidelity would
not be affect by the addition of m°U on a codon. To investigate the difference between
unmodified Phe codons and m°U codons in regards to allow the addition of near-cognate amino

acids, we chose Ile-tRNA' which is a small aliphatic near cognate amino acids. To try and
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obtain a kinetic understanding on how near-cognate amino acid addition is changing when m°U
is present, we performed kinetic assays with the near-cognate Ile-tRNA', These assays utilized
an established regenerative mix[30] and contain EfTs. We observed that translation fidelity is
slightly affected when m>U is present at the 3™ position. (Figure 2B) This result is unsurprising
due to the fact that we saw a rate defect in amino acid addition when m>U was present in the 3™

position.
5.2.6 trmAA Phe tRNA does not alter amino acid addition

m°U is one of the most abundant eukaryotic and bacterial modifications and m°U is
speculated to have an impact in tRNA structure, maturation, and thermal stability [14], [31],
[32]. However, its impact regarding translation has not been studied. Since trm2A yeast
displayed a growth phenotype and produces more protein than wildtype yeast under translational
inhibition, we sought to determine whether m*U54 in tRNAP affects amino acid addition under
native conditions. We investigated this using a well-established fully reconstituted in vitro
translation system where we input tRNAP™ purified from either trmAA or wildtype E. coli.
Despite the tRNA changes in modification landscape that we observed in the trmAA purified
tRNAPhe, the rate constant for Phe incorporation on an unmodified UUC codon was comparable
to wildtype purified tRNAP™ at a kobs of ~ 55! (Fig 2C). Therefore, we found that trmAA Phe
tRNA does not affect the rate of amino acid addition and cannot explain the increased reported

production in trm2A cells displayed previously.

Recently, m°U was detected at low abundances in eukaryotic mRNA and reasoned that
there could be a cooperative affect between m°U containing mRNA codons and tRNA [28],

[33]-[35.]Thus, we sought to interrogate how amino acid addition on m>U-containing codons

173



(1%, 2", and 3™ position modified UUU or UUC codons) is affected when decoded by a trmAA
tRNAP™ ysing the our fully reconstituted in vitro translation system. While the rate constants for
amino acid was not impacted when m°U was incorporated at 2" and 3™ position modified
codons, there was a small defect (~2-fold decrease at ~3 s!) when m>U-deplete tRNAPR®
translated an m®>UUC codon. We previously detected a 2-fold rate defect at the 3™ position
modified codon with wildtype tRNAP™® (Figure 2C), which was not present with zrmAA tRNAP®
[28]. This data collectively demonstrate that trmAA tRNAF™ does not significantly alter amino

acid addition of both unmodified and modified codons under unstressed conditions.
5.2.7 trmAA tRNA®" increases tripeptide synthesis under hygromycin B translation inhibition

Hygromycin B prevents translocation to block translation by interacting with the RNA
species in the A site within the ribosome, resulting in the cessation of translation. While we that
trmAA tRNAP™ does not alter amino acid addition, this does not interrogate whether this tRNA
alters translocation. Thus, we utilized our in vitro translation system to synthesize a MFK
tripeptide without the presence of hygromycin B. Under these conditions, we found that
tripeptide synthesis was not significantly altered when trmAA tRNAP™* was used instead of
wildtype tRNAP', We found that the ki (M disappearance) was approximately 5.2 s™ for both
tRNAP species while the k2 ((MFK formation) was 0.34 s™! and 0.19 s! for wildtype and trmAA
tRNAP, respectively (Figure 3. We found that trmAA tRNAF'™ does not alter tripeptide
synthesis and amino acid addition both unmodified and m°U modified codons. This corroborates
previous studies that did not detect a phenotype for cells lacking tRNA (uracil-5-)-

methyltransferase.
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Figure 5.3 Time courses displaying the formation of fMet-Phe-lys tripeptide on unmodified phenylalanine codons
reacting with IuM Phe+ILys TC complex using either Native phe tRNA and Native Lysine (left) or TrmA KO phe
tRNA absent of m5U and Native Lysine. (right) All similuaiton aligned raw data with good fit, R2 then .9.

In the presence of hygromycin B, trm2A yeast grow more efficiently and produced more
protein (Figure 1). While we did not identify any significant differences in translation assays
performed with wildtype and trmAA tRNAP' under unstressed conditions, we posited that the
presence of hygromycin B would Reveal if there are differences in translocation using both
tRNA species. We investigated this by synthesizing the same ‘MFK peptide described above, but
hygromycin B was included in the reaction mix to inhibit protein synthesis. Since hygromycin B
inhibits translation by preventing translocation, we theorized that any differences would be
resultant from the 'MFK peptide formation since ‘MF formation does not require translocation in
the ribosome. While overall tripeptide synthesis was slower using both wildtype and frmAA
tRNAP, the formation of the ‘™MF dipeptide was still rapid, as expected because hygromycin
should exhibit an effect after the first peptide bond is formed (Figure 4). However, we find that
tripeptide synthesis is greatly increased with t7rmAA tRNAP" compared to wildtype (Figure 4).
This result is consistent with our observation that /rm2A yeast cells produce more protein than

wildtype cells in the presence of hygromycin B (Figure 1).
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Figure 5.4 eTLC displaying peptide products of fMet-Phe-lys tripeptide on unmodified phenylalanine codons
reacting with IuM Phe+ILys TC complex using either Native phe tRNA and Native Lysine (left) or TrmA KO phe
tRNA absent of m5U and Native Lysine (right) under hygromycin B (50ug/mL final) stress conditions.

Discussion

In previously published literature, we discovered that Trm2 was the methyltransferase
responsible for incorporating m°U into yeast mRNA. With its installation understood, we
decided to explored the potential role of m°U in mRNA in translation events only to discover no-
to-moderate change. In fact, observable rates of amino acid addition had no changes when m°U
is installed in a UUC codon save a 2-fold rate defect detected only at the 3™ position of a
phenylalanine codon[28]. In this work, we investigated the biological relevance/role of Trm2 and
m°U in RNA and discovered that #rm2A yeast grow differently under antibiotic induced
translation stress. In fact, we identified the first phenotype for tRNA (uracil-5-)-
methyltransferase where yeast lacking the methyltransferase has altered cellular growth under
translational inhibition by aminoglycosides — hygromycin B, cycloheximide, and paromomycin.
In particular, we see that trm2A yeast grow more efficiently and produce more protein than

wildtype yeast under hygromycin B stress (Figures 1 A and B). This phenotype suggests that
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m°U in mRNA (UUC/UUU codon) may be spatially/stereochemically important in the
hygromycin mechanism of action and that removal of m°U disrupts this mechanism.
Furthermore, the increase in m°U abundance observed during our UHPLC-MS/MS analyses
supported this idea. However, our in vitro reconstituted translation assays showed us that m°U in
mRNA has no major impact on amino acid addition, suggesting that the m°U and #7m2 may be
important in other targets/aspects of translation. The next logical target was tRNA, since it
carries m°U modifications and is a key player in protein translation. Interestingly, we saw no
apparent change in translation kinetics for both amino acid addition and translocation.
Nevertheless, we consistently saw decrease in efficacy of hygromycin B in the absence of
m>U/trm2. Our trmAA tRNAP'* displayed a moderate change in its modifications landscape, and

this increase resistance to hygromycin B could be due other modifications or lack thereof.

While trmAA tRNAP™ provides some resistance to hygromycin B translation inhibition,
this effect could be caused by a few different factors— the deletion of m3U54 in tRNAP™, the
alteration in i°A and acp®U abundance in trmAA tRNAP™, or the remodeling of tRNAFP structure
without tRNA (uracil-5-)-methyltransferase present. Previous, structural analysis revealed that
hygromycin b binds to the RNA helix 44 (h44) in 30S rRNA small subunit, this position happens
to be right next to the aminoacyl-tRNA binding site [23], [24]. It is currently hypothesized that
hygromycin works by (1) causing nucleotide A 1493 to flip outwards into a position between the
P and A site tRNAs, which could explain the tRNA affinity increase in the A site; (2) A1493
could be causing steric blockage stopping the tRNA from moving to from the p site to the a site;
(3) the binding site of hygromycin B allows its second ring to make contact with backbone of the
P site mRNA, therefore locking it in position [36]. We speculate that i°A may the factor

contributing to hygromycin B resistance, instead of m°U. In the t7rmAA tRNA, we detected a
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significant upregulation of i°A at position 37 tRNA. In the native E. coli and yeast tRNAP, this
position is frequently modified to harbor a ms%®A modification. The 37 position in tRNA is
adjacent to the anticodon in the ASL, and are known to stabilize codon:anticodon interactions. In
this work, a crystal structure with tRNAP" and hygromycin present in the A-site of the ribosome
and indeed, Hygromin B orients and interfaces with the ms?i®A modification (Figure 5). Further
structural work will be needed to see how hygromycin B interacts with the #7rmAA tRNA in the
A-site of the ribosome with the hypomodified i®A at position 37. We hypothesize that i°A
destabilizes the codon:anticodon interactions relative to the fully-modified ms?°A and that
hygromycin infers its antibiotic function, to some extent, by interacting with the ms?

modificiation.

Figure 19 Crystal structure of 80S S. cerevisiae ribosome with tRNA™ and hygromycin B programmed in the A-site of
the ribosome.

Antibiotic resistance has become an increasingly prominent public health concern
internationally. One mechanism to combat bacterial resistance mechanism is to create new drugs
or modify the current antibiotics at our disposal. Therefore, it is important to understand how

current translation-targeted drugs work at a molecular level Additionally, in the last few years, it

178



5.4

has been discovered that RNA modifications could play a role in antibiotic resistance. This work
contributes to the growing body of literature discussing the impact that tRNA modifications may
have on antibiotics, in particular hygromycin induced translational stress control. Here we clearly
see that a change in the modification landscape of tRNAP™ allowed translocation to continue
under hygromycin B induced stress. Furthermore, our data indicates there was no apparent

change in translation of this tRNA itself, demonstrating an antibiotic specific response.
Methods
5.4.1 Spot plating and growth curves

For growth curves, wild-type and trm2A cells were inoculated into 5 mL YPD and grown
overnight at 30°C. Cultures were then diluted to a starting ODsoo = 0.05 — 0.1 in 100 mL YPD
media containing either 1 M NaCl, 0.1 pg/mL cycloheximide, 50 pg/mL hygromycin B, or 3

mg/mL paromomycin. Cultures were grown in duplicate at 30°C with shaking unless indicated.
5.4.2 Reporter assay

Plasmid was transformed into wild-type and A&rm2 S. cerevisiae using previously
published protocol. The cells were streaked onto CSM-URA agar plates to isolate single colonies
[37]. CSM-URA media (30 mL) was inoculated with a single colony and allowed to grow
overnight at 30°C and 250 RPM. The cells were diluted to an ODeoo of 0.05 with 500 mL of
CSM-URA medium and were grown to an ODesoo of 0.5 at 30°C and 250 RPM. At this point, the
cells were stressed with hygromycin B or cycloheximide and were allowed to continue to grow.
At time points of 0 min, 20 min, 60 min, and 150 min after the translational stress, 10 mL of
culture was pelleted at 8,000 x g for 10 min. The cell pellet was washed with 1 mL of water prior

to storage at -80°C until the assay was performed.
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5.4.3 Yeast Cell Growth and mRNA Purification

Wild-type and Atrm2 Saccharomyces cerevisiae were grown in YPD medium as previously
described [38]. Atrm2 Saccharomyces cerevisiae were grown in the presence of 200 pg/mL
Geneticin. Briefly, 10 mL of YPD medium was inoculated with a single colony selected from a
plate and allowed to grow overnight at 30°C and 250 RPM. The cells were diluted to an ODeoo of
0.1 with 200 mL of YPD medium and were grown to an ODsoo between 0.6 and 0.8 at 30°C and
250 RPM. Translational stress S. cerevisiae were grown with 50 pg/mL hygromycin B or
100ng/mL cycloheximide. Hygromycin B S. cerevisiae were grown to an ODeoo of 0.4 to ensure
cells were in mid-log phase growth. This cell culture was pelleted at 15,000xg at 4°C and used

for the RNA extraction.

Yeast cells were lysed as previously described with minor alterations [39]. The 200 mL
cell pellet was resuspended in 8 mL of lysis buffer (60 mM sodium acetate pH 5.5, 8.4 mM
EDTA) and 800 pL of 10% SDS. One volume (8.8 mL) of phenol was added and vigorously
vortexed. The mixture was incubated at 65°C for five minutes and was again vigorously
vortexed. The incubation at 65°C and vortexing was repeated once. Then, the mixture was
rapidly chilled in an ethanol/dry ice bath and centrifuged for 15 minutes at 15,000xg. The total
RNA was extracted from the upper aqueous phase using a standard acid phenol-chloroform
extraction. The extracted total RNA was treated with 140 U RNase-free DNase I (Roche,
10U/uL) at 37°C for 30 min. The DNase I was removed through an acid phenol-chloroform
extraction. The resulting total RNA was used for our UHPLC-MS/MS, bioanalyzer, and RNA-

seq analyses.
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mRNA was purified through a three-step purification pipeline [28]. First, small RNA
(tRNA and small rRNA) was diminished using the MEGAclear Transcription Clean-Up Kit
(Invitrogen) to purify RNA >200nt. Then, Dynabeads oligo-dT magnetic beads (Invitrogen,
USA) were used to purify poly(A) RNAs twice from 140 pg of small RNA depleted RNA. The
resulting RNA was ethanol precipitated and resuspended in 14 pL. Following, we used the
commercial riboPOOL rRNA depletion kit (siTOOLs Biotech, Germany) to remove residual 5S,
5.8S, 188, and 28S rRNA. The Bioanalyzer RNA 6000 Pico Kit (Agilent, USA) was used to

evaluate the purity of the mRNA prior to UHPLC-MS/MS analysis.

5.4.4 qRT-PCR

The RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific, USA) was used to reverse
transcribe DNase I treated total RNA and three-stage purified mRNA (200 ng) using the random
hexamer primer. The resulting cDNA was diluted 5000-fold and 1 pL of the resulting mixture
was analyzed using the Luminaris Color HiGreen qPCR Master Mix (Thermo Scientific, USA)

with gene-specific primers.

5.4.5 RNA -seq

The WT S. cerevisiae mRNA was analyzed by RNA-seq as previously described by paired-end
sequencing using 2.5% of an Illumina NovaSeq (S4) 300 cycle sequencing platform flow cell

(0.625% of flow cell for each sample) [28]. All sequence data are paired-end 150 bp reads

5.4.6 RNA enzymatic digestion and UHPLC-MS/MS ribonucleoside analysis
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Total RNA and mRNA (125 ng) was digested for each condition. The RNA was hydrolyzed to
composite mononucleosides using a two-step enzymatic reaction and quantified using LC-

MS/MS as previously described with no alterations [28]

5.4.7 E.coli Ribosomes, and translation factors tRNA and mRNA for in vitro assay

Ribosomes were purified from E. coli MRE600 as previously described [40]. All
constructors for translation factors were provided by the Green lab unless specifically stated
otherwise. Expression and purification of translation factors were carried out as previously
described [40]. Unmodified transcripts were prepared using run-off transcription of a DNA
template. Modified mRNA sequences containing 5-methyl uridine were purchased from
Dharmacon. The mRNA was HPLC purified at Dharmacon. The mRNA sequenced used

GGUGUCUUGCGAGGAUAAGUGCAUU AUG UUC UAA GCCCUUCUGUAGCCA, with

the coding sequence underline. In these experiments, the modified position was always the first

position in the UUC phenylalanine codon.

Method was previously published [41] . Bulk E. coli transfer RNA were either bought in
bulk from Sigma, or purified in E. coli form an HB101 strain containing pUC57-tRNAphe that
we obtained from Yury Polikanov. 2 liter cultures containing Terrific Broth (TB) media (TB, 4
mL glycerol/L, 50 mM NH4Cl, 2 mM MgSO4, 0.1 mM FeCls, 0.05% glucose and 0.2% lactose
(if autoinduction media was used)) were inoculated with 1:400 dilution of a saturated overnight
culture and incubated with shaking at 37°C overnight with 400mg/ml of ampicillin. Cells were
harvested the next morning by 30 minute centrifugation at 5000 rpm and then stored at -80 C.
Extraction of tRNA was done by first responding the cell pellet in 200ml of resuspension buffer

(20mM Tris-Cl, 20 mM Mg(OAc)2 pH 7.) The resuspended cells were then placed in Teflon
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centrifuge tubes with ETFE o-rings with an acid phenol/chloroform mixture. The cell to
phenol/chloroform ratio was approximately 1:1.25 respectively. The tubes were placed in a 4C
incubator and left to shake for 1 hour. After incubation cells were spun down for 60 minutes at
4000 rpm at 4C. The supernatant was transferred to another container and the first organic phase
was then back-extracted with resuspension buffer and centrifuged down for 60 minutes at 4000
rmp. Aqueous solutions were then combined and a 1/10 volume of 3M NaOAc ph5.2 was added
and mixed well. Isopropanol was added to 20% and after proper mixing was centrifuged to
remove DNA at 13,700g for 60 minutes at 4C. The supernatant was collected and isopropanol
was added to 60% and was left to precipitate at -20C overnight. Precipitation was centrifuged at
13,700 g for 60 minutes at 4C. The pellet was then resuspended with approximately 10 mL 200
mM Tris-Acetate, pH 8.0, and incubate at 37 C for at least 30 minutes. After incubation 1/10®
volume of 3 M NaOAc and 2 volumes of ethanol was added and mixture was centrifuged at
16,000 g for 60 mins at 4 C. The pellet was washed with 70% ethanol and resuspended in water

and desalted on amincon concentrator.

Next the tRNA was isolated on FPLC using buffer A (50 mM NH4OAc, 300 mM NaCl,
10 mM MgClz) and buffer B (50 mM NH4OAc, 800 mM NaCl, 10 mM MgClz). Resuspended
pellet was filtered and loaded on the FPLC. It was eluted with a linear gradient from 0- 50% B
over 18 column volumes on a Resource Q column. Fractions were pulled and precipitated

overnight.

Pellet was resuspended in water and filtered before being put on the HPLC for further
isolation and clean up. The column that was used was a Waters XBridge BEH C18 OBD Prep
wide pore column (10x250, ~20 mL column volume, 5 pm). Column was stored in acetonitrile

so before any buffers were added, the column was washed with 10 column volumes of water and
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then equilibrated with HPLC buffer A (20 mM NH4OAc, 10 mM MgClz, 400 mM NacCl at pH
5). 400ul of volume was injected. A linear gradient of buffer B from 0-35% was done over 35
minutes. After 35 mins, the gradient was increased to 100% buffer B over 5 minutes and held at
100% for 10 mins, column was then equilibrated for 10 column volumes before next injection
with Buffer A. TCA precipitations were performed on the fractions to determine tRNA of
interested, in this case phenylalanine, as well as also determining the A260 and amino acid

acceptor activity.
5.4.8 Formation of E. coli ribosome initiation complexes

Initiation complexes (IC’s) were formed in 1X 219-Tris buffer (50 mM Tris pH 7.5, 70
mM NH4Cl, 30 mM KCI, 7 mM MgClz, 5 mM B-ME) with 1 mM GTP as previously
described(X). 70s ribosomes were incubated with 1TuM mRNA (with or without modification),
initiation factors (1,2,3) all at 2uM final and 2uM of radiolabeled Ffmet-tRNA for 30 mins at 37C.
After incubation MgClz was added to a final concentration of 12mM. The ribosome mixture was
then layered onto 1 mL cold buffer D (20 mM Tris-Cl, 1.1 M sucrose, 500 mM NH4Cl, 10 mM
MgClz, 0.5 mM disodium EDTA, pH 7.5) and centrifuged at 69,000 rpm for 2 hours at 4C. After
pelleting, the supernatant was discarded into radioactive waste, and the pellet was resuspended in

1X 219- tris buffer and stored at -80C.
5.4.9 Invitro amino acid addition assays: dipeptide formation

IC complexes were diluted to 140 nM with 1X 219-Tris buffer. Ternary complexes (TCs)
were formed by first incubating the EF-Tu pre-loaded with GTP (1X 219-Tris buffer, 10 mM
GTP, 60 uM EFTu, 1 uM EFTs) at 37°C for 10 min. The EF-Tu mixture was incubated with the

tRNA mixture (1X 219-Tris buffer, Phe-tRNAP"* (1-10 uM), 1 mM GTP) for another 15 min at
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37°C. After TC formation was complete, equal volumes of IC complexes (70 nM) and ternary
complex (1 uM) were mixed either by hand or using a KinTek quench-flow apparatus. Discrete
time-points (0-600 seconds) were taken as to obtain observed rate constants on m>U-containing
mRNAs. Each time point was quenched with 500 mM KOH (final concentration). Time points
were then separated by electrophoretic TLC and visualized using phosphorescence as previously
described [40], [42]. Images were quantified with ImageQuant. The data were fit using Equation

1: Fraction product = A- (1 — e¥obst)
5.4.10 In vitro assays amino acid misincorporation.

In-vitro translation assays were performed by mixing IC complex (70nM final
concertation) and ternary complex (1 pM total tRNA aminoacylated with S100 enzymes or
specific synthetases, 40 uM EF-Tu, 10 mM GTP, 1X-219 tris buffer) mixed either by hand at
room temperature for 10 minutes. Reactions were quenched with 500 mM KOH (final). Products
were then separated on Electrophoretic TLC and visualized with phosphorescence as previously

described [40].
5.4.11 In vitro amino acid addition assays: tripeptide formation

IC complexes were diluted to 140 nM with 1X 219-Tris buffer. Ternary complexes (TCs)
were formed by first incubating the EF-Tu pre-loaded with GTP (1X 219-Tris buffer, 10 mM
GTP, 60 uM EFTu, 1 uM EFTs) at 37°C for 10 min. The EF-Tu mixture was incubated with the
tRNA mixture (2 pM aminoacyl-tRNA Phe/Lys(s), 24 uM EF-G, 60 uM EF-Tu) with ICs (140
nM) in 219-Tris buffer (50 mM Tris pH 7.5, 70 mM NH4Cl, 30 mM KCl, 7 mM MgClz, 5 mM
BME). for another 15 min at 37°C. These experiments are done with both native phenylalanine

tRNA or our KO phenylalanine tRNA. After TC formation was complete, equal volumes of IC
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complexes (70 nM) and ternary complex (1 pM) were mixed using a KinTek quench-flow
apparatus. Discrete time-points (0-600 seconds) were taken as to obtain observed rate constants
on non-mortified mRNAs, containing a UUC phenylalanine codon. Each time point was
quenched with 500 mM KOH (final concentration). Time points were then separated by
electrophoretic TLC and visualized using phosphorescence as previously described [40], [42].
Images were quantified with ImageQuant. The data were fit using Equation 1 as previously

described.

5.4.12 In vitro amino acid addition assays: tripeptide formation with Hygromycin B

IC complexes were diluted to 140 nM with 1X 219-Tris buffer. Ternary complexes (TCs)
were formed by first incubating the EF-Tu pre-loaded with GTP (1X 219-Tris buffer, 10 mM
GTP, 120 uM EFTu, PEP, 12mM, PK .40uM, 40 uM EFTs) at 37°C for 10 min. The EF-Tu
mixture was incubated with the tRNA mixture (20-60 uM aminoacyl-tRNA Phe/Lys(s), 24 uM
EF-G, 60 uM EF-Tu) with ICs (140 nM) in 219-Tris buffer (50 mM Tris pH 7.5, 70 mM NH4Cl,
30 mM KCIl, 7 mM MgClz, 5 mM BME). for another 15 min at 37°C. These experiments are
done with both native phenylalanine tRNA or our KO phenylalanine tRNA. After TC formation
was complete, S0ug/ml of Hygromycin B was added to the IC complex. Then by haand equal
volumes of IC complexes (70 nM) and ternary complex (1 uM) were mixed and discrete time-
points (0-600 seconds) were taken as to obtain observed rate constants on non-mortified
mRNAs, containing a UUC phenylalanine codon. Each time point was quenched with 500 mM
KOH (final concentration). Time points were then separated by electrophoretic TLC and
visualized using phosphorescence as previously described [40], [42]. Images were quantified

with ImageQuant. The data were fit using Equation 1 as previously described.
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5.4.13 Fitting observed rate constants and Global analysis simulations of amino acid addition

Fits for used to obtain observed rate constant k&7 was done using a single differential
equation in Kaleidagrpah for products in di peptide formation. When multiple peptide products
were formed, the disappearance of FMET product was fit sing a single differential equation in
Kaleidagrpah to get an observed rate constant k;. This value was then used in KinTex Explorer to
measure subsequent rate constant k> using simulations. Simulations were modeled against the

equation:

M +F > 'MF + K = 'MFK

5.4.14 Spot plating assay and growth curve characterization under stress

Wild-type and trm2A cells were inoculated into 3 mL YPD and grown overnight. Then
these cultures were diluted to ODsoo=1 as a starting point, and 7 ul of 10-fold serial dilutions
were spotted on fresh YPD agar plates including 0.75-1.0 M NacCl, 250 mM MgSOs, 200 uM
puromycin, 100 ng/mL cycloheximide, 25-50 pg/mL hygromycin B, 50 puM MG132 and 1.5-3
mg/mL paromomycin. Growth of the cells were also tested in the presence of different carbon
sources including 2% glucose, 2% sucrose, 2% galactose and 3% glycerol in YEP agar media
(1% yeast extract and 2% peptone). The plates were incubated for 2-5 days at 30 °C unless

indicated.

For growth curves, wild-type and trm24 cells were inoculated into 5 mL YPD and grown
overnight. Cultures were then diluted to a starting ODesoo = 0.05 — 0.1 in 100 mL YPD media
containing either 1 M NaCl, 0.1 ug/mL cycloheximide, 50 pg/mL hygromycin B, or 3 mg/mL
paromomycin. Cultures were grown in duplicate at 30°C with shaking unless indicated, and

growth was monitored by ODseoo
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Chapter 6 Conclusions and Future Directions

6.1 Overview

The work presented in this Dissertation aimed to further elucidate the role that mRNA and tRNA
sequence play in altering translation and protein synthesis. Specifically, modifications to the
purines adenosine and guanosine which have been found to modulate the rate and accuracy of
translation. Modifications to both adenosine and guanosine frequently slow translation when
present within the coding sequence of mRNAs In the context of poly(A) I explored a new
mechanism of movement and found that mRNA sequence alone is sufficient to drive ribosome
movement. I also show that adenosine modifications have the potential to alter frame
maintenance of mRNA with mSA being able to decrease ribosome sliding on poly(A).
Additionally, I explored the distribution of tRNA modifications in the ASL region to try and
develop a stronger characterization of their impact on translation. Furthermore, my work
highlights how modifications may be modulated during times of cellular stress, such as
translation inhibition with hygromycin B. While the field has been investigating the individual
effects that single mRNA or tRNA modifications have on translation, protein homeostasis, and
disease states there is a lack of understanding on how sequence and modifications of the
biomolecules affect one another (intermolecular) or even themselves (intramolecular). My work
sought to understand the interplay between mRNA and tRNA sequence and modification, and

how they impact translation.
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6.2 Improving in vitro translation systems to characterize single-steps in the mechanism of

protein synthesis

Chemical modifications to mRNA residues have the potential to influence the rate and
fidelity of protein synthesis. Given the complexity of translation it is hard to identify exactly
where and how the rate and accuracy of translation can be influenced. The in vitro translation
system derived from E. coli utilizes highly purified components which allows the direct
molecular level investigation into the impacts of mRNA modifications on translation.
Advantages of in vitro studies are that they can directly and discretely study single variable
changes within an experiment. The downside to in vitro systems is the extensive material and
time commitment required in order to utilize them. The in vitro system can be used to gain
insights into how individual chemical modifications influence translation on the molecular level.
Future directions for this system should include detailed kinetic studies of the selection and
accuracy of amino acid addition. Currently the effects of modifications on translation accuracy
have only been observed on the koss level. In order to understand how mRNA modifications alter

translation accuracy further investigations should utilize Equation 10.
Accuracy (A) = (s) X (p) (10)

Where s is the tRNA selectivity during amino acid addition and p is the proofreading ability of
the ribosome during amino acid addition. By comparing the ratio between cognate (c¢) and
noncognate (nc) accuracy the kinetic efficiency of peptide bond formation can be established for
each species of tRNA, as seen in equation 11.

_ (kObS/Kl/Z);ipeptide (1 1)

= Tic
(kObS/Kl/Z)dipeptide
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The ratio between the ko»s and K12 for the cognate can provide an experimental double check on
the values obtained from in vitro experiments since the ratio should be close to 1 in order to
allow rapid and accurate addition of the correct amino acid, while non-cognate decoding ratio
should have a relatively small number, which should give a high level of accuracy for the
ribosome. These type of measurements by themselves will help to provide insight into relative

decoding accuracies of the degenerate tRNA anticodons.

The selection and proofreading steps are separated by the GTPase activation and hydrolysis steps
(Figure 2, steps 3,4) with selection taking place prior to GTPase activation and hydrolysis and
proofreading occurring after. This means that selectivity can be defined as Equation 12.

Cc
s = (kObS/Kl/Z)GTP
- nc
(kobs/Kl/Z)GTP

(12)

The proof-reading ability of the amino acid selection can then be derived by rearranging
Equation 10 and substituting in the selectivity equation (Equation 12) to arrive at Equation 13
[1,2].

A _ (kobs/Kl/z)Z;P (kobs/K1/2)f;Tp

S B (kobs/Kl/Z)ZiCpeptide (kobs/Kl/Z)

p= (13)

C
dipeptide

These variables for these equations can all be measured using pre-existing techniques and in fact
the rates for cognate addition have already been established for several species of tRNA [2].
Using the in vitro system to pick apart the kinetics of chemically modified mRNA will allow
elucidation into just how exactly RNA modifications alter accuracy at the A-site of the ribosome.
Additionally, it will help to establish the significant factors in codon:anticodon interactions

(hydrogen bonding, geometry, base stacking, steric interactions, etc.) during translation [1-4].
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Another limitation to this current iteration of the recombinant in vitro translation system
is that is derived from a single organism, the prokaryote Escherichia coli. While there are
parallels in elongation between prokaryotic and eukaryotic translation, there are major changes
that take place during initiation and even termination stages of the translation pathway. In the
field, there are other adaptations being made which have produced successful recombinant
translation systems for mammalian mitochondrial translation and yeast translation [5,6]. These
systems are not inherently “pure” as they contain high-yield purification factors from multiple
organisms in their classification category (i.e. yeast). Improving and expanding these types of in
vitro systems could ultimately serve two major goals in the field. Firstly, it will allow for
expansion to understanding the mechanistic level details of translation across all domains of life,
giving more accurate and meaningful findings for the organisms they are observed in. Secondly,
improvements can be made to decrease labor, cost, and time necessary for such protocols

allowing for faster and cheaper yet just as robust scientific findings.

6.3 RNA modification and interactions during translation impact ribosome movement

during translocation events

Translation has long been thought to be a relatively ubiquitous and uniform process, with
elongation specifically being a step believed to be well-resolved. However, growing literature
has challenged the dogma of elongation and showcased many of both programmed and
unprogrammed events that alter how the ribosome moves along the sequence of an mRNA to
effect protein synthesis. From single nucleotide frameshifts to large sequence skipping in
translational bypassing, a growing number of mechanisms of peptide synthesis and its regulation
by the ribosome during elongation are coming to light. Conversely, there lie many problems in

these mechanisms as often is unclear which molecular constituents or events cause them making
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it difficult to deconvolute molecular details without significantly altering the entire biochemical
process (e.g., discretely changing only one component). In addition, many steps of “canonical”
translation, particularly during translocation, have yet to be full resolved themselves making it
difficult to understand exactly what mechanistic steps are affected by molecular-level
modulations, such as mRNA and tRNA modifications.

My work has revealed that the ribosome can move into, or occupy, multiple frames
during translation of short poly(A) sequences and describe a mechanism by which it does so.
This phenomenon, known as sliding, is a newly characterized type of ribosome movement during
translation and suggests that there is still much to be discovered on how the ribosome can behave
during its movement along mRNA. I show that this movement, as well as decreased rates of
amino acid addition, can be affected by multiple factors such as amino acid charge, mRNA
sequence, mRNA modification (m°A), and tRNAM® modification landscape with the largest
contributor to the newly characterized movement being mRNA sequence. While my work
provides a kinetic mechanism for the overview of sliding and that molecular level alterations can
alter ribosome movement and speed, there is a deficit in how molecular-level components

contribute to this phenomenon.

Steps need to be taken to characterize specific steps of translocation and ribosome
rotational states during the ribosome movement on mRNA. Traditionally, methods for studying
translocation states rely on ribosome pausing or stalling using antibiotics, EF-G mutations, or the
use of non-hydrolysable GTP analogs [7-11]. These types of assays can prove problematic as
alterations to translocation could lead to off-states or “false positive” findings — especially during
GTP hydrolysis and inorganic peptide release [12]. In order to address this concern, steps have

been taken in the right direction by utilizing structural studies such as time-resolved Cryo-EM.
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For example, such work has revealed that EF-G-GTP associates with the ribosome and behaves
rather rigidly to “drive” mRNA-tRNA translocation from the A-site to P-site and GTP hydrolysis
and Pi release lead to EF-G dissociation [13]. This offers a lot of new and exciting insight into
translocation, but many of the individual rotational states that occur after EF-G association and
during tRNA-mRNA movement are still convoluted. This is interesting to study further,
especially when considering how modifications to mRNA and tRNA may be involved in
affecting movement during this process. To begin investigating rotational states and individual
steps in the translocation mechanism, EF-G bound ribosomes could be used to better rationalize
how mRNA-tRNA move prior to GTP-hydrolysis. As current evidence suggests that EF-G
remains rigid upon binding and GTPase activity leads to its dissociation, incorporating non-
hydrolysable GTP analogs onto EF-G (which can result in up to 50-fold decrease EF-G
dissociation) can be done to begin investigating these individual rotation states. This could be
done using fluorescence labeled mRNA and/or tRNA species to see if they are remaining
stabilized or destabilized during A/P-site shifts. Or, 30S body or “head” units could be
fluorescently labeled to probe individual rotational states during “body rotation” and “head
swivel” events. Such studies could be performed using a single-molecule fluorescence translation
platform with a ZMW approach — which allows for up to four different fluorescently labeled
ligands to be studied in a single ribosome [14]. Combing this approach with Cryo-EM studies
using EF-G:GTP analogs could better elucidate steps of translocation and would then allow for a
platform to study how modifications to mRNA or tRNA could affect such steps through
stabilization or destabilization of mRNA:tRNA or rRNA interactions. Such findings may explain

why certain modifications suppress or promote frameshift events during translocation.
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Modifications to either mRNA or tRNA in poly(A) translation affect the rates of addition
for the second lysine and that is driven primarily by mRNA sequence. In fact, structural work
has been done to visualize tRNAM® within the A/P site of the ribosome and that tRNA
modifications alter base-pairing and ASL stabilization. Using approaches described above,
tRNAL could be serve as a strong starting point in resolving structures that show the influence
that modifications to either mRNA or tRNA (ASL) have on proper decoding (This is continued
in Chapter 6.4 — Anticodon stem-loop --tRNA modifications influence codon decoding and frame
maintenance during translation) [15-18]. In the context of poly(A), we have found that m°A is
frequently installed in poly(A) stretches within the coding sequence, so elucidating structure with
the modification present may help to explain the formation of the helix unmodified poly(A)
adopts in the ribosome and how such a structure may influence rates and mechanism of
elongation. As poly(A) is adopted in a handful of cancers and diseases, understanding the full
effects and mechanism of poly(A) translation would give better insight into if its presence is
programmed or not, as well as potential avenues into ways to treat or circumvent such errors
[19,20]. While mRNA sequence is clearly the primary determinant for decreased rates in
polylysine synthesis the role that peptide sequence has on regulating rates cannot be ignored, as
“rafts” of charged peptide invoke ribosome stalling after the ribosome have translocated past and
off the encoding sequence. Understanding such phenomena would allow us to parse about the
significance that translation constituents have in regulating levels of mRNA — in normal, stress,
and disease states — so we could determine how protein homeostasis is affected. Ribosome
profiling studies comparing translation efficiency of polybasic peptides, for both instances of
mRNA sequence and polybasic “rafts”, could be performed under varying stress conditions to

see how potential mRNA modifications (such as m°A in poly(A)) compare other polybasic
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peptide synthesis. This has the potential to open many avenues of studying how translation is a
pivotal point in gene expression which is influenced by simple modifications or by the peptide

product it synthesizes.

6.4 tRNA modification cross-talk exploration through enzyme, stress, and Kinetic study

Modifications to tRNA have been long known to be involved in assisting the molecule
adopt proper structure and folding, but little work has been done in investigating how such
modifications impact decoding or how they may be linked to physiological conditions and
disease. While it has been discovered that tRNA modifications can have impact on protein
homeostasis and the modification landscape through a “cross-talk” system, it is still very unclear
how individual modifications may disrupt both molecular (tRNA) and cellular function [21-25].
Additionally, while modifications have been characterized in tRNAs, how they interact inter- and
intra-molecularly are not very well established beyond a handful of examples (primarily that of
tRNALY). Perhaps even more troublesome is that many of the enzymes or pathways responsible
for the installation of many of these modifications are poorly understood or unknown altogether.
To this end, more targeted studies, both structural and mechanistic, are needed to elucidate the
roles that tRNA modifications have in protein homeostasis. Such work will allow us to develop a
better understanding of their role in cellular physiology as well as provide insight into how such
modifications may have been adapted evolutionarily.

In this vein of thought, it is also necessary to expand our working knowledge of how
modifications change in varying populations - whether it be in tissues, individuals, disease states,
etc., - as mRNA levels are dynamic though poorly understood as to how they are altered or
modulated. Genetic fingerprints in DNA often serve as indicators of certain populations and gene

expression levels, sequence context, and epitranscriptomic markers serve as indicators of
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variance in genetic populations — with these being affected by disease phenotypes, environmental
conditions, or even inherited. As such, it is not beyond reason to suggest that RNA and its
modifications levels (whether on tRNA, mRNA, or other species) may also serve as indicators of
variance which have been evolved or changed over time due to similar genetic pressures. I think
it necessary and exciting to explore how modification levels, states, and sequence context can
and have diverged (or not) evolutionarily and how RNA modifications may serve a primary

adaptors in evolution among different populations.

6.5 Methylated guanosine and uridine modifications in S. cerevisiae mRNAs modulate

translation elongation

Over 15 different types of mRNA modifications have been identified by sequencing and
liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS) technologies. In this
work we are able to quantify 50 different mRNA specific modifications in S. cerevisiae at a time,
by improving mRNA purity and the LC-MS/MS pipeline. Using this method we were able to
detect and quantify 13 different known modifications, as well as, detect four new low level
modifications e.g. 1-methyguanosine, N2-methylguanosine, N2, N2-dimethylguanosine, and 5-
methyluridine. Furthermore, we were able to identify the enzymes responsible for incorporating
these modifications into mRNA: Trml10, Trmll, Trml, and Trm2. Using an in-vitro
reconstituted system we discovered that I-methyguanosine, N2-methylguanosine and 5-

methyluridine impede amino acid addition in a position dependent manner on a mRNA codon.

One of the major limitations to assessing the impact of mRNA modifications in
translation is simply that many of the enzymes or pathways responsible for incorporating them

are unknown or poorly defined. This is not an easy component to address as many of the
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enzymes that incorporate well-known modifications in tRNAs, ncRNAs, and even rRNAs are not
well-defined. As some enzymes families and domains can have both tRNA and mRNA
substrates, as is the case with Trm1 in S. cerevisiae which installs N2,N2-dimethylguanosine on
both tRNA and mRNAs. While it is an arduous task to determine substrates of enzymes, and
even more so to discover the enzymes responsible for incorporation in some cases, | believe it is
important to study the Trm enzymes discussed in more detail. Utilizing binding affinity and
structural approaches (such SAXS or X-ray crystallography) we can first determine if the
modifications put onto mRNAs have specificity — with enzymes having a consensus sequence or
structural motif target — or if potential mRNA modifications are simply a consequence of off-
target binding for tRNA modifications. This work can then be expanded into other enzymes
known to incorporate tRNA modifications and assess if those enzymes may be responsible for
mRNA modifications as well.

This work details how m'G, m?>G, and m°U alter translation elongation, but it is unclear
exactly how these modifications do so. Utilizing both a structural and in vitro translation
approach, as described previously, to determine this I believe these examples serve as interesting
pivot in our research to delve deeper into the basic mechanism of translation and codon-
anticodon interactions through base-pairing. For instance, m'G and m?G are modestly
incorporated, but their presence would decrease the capable hydrogen bonds able to be formed in
a G-C base pair or wobble interface. I would like to see the importance of H-bonding, sterics,
and Van der Waals forces explored not only in a codon-anticodon context but also in basic base
pair interactions which may offer findings that expand out current knowledge of nucleic acid
interactions. Preliminary and continued desired work on such a topic is presented and discussed

in Appendix F.
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6.6 Modulation of tRNA modification landscape alters efficacy of antibiotics and offer

exploration of potential biomarkers

It is well known that non-coding RNA is modified, and this has implications on both
structure and function. However, the cooperativity of these modifications both intramolecularly
in the tRNA or intermolecular with the surrounding rRNA and mRNA is not well studied. This is
to do with the fact that knocking out, or even knocking down, some modifying enzyme results in
lethal phenotypes and an inability to study their effects. To bypass this feature, our lab seeks to
develop and provide a platform for high-yield expression of tRNAs with the modifications of
interest either present or absent. This can be done through either bacterial or yeast platforms to
yield the tRNAs of interest. Once harvested, these tRNAs can be used in an in-vitro setting to
determine the roles individual modifications, as well as the entire modification landscape, can
have on translation. In addition, it would allow for the exploration that modifications may have
on other aspects of tRNA and the tRNA lifecyle such as tRNA maturation, modification cross-

talk, or tRNA fragmentation.

Furthermore, understanding how the modification impact this environment spatially or
chemically will unveil more of the important interactions necessary within the ribosome and
perhaps how modifications to tRNA may be involved in forming, maintaining, or even disrupting
such interactions. As shown in Chapter 5 , a single uptick in modification (i°A) changes the A-
site environment sufficiently enough to either compete with or displace Hygromycin B.
Elucidating how and what sites of interaction are important for proper translation opens up more
avenues to explore for targeted therapeutics, or conversely — as is becoming more problematic
with prokaryotes and viruses on a whole — how modifications may be used to confer drug-

resistance.
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Appendix A: Chapter 2 Supplemental Material

This Appendix contains supplemental figures and tables information for Chapter 2.

A.2.1 Supplementary Figures
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Figure A.2.1 (A) Phosphorimage eTLC of timecourse reactions of lysine addition and ribosome sliding on
MK2(AAG)FX mRNA incubated with Lys-tRNALys TCs in the absence or presence of translation factor EF-G:GTP.
Ribosome sliding, as well as synthesis of products longer than di-peptide, require EF-G:GTP with sliding occurring
during steps of translocation. (B) Phosphorimage eTLC of timecourse reactions of lysine addition and ribosome
sliding on MK2(AAA)FX mRNA incubated with Lys-tRNALys TCs in the absence or presence of translation factor
EF-G:GTP. Ribosome sliding, as well as synthesis of products longer than di-peptide, require EF-G:GTP with
sliding occurring during steps of translocation. In addition, sliding product is formed more robustly compared to
AAG codons.
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Figure A.2.2 (A) Phosphorimage eTLC of time course reaction of ribosome sliding on MK2(AAA)FX mRNA
incubated with Lys-tRNALys TCs, as displayed in Figure 3C. Peptide products, indicated by color, were quantified
with ImageQuant and then data sets used for global analysis in KinTek Explorer as seen in panel C, with
corresponding colors. This eTLC is represented again here as these panels offer a representative flowthrough of the
methodology used in the main text from which mechanism and rate constants are derived. (B) Rate constants of
ribosome sliding on MK2(AAA)FX mRNA using Lys-tRNALys TCs (in the presence of EF-G:GTP), as defined by the
proposed mechanism presented in Supplemental Scheme 3A. Rate constants for sliding or unproductive ribosome
states (k3, k4, k5, and k6) were obtained via global analysis simulated fitting (as seen in panel C) to determine
single rate constants for each step in the proposed Scheme in S3A. Rate constants kl and k2 were obtained by fitting
triplicate data sets of fM disappearance and fMK formation/disappearance in Kaleidagraph software  [fM =
al*(1 —(e-kl (1)) +b,; fMK = al*(1 — (e-kl (t) + a2*(1 — (e -k2 (1)) + b ]. (C) Raw data plot time courses
(normalized to peptide end-points) of peptide products synthesized during ribosome sliding as exampled in panel A.
Global analysis was performed on such data sets to obtain rate constants for lysine addition and ribosome sliding
on MK2(AAA)FX mRNA (panel B) as described by the mechanism in Scheme S3A.
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Consumpﬂon Dipeptide formation: ki

Tri-peptide formation: k2

358 ‘ kl ¢ kz k; kﬁ‘l Ribosome sliding and frameshit:
M+K — ™MK+K — fMKz +K —— fMKJ +K — fMK.H. + -3 cliding/frameshift event: k. ks

+ Unproductive sliding event(s): ks, ks
k k
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fMKZ* and fMK;* represent the first and second unproductive states during sliding, respectfully.
Mechanism tested to see if high concentration [30 uM] of Lys-tRNA“= TCs in assays kept saturating conditions for all lysine addition
steps, orif lysine was being consumed more strongly making reaction steps bi-substrate first-order reactions.

C - Proposed mechanism for ribosome sliding: Pseudo-first order reaction steps with saturating TC substrate
(non-productive state formation)

kK], kK], kK], k[K],

™M —— MK —— MK, —— MK, —— MK,
k k
\_5. MK,* \_“, MK ,*

fMKZ* and fMK;* represent the first and second unproductive states during sliding, respectfully.
Mechanism tested to when high concentration [30 uM] of LystRNA>* TCs in assays is in fact saturating conditions for all lysine addition

35

steps.

D - Proposed mechanism for ribosome sliding: Pseudo-first order reaction steps with saturating TC substrate
(non-productive state formation)

kK], (K], (K], (K],

358
MK MK, ——— MK, — MK,

™M

+

Mechanism tested to when high concentration [30 uM] of LystRNAR® TCs in assays is in fact saturating conditions for all lysine addition
steps, but no non-productive state products are formed.

Figure A.2.3 Tested schemes for ribosome sliding on poly(A4) from in vitro translation assays. (A-D) These schemes describe tested
schemes/mechanisms for subsequent amino acid additions by a ribosome translating on a poly(A) containing mRNA — as displayed in
Figure S2. The scheme contains parameters obtainable from the experiments presented here with sets of conditions and parameters used
in each scheme tested as detailed above.
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Figure A.2.4 Scheme of ribosome sliding on poly(A) (example given on MK2(AAA)FX encoding mRNA template).
After successfully decoding two AAA codons and incorporating two lysine amino acids, the ribosome is positioned
with the next codon in the A-site (UUC). If the cognate amino acyl-tRNA is available (Phe-tRNAPhe) it is
incorporated, making product in the 0-frame. In the absence of this available aa-tRNAaa, the ribosome will shift
upstream 1 nucleotide into the -1 frame after a period idling on poly(4) and this will change the identity of the
codon in the A site (now AUU). This has the potential to code for a new aa-tRNAaa and, if present, will
accommodate the aa-tRNAaa and the ribosome will continue translating in the -1 frame. Similarly, absence of the -1
frame aa-tRNAaa (Ile-tRNAlle) will allow the ribosome to continue moving upstream, in a single nucleotide interval
(-2 frame). In addition, the ribosome has the potential to enter a non-productive state during the movement into or
from the -1 frame in which the ribosome may enter a rotational state that is unable to accommodate a cognate aa-
tRNAaa. Similar to the -1 frame event, the ribosome having a now -2 codon in the A-site (now AAU) will code for a
new aa-tRNAaa (Asn-tRNAAsn) or enter a non-productive state. Once again, if the aa-tRNAaa is absent and the
ribosome idles on the poly(A) it will move another nucleotide upstream (now 3 nucleotides, or full codon) in which
AAA will be positioned in the A-site. As Lys-tRNALys is present in such assays, the ribosome will add another lysine
or will enter a non-productive state. If lysine is added in this manner, the ribosome will be in the 0-frame once again
and can repeat the cycle as described.
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Figure A.2.5 (A) Representative phosphorimage eTLC of time course reaction of ribosome sliding and frameshift on
MK2(AAA)FX mRNA incubated with transcribed Lys-tRNALys and Asn-tRNAAsn TCs, indicating trapped frameshift
products in the -2 frame (MK2N). (B) Each frameshift study reported compared levels of peptide synthesized from
frameshifting events to fraction of peptide synthesized from ribosome sliding (greater than tripeptide [MK2]) from
1Cs made with MK2(AAA)FX mRNA after 20 minutes. This was done to assess propensity of frameshift into specific
frames versus normal amino acid addition or general ribosome sliding on MK2(AAA)FX mRNA. For instance, in the
case of the 0 Frame encoding for Phe to form MK2F tetrapeptide it was observed that ~80% of peptide species
synthesized in the assays were longer than MK2. Of these extended products all peptide synthesized was MK2F
tetrapeptide, indicating normal and efficient Phe addition in the 0 frame. In the case of the -2 frame, adding Asn (as
observed in panel A), there was ~62% of sliding peptide product observed versus total peptide species observed (
[MK3 + MK2N + MK4+] / [MK + MK2 + MK3 + MK2N + MK4+] ). However MK2N was the predominant
species synthesized as it comprised ~60% of total peptide product synthesized ( [MK2N] / [MK + MK2 + MK3 +
MEK2N + MK4+] ). This indicates a strong preference to frameshift into, and be trapped in, the -2 frame when Asn-
tRNAAsn is available. A similar trend is observed for lle and the -1 frame, although there is a stronger sliding
phenotype observed for -1 frameshifting and sliding. Ser (+1 frame) and Leu (+2 frame) resulted in very little
frameshift product as well as extended sliding peptide product.
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Figure A.2.6 (A) Full representative phosphorimage eTLC of time course reaction of ribosome sliding on
MK2(AAA)FX mRNA incubated with Lys-tRNALys and Lys-tRNANLys TCs (as shown in Figure 3C and Figure
S24). (B) Global analysis was performed on all data sets for assays described in panel A (discussed in methods and
Figure S2) and subsequent simulated fits were then overlayed and compared here to view the effect native tRNA
modifications have on poly-lysine synthesis when the ribosome reads mRNA containing two iterative AAA codons.
Each data set for peptide species was normalized to endpoint (or total peptide product synthesized in the assays) as
reflected in the y-axis scale. Synthesis of MK and MK?2 is faster on MK2(AAA)FX when Lys-tRNANLys TCs are used
although there is a clear sliding defect with much less MK3 and MK4+ peptide formed compared to when Lys-
tRNALys TCs are used.
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Figure A.2.7 (A) To assess if translation factor EF-Tu:GTP would be selective against incorporating mis-acylated
tRNALys, translation assays were performed to 5 minute endpoints with varying concentrations of EF-Tu:GTP.
Assays used in this main work of this study had final concentrations of 30 uM EF-Tu:GTP which was more than
sufficient to incorporate mis-acylated tRNALys, regardless of modification status (Val-tRNALys on the left
representing Native tRNALys with example sites in which modified nucleosides are located for E. coli
tRNALysUUU). The phosphorimage eTLC was analyzed using ImageQuant and all samples resulted in at least
88.9% 355fMet turnover to synthesize 35SfMet-Val on a MK2(AAA)FX mRNA, regardless of EF-Tu:GTP
concentration. These results suggest that EF-Tu:GTP does not select against incorporating Val-tRNALys variants in
our assays for this study.
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Figure A.2.8 (4) Analysis performed on all data sets for assays using AUG-AAG-AAG-UUC-UAA mRNA, using
either transcribed (Val-tRNALys) or native (Val-tRNANLys) mis-acylated lysyl TCs. Simulated fits from global
analysis are overlaid onto data sets with each tRNA species used, and peptide species formed over time in the
translation reactions, indicated. (B) Representative phosphorimage eTLC of time course reaction of valine addition
on MK2(AAG)FX mRNA incubated with Val-tRNALys or Val-tRNANLys TCs. Lack of modifications to tRNALys
results in significantly slowed formation of MV and MV?2 peptides from mis-acylated Val-tRNALys compared to Val-
tRNANLys. In addition, as also seen in panel A, there is a drastic decrease in endpoints of di- and tri-peptide

products formed when Val-tRNALys is used to decode the AAG lysine encoding codon.

A.2.2 SUPPLEMENTARY TABLES

Table A.2.1 Rate constants for valine addition on lysine encoding mRNAs

mRNA construct MK2aaa)FX MK2aag)FX MV2FX
tRNA TCs Val-tRNALYs Val-tRNANYS Val-tRNALYs Val-tRNANYS Val-tRNAVa!
Rate constant (s™)
k1 2.5+0.3 29+0.6 0.06 + 0.001 4.4 +0.07 7.3+09
k2 0.4+0.1 1.7+04 0.0003 £ 0.00002 1.2+0.02 19+04
k3,0bs 0.002+ 0.00005 0.0002 + 0.00002 - - -
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Table A.2.2 Rate constants for lysine addition during ribosome sliding on m6A4 containing mRNAs

mPA containing
mRNA AAmMSA-AAA AAA-mPAAA AAA-AMPAA AAA-AAM°A

Rate constant (s*')

k1 3.0+0.2 3.2+0.003 11.6+0.8 18.0+2.3
k2 0.7+01 0.2 £0.003 0.2 £0.003 0.46 + 0.006
ks 0.0005 + 0.0001 0.0006 £ 0.0002 0.0009 + 0.0003 0.001 £ 0.0001
k4 0.003 + 0.0002 0.09 +£0.02 0.02 + 0.004 0.1 £0.06
ks 0.0002 £ 0.0001 0.0005 £ 0.0002 0.0007 + 0.0002 0.001 + 0.0001
ks 0.009 * 0.002 0.1£0.03 0.07 £0.02 0.08 + 0.008

Table A.2.3 Frequency of m6A installation in coding sequences}

Number of consecutive Instances of consecutive Instances with m°A
nucleotides (As) Adenosines (A) installed*
4 385832 165
5 125346 60
6 34207 15
7 9237 5
8 2286 2

1 Frequency of consecutive adenosines as exist in the human hg37.75 cds coding sequence reference genome.

11 Frequency of m6A installation in consecutive adenosines as reported in human embryonic kidney cells (HEK293) (53) and

human liver, brain, and lung tissues (54).
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Appendix B: Chapter 4 Supplemental Material

This Appendix contains supplemental figures and tables information for Chapter 4.

B.4.1 Supplementary Figures
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Figure B.4.1 Calibration curves used to quantify adenosine modification concentrations.
Calibration curves of adenosine ribonucleoside modifications plotted in log(response ratio) vs.
log(concentration (pM)). The linear regression, limit of detection, and R2 are displayed in
Supplemental Table S1 (B.4.1).
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Figure B.4.2 Calibration curves used to quantify cytidine modification concentrations.
Calibration curves of cytidine ribonucleoside modifications plotted in log(response ratio) vs.
log(concentration (pM)). The linear regression, limit of detection, and R2 are displayed in
Supplemental Table S1 (B.4.1).
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Figure B.4.3 Calibration curves used to quantify guanosine modification concentrations.
Calibration curves of guanosine ribonucleoside modifications plotted in log(response ratio) vs.
log(concentration (pM)). The linear regression, limit of detection, and R2 are displayed in
Supplemental Table SI (B.4.1).

220



acpU cm’U cmnmsU

u 0
21 Ly '
A1 ; 01
14 0
-24 -1 -1
%] 2
4 27 -2
1 3 K} 3
“1=x K
4
D
14
04
0_
-
2 17
-3 -2

N

_ mU
0-
o 07
2 1
g 7 3
B oLt
= 2 4 6
méU
0 1 14 1
-1 0 0- 01
1
-2 11 11
-2
-31 21 21 s
R 31 -3 1 _4_:{
2 4 6 2 4 6 2 4 6 2 4 6
s2U s'U Um Y
0 14 >
N 0 0 0 /
- 4. N
2 ’ .
21 2.
2 -2 1
-3 34 s
v PN RS E S ) L LA
2 4 6 2 4 6 2 4 2
log(Concentration (pM))

Figure B.4.4 Calibration curves used to quantify uridine modification concentrations. Calibration
curves of uridine ribonucleoside modifications plotted in log(response ratio) vs. log(concentration
(pM)). The linear regression, limit of detection, and R2 are displayed in Supplemental Table S1
(B.4.1).
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Figure B.4.5 Ribosomal RNAs are depleted in three-stage purified mRNA. qRT-PCR demonstrates that the 18S and
258 rRNAs are depleted by greater than 3000-fold in the purified mRNA. Contrarily, ACTI is enriched by greater
than 10-fold. This data in addition to the Bioanalyzer electropherograms, RNA-seq, and LC-MS/MS proves that our
three-stage purified mRNA is highly pure.
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Figure B.4.6 Ribonucleoside modification abundance in the three-stage purified
mRNA. The ribonucleoside abundance is represented as modification/main base% (i.e.,
m7G/G%) where pseudouridine was the most abundant modification detected. All
modifications detected were previously detected in purified mRNA besides for the three
methylated guanosine modifications displayed in blue (m1G, m2G, and m22G). Our
improvements regarding LC-MS/MS sensitivity and mRNA purity enables us to
confidently claim these modifications exist with S. cerevisiae mRNA.
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Figure B.4.7 Electrophoretic TLC displaying the translation products of CGU, Cm1GU, and Cm2GU codons in the

presence of arginine tRNA (ArgTC), forming MR dipeptide over the span of 1200 seconds.
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Figure B.4.8 Electrophoretic TLC displaying the translation products of GUG, m1GUG,

and m2GUG codons in the

presence of valine tRNA (ValTC), forming MV dipeptide over the span of 1200 seconds.
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Figure B.4.9 Electrophoretic TLC displaying the translation products of GUG, GUm1G, and GUm2G codons in the
presence of valine tRNA (ValTC), forming MV dipeptide over the span of 1200 seconds.
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Figure B.4.10 Electrophoretic TLC displaying the translation products of m5U messages in the presence of
phenylalanine tRNA (PheTC), forming MF dipeptide over the span of 3 seconds
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Figure B.4.11 Deconvoluted ESI-MS spectra of modified oligonucleotides provided by Dharmacon to confirm
purity. The expected and observed masses of the m1GUG, CmlGU, and GUmIG modified codon oligonucleotides
are found in the top, middle, and bottom panels, respectively. Minor n-1 oligonucleotides products were detected,
but they would not affect the in vitro translation assays because the nucleotide loss occurs in the non-coded region
of the purchased mRNA transcript.
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Figure B.4.12 Deconvoluted ESI-MS spectra of modified oligonucleotides provided by Dharmacon to confirm
purity. The expected and observed masses of the m2GUG, Cm2GU, and GUm2G modified codon oligonucleotides
are found in the top, middle, and bottom panels, respectively. Minor n-1 oligonucleotides products were detected,
but they would not affect the in vitro translation assays because the nucleotide loss occurs in the non-coded region
of the purchased mRNA transc
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Figure B.4.13 Deconvoluted ESI-MS spectra of m5UUC modified codon oligonucleotides provided by Dharmacon
to confirm purity (top panel). Full scan spectra of UmSUC (middle) and UUm5SU (bottom) modified codon
oligonucleotide. The corresponding expected and observed mass (Da) or mass-to-charge (m/z) is displayed for each
spectrum. Minor n-1 oligonucleotides products were detected, but they would not affect the in vitro translation
assays because the nucleotide loss occurs in the non-coded region of the purchased mRNA transcript.
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B.4.2 SUPPLEMENTARY TABLES

Table B.4.1 Linear regression, limit of detection, and R2 calculated from calibration curves made from nucleoside
standards. Y corresponds to log(response ratio) and X corresponds to log(concentration(pM)).

Nucleoside Linear Regression Limit of Detection (amol) R?

A Y =0.9264X - 3.632 Not Determined >0.999
ac*C Y =1.005X - 4.344 43 >0.999
acp’U Y =1.027X - 5.882 1000 0.995
Am Y =0.972X -3.727 7 >(0.999
C Y =0.9185X - 3.884 Not Determined 0.998
Cm Y =0.9685X - 3.953 41 0.998
cm’U Y =0.998X - 4.53 21 >0.999
cmnmSU Y =0.9981X - 4.62 160 0.998
cmo’U Y =1.007X - 4.982 67 0.998
D Y =0.9866X - 5.073 530 >(0.999
5C Y=1.017X-4.412 21 >(.999
G Y =0.956X - 4.061 Not Determined 0.998
Gm Y=1.012X-4.319 18 >().999
hm3C Y =1.04X-4.424 18 >0.999
ho°U Y =1.168X-6.776 3300 0.997
| Y =0.9827X - 4.325 170 >(0.999
i°A Y =0.946X - 3.735 44 >(.999
Im Y =1.007X - 4.808 150 0.998
m'A Y =0.9792X - 3.76 4 0.999
m'G Y =0.9791X-4.117 9 0.999
m'l Y =0.9922X - 4.429 50 0.999
m'¥Y Y =0.9835X - 5.088 250 0.998
m;G Y =0.9686X - 3.761 4 >0.999
m%G Y =1.001X - 4.064 10 >(.999
m>’'G Y =1.002X -4.073 8 >0.999
m>3A Y =1.004X - 4.822 79 0.998
m’A Y =0.9996X - 4.341 24 0.997
m’G Y =1.004X -4.29 26 0.998
m3C Y =0.9792X - 3.906 8 0.998
m3U Y =0.9944X - 4.439 45 >0.999
m>C Y =1.005X - 4.139 21 0.998
m>Cm Y =1.00X - 3.97 14 0.999
m3s*U Y =1.164X-5.52 250 0.993
m3U Y =0.9825X - 4.665 72 0.996
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m>Um Y =1.029X - 4.836 40 >0.999
m°A Y =0.9558X - 3.629 3 >(.999
m®Am Y =0.9503X - 3.356 4 >0.999
m°U Y =0.9981X - 5.588 640 0.997
m’G Y =1.06X-4.22 11 >0.999
mcm3s?U Y =1.061X -4.909 83 0.993
mcm’U Y =0.9751X - 4.457 29 0.995
mo°U Y =1.007X - 4.786 67 >0.999
ms2t°A Y =1.004X - 4.223 21 >0.999
b 4 Y =1.00X-5.313 930 0.998
s*C Y =1.386X - 6.284 1100 0.995
s*U Y =0.9031X -4.843 120 0.986
s*U Y =1.448X - 7.433 2000 0.992
t°A Y =0.9956X - 4.201 21 >0.999
U Y =0.9492X - 4.714 Not Determined 0.999
Um Y =0.9891X -4.993 170 0.995

Table B.4.2 Ribonucleoside standard concentrations displayed in Figure 1A extracted ion chromatogram

Nucleoside Peak Label Concentration (nM)
A 26 6.9
ac*C 39 14.4
acp’U 10 72
Am 40 2.9
C 1 6.9
Cm 15 14.4
cm’U 16 14.4
cmnmSU 5 14.4
cmo’U 18 72
D 2 64.8
5C 23 14.4
G 20 6.9
Gm 34 14.4
hm3C 3 14.4
ho’U 9 360
I 19 14.4
i°A 50 2.9
Im 32 14.4
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m'A 7 2.9
m'G 33 14.4
m'l 35 14.4
m'Y 14 72
m3G 36 2.9
m%G 45 2.9
m>’G 25 2.9
m>3A 43 14.4
m2A 30 14.4
m2G 38 14.4
m3C 6 2.9
m3U 31 14.4
m>C 8 2.9
m>Cm 21 2.9
m3s2U 41 14.4
m°U 22 32
m>Um 42 14.4
m®A 44 2.9
m®Am 47 0.58
méU 17 72
m’'G 12 2.9
mem3s2U 46 14.4
mcm>U 37 14.4
mo’U 24 14.4
ms>t°A 49 2.9
b 4 4 64.8
s*C 13 14.4
s*U 27 72
s*U 29 72
t°A 48 2.9
U 11 34.6
Um 28 72

Table B.4.3 Average Modification Percentage of UHLPC-MS/MS analysis WT and KO cell types. Measurements

were averaged between the two biological replicates and three technical replicates of each biological replicate.

Each measurement represents modification percentage (modification/canonical base %).

Nucleoside

Abb
revi

Fo
un

P
T

WT
tota

Atr
ml

Atr
m2

Atr
ml0

Atr
mll

WT
mR

Atr
ml

Atr
m2

Atr
ml0

At
rm
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atio | d M|l tota | tota | tota [ tota | NA |mR | mR | mR |11
n in RN |1 1 1 1 NA |[NA |[NA |m
S. |C|A RN | RN | RN | RN R
cer | la A A A A N
evi | ss A
sia
e
Dihydrouri | D Ye |r, | 1.88 {2.00 | 1.99 [ 2.05 |2.04 | N.D |N.D | ND | N.D | N.
dine S t | 617 | 469 | 118 | 319 | 294 D.
182 | 037 | 947 | 471 | 477
3 3 8 6
5- hm5 [ No |[m |N.D |[ND [N.D [N.D |[ND |N.D |N.D |ND | N.D | N.
hydroxymet | C , D.
hylcytidine r
Pseudouridi | ¥ Ye |m|4.79 | 500 | 4.65|4.95|5.05]0.020.01 |0.02]0.02]0.0
ne S , | 816 | 988 | 682 | 165 | 488 | 372 944 | 475 | 191 |20
r, | 861 | 432 | 032 | 033 | 164 |314 | 457 |26 125 |41
s |8 6 8 6 4 7 9 6 4
n,
S
n
o,
t
3- m’C | Ye |m|0.04 | 0.04 | 0.06 | 0.04 | 0.04 | N.D | N.D | 0.00 | N.D | N.
methylcytid S ,t 1248 | 256 | 554 | 911 | 483 045 D.
ine 235 | 740 | 411 | 339 | 600 098
4 3 9 6 8 8
1- m'A | Ye |m|0.22 023 |0.35]0.23 0.22|0.00 | 0.00 | 0.00 | 0.00 | 0.0
methyladen S , 235 (325 | 110 | 494 | 448 | 013 | 017 | 013 |[015 |00
osine r, | 762 | 342 | 335 [ 119 | 584 | 545 | 155 [ 927 | 797 |13
t |6 8 5 5 5 9 9
5- ho> |[No |t [N.D |[N.D [ND [N.D |[N.D |N.D [ND |[N.D |ND | N.
hydroxyuri | U D.
dine
5- m’C | Ye |m|0.79 | 0.81 | 0.68 | 0.85 | 0.82 | 0.00 | 0.00 | 0.00 | 0.00 | 0.0
methylcytid S , | 748 | 129 | 296 | 577 | 305 | 512 475 |449 | 388 | 03
ine r, | 402 | 611 | 682 | 728 [ 980 | 690 | 011 | 423 | 942 |62
t |5 6 1 9 6 4 6 1 1 4
1- m'? | Ye |r, | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | N.D |N.D | N.D | N.D | N.
methylpseu S t | 357 | 402 | 430 | 371 |433 D.
douridine 684 | 319 | 904 | 891 | 346
4 2 1 3
7- m’G | Ye |m|0.14 | 0.15 | 0.17 | 0.15 | 0.14 | 0.02 | 0.02 | 0.01 | 0.02 | 0.0
methylguan S , 193 | 467 | 502 | 205 | 558 | 015 459 |632 | 004 |20
osine r, | 920 | 844 | 152 | 227 |261 |543 |492 | 834 |338 |00
t |6 2 6 2 4 6 8 7 5 7
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2'-0- Cm |Ye |m|137|139 122 |1.38|1.37 |0.00|0.00 | 0.00 | 0.00 |0.0
methylcytid S , | 481 | 694 | 414 [974 | 895 | 335 | 287 |245 |292 |02
ine r, | 105 | 531 [ 202 [958 | 703 | 076 | 794 |616 |403 |35
S 1 4 9 4 5 1 2 2 3
n,
t
Inosine I Ye |m|0.13 |0.11 | 0.11 { 0.10 | 0.10 | N.D | N.D | 0.00 | N.D | N.
S ,t| 114 | 026 | 571 |882 |933 813 D.
099 | 253 | 857 | 521 | 440 029
1 5 4 5 6 8
5- m°U | Ye |m [0.46 | 0.49 | 0.03 | 0.52 | 0.50 | 0.00 | 0.00 | 0.00 | 0.00 | 0.0
methyluridi S , |416 | 341 | 267 [310 [ 613 | 094 | 082 | 036 078 |00
ne r, | 817 | 869 | 948 | 229 | 699 |245 | 182 |[695 | 190 |80
t |9 5 5 3 2 1 6 6 1 3
5- f°C [ Ye |m |N.D [N.D [N.D |[N.D |[ND |[ND [ND [N.D |N.D |N.
formylcytid S ,t D.
ine
2'-0- Um | Ye |m|0.63 |0.65]|0.59|0.64 | 0.65 | 0.00 | 0.00 | 0.00 | 0.00 | 0.0
methyluridi S , 1934 | 275 | 783 | 708 |350 | 187 | 103 | 188 | 138 |01
ne r, | 344 | 162 | 841 | 832 |272 | 048 | 638 |174 | 293 |40
S 9 9 6 7 3 2 4 3
n,
S
n
o,
t
2- m?’A [ No |r, [NND [ND [ND |[N.D |[N.D |[N.D |[ND |[ND |[ND |[N.
methyladen t D.
osine
1- m!G | Ye |m [ 038|043 |0.39 |[0.15|0.40 | 0.00 | 0.00 | 0.00 | 0.00 | 0.0
methylguan S , 074 | 596 | 662 | 137 | 785 | 063 | 061 | 072 |036 |00
osine r, | 368 | 958 | 782 | 225 | 217 | 379 | 411 | 848 | 004 |46
t 8 5 1 4 3 2
2'-0- Gm |Ye |m|1.15|1.16 | 1.00 | 1.18 | 1.15 | 0.00 | 0.00 | 0.00 | 0.00 | 0.0
methylguan S , 401 | 267 | 039 | 684 | 348 | 489 | 437 |526 392 |03
osine r, | 153 | 441 | 686 | 482 592 |9 984 | 379 379 |87
s |1 9 4 4 8 9 3 9
n,
t
1- m!l | Ye [t [0.02]0.02|0.02]0.03[0.02|ND |ND |ND |ND |N.
methylinosi S 876 1965 | 602 | 090 | 898 D.
ne 658 | 615 | 036 | 472 | 468
3 8 3 1
N2- m’G | Ye |r, [0.34]0.34 |0.37 [ 0.36 | 0.00 | 0.00 [ 0.00 | 0.00 | 0.00 | 0.0
methylguan S s | 426 | 800 | 324 | 284 |464 | 083 | 071 | 125 | 067 |00
osine n, | 496 | 389 | 236 |[867 |219 |352 | 819 | 783 |256 |38
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t |1 3 7 4 1 7 5 8 7
N4- ac*C | Ye |m|[022]023]0.26(0.23 023 |N.D |ND |ND |[ND |N.
acetylcytidi S J [ 272 1242 1948 | 151 | 009 D.
ne ,t 1901 | 025 | 754 | 416 | 017
3 8 2 8
2'-0- Am |Ye |m|1.22 122|123 |1.21 |1.21 |0.00|0.00 | 0.00 | 0.00 |0.0
methyladen S , | 688 [220 | 146 | 806 | 079 | 151 | 114 | 154 | 139 |0l
osine r, | 889 | 413 | 153 | 362 |377 |562 | 517 | 674 |292 |13
s |9 8 6 8 6 9 1 9 5 2
n,
S
n
0,
t
N6- mPA | Ye |m|0.12 [0.12 | 0.10 | 0.12 | 0.12 | 0.00 | 0.00 | 0.00 | 0.00 | 0.0
methyladen S , | 300 [ 120 |537 [ 365 | 089 |032 |027 | 033 |025 | 00
osine r, | 485 | 245 | 066 | 633 | 648 | 066 | 325 | 981 |273 |21
s |9 5 6 7 3 8 8 8 3
n,
t
N2,N2- m% |Ye |r, |0.30 [0.00 | 0.34|0.32|0.31 | 0.00 | 0.00 | 0.00 | 0.00 | 0.0
dimethylgu | G S t 345 | 047 377 | 371 | 570 | 052 | 014 | 066 | 046 |00
anosine 824 | 411 | 020 | 564 |524 | 743 | 785 | 943 | 607 |51
4 5 2 7 1 1 1 6 2 3
N6,2'-O- mPA [No |m |N.D [ND |[ND |N.D |N.D [ND |ND |N.D [ N.D | N.
dimethylad | m , D.
enosine s
n
N6- iA | Ye |t [0.07|0.08|0.06|0.08|0.08 | ND|ND |ND|[ND|N.
isopentenyl S 871 | 217 | 778 | 516 | 355 D.
adenosine 547 | 717 | 839 | 653 | 658
8 4 4 4 6
N2,N7- m>” | Ye |s |[N.D [ND |ND |ND |ND |[ND |ND |ND |[ND | N.
dimethylgu | G s n, D.
anosine S
n
0
6- m®U [No [N [N.D [N.D [IND |[ND |[N.D |[ND |[ND |N.D |ND | N.
methyluridi F D.
ne
5,2'-0O- m°C {No [N |ND |ND |[ND |[ND |ND |ND |ND |N.D | N.D | N.
dimethylcyt | m F D.
idine
5- cm® | Ye |t [0.00 | 0.00 | 0.00 | 0.00 | 0.00 [N.D |[N.D |[N.D [N.D | N.
carboxymet | U S 179 | 202 | 182 | 219 |200 D.
hyluridine 788 | 788 | 129 | 957 | 830
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2 7 5 8 6

2- sC |No [t |[N.D |N.D |[ND |ND |ND |[ND [ND [ND |ND |N.
thiocytidine . . . . . . . . . D.
2'-0- Im |[No |r [ND|ND [ND |ND |ND [ND |ND |ND |ND |N.
methylinosi D.
ne
5- mc |Ye |t [0.020.02]0.02]0.02 002 |ND|ND |ND|ND|N.
methoxycar | m°U | s 143 | 384 [ 672 | 673 | 455 D.
bonylmethy 793 | 683 | 345 | 782 | 736
luridine 4 5 2 6
5- cmn | Ye |t |0.00|0.00 |0.00|0.00 000 |ND|ND/|ND/|ND|N.
carboxymet | m°U | s 027 | 032 | 060 | 017 | 025 D.
hylaminom 672 | 096 | 468 | 227 | 361
ethyluridine 8 5 7 1
5- mo’> |[No |t [ND [ND |[N.D |[N.D |[N.D |[N.D |ND |[ND |[ND |[N.
methoxyuri | U D.
dine
3-(3-amino- | acp® |No [r, |[N.D [N.D [N.D |[N.D |[N.D [ND [ND [N.D |[ND |N.
3- U t D.
carboxypro
pyDuridine
uridine 5- cmo |[No |t |[N.D |ND [N.D |ND |ND |[N.D |ND |[ND |ND | N.
oxyacetic U D.
acid
2,8- m*® | No |r [ND [ND |[ND |N.D |[N.D |[N.D |ND |ND |[ND [ N.
dimethylad | A D.
enosine
5- mc |Ye |t |0.020.02]0.04|0.02 002 | ND|ND |ND|ND|N.
methoxycar | m’s” | s 889 | 839 | 372 | 570 | 887 D.
bonylmethy | U 898 | 637 | 151 | 161 | 603
1-2- 4 7 8 5
thiouridine
N2,N2,N7- |m3G |Ye |[s |[N.D |[ND |N.D [N.D |[ND |[N.D |[ND |N.D |N.D | N.
trimethylgu S n, D.
anosine s

n

0
5,2'-0O- m°U [No |t [ND [ND [ND |N.D |ND |ND |ND |[ND |ND | N.
dimethyluri | m D.
dine
2- ms’t [No |t [ND [ND |[N.D |N.D |[N.D |[N.D |ND |[ND |[ND |[N.
methylthio- | A D.
N6-
threonylcar
bamoyladen

osine
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4- s*U | No N.D |[ND [ND [N.D |[ND |N.D |ND |ND |N.D | N.
thiouridine ) . . ) . . ) . . D.
N6- t°A | Ye 0.08 | 0.08 | #DI | 0.09 | 0.08 | N.D | N.D | N.D | N.D | N.
threonylcar S 298 921 [ V/0!| 157 | 732 D.
bamoyladen 883 | 031 055 | 121
osine 5 2 5
2- s’U | Ye N.D |[ND |[ND [N.D |[ND |N.D |ND |ND |N.D | N.
thiouridine S : . . : . . : . . D.
5-methyl-2- | m°s*> | No N.D |[ND |[ND [N.D |[ND |N.D |ND |ND |N.D | N.
thiouridine | U : . . : . . : . . D.
3- m’U | Ye 0.00 | 0.00 | 0.07 | 0.00 | 0.00 | N.D | N.D | N.D | N.D | N.
methyluridi S 432 | 250 | 966 | 152 | 172 D.
ne 787 | 571 | 519 | 024 | 727

3 4 3 7 4

Table B.4.4 Percent retention of modification in purified mRNA. Values were calculated by comparing the

mod/main% of the mRNA and the total RNA ((mRNA mod/main%)/total RNA mod/main% *100)

% Retention in WT

Nucleoside Abbreviation
mRNA

Pseudouridine L 0.49
1-methyladenosine m'A 0.06
5-methylcytidine m>°C 0.64
7-methylguanosine m’G 14.2
2'-0O-methylcytidine Cm 0.24
5-methyluridine msU 0.20
2'-0-methyluridine Um 0.29
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1-methylguanosine m'G

2'-0-methylguanosine Gm
N2-methylguanosine m?G

2'-0-methyladenosine Am
N6-methyladenosine moA
N2,N2-dimethylguanosine m?,G

0.17

0.42

0.24

0.12

0.26

0.17

Table B.4.5 qRT-PCR primer sequences

Gene ID | Gene Name Forward sequence (5°-3’) Reverse sequence (5’-3’)

YFL039C ACT1 GCCTTCTACGTTTCCATCCA GGCCAAATCGATTCTCAAAA
RDN18-2 18S rRNA GAGTCCTTGTGGCTCTTGGC AATACTGATGCCCCCGACC
RDN25-1 25S rRNA ATGTGATTTCTGCCCAGTGC AATCCATTCATGCGCGTCAC

Table B.4.6 UPLC gradients for analytical separation and wash methods. %B corresponds to the percentage of B
mobile phase (acetonitrile + 0.01% formic acid)

Wash Method

Time (min) B (%)
0 0
1 60
2 0
2.5 0
3.5 60
4.5 0
5 0
6 60
7 0
7.5 0
8.5 60
9.5 0

236




10 0
11 60
12 0
12.5 0
13.5 60
14.5 0
15 0
16 100
17.8 100
18.3 0
27.8 0

Table B.4.7 Multiple reaction monitoring parameters of nucleosides

Nucle | Precu | MS1 Prod | MS2 Fragm | Colli | Cell Reten | Delta | Pola
oside | rsor Resolu | uct | Resolu | entor sion | Accele | tion Reten | rity
Ion tion Ion | tion \%) Ener | rator Time | tion
(m/z) (m/z gy Voltag | (min) | Time
) V) e (min)
Ny-I | 273.2 | Wide | 141 | Unit 90 5 2 6.64 2.5 Posit
ive
A 268.2 | Wide | 136 | Unit 80 15 2 7.66 2.5 Posit
ive
ac*C 286.2 | Wide | 154 | Unit 70 5 2 9.98 2.5 Posit
ive
acp®U | 346.1 | Wide |214. | Unit 60 13 4 2.75 2.5 Posit
1 ive
Am 282.2 | Wide | 136 | Unit 80 15 2 10.07 | 2.5 Posit
ive
C 2442 | Wide | 112 | Unit 70 12 3 1.62 2.5 Posit
ive
Cm 258.1 | Wide | 112 | Unit 70 10 3 4.45 2.5 Posit
ive
cm’U | 303 Wide | 171. | Unit 80 5 1 556 |25 Posit
1 ive
cmnm | 332.1 | Wide | 125 | Unit 70 13 3 1.97 2.5 Posit
SU ive
cmo’U | 319 Wide | 187. | Unit 60 7 1 575 |25 Posit
1 ive
D 247.2 | Wide | 115. | Unit 70 5 3 1.76 2.5 Posit
1 ive
5C 2722 | Wide | 140 | Unit 70 10 2 7.31 2.5 Posit
ive
G 284.1 | Wide | 152 | Unit 70 10 2 6.86 2.5 Posit
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ive

Gm 298.1 | Wide 152 | Unit 80 5 9.18 2.5 Posit
ive
hm3C | 274.2 | Wide 142 | Unit 60 5 1.83 2.5 Posit
ive
ho°U 261.2 | Wide 129 | Unit 80 5 2.44 2.5 Posit
ive
| 269.2 | Wide 137 | Unit 80 10 6.64 2.5 Posit
ive
A 336 Wide 204. | Unit 90 17 15.14 | 2.5 Posit
1 ive
Im 283.1 | Wide 136. | Unit 90 1 9.14 2.5 Posit
9 ive
ml'A 282.2 | Wide 150 | Unit 100 15 2.41 2.5 Posit
ive
m'G 298.2 | Wide 166. | Unit 80 5 9.15 2.5 Posit
1 ive
m'l 283 Wide 151 Unit 100 5 9.19 2.5 Posit
ive
m'¥Y 259.1 | Wide 139 | Unit 80 15 3.69 2.5 Posit
ive
m3G 326.1 | Wide 194 | Unit 60 15 9.89 2.5 Posit
ive
m?%G | 3123 | Wide 180. | Unit 80 10 1144 | 2.5 Posit
1 ive
m*’G | 312.1 | Wide 180. | Unit 60 10 7.82 2.5 Posit
1 ive
m>8A | 296.1 | Wide 164. | Unit 80 15 11.25 |25 Posit
1 ive
m2A 282.1 | Wide 150 | Unit 100 20 8.6 2.5 Posit
ive
m:G 298.1 | Wide 166. | Unit 70 10 9.77 2.5 Posit
1 ive
m3C 258.1 | Wide 126. | Unit 60 5 2.09 2.5 Posit
1 ive
m3U 259 Wide 127 | Unit 70 5 8.47 2.5 Posit
ive
m>C 258.2 | Wide 126 | Unit 60 5 2.61 2.5 Posit
ive
m’Cm | 272.1 | Wide 126. | Unit 80 8 7.19 2.5 Posit
1 ive
m3s2U | 275 Wide | 143 | Unit 70 5 10.85 | 2.5 Posit
ive
m3U 259.1 | Wide 127 | Unit 70 5 7.1 2.5

Posit
ive
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m3Um | 273.1 | Wide 127 | Unit 60 5 3 11.06 |2.5 Posit
ive

mlA 282.2 | Wide 150 | Unit 80 15 2 11.3 2.5 Posit
ive

m°Am | 296.1 | Wide 150 | Unit 90 15 2 12.5 2.5 Posit
ive

m°U 259 Wide 127. | Unit 50 5 2 5.74 2.5 Posit
1 ive

m’G 298.2 | Wide 166 | Unit 80 5 2 3.8 2.5 Posit
ive

memSs | 333 Wide 201. | Unit 60 6 4 1226 | 2.5 Posit
Iy 1 ive

mem’ | 317.1 | Wide 185. | Unit 80 6 1 9.64 2.5 Posit
U 1 ive

mo’U | 275 Wide 143. | Unit 90 1 6 7.38 2.5 Posit
1 ive

ms2t® | 459.2 | Wide 327. | Unit 80 12 2 14.56 |2.5 Posit
A 1 ive

L 4 245.1 | Wide |209 | Unit 70 5 4 1.81 2.5 Posit
ive

s2C 260 Wide 128 | Unit 90 6 3 3.67 2.5 Posit
ive

s2U 261 Wide 129 | Unit 40 3 3 7.61 2.5 Posit
ive

s‘U 261.1 | Wide 129 | Unit 60 11 3 8.21 2.5 Posit
ive

t°A 413.1 | Wide | 281. | Unit 70 5 5 1324 | 2.5 Posit
1 ive

U 2452 | Wide 113 Unit 50 5 3 3.36 2.5 Posit
ive

Um 259.2 | Wide 113 | Unit 70 5 3 8.13 2.5 Posit
ive

Table B.4.8 Concentrations of ribonculeosides in calibration curves standards after the addition of internal

standard

Standard Canonical Nucleosides | ¥ and DHU | m5U All other modifcations
Level (nM) (M) ®eM) | (M)

1 (highest) 21600 1620000 800000 | 360000

2 4320 324000 160000 | 72000

3 864 64800 32000 14400

4 172.8 12960 6400 2880
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5 34.56 2592 1280 | 576
6 6.912 518.4 256 115.2
7 1.3824 103.68 51.2 23.04
8 (lowest) |0 0 0 0

Table B.4.9 Suppliers of ribonucleoside standards used in LC-MS/MS analyses

Nucleoside Supplier

ISNy-1 Cambridge Isotope Laboratories
A ACROS Organics

ac'C Santa Cruz Biotechnology
acp’U Biosynth Carbosynth

Am Santa Cruz Biotechnology
C ACROS Organics

Cm Alfa Aesar

cm’U Biosynth Carbosynth
cmnm®U Biosynth Carbosynth
cmo’U Biosynth Carbosynth

D MedChemExpress

5C Berry & Associates, Inc.
G ACROS Organics

Gm Alfa Aesar

hm*>C Berry & Associates, Inc.
ho’U Aurum Pharmatech

| Santa Cruz Biotechnology
i°A Cayman Chemical

Im Biosynth Carbosynth
m'A Cayman Chemical

m'G Aurum Pharmatech

m'l Toronto Research Chemicals
m'¥yY Abcam

m3G Biosynth Carbosynth
m%G Santa Cruz Biotechnology
m>’'G Biosynth Carbosynth
m>3A Biosynth Carbosynth
m’A Santa Cruz Biotechnology
m’G MedChemExpress

m3C Santa Cruz Biotechnology
m3U Toronto Research Chemicals
m3C Santa Cruz Biotechnology
m>Cm Biosynth Carbosynth
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m5s2U Santa Cruz Biotechnology
m3U Santa Cruz Biotechnology
m3Um Biosynth Carbosynth

mfA Berry & Associates, Inc.
mSAm Toronto Research Chemicals
m°U Biosynth Carbosynth

m’G Santa Cruz Biotechnology
mcem3s2U Biosynth Carbosynth
mem3U Toronto Research Chemicals
mo3U Biosynth Carbosynth
ms2t°A Santa Cruz Biotechnology

b 4 Berry & Associates, Inc.

s2C Biosynth Carbosynth

s2U Cayman Chemical

stU Cayman Chemical

t°A Toronto Research Chemicals
U ACROS Organics

Um Alfa Aesar

Table B.4.10 Suppliers of ribonucleoside standards used in LC-MS/MS analyses

Nucleoside Supplier

ISNy-T Cambridge Isotope Laboratories
A ACROS Organics

ac'C Santa Cruz Biotechnology
acp’U Biosynth Carbosynth

Am Santa Cruz Biotechnology
C ACROS Organics

Cm Alfa Aesar

cm’U Biosynth Carbosynth
cmnm®U Biosynth Carbosynth
cmo’U Biosynth Carbosynth

D MedChemExpress

5C Berry & Associates, Inc.
G ACROS Organics

Gm Alfa Aesar

hm*>C Berry & Associates, Inc.
ho’U Aurum Pharmatech

I Santa Cruz Biotechnology
i°A Cayman Chemical

Im Biosynth Carbosynth
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m'A Cayman Chemical

m'G Aurum Pharmatech

m'l Toronto Research Chemicals
m'¥Y Abcam

m3G Biosynth Carbosynth

m%G Santa Cruz Biotechnology
m>’G Biosynth Carbosynth

m>8A Biosynth Carbosynth

m?A Santa Cruz Biotechnology
m’G MedChemExpress

m3C Santa Cruz Biotechnology
m3U Toronto Research Chemicals
m3C Santa Cruz Biotechnology
m3Cm Biosynth Carbosynth

m3s?U Santa Cruz Biotechnology
m3U Santa Cruz Biotechnology
m3Um Biosynth Carbosynth

mSA Berry & Associates, Inc.
méAm Toronto Research Chemicals
m°U Biosynth Carbosynth

m’G Santa Cruz Biotechnology
mem3s*U Biosynth Carbosynth
mem>U Toronto Research Chemicals
mo°U Biosynth Carbosynth
ms?tSA Santa Cruz Biotechnology
b4 Berry & Associates, Inc.

s2C Biosynth Carbosynth

s2U Cayman Chemical

stU Cayman Chemical

tSA Toronto Research Chemicals
U ACROS Organics

Um Alfa Aesar
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Table B.4.11 The DNA template and the resulting RNA sequence following run-off T7 transcription

A | Co | DNA template for transcription RNA Sequence

mi | do

no |

Ac

id

Phe | UU | TGGCTACAGAAGGGCTTAGAACATAATGCACTTATC | GGGUGUCUUGCGAGGAUAAGUGCAUUA
U | CTCGCAAGACACCCTATAGTGAGTCGTATTA UGUUUUAAGCCCUUCUGUAGCCA

Phe | UU | TGGCTACAGAAGGGCTTAGAACATAATGCACTTATC | GGGUGUCUUGCGAGGAUAAGUGCAUUA
C | CTCGCAAGACACCCTATAGTGAGTCGTATTA UGUUCUAAGCCCUUCUGUAGCCA

Val | GU | TGGCTACAGAAGGGCTTTTATCGTTGCACCATAATG | GGUGUCUUGCGAGGAUAAGUGCAUUAU
G | CACTTATCCTCGCAAGACACCCTATAGTGAGTCGTA | GGUGCAACGAUAAAAGCCCUUCUGUAGC

TT CA

Arg | CG | TGGCTACAGAAGGGGTCACTTTATGCACGCATAATG | GGUGUCUUGCGAGGAUAAGUGCAUUAU

U | CACTTATCCTCGCAAGACACCCTATAGTGAGTCGTA | GCGUGCAUAAAGUGACCCCUUCUGUAGC

TT

CA

Table B.4.12 Modified RNA transcriptions purchased from Dharmacon

Ami | Cod | Modif | RNA Sequence

acia | O |ed
codon

Ph | VWU | UUm’ | GGGUGUCUUGCGAGGAUAAGUGCAUUAUGUUmMUUAAGCCCU

e U UCUGUAGCCA

Ph | VUC | mSUU | GGGUGUCUUGCGAGGAUAAGUGCAUUAUGmM ’UUCUAAGCCCU

e C UCUGUAGCCA

Ph | VUC | Um’U | GGGUGUCUUGCGAGGAUAAGUGCAUUAUGUmM UUCUAAGCCC

e C UUCUGUAGCCA

Val | 6U¢ | m!'GU | GGUGUCUUGCGAGGAUAAGUGCAUUAUGM'GUGCAACGAUAA
G AAGCCCUUCUGUAGCCA

Val | 6U¢ | m?GU | GGUGUCUUGCGAGGAUAAGUGCAUUAUGM>*GUGCAACGAUAA
G AAGCCCUUCUGUAGCCA

Val | 6Y6 | GUm! | GGUGUCUUGCGAGGAUAAGUGCAUUAUGGUmM'GCAACGAUAA
G AAGCCCUUCUGUAGCCA

Val | V¢ | GUm? | GGUGUCUUGCGAGGAUAAGUGCAUUAUGGUmM>GCAACGAUAA
G AAGCCCUUCUGUAGCCA

Ar | 6V | Cm'G | GGUGUCUUGCGAGGAUAAGUGCAUUAUGCmM'GUGCAUAAAGU

g U GACCCCUUCUGUAGCCA

Ar | 6V | Cm®G | GGUGUCUUGCGAGGAUAAGUGCAUUAUGCM*GUGCAUAAAGU

g U GACCCCUUCUGUAGCCA
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Appendix C: Chapter 5 Supplemental Material

This appendix contains all supplemental discussion, and data/supporting figures for the paper
titled “Modulation of tRNA modification landscape alters the efficacy of Hygromycin B

translation inhibition." This work has yet to be published.

C.5.1 Supplementary Figures
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Appendix D: A Humanized Yeast Model Reveals Dominant-Negative Properties of
Neuropathy-Associated Alanyl-tRNA Synthetase Mutations

This Appendix contains supplemental material for the currently prepint (as of 7-13-2022) article

titled above by the following authors:

Rebecca Meyer-Schuman’, Sheila Marte!, Tyler Smith?, Shawna Feely’, Marina Kennerson*>?,

Garth Nicholson*%, Mike Shy’, Kristin Koutmou?, and Anthony Antonellis’”"

'Department of Human Genetics, University of Michigan Medical School, Ann Arbor, Michigan,
USA; *Department of Chemistry, University of Michigan, Ann Arbor, Michigan, 3Department of
Neurology, Carver College of Medicine, University of lowa, lowa City, lowa; ?Northcott
Neuroscience Laboratory, ANZAC Research Institute, Sydney, NSW, Australia; *Sydney Medical
School, University of Sydney, Sydney, NSW, Australia; “Molecular Medicine Laboratory,
Concord General Repatriation Hospital, Sydney, NSW, Australia; and ’Department of

Neurology, University of Michigan Medical School, Ann Arbor, Michigan, USA.
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D.1 Abstract

Aminoacyl-tRNA synthetases (ARSs) are ubiquitously expressed, essential enzymes that ligate
tRNA molecules to their cognate amino acids. Heterozygosity for missense variants or small in-
frame deletions in five ARS genes causes axonal peripheral neuropathy, a disorder characterized
by impaired neuronal function in the distal extremities. These variants reduce enzyme activity
without significantly decreasing protein levels and reside in genes encoding homo-dimeric
enzymes. These observations raise the possibility of a dominant-negative effect, in which non-
functional mutant ARS subunits dimerize with wild-type ARS subunits and reduce overall ARS
activity below 50%, breaching a threshold required for peripheral nerve axons. To test for these
dominant-negative properties, we developed a humanized yeast assay to co-express pathogenic
human alanyl-tRNA synthetase (AARS1) mutations with wild-type human AARS1. We show
that multiple loss-of-function, pathogenic AARS1 variants repress yeast growth in the presence
of wild-type human AARSI. This growth defect is rescued when these variants are placed in cis
with a mutation that reduces dimerization with the wild-type subunit, demonstrating that the
interaction between mutant AARS1 and wild-type AARSI1 is responsible for the repressed
growth. This demonstrates that neuropathy-associated AARS1 variants exert a dominant-
negative effect, which supports a common, loss-of-function mechanism for ARS-mediated

dominant peripheral neuropathy.
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D.2 Discussion of Results

The yeast model serves as a useful system to assess the activity of AlaRS and its various
mutations forms tested throughout the study. However, the expression of the enzyme in the dual-
vector has the potential to be impacted by cellular conditions enforced or biased as consequence
of the model’s design. To investigate if the observed decreased activity of ARS may in fact be a
consequence of R329H mutation, in vitro amino-acylation assays were performed of purified
WT and R329H mutant human AARSI. It should be noted that these enzymes were expressed in
an E. coli system and while the sequence is accurate, there may be discrepancies in modification
landscape of the proteins expressed in a prokaryotic system. Despite this, the in vitro assays
(Appendix Figure D.I) showcase that when the R329H mutant is presence, there is
approximately a 50% decrease in amino-acylation efficiency. Such findings support the idea that
the mutant is responsible for the decreased activity observed in cells and that this, and perhaps

other mutants, are significant enough to repress growth in the model system used in this study.

When a pGAL1(R329H) or pGAL(R329H-GDMI) vector is present in the ptetO7-ALA1
yeast strain (after being “turned off”), there is a clear phosphorylation defect of e[F2a (at Ser51).
It appears that strains that do not contain a pGALI(AARS mutant) have similar elF2a
expression, and subsequent Ser-51 phosphorylation, at both 0 and 8 hours (before and after the
vector is ‘turned on’). Interestingly, the expression of elF2a is increased in both pGAL1 vectors
which harbor a AARS1 R329H mutation while phosphorylation of elF2a in these cases does not
scale as observed in the Wild type AARS 1 containing pGAL1 vector. In fact, it appears that
level of phosphorylation is similar to 0 hour growth conditions in all strains. This suggests that
when the AARS1 R329H mutation is present, there is a defect in phosphorylation and elF2a is

seemingly overexpressed in attempt to overcome the lack of Ser51 phosphorylation. Normally,
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physiological conditions that result in elF2a phosphorylation stem for stress responses, such as
virus infection or heat shock, prevent recycling of elF2a and thus limit rounds of protein
synthesis [1]. This data suggests that presence of the AARS1 R329H mutation may signal a
translation defect or deficit in which the cell is attempting to express or overexpress elF2o and
prevent its phosphorylation (or kinase targeting) to improve/increase protein synthesis of the

gene product.
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Figure D.2.1 Charging efficiencies of WT and R329H Alanyl tRNA synthetase, and S100 extract, for amino-
acylation of E. coli tRNAAla (TGC isoacceptor). Presence of “-* or “+” indicates absence or presence of 6.X His-
tag, respectively. His-tag does not appear to affect charging efficiency.
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Figure D.2.2 Detection of phosphorylation of elF2a in mutant AARSI containing yeast strains A) ptetO7-ALAI yeast strains transfected with
pADHI1(4) and pGALI(B) vectors, where A and B indicate gene inserts for the H. sapiens AARS, were assayed for phosphorylation of elF2o-
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Appendix E: Codon and tRNA Evolution in Lactobaccilales Impact on Translation Speed

and Accuracy: a Directed Study of Leucine Incorporation

This Appendix contains data for a manuscript in preparation that was performed in collaboration

with the Tao Pan lab at the University of Chicago.
E.1 Discussion of Results

There has been an observed evolutionary divergence in the prokaryote families within the
Lactobacillales order regarding codon usage and distribution. This is highly apparent when
comparing leucine codon usage of four of the families within the order: Carnobacteriaceae (C),
Enterococcaceae (EF), Lactobacillaceae (L), and Streptococcaceae (SP). Despite their genomes
being highly A/T rich (~65%) and having representation of A and T containing leucine-encoding
DNA codons (TTG, TTA, CTT, CTG, CTC, and CTA), there is a shift in codon usage such as
with SF having selection against CTT while selecting for TTA (Appendix Figure E.I).
Interestingly, while SF does indeed have codon usage the family also has changes to its tRNAs
which may explain the evolutionary expansion/alteration of their genetic code. For instance, the
tRNAs in EF which recognize the CUC mRNA codon is the isoacceptor tRNAGac™", which has
undergone mutation in SP resulting in the isoacceptor tRNA1aG"". Due to the wobble property at
position 34 of tRNAs, in which this 134 is positioned in the SF tRNA, the tRNA1ac"®" should be
able to recognize both the CUC and CUU mRNA codons. In fact, while to a significantly lower
degree compared to EF,I find that this tRNA isoacceptor can successfully recognize these codons

in an in vitro system (Appendix Figure E.2).
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The results on Inosine containing tRNAs explain why SP may have had the mutation in
its tRNAs, but it ultimately only part of the puzzle for the evolutionary divergence. While this
explains that SP uses one tRNA species to recognize the selected against CTC and CTT codons
in regards to Leu usage, it does not answer why the family uses TTA so much more frequently.
What makes this more concerning is that certain genes within SP, despite having selection for
TTA, instead have high representations of CTT and TTG codons. This suggests that there may
be 1, or potentially 2, evolutionary pathways that SP and similar families have undergone to
allow for expanded codon recognition. There are three potential hypotheses as to why this may
occur.

First is that the there is a difference in the tRNA abundance for the codons TTA and
TTG, which are recognized by leucine tRNAs with the TAA and CAA anticodons, respectively.
If there is an overall increase in ratio for CAA/TAA in SP compared to EF, the increased
expression may explain why SP is able to “flop” between TTA and TTG codons. The second
hypothesis postulates that there is an evolutionary change to the tRNA sequences themselves
which may alter amino acid fold, stability, and/or activity. The TAA and CAA tRNAs have
variability in their V-loops that change the base-pairing number and strength of the region and
may then change the aforementioned properties of the tRNAs. The third and final hypothesis is
that, similar to the 134 modification highlighted in SP tRNAiag, is that there are different
modifications throughout the tRNAs or within the anticodon stem-loop that would change or

expand codon recognition.

The final work I will contribute to this work regards the second hypothesis and the

remainder of the work needed to assess the importance of the 134 modification. This will require
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additional codon studies, such as the CUA codon, to fully explore the effects of the modification

and its importance in the evolutionary pathway.
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Appendix F: Guanosine mRNA Modifications Influence Translation Elongation and

Termination

This appendix contains work for a manuscript in progress by the following authors:

Smith, T., Wan, Z., Giles, R., and Koutmou, K.

F.1 Introduction

Proper base-pairing and base-pair interactions confer structure function among various RNA
species, such as ribosomal RNA (rRNA), messenger RNA (mRNA) and transfer tRNA (tRNA).
Efficient translation is based upon Watson-Crick base-pairing and is thought to be necessary for
proper decoding between tRNA and mRNA within the ribosome [1]. While in the A-site of the
ribosome, W-C base pairs are required for proper mRNA-tRNA interactions and accurate
decoding at the first two nucleotides of a codon there is more leniency at the third nucleotide
with this “wobble” position which has more chemical and regioselective flexibility in its base-
pair interaction [2],[3]. Even with the prospect of forming non-W-C interactions at the wobble,
formation of hydrogen bonds are still considered to be required for proper codon recognition but
this may not always be the case [4]. Recent work has shown that while H-bond between the N1
of purines and N3 of pyrimidines are at least necessary for base-pairing and successful decoding
at the first and second base-pairs between mRNA and tRNA, adequate base-stacking alone is
sufficient and critical at the third position [5]. While fascinating, many nucleotides studied are
non-naturally occurring prosthetic nucleobases and it is unclear how loss of H-bonding potential

may be impactful in organisms.
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A common way RNA alters it potential to base-pair or form structure is through RNA base
modifications, which are abundant throughout tRNA and rRNA [6]—[8]. In addition, there is a
growing number of modifications found within mRNAs [9]. Of interest, the adenine/guanosine
derivative 2,6-diaminopurine (DAP) has been found to replace adenine in the genetic sequence
of the bacteriophage Cyanophage S-2L, an example of nucleobase substitution which is a
common mechanism that bacteria viruses use to bypass host defense systems [10]. Using high-
throughput LC-MS/MS other H-bonding altering purine bases, N1-methylguanosine (m1G), N2-
methylguanosine (m2G), and N2,N2-dimethylguanosine (m2,2G), have recently been discovered
to exist at low levels in S. cerevisiae mRNAs [11]. While it is uncertain if these modifications
exist within the coding sequence, lysate and in vivo translation studies of mRNAs containing
modified purines, such as O6-methylguanosine (m6G) , N1-methyladenosine (m1A), m1G, and
m2G, impede translation and can even promote miscoding [11], [12]. Changes to the
modification landscape of the ASL of tRNAs can affect ribosome frame maintenance and fidelity
with position 34, which serves as the base-pairing partner to the mRNA codon’s wobble position,

serving a pivotal role in the processes [13] (Smith, In Review).

While it is known that modifications to purines, such as guanosine, of both mRNA and tRNAs
can influence the addition of amino acids during translation, there is currently no strong kinetic
or structural insight into the importance of regioselectivity and H-bonding of base-pairs
interacting in the A-site of the ribosome during translation [14, p.]. To address this, we utilize a
bacterial in vitro translation system to investigate the roles of modified guanosine nucleosides in
mRNAs and their individual hydrogen bonds in the addition of a single amino acid, valine or

arginine, or recognition of release factors, RF1 and RF2 (Appendix F, Figure 1). In addition, we
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can gain insight into how such modifications and H-bonds are involved in proper decoding,
expanded base-pair interactions beyond W-C, ribosome fidelity, and ribosome frame

maintenance at a more discrete level.
F.2 Discussion of Results

Current work has revealed that either the N1 and N6 guanosine H-bond donor or acceptor,
respectively, are both integral for proper base-pair formation and amino-acid addition, with N1
appearing to be the most important. As expected, these bonds are not necessary at the third
position codon. Strikingly, introduction of a methyl group, with two degrees of rotational
freedom, as is the case in m2G is sufficient to drastically slow amino acid addition when
positioned at the third nucleotide of the codon (Appendix F, Figure 2). This suggests that
hydrophobic and stereochemical interactions are important at this position but have the potential
to be disrupted by modifications to the mRNA. This is more interesting when we consider that
both tRNAVal and tRNAArg harbor modifications at position 34 (cmo5U34 and m2A34,
respectively), suggesting that there is an important interplay and communication between
modified mRNA and tRNA. This could open up exploration of a new avenue of decoding

mechanisms that tRNAs and the ribosome use to recognize mRNA substrates [15], [16].
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