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ABSTRACT

Misreading error frequency in mammalian cells during protein synthesis was reported to range
from 102 to 10 error per codon. The studies reporting these error frequencies have measured
several different errors by using various methods. To develop a more comprehensive

understanding of translational accuracy in mammalian cells, I utilized a dual luciferase reporter
system to quantify the frequency of all possible misreading events by tRNAI{}{JSU in HEK293, HelLa,
22RV1 and NIH3T3 cell lines. The results showed that the pattern of misreading error frequency
in these mammalian cell lines was similar but with distinct features. In addition, the difference in
misreading error frequency at several error-prone codons by tRNAb’SU in mammalian cell lines
did not vary as much as it did in E. coli and yeast. | speculate that roughly equivalent isoacceptor
tRNA concentrations in mammalian cells led to this small variation in misreading frequency. In a

second project, | developed a yeast Saccharomyces cerevisiae reporter system for errors by

tRNAS, verifying that GIn 624 but not GIn 625 is an essential amino acid for B-galactosidase



that can be used to quantify misreading frequencies. Using this reporter system, | further tested the
effects of tRNA modifications (mecm?® and s?at U34, and 1 at position 38) on translational fidelity.
Loss of these tRNA modifications decreased misreading frequency at some error-prone codons,
suggesting that tRNA modifications do not always benefit protein translation. | have observed

errors involving novel base pair mismatches in both of my projects, broadening the set of all

possible misreading events.
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CHAPTERII

INTRODUCTION



Chapter I. INTRODUCTION

The genetic information is stored as DNA but is primarily expressed functionally as proteins. This
expression involves two steps, transcription and translation, which are the central dogma of
molecular biology. These steps must occur extremely accurately to preserve the integrity of genetic
information. DNA replication and transcription happen with high fidelity because of proofreading
activities that correct any incorporated wrong nucleotides. However, the maintenance of

translational accuracy is more complicated.

Accurate protein translation largely depends on two processes. One is accurate aminoacylation of
tRNA substrates and the other is correct decoding of the mMRNA. An accurate decoding process
requires selection of the correct tRNA substrate and maintenance of the correct translational
reading frame. The most error-prone step in the whole central dogma seems to happen during the

decoding of an mMRNA sequence into protein, particularly the process of selecting a correct tRNA.

In this study, | attempt to measure a set of translational errors (misreading errors) in multiple
mammalian cell lines and Saccharomyces cerevisiae. This study was finished in eukaryotes so

most of the background information presented in the introductory chapter refers to eukaryotes.

A. The Translational Machinery

1. An Overview of Errors

During the process of transcription and translation, errors do occur in different forms. First, errors
could happen during DNA replication but DNA polymerase enzymes catalyze the process with
high fidelity so that errors take place at a rate of ~1 per every 100,000 nucleotides. Besides, some

of the errors are corrected immediately during DNA replication by a process called proofreading,



and some are corrected after DNA replication via a process called mismatch repair. Therefore, the
mutation rate was reported as low as 10 (Johnson et al., 2000). Alternatively, errors could occur
during transcription. However, transcription is also a highly accurate process with an estimated
error frequency of ~10-° per incorporated nucleotide (Libby & Gallant, 1991), because RNA
polymerases also possesses the function of proofreading that is stimulated by an incorrectly
incorporated nucleotide and it subsequently removes the wrong nucleotides (Sydow & Cramer,
2009). Or errors could happen during protein translation. The ultimate amino acid sequence will
be determined by the genetic information in the form of an mMRNA sequence. The process of
protein translation requires many components, such as genetic code, mMRNA, tRNA and ribosome,
and they are called the translational machinery. The process of translation is complicated and can

be divided into three major steps, initiation, elongation and termination.

2. The Standard Genetic Code

A set of three nucleotides composed of a combination of adenosine (A), guanosine (G), cytidine
(C) and uridine (U) was hypothesized to account for encoding 20 amino acids (Crick et al., 1961).
The deciphering of the triplets is called the genetic code (Figure I-1). There are 64 codons in total,
and they are displayed in a separate ‘codon box.' Each codon box has four three-letter codes. Sixty-
one of them are sense codons, which are recognized by aminoacyl-tRNA for decoding amino acids.
Three codons, UAA, UAG, and UGA, are termination codons that are recognized by translational

termination factors (Agris, 2004).

The genetic code is degenerate because the universal genetic code has 61 codons for 20 amino
acids. Therefore, most amino acids are encoded by more than one codon. Eight of the codon boxes

code for only one amino acid, so that they are 4-fold degenerate (Figure I-1). Other codon boxes



code for two different amino acids, which are ‘split box' (e.g., asparagine and lysine, or histidine
and glutamine). These amino acids have 2-fold degenerate codons. Codon boxes such as isoleucine
are 3-fold degenerate. Two amino acids, methionine, and tryptophan have only one codon (Figure
I-1). A series of ribosome binding assays as well as in vitro translation of polyribonucleotides have
determined the relationship between each amino acid and its particular codon(s) (Nirenberg &
Matthaei, 1961; Nirenberg & Leder, 1964; Brimacombe et al., 1965(M. W. Nirenberg & Matthaei,
1961)(M. W. Nirenberg & Matthaei, 1961)(M. W. Nirenberg & Matthaei, 1961)(M. W. Nirenberg

& Matthaei, 1961); Nirenberg et al., 1965; Nishimura et al., 1965).

3. Transfer RNA

Transfer RNAs are the fundamental molecules of translation machinery. They deliver amino acids
to the ribosome to decode the genetic information based on a messenger RNA (mRNA) into a
corresponding polypeptide chain (Marina V Rodnina & Wintermeyer, 2011). Such function of

tRNA as an adaptor molecule makes it have a central role in translation.

a. tRNA structure

Yeast alanine tRNA was the first completely sequenced tRNA (Holley et al., 1965). Holley et al.
(1965) found that the alanine tRNA is composed of 77 nucleotides (Holley et al., 1965). Now it is

well known that eukaryotic tRNAs have a length of 73-90 nucleotides (nt) and adopt a secondary



SECOND
U C o G

UUU Phe |UCU Ser | UAU UGU Cys U

UUC Phe | UCC Ser UAC UGC Cys C

U UUA Leu | UCA Ser |/UAA Stop |/UGA Stop A
UUG Leu | UCG Ser UAG Stop | UGG Trp G "
CUU Leu CCU Pro CAU CGU Arg U _
CUC Leu |CCC Pro |CAC CGC Arg C m
=C CuA Leu |[cCcA Pro | cAA CGA Arg A 8
) CUG Leu |CCG Pro | CAG CGG Arg G s
C TAUU lle | ACU Thr | AAU AGU Ser U =
- A AUC lle | ACC Thr | AAC AGC Ser C O
AUA lle ACA Thr | AAA AGA Arg A X
AUG Met | ACG Thr | AAG AGG Arg_ﬁ - -
GUU Val |GCU Ala | GAU GGU Gly .

G GUC val |GCC Ala |[GAC GGC Gly C

GUA Val |GCA Ala |GAA GGA Gly A

GUG Val GCG Ala GAG Glu |GGG Gly G

Figure 1-1. The standard genetic code

The genetic code is displayed in different boxes to show its degeneracy. The splitting boxes, which
contain two different amino acids, are shown in gray. Fourfold degenerate codons are shown in
yellow. Six-fold degenerate codons are shown in blue. The threefold degenerate codon of
Isoleucine (lle) is shown in green. The single codons for Met and Trp are in white color. The three

termination codons are shown in red color (Agris et al., 2007).



structure (termed clover leaf) (Figure 1-2). There are several domains in the tRNA secondary
structure. The aminoacyl acceptor stem with a 5’ phosphate end and a 3’ terminal CCA sequence
includes nucleotides 74 to 76. The D-arm has a modified nucleotide dihydrouridine. The anticodon
arm consists of a 5 base pairs (bp) stem and 7 nucleotide loop. This loop is called the anticodon
stem loop or ASL. The anticodon stem loop has a 3-nucleotide anticodon from position 34 to
position 36. The variable region, starting at residue 44, can be 4-23 nucleotides (nt) long. The
three-dimensional structure of tRNA is shown in Figure I-2. The figure shows a crystal structure
of yeast tRNAP" (Kim et al., 1972). The tRNA folds into a 3-dimensional structure (L-shaped
tertiary structure) when the acceptor stem stacks on the T stem to form one arm. Meanwhile, the
D stem stacks on the anticodon stem to form another arm (Kim et al., 1972; Harry F. Noller, 2005).
The area consisting of the T and the D loops at the junction of the two arms is termed the tRNA

“elbow”) (Figure 1-2)

b. Aminoacylation and Aminoacyl-tRNAs

Each tRNA is attached to a particular amino acid. The process termed aminoacylation requires

aminoacyl-tRNA synthesis enzyme.

The process of amino acids attaching to their respective tRNAs is called aminoacylation (or tRNA
charging). These tRNAs are called aminoacyl-tRNAs (aa-tRNAs), which are the substrate
molecules for protein translation. Aminoacyl-tRNA synthetases (ARSSs) are the enzymes that are
responsible for attaching an amino acid to the 3’ end of a tRNA. There are twenty different AARSs.
Each AARS recognizes one particular amino acid and attaches this amino acid to the correct

tRNA(s). All the tRNA molecules that are charged with the same amino acid are called



isoaccepting tRNAs (Behura & Severson, 2011). There are two distinct classes of ARSs, class |
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Figure 1-2. The structure of tRNA.

The left is a three-dimensional structure of yeast tRNAP™ and the right shows the cloverleaf
secondary structure with color coded to identify the structural domains of the crystal structure. The
amino acid accepting stem is in red. The dihydrouridine stem and loop domain (DSL) is in black.
The anticodon stem and loop domain (ASL) is in green. The extra loop (EL) is in gold. And the

ribothymidine, or TC, stem and loop (TSL) are shown in light blue (Agris, 2004)



and class II. Class I enzymes are monomeric and aminoacylate the 2’ hydroxyl of the terminal
adenosine of the correct tRNAs. Class Il ARSs are typically dimers and tetramers and attach the
amino acid to the 3° hydroxyl of the terminal adenosine of the correct tRNAs (Ibba & Soll, 2001,

2004; Abbott et al., 2014).

Typically, aminoacylation has two steps: ATP-dependent amino acid activation and transfer of the
amino acid onto a tRNA (Pang et al., 2014) (Figure 1-3). In the first step, the correct amino acid is
attached to one molecule of ATP to form aminoacyl adenylate (aminoacyl-AMP) and inorganic
pyrophosphate (Equation 1) (Figure 1-3). In the next step, the amino acid is then transferred to
either the 2’ or 3’ hydroxyl on the 3’ CCA end of the corresponding tRNAs, generating the product

aa-tRNA (Equation 2) (Figure 1-3) (Hendrickson & Schimmel, 2003; Pang et al., 2014).

Some AARSs cannot precisely recognize the correct amino acid (cognate amino acid) only via the
first step. Occasionally, a AARS will active the incorrect (non-cognate) amino acid, resulting in
mischarge of the wrong amino acid onto the tRNA. AARs are responsible for selecting both tRNAs
and amino acids. Therefore, AARSs play a critical role in corrective editing mechanisms to ensure

the accuracy during aminoacylation.

Fersht hypothesized that besides the aminoacylation active site (synthetic site), some AARSs also
have a secondary editing site (hydrolytic site). This site serves to correct errors and maintain higher
specificity (Fersht, 1977). This corrective editing model is called double sieve (Fersht & Dingwall,
1979). In this double sieve model, the aminoacylation active site serves as the first sieve, the coarse
sieve to exclude larger or significantly dissimilar amino acid but let smaller amino acid to go
through. The second hydrolytic site serves as the fine sieve to bind to mischarged amino acid for

hydrolysis, blocking the correctly charged tRNAs to release them to



AA + AMP

Pre-transfer
editing

ATP + Amino Acid (AA) =255 AA-AMP + PP, @

aaRS

AA-AMP + fRNAAA —28BS . 4 A (RNAAA + AMP

Post-transfer
editing
AA +tRNAAA

Figure 1-3. The tRNA aminoacylation reaction.

Amino acid activation shows in equation (1). An amino acid (AA) is activated with ATP by its
specific aminoacyl-tRNA synthetase enzyme (aaRS) to form an intermediate, aminoacyl adenylate
and pyrophosphate (PPi). An incorrect intermediate can be hydrolyzed via pre-transfer editing. After
the AA is transferred to the tRNA, the reaction releases AMP and aminoacyl-tRNA (aa-tRNA)

(Equation I1). The wrong aa-tRNA will be hydrolyzed by post-transfer editing.
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bind to elongation factors. For example, the isoleucyl-tRNA synthetase rejects valine (Val) via
this double sieve model (Fersht, 1977). In the first sieve, the amino acid active site would allow
smaller non-cognate amino acids to bind. Therefore, the coarse sieve would allow the formation
of lle-AMP, Val-AMP, lle-tRNA'"e, and Val-tRNA"e. The second editing site, the fine sieve, is
structurally different from the synthetic site, meaning the amino acid binding pocket would be
smaller. Thus, the pocket would recognize the isopropyl side chain of valine but rule out the larger
isobutyl group of isoleucine. Then the second editing site would hydrolyze both Val-AMP and

Val-tRNA'"®, only leaving lle-AMP and lle-tRNA'"® (Fersht, 1977; Fersht & Dingwall, 1979).

The AARSs correct aminoacylation by two pathways: pre-transfer and post-transfer of charging
to the tRNA (Figure 1-3) (Pang et al., 2014). Pre-transfer editing hydrolyzes the aminoacyl-
adenylate to release the free amino acid and AMP (Baldwin & Berg, 1966). By comparison, post-
transfer editing targets the mischarged tRNA for hydrolysis to yield free tRNA and incorrect amino

acid (Figure 1-3)(Eldred & Schimmel, 1972).

AARSs have either a pre-transfer editing or post-transfer editing domain as the primary editing
mechanism (Fersht, 1977; Fersht & Dingwall, 1979; Englisch et al., 1986; Williams & Martinis,
2006; Martinis & Boniecki, 2010). In some cases, the AARSs possess the second editing to
maintain aminoacylation fidelity in the failure of the primary editing pathway. For example, when
the post-transfer editing site of E. coli LeuRS is abolished, the enzyme activated a pre-transfer

editing pathway to maintain the overall fidelity of aminoacylation (Boniecki et al., 2008).

AARSs also recognize their correct tRNAs from a pool containing all other tRNAs via identity
determinants within the tRNA (Hale et al., 1997) (Figure I-4). In most tRNAs, the most distal

residues, N73, and the three anticodon nucleotides are identity determinants (Giegé et al., 1998;
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Figure 1-4. The tRNA identity set

Aminoacyl-tRNA synthetase enzymes recognize particular nucleotides of their

isoacceptor tRNA substrate. This is termed the tRNA identity set (Giegé et al., 1998).
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Hendrickson & Schimmel, 2003). Modified nucleotides in the anticodon loop, such as L34 in
tRNA'"e, s*U34 in tRNACY, and mnm®s2U34 in tRNALYS, 134 in yeast tRNA'", also play a pivotal
role in recognition by AARSs (Muramatsu et al., 1988; Senger et al., 1997; Giegé et al., 1998). In
addition, anticodon stem base pairs and core positions around 21nts, including positions in the
variable and D stem, are also determinants for tRNA recognition by AARSs (Nureki et al., 1994;
Giegé et al., 1998; Hendrickson & Schimmel, 2003). Moreover, structural elements and sequence
elements that are specific to tRNAs are also essential for AARS recognition. For example, a
G3-U70 base pair in tRNAsA2, a G1-C73 base pair in tRNAMS, a G15-G48 base pair in tRNACYS,
and the large variable loop of tRNAS® all contribute to recognition of tRNAs by their
corresponding AARSs (McClain & Foss, 1988; Hou & Schimmel, 1989; Himeno et al., 1989;

Himeno et al., 1990; Hou, Westhof, & Giegé, 1993).

4. tRNA modification

Posttranslational modification is a critical step for matured tRNAs. Modifications are highly
conserved especially for those in the vicinity of anticodon. These modifications are essential for

the decoding process.

The universal genetic code has 61 codons for 20 amino acids, and three stop codons, meaning that
amino acids are encoded by more than one codon (Agris, 2004). This is termed degeneracy (El
Yacoubi et al., 2012a). The 61 codons plus three stop codons are in degenerate codon family boxes
(Table I-1). In these boxes, synonymous codons code for the same amino acid. There are eight
unsplit boxes (all codons code for the same amino acid), five two-split boxes (the two purine-
ending codons code for one amino acid and the two pyrimidine-ending codons encode for another,

such as GIn/His), and three special codon boxes (lle/Met, Tyr/Stop, and Cys/Stop Trp) (El Yacoubi
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etal., 2012a) (Table I-1). In the yeast Saccharomyces cerevisiae, only 42 tRNAs decode 61 codons
(Phizicky & Hopper, 2010). The ability of tRNA to decode more than one codon is facilitated by
post-transcriptional modification of transfer RNA. Some modifications at wobble positions expand

the possibility of codon-anticodon interaction and some restrict it (Agris, 2004).

Posttranscriptional modification occurs in transfer RNAs from all organisms (Bjork et al., 2007).
As many as 80 modifications have been reported (El Yacoubi et al., 2012). tRNA modifications
can play many roles. Many modifications within the core of the tRNA play an essential role in
tRNA structural stabilization; loss of these modifications can cause rapid degradation of
hypomodified tRNAs (Phizicky & Alfonzo, 2010). The most diverse and complicated chemical
structures are found in the anticodon stem loop or the vicinity. The two most frequently modified
positions in tRNA are position 34, which is the wobble position, and position 37, which is the

nucleotide next to and 3' of the anticodon (EI Yacoubi et al., 2012) (Figure 1-5).

a. tRNA modification pathways

Instead of uridine, 11 of 42 yeast tRNAs (26%) have modified Uss with 5-carboxymethyl
derivatives (xcm®U). The process of generating mem®U and mcm®s2U is a very complicated
pathway, which involves more than 15 gene products for mcm?® addition and 11 gene products for
s?addition (Ranjan & Rodnina, 2016) (Figure 1-6). Generation of the cm°U intermediate involves
a complex of 13 proteins including the elongator complex (El1p-EI6p), killer toxin-insensitive
gene products (Ktillp-Ktil4p), suppressor of initiation of transcription (Sit4p) and associated
factors (Sap185p, Sap 190p) together with acetyl-CoA. In the following step, cm®U is converted

to mem®U, in which process relies on tRNA-methyltransferase Trm9p and Trm112p as well as S-
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Table I-1. The genetic code and distribution of cytoplasmic S. cerevisiae tRNAs

U C A G
codon | anticodon amino acid | codon | anticodon amino acid | codon | anticodon amino acid | codon | anticodon amino acid
Uuu - ucu IGA UAU - UGU -
UUC | GmAA iy ucc |- o UAC | GYA ol UGC | GCA - U
U UUA | ncm*UmAA tou UCA | ncm*UGA UAA |- A UGA |- n.a.
UUG | m°CAA UCG | CGA UAG | - = UGG | CmCA Trp
CuU_|- CCU_| AGG CAU_ |- His CGU_|ICG
c cucC GAG Leu CCC - Pro CAC GUG CGC - Arg C
CUA | UAG CCA | ncm*UGG CAA | mem®s’UUG Gin CGA |-
CUG | - CCG | - CAG | CUG CGG | CCG
AUU IAU ACU IGU AAU - Asn AGU Ser
A AUC - lie ACC - Thr AAC GUU AGC GCU A
AUA WAY ACA ncm*UGU AAA mem®s?UUU L AGA | mem®UCU h
AUG__| CAU Met ACG_| CGU AAG | CUU 2 AGG_| ccu 9
GUuU IAC GCU | IGC GAU |- Asp GGU |-
G GUC - Val GCC | - Ala GAC | GUC GGC | GCC Gly G
GUA | ncm*UAC GCA | nem*UGC GAA | mem®s?UUC Glu GGA | mem®ucC
GUG | CAC GCG_ | - GAG | CUC GGG_| CCC

The anticodon sequences of the 42 different tRNA species (1 initiator and 41 elongator tRNASs) are indicated.
For anticodons with an uncharacterized RNA sequence, the primary sequence is shown. The initiator and
elongator tRNAMet species have identical anticodon sequences. The wobble rules suggest that an inosine
(134) residue allows paring with U, C, and sometimes A. A tRNA with a G or its 2’-O-methyl derivative
(Gm) at the wobble position should read U- and C-ending codons. Presence of a C34 residue or its 5- methyl
(m®C) or 2°-O-methyl (Cm) variant should only allow pairing with G. The pseudouridine (C)-containing
tRNAIle is presumably unable to pair with the methionine AUG codon. The anticodons containing mcm®U,

mcm?®s2U, ncm°U and ncm®Um derivatives are shown in bold (Johansson et al., 2008).
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Figure 1-5. tRNA modifications and corresponding enzymes in yeast.

Saccharomyces cerevisiae cytoplasmic and mitochondrial tRNAs. Corresponding accession

numbers and references can be found in the SGD database (El Yacoubi et al., 2012).
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Figure 1-6. Modification pathway for mcm®s?U-containing tRNAs.

Proteins involved in mcm® modification are shown on the left and proteins required for s2
modification are shown on the right. Acetyl-CoA acts as a donor for cm®, and SAM as
methyl donor to form mcm>U34. Cysteine acts as sulfur donor in s2 modification. Modified

side groups are shown in red (Ranjan & Rodnina, 2016)
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adenosyl methionine (SAM) as the methyl donor (Karlsborn et al., 2014; Létoquart et al., 2015).
Eventually, ten more proteins are required in addition of s?U. These products include ubiquitin-
related modifier 1 (Urm1p) together with its activating protein, Uba4p, and other associated gene

products (Leidel et al., 2009).

b. tRNA modification and decoding

Post-transcriptional modifications at the wobble positions play a pivotal role in the codon-
anticodon decoding process (Agris et al., 2007). In a correct decoding process, the first and second
base of the codon and the third and second base of the anticodon interact following the Watson-
Crick rules (A:U, U:A, G:C, C:G). Crick proposed in his wobble hypothesis that the third base of
the codon and the first base of the anticodon (wobble position) is relatively less constrained to
expand tRNA recognition of codons in protein translation ( Crick, 1966) so that some tRNAs can
read more than one codon in decoding the 61 amino acid codons. This wobble hypothesis explains
how tRNAs recognize more than one codon. The variety of hypermodified nucleotides occurring
at the wobble position and position 37 of the anticodon enables the flexibility of base pairing during
decoding (Gustilo et al., 2008; El Yacoubi et al., 2012). Some post-transcriptional modifications
at the wobble position expand the capability of base pairing while some restrict the wobble position
base-pairing (Persson, 1993). For example, inosine (I), a modified A, expands wobble position
base-pairing. Adenosine would only base pair with U while inosine can recognize A, U, and C
(Crick, 1966). 5-methoxycarbonylmethyl-uridine (mcm®U) and 5-methoxycarbonylmethyl-2-
thiouridine (mcm?®s?U) modification are thought to restrict a tRNA to only recognize A instead of
A and G when the U is unmodified (Agris et al., 2007). On the other hand, carboxymethoxyuridine

(cmo°U) expands the ability of tRNA decoding. Carboxymethoxyuridine can base pair with A, G,
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and U while unmodified uridine only pairs with A and G (Bjork, 1995). In addition, modifications
at position 37 can indirectly affect decoding by stabilizing adjacent codon-anticodon pairing. For
example, a tRNA with 2-methylthio-N6-isopentenyladenosine (ms2i®A37) modification at position
37 recognizes codons beginning with A; this modification is thought to stabilize the weak A1-U36
pairing. Loss of such a modification reduces the efficiency of decoding (Bjork & Hagervall).
Emerging evidence demonstrates that lack of some tRNA modifications can affect protein

production or translational accuracy (Lyko & Tuorto, 2016; Manickam et al., 2016).

c. tRNA modification and human disease

Due to the importance of tRNA modifications in translational accuracy as well as tRNA stability
(Davis, 1995; Tukenmez et al., 2015; Manickam et al., 2016), it is conceivable that loss of these
modifications would have a profound influence on protein synthesis. Emerging evidence indicates
that loss of tRNA modifications and the enzymes synthesizing these modifications may play

critical roles in human diseases such as neurological disorders (Bednafova et al., 2017).

Yeast tRNA methyltransferase 7 (TRM7) encodes a methyltransferase targeting position 32 and 34
ontRNAU tRNAP and tRNAT™, The FtsJ RNA methyltransferase homolog 1 (FTSJ1) gene has
been suggested as the closest human homolog to TRM7 (Feder et al., 2003; Towns & Begley,
2012). In humans, FTSJ1 is located on the X chromosome. Mutant forms of FTSJ1 gene have
been suggested to be associated with non-syndromic X-linked mental retardation (Freude et al.,
2004; Ramser et al., 2004; Takano et al., 2008). Northern blot analysis of normal human tissues
showed that wild type FTSJ1 is mostly expressed in fetal brain (Freude et al., 2004). Therefore,

this gene has been suggested to play an essential role in the developing brain.
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Familial dysautonomia (FD) is a complicated neurological disorder that affects the autonomic and
sensory nervous system (Slaugenhaupt et al., 2002). Many studies suggested that mutations in
genes encoding the subunits of the Elongator complex are associated with FD (Anderson et al.,
2001; Slaugenhaupt et al., 2001; Close et al., 2006). Elongator complex is required for the synthesis
of 5-methoxycarbonylmethyl-2-thiouridine (mecm?®s?U) (Huang et al., 2005; Karlsborn et al., 2014).
Defects in this complex were demonstrated to show many phenotypes, which are resulting from
the lack of formation of 5-methoxycarbonylmethyl-2-thiouridine (mcm®s2U) at the position 34 of

tRNAs (Phizicky & Hopper, 2010).

The human Elongator complex is composed of IkB kinase complex-associated protein [IKBKAP
(yeast Elplp)], Stat3-interacting protein [StIP1 (yeast Elp2p)], Elongator protein 3 homolog
(ELP3), ELP4, and two unidentified polypeptides (Hawkes et al., 2002). Two mutations in the
human IKBKAP gene have been identified as causative of FD (Anderson et al., 2001; S a
Slaugenhaupt et al., 2001). One is a single nucleotide change, leading to a truncated protein. The
other mutation is a missense mutation causing an arginine to proline substitution, which was
predicted to eliminate a threonine phosphorylation site in IKBKAP. Another study found a
mutation changing proline to leucine in the IKBKAP protein (Leyne et al., 2003). Mutations of the
C. elegans enzyme catalyzing thiolation at the wobble position (tuc-1), cause developmental
defects in combination with mutants of ELPC1 and ELPC3 (homologs of IKAP and ELP3,

respectively) (Chen et al., 2009).

Elongator has been demonstrated to affect a-tubulin acetylation in neurons suggesting that
Elongator might be critical for other neurological disorders such as Huntington’s, Alzheimer’s,

Parkinson, and amyotrophic lateral sclerosis (ALS) (Nguyen et al., 2010). Indeed, Elp3, one
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subunit of the Elongator complex, is associated with amyotrophic lateral sclerosis (ALS) (Nguyen
etal., 2010). The previous study showed that knockdown of Elp3 in zebrafish caused motor axonal

abnormalities (Simpson et al., 2009).

All of evidence above indicates that tRNA modifications are essential in human pathologies but
the answers of many questions remain unclear. What is the actual biological role of the involved
tRNA modifications in these human diseases? One possibility would link tRNA modification
induced diseases with protein translational fidelity because tRNA modifications have been shown
to play a critical role in both fidelity and efficiency of protein translation. There was evidence of
mistranslation induced protein misfolding and neuron degeneration (Lee et al., 2006). Thus, it is
reasonable to speculate that the deficient tRNA modifications that caused neurological diseases
might be due to translational infidelity. Given the importance of tRNA modifications in protein
translation and the role in human pathologies, it is time to increase efforts on studying the

molecular mechanisms of how tRNA modifications affect protein translation.

5. Ribosome

Ribosomes are large macromolecular machines in all kingdoms of life that are composed of
ribosome RNA (rRNA) and ribosome proteins (Green, & Noller, 1997). The molecular weight of
the ribosomes varies from 2.3 MDa in bacteria to 4.3 MDa in higher eukaryotes (Melnikov et al.,
2012). All ribosomes consist of two subunits: the large subunit (LSU) (the 60s in eukaryotic and
50S in bacterial ribosome) and the small subunit (SSU) (40S in the eukaryotic and 30S in bacterial
ribosome) (Spahn et al., 2001). These two individual subunits associate together to form the
complete ribosome (80S in the eukaryotic and 40S in the bacterial ribosome) (Figure 1-7). The

two subunits carry out different roles in the translation process.
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Figure 1-7. View of the yeast ribosome

View from the interface (a and b) and the solvent side (c and d) of ribosomal subunits of
the yeast ribosome, showing the decoding center (DC), head, body, platform, beak, and
shoulder in the small subunit and the central protuberance (CP), peptidyl transferase center
(PTC), L1 stalk, and P stalk in the large subunit. The common core consists of ribosomal
RNA (white) and proteins (light orange); eukaryote-specific moieties are shown in red (G.

Yusupova & Yusupov, 2014).
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In eukaryotes, the 40S small subunit consists of a 18S rRNA and 32 different proteins. The 40S
small subunit has several parts, known as ‘head,' ‘body,' ‘platform,' ‘beak’ and ‘shoulder’ (Figure
I-7). The small subunit is responsible for selecting each aminoacyl-tRNA (aa-tRNA) based on the
messenger RNA sequence. Hence, the small subunit is responsible for correctly decoding the
genetic information into a protein sequence. There are several functional sites on the small subunit,
including the decoding center and the tRNA binding sites (A, P and E) (Rabl et al., 2011; Klinge
et al., 2012; Weisser et al., 2013). Aminoacyl (A) site is the binding site for an aa-tRNA to enter
the ribosome; the peptidyl (P) site is responsible for holding a tRNA attached the nascent
polypeptide chain (peptidyl-tRNA); exit (E) site is the place that a deacylated tRNA leaves the
ribosome. The mRNA and the three tRNA binding sites, A, P and E sites, are at the interface of
the subunit with the 60S subunit. The mRNA enters through a tunnel, which is between the head
and the shoulder. The 5’ end of the mRNA exit site is between the head and the platform (Jenner
et al., 2010). The decoding center of the small subunit is on the interface surface and portions of it
are derived from three domains: the head, shoulder and the penultimate stem (Weisser et al., 2013).
The 60S large subunit is composed of 5S rRNA, 5.8S rRNA, 255-28S rRNA and 46 proteins (in
yeast) or 47 (in human) ribosomal proteins (Armache et al., 2010; Behrmann et al., 2015; Khatter
et al., 2015). The size of the 80S ribosome varies primarily because of insertions in four RNA
expansion segments (ES) in 25S-28S rRNA (ES7L, ES15L, ES27L, and ES39L) (Armache et al.,
2010).The domains of the 60S are more intertwined with each other than domains in the small
subunit (Figure 1-7) (Melnikov et al., 2012). The large subunit has an overall shape that looks like
a crown and divides into several domains including the ‘central protuberance,' ‘L1-stalk’ and ‘P-
stalk’ (Figure 1-7). On the eukaryotic 60S ribosomal subunit, 27 eukaryote-specific proteins,

insertions and eukaryotic extensions, and several rRNA expansion segments are located on the
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periphery of the large subunit. The major functional sites on the large subunit are three tRNA
binding sites and the peptidyl transferase center (PTC). The three tRNA binding sites, A, P and E
sites, and the peptidyl transferase center (PTC) are located on the interface side of the 60S subunit
(Figure 1-7) (Klinge et al., 2011; Klinge et al., 2012). The large subunit serves a different
function during translation, catalyzing peptide bond formation in the peptidyl transferase center.
During the formation of a peptide bond in the PTC, the nascent peptide chain is moved from a
peptidyl-tRNA to an aa-tRNA to accomplish the extension of a polypeptide chain by one amino
acid (discussed in detail in below) (Moore & Steitz, 2003; Polacek & Mankin, 2005; Beringer,

2008).

Most knowledge about the ribosome structure and dynamics of protein biosynthesis has been
obtained from prokaryotic systems (Cate et al., 1999; Yusupov et al., 2001; Schuwirth et al., 2005).
Thus, an understanding of eukaryotic ribosome structure and function is mainly derived from
insights about the prokaryotic ribosome structure (Spahn et al., 2001; Anger et al., 2013). Bacterial
and eukaryotic ribosomes share some common structures and functions. However, in contrast to
bacterial counterparts, eukaryotic ribosomes are much larger and more complex than bacterial
ribosomes. This complexity results from additional ribosome RNA (rRNA) elements, termed
expansion segment, and extra ribosomal proteins (Figure I-8)(Anger et al., 2013; Chandramouli et

al., 2008; Khatter et al., 2015; Klinge et al., 2012; Melnikov et al., 2012; Spahn et al., 2001).

In eukaryotes, an x-ray crystallographic study revealed that there are abundant rRNA expansion

segments on the solvent side of both SSU and LSU (Ben-Shem et al., 2011). A crystal structure
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Figure 1-8. The secondary structure of yeast ribosome RNA

The secondary structure of yeast ribosomal RNA, 18S, 5S, 5.8S, and 25S respectively, with

expansion segments (ES), marked in red (G. Yusupova & Yusupov, 2014).
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of the yeast S. cerevisiae ribosome at a resolution of 3.0 angstroms provides insights into the
function of these eukaryote-specific expansions. Eukaryote-specific clusters, which are constituted
by rRNA expansion segments, associate with eukaryote-specific proteins and protein expansion
segments, extending the range of interactions between the two subunits (Ben-Shem et al., 2011).
Additionally, those eukaryote-specific expansions may serve as a dock for some nonribosomal
factors, such as chaperones (Beckmann et al., 2001). A very recent study revealed the role of these
eukaryotic expansion segments via deleting specific eukaryotic-specific ES in yeast 25S rRNA
individually (Ramesh et al.., 2016). Their data suggested that 12 of the 14 deleted ES are necessary
for optimal growth and are required for generating 25S rRNA, inferring that these ES play a role
in ribosome biogenesis (Ramesh et al.., 2016). High resolution structures of the H. sapiens
ribosome revealed that such interactions are more complex due to ribosomal protein extensions
and rRNA expansion-segments (Anger et al., 2013; Khatter et al., 2015). Such interactions have
been suggested to stabilize the large expansion segments clustered on the back of the 60S subunit.
The similarity between the human ribosome and the yeast S. cerevisiae ribosome suggests that

the yeast ribosome could serve as a model to study the human ribosome.

The structures of the 30S small subunit from Thermus thermophiles and the 50S large subunit from
the Haloarcula marismortui showed that ribosomes are RNA-based machines (Ban et al., 2000;
Schluenzen etal., 2000). The 23S rRNA of the 50S large subunit is involved in the catalytic activity
of the ribosome, and the peptidyl transferase activity (Nissen et al., 2000; Simonovi¢ & Steitz,
2009), whereas the 16S rRNA of the small subunit is responsible for the decoding, and the selection
of the cognate tRNA (Carter et al., 2000). Moreover, the large subunit and the small subunit are
connected by a series of bridges that are composed of rRNA-rRNA and rRNA-ribosomal protein

contacts (Frank et al., 1995; Gao et al., 2003). An earlier study demonstrated that the same bridges
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exist in yeast cytoplasmic ribosomes, suggesting these bridges are conserved in ribosomal structure
(Spahn et al., 2001). However, due to insertion elements, additional ribosomal proteins, more
complicated translation initiation and different elongation process in eukaryotes, the interaction
surface between the two subunits is almost twice as large in eukaryotic ribosomes resulting from
additional subunit bridges (Ben-Shem et al., 2011). These additional bridges only exist in
eukaryotes, and they are termed eukaryotic-specific bridges (Figure 1-9)(Spahn et al., 2001;
Tibshirani et al., 2011). In prokaryotes, the subunit interface is mostly made up of rRNA (Ban et
al., 2000; Cate et al., 1999; Yusupov et al., 2001). In contrast to bacteria, proteins are the primary
components of eukaryote-specific bridges (Yusupov et al., 2001), which locate on the periphery

of the subunit interface and the solvent side of both subunits.

Intersubunit bridges are essential elements for ribosomes because protein synthesis requires
communication between the SSU and the LSU, and this communication requires the intersubunit
bridges. During protein translation, the ribosome undergoes conformational changes, which are

required for mMRNA decoding, peptide bond formation, termination, and other processes.

These conformational rearrangements involve intersubunit rotation and a swivel movement of the
head of the SSU (Figure 1-10)(Chandramouli et al., 2008; Tibshirani et al., 2011; Klinge et al.,
2012; Khatter et al., 2015). The bridges between the two ribosomal subunits are dynamic in
composition because they change with each of the conformational rearrangements. The

intersubunit bridges in eukaryotic ribosomes have been mapped using cryo-EM reconstructions
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Figure 1-9. Intersubunit bridges.

Interface view is showing residues forming eukaryote-specific bridges (red) and conserved

ones (blue) (Ben-Shem et al., 2011).
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Figure 1-10. Intersubunit rotation during translation.

(A) Key conformational changes in the ribosome. Rotation of the small subunit body, head
domain, and opening of the mMRNA- and tRNA-binding groove during mRNA and tRNA
translocation (asterisk) are indicated by arrows. Closing of the small subunit body toward the
large subunit during mRNA decoding is also indicated by an arrow. Dynamic regions of the
large subunit (L1 arm, P proteins, and GTPase center) are labeled. (B) Eukaryotic bridges eB12
and eB13 in the yeast ribosome at the periphery of the subunits. Large subunit ribosomal
proteins contributing to the bridges are marked. The view is indicated to the left. (C) Bridge
eB14 in the yeast ribosome, near the pivot point of intersubunit rotation. Eukaryotic specific
ribosomal protein in the large subunit L41e and 18SrRNA helices in the small subunit

contributing to the bridge (gold) are indicated (Daniel N Wilson & Cate, 2012).
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and X-ray crystal structures (Armache et al., 2010a, 2010b; Ben-Shem et al., 2011). Notably, more
of the eukaryotic specific bridges involve long extensions from the LSU to contact the body and

platform of the SSU, such as bridges eB12 and eB13 (Figure 1-10) (Ben-Shem et al., 2011).

Most information about the mechanisms and dynamics of protein translation are also obtained
from prokaryotic systems. In prokaryotes, the three binding sites, A, P and E sites, are located at
the subunit interface. The mRNA first enters via a channel between the head and the shoulder and
wraps around the neck of the 30S subunit. The 5° end of the mRNA is located between the head
and the platform (Jenner et al., 2010; Yusupov et al., 2001). Since each subunit has three tRNA
binding sites, the tRNAs move through the three binding sites in the two subunits in hybrid states
(Rodnina et al., 2002; Dunkle et al., 2011) (discussed in detail in translation section). During
elongation, an aminoacyl-tRNA (aa-tRNA) first binds to A site before its amino acid is transferred
to a growing polypeptide chain (Watson, 1964). An aa-tRNA becomes a peptidyl-tRNA and moves
into the peptidyl tRNA binding site, P site after the peptide chain is transferred to it (Watson, 1964).
Eventually, the polypeptide chain is transferred to the following aa-tRNA from a peptidyl-tRNA,
and this peptidyl-tRNA becomes deacylated, moving into an exit site, E site, before leaving the

ribosome via the exit tunnel (Triana-Alonso et al., 1995; Andersen et al., 2003).

The three tRNA-binding sites on the bacterial ribosome are formed primarily of rRNA (Yusupov
et al., 2001). This ribosomal RNA is highly conserved in bacterial, archaeal and eukaryotic
ribosomes, suggesting that the mechanisms of the ribosome discriminating the cognate tRNA from
the near- or non-cognate tRNAs are also very likely conserved (Ogle & Ramakrishnan, 2005;
Demeshkina et al., 2012). Nevertheless, many ribosomal proteins occupying the tRNA binding

sites play essential roles and may be responsible for the slightly different positioning of tRNAs on
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the eukaryotic ribosome compared with the bacterial ribosome (Budkevich et al., 2011).

On the small subunit, a conserved loop of ribosomal protein S12 monitors the second and third
positions of the codon-anticodon duplex ( Ogle & Ramakrishnan, 2005). The carboxy-terminal
extensions of S12 and S9/S13 stretch form globular domains, which are located on the head of the
small subunit, to interact with anticodon stem loop (ASL) regions of A- and P-tRNA, respectively,
whereas S7 and S11 interact with the ASL of the tRNA in the E site (Figure 1-11) (Yusupov et al.,
2001; Selmer et al., 2006; Jenner et al., 2010). These interactions of tRNA and the ribosome are
very likely conserved in eukaryotic 80S ribosomes; however, additional interactions probably
occur on the SSU involving extensions of some eukaryotic ribosomal proteins. The amino-terminal
extensions of S30e and S31e reach into the A site, S25e is positioned between the P and E sites,
and Sle at the E site (Figure 1-11) (Armache et al., 2010b; Ben-Shem et al., 2011; Rabl et al.,
2011). Additional stabilization of tRNA binding is observed through interaction between large
subunit ribosomal proteins with the elbow regions of tRNAs, which are the A- and P-site tRNA,
via contact with conserved ribosomal proteins L16 and L5, respectively, as well as the E-tRNA

with the L1 stalk (Yusupov et al., 2001; Selmer et al., 2006; Jenner et al., 2010) (Figure 1-11).

During protein translation, aa-tRNA contacts with the ribosome in at least two regions. The
anticodon loop of an aa-tRNA and the mRNA interact with the decoding center (DC) on the SSU,

while the 3' CCA end of the tRNA contacts the peptidyl transferase center on the LSU (Spahn et
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Figure 1-11. Extension of r-proteins at the tRNA-binding sites on the small subunit and

large subunit.

On the small subunit, a conserved loop of S12 involves in monitoring of the second and
third position of the mMRNA-tRNA duplex. Meanwhile the C-terminal extension of rpS19
(green) and S13 (red) approach to anticodon stem loop regions of A- and P- tRNA,
respectively, whereas rpS7 (orange) and S11(purple) interacts with the anticodon stem loop

of E-tRNA (Armache et al., 2010b; Rabl et al., 2011).
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al., 2001). Therefore, the mechanisms of MRNA decoding and peptide bond formation are the two
central interests in translation elongation by the ribosome, which make the decoding center and
the peptidyl transference center the two most important functional structure domains in the
ribosome. Contacts between the tRNA and the ribosome are very well documented in prokaryotic
systems (Cate et al., 1999; Carter et al., 2000; Yusupov et al., 2001). The machinery used during
translation elongation has been suggested to be highly conserved in the three kingdoms of life
because of the high sequence and structural conservation of the decoding center, the PTC and of
the tRNA substrates. Hence, the insights of decoding and peptide bond formation obtained from
the prokaryotic system are likely transferable to eukaryotic ribosomes (Rodnina et al., 2002; Ogle
etal., 2003; Noller, 2006, Simonovi¢ & Steitz, 2009). Therefore, | will discuss the decoding center

and PTC in detail obtained from studying in the bacterial ribosome.

One of the most important processes of translation, aa-tRNA selection, occurs in the 30S A site
(discussed in detail in translation section). Emerging evidence has shown the location of the
decoding center in the 30S small subunit, which is composed of parts of 16S rRNA helix 34 (h34)
(including C1054), h44 (including adenines 1492, 1493 within an internal loop of h44), and h18
(including the G530 loop) (Figure 1-12A) (Noller & Chaires, 1972; Prince et al., 1982; Powers &
Noller, 1990; Yoshizawa, 1999). Previous studies have shown that 16S rRNA plays an essential
role during the tRNA selection and the hypothesized domain closure of the 30S subunit (Figure
[-12). When a cognate tRNA binds to the A site, two universally conserved bases A1493 and
A1492 flip out from a position stacked within the internal loop of helix 44 (Figure 1-12B). These
conformational changes would monitor the interactions between the codon and the anticodon at

the first two positions. Simultaneously, base G530 of helix 18 converts its conformation from
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C1054

G530

Figure 1-12. Conformational changes when a cognate tRNA binds.

Decoding site of the empty A site (A) and when the codon and anticodon interact in the A site
(B). Protein S12 is shown in dark yellow, 16S rRNA is in gray. Helix 33 of the 16S rRNA
with C1054 is shown at upper left and 530 loop is shown at left. Helix 44 with A1492 and
A1493 is shown at lower right. P site mRNA is in green, A site mRNA (right figure) is in
purple, anticodon stem loop of a cognate tRNA is in light yellow, Mg2+ is in dark pink (Ogle

etal., 2001).
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syn to anti to monitor the second and third position (Ogle et al., 2001) (Figure 1-12B). In addition
to these local conformation changes, a cognate-tRNA binding induces an overall ribosome
conformational change (domain closure) (Figure 1-13). Domain closure involves a rotation of the
head toward the shoulder and the subunit surface, and of the shoulder toward the intersubunit space
and the helix44/helix27/platform region (Figure 1-13). In contrast, upon binding of a near-cognate
tRNA the same movement of the ribosome was not observed, suggesting that only the interaction
between the ribosome and a cognate tRNA can initiate the closure of the ribosome (Ogle et al.,

2002).

However, the occurrence of a cognate-tRNA specific universal ribosome conformational
rearrangement for the tRNA selection is challenged. Recently, Demeshkina et al. (2012) proposed
a mechanism for decoding based on six X-ray structures of the 70S ribosome, mimicking the
state of binding cognate or near-cognate tRNA at the proofreading step. They found that either
cognate or a near-cognate tRNA binding induces domain closure (Demeshkina et al., 2012). They
suggested that the overall conformational rearrangement of the 30S small subunit forms a decoding
center that forces the codon-anticodon pair in the A site to adopt a Watson-Crick conformation.
They observed that when U1+G36 and G2<U35 mismatches at the first and second position in the
A site, A1492, A1493, and G530 interacted with the minor groove helix in a similar way (Figure
I-14). They argued that the three conserved bases A1492, A1493 and G530 are not capable of
monitoring the geometry of base pair of the codon-anticodon interaction minor groove (discussed

in detail in translation elongation decoding section).

In the peptidyl transferase center (PTC), the aminoacylated CCA end of the tRNA in the A site

comes very close to the 3 CCA end of the tRNA in the P site for transferring the polypeptide
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P-site
ASL/codon

Figure 1-13. A cognate tRNA binding causes domain closure.

30S subunit structure with the A-site tRNA anticodon stem—loop (ASL in gold). The
decoding center is made up of four different domains: the head, shoulder, platform and
helix 44. Red arrows represent the closure of 30S subunit. P site tRNA-ASL (dark gray),
helices 44 (cyan) and helix 27 (yellow). In the shoulder domain, helix 18 with the G530-
loop (turquoise), and proteins S12 (orange), S4 (violet), S5 (dark blue) and helix 34 (blue)

(Ogle et al., 2002).

36



First

Firs B
Near-cognate ¥ Cognate
mRNA/Phe 5’-uuu-3’ mRNA/Leu 5’-cuc-3’
tRNA?Leu tRNA?L'?u 3'-GAG-5’

A1493

s G
0"*‘:\’
e

Y

C(rd)

Watson-Crick mimics
with rare tautomeric states

Watson—Crick
pair A U
X G
/4 G / >: e
TVIESE Y
v >_/2\/ \ )

Figure 1-14. Near-cognate codon-anticodon mimics Watson-crick base pairing and

interacts with 16S rRNA.

(A) and (B) The first base pair of near-cognate UG mismatch and cognate mRNA-tRNA
duplex and this duplex interacts with A1493 of 16S rRNA (Demeshkina et al., 2012). (C)
Schematic geometry of non-canonical wobble pair and canonical pair (Left) and Watson-

Crick-like base pairs formed by rare tautomeric states of U or G (in red) and structural

changes (in pink) (Right) (Rozov et al., 2016)
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chain from peptidyl-tRNA to the aa-tRNA and forming of a peptide bond between the two tRNAs.
The PTC is located in the 50S subunit and surrounded by nucleotides of the central loop of 23S
rRNA domain V, which is called the “peptidyl transferase loop” (Figure I-7 and Figure 1-15)
(Nissen, 2000). Peptidyl transferase activity only required certain components of the 50S subunit
because removal of several ribosomal proteins of the large subunit did not affect activity (V. G.
Moore, Atchison, Thomas, Moran, & Noller, 1975; Nierhaus & Montejo, 1973). Two studies
showed that U2619 and U2620 (U2584 and U2585 in E. coli respectively) are adjacent to the CCA-
end of the tRNA in the P site (Barta et al., 1984; Vester & Garrett, 1988). These nucleotides belong
to a highly conserved internal loop in the center of domain V of 23S rRNA. Mutations in the loop
confer cells resistant to peptidyl transferase inhibitors, further supporting the hypothesis that this
internal loop of 23S rRNA participates in the peptidyl transferase activity ( Noller, 1991). Other
evidence supporting this theory has continued to mount (Barta et al., 1984; Vester & Garrett, 1988;
Moazed & Noller, 1989; Noller et al., 1992). However, none of these results were strong enough
to identify the active site of PTC. A crystal structure of 50S subunit derived from the Haloarcula
marismortui provided the most solid evidence. This structure confirmed that peptidyl transferase
activity happens in the active site of PTC, which is only surrounded by 23S rRNA. The 3’°CCA
end of tRNA substrate analogs is contacted exclusively by conserved rRNA nucleotides from
domain V of 23S rRNA. During peptide bond formation, no protein side-chain is closer than ~18A

(Nissen et al., 2000)

B. Translation initiation
Eukaryotic translation initiation is a highly regulated process. There are different types of initiation
pathways. One is the eukaryotic cap-dependent initiation pathway, which is the canonical scanning

mechanism of initiation (lizuka et al., 1994). The other is internal ribosome
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Figure 1-15. The active site of peptidyl transferase center in the 50S subunit.

The active site of peptidyl transferase center (PTC) in the 50S subunit is surrounded by 23S
rRNA (shown in red). An aa-tRNA analog is shown in pink and the 14 50S proteins that

approach the PTC most closely in additional colors (Poul Nissen et al., 2000).
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entry site (IRES)-mediated translation initiation, which is the nonscanning mechanism of
initiation (Doudna & Sarnow, 2007; Jackson, 2013). Here | will mainly focus on the cap-dependent

initiation pathway.

Cap-dependent initiation can be divided into several stages, and the process involves about 20
initiation proteins (Figure 1-16 and Table 1-2). Translation initiation starts from separated
ribosomal subunits that derive from recycling of post-termination ribosomal complexes (post-TCs).
These post-TCs are still bound to mRNA, P-site deacylated tRNA and eukaryotic release factor 1
(eRF1) (Frolova et al., 1996). Dissociation of post-TC into free 60S and 40S subunits require
several proteins. Eukaryotic initiation factor 3 (elF3), cooperating with its associated subunit elF3j
subunit, elF1 and elF1A, dissociate post-TCs into 60S large subunits, mMRNA and tRNA-bound
40S subunits (Asano et al., 1997; Fletcher et al., 1999; Olsen et al., 2003; Kolupaeva et al., 2005).
Then elF1 and elF3j mediates release of the tRNA and mRNA, respectively (Unbehaun et al.,
2004). elF3, in cooperation with elF1 and elF1A, remain binding with free 40S subunits to prevent
the 40S subunits re-associate with 60S subunits (Jackson et al., 2010). Subsequently, the ternary
complex elF2-GTP-Met tRNAMet (TC) attaches to recycled 40S subunits, which together form the

43S preinitiation complex (PIC) (Kimball, 1999).

In the second stage of eukaryotic initiation, 43S complexes attach to mRNA with the assistance of
several other eukaryotic initiation factors. First, the 5> UTR of mRNA needs elF4F, in cooperation
with elF4B or elF4H, to unwind the 5’ cap-proximal region for 43S complex binding (Merrick,
2004). elF4F is composed of the cap-binding protein elF4E, the DEAD-box RNA helicase elF4A
and eIF4G. elF4G functions as a ‘scaffold’ that it has binding domains for mRNA, elF4E, elF4A,

poly(A) binding protein (PABP) and elF3 (Figure 1-16) (Gross et al.,

40



; £©3

o coenples — A prervhaton
cenphan

s
.
'
.
’
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

Terrvwuson

.

.
’
.
.
.
.
.
.
.
.

415 rvttion
e

-
3
- |
g
]

B e S L e

Figure 1-16. Schematic of the eukaryotic translation initiation.
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The initiation pathway starts with the formation of the ternary complex,
elF2.GTP.Met-tRNAI. In the assistance of elF1, 1A, 3 and 5, the ternary complex
is recruited to the 40S subunit to form the pre-initiation complex (P1C). Meanwhile,
elF4 and PABP bind to the mRNA to form an activated mRNP. The PIC starts
scanning to locate the start codon AUG once it binds to the 5’ end of the mRNA.
Start codon recognition triggers elF1 dissociating from the mRNA and hydrolysis
of GTP. Therefore, elF2 converts to its GDP-bound state. elF2. GDP and elF5 then
dissociate from the mRNA, clearing the way for the joining of the 60S subunit.
Once the 60S subunit joins, elF5B hydrolyzes GTP and other factors dissociate

from the complex to form the 80S initiation complex (Jackson et al., (2010).
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Table 1-2. Eukaryotic initiation factors and their function (Jackson et al., 2010)

Name Function

Core initiation factors

elF2 Forms an elF2-GTP-Met-tRNA, ternary complex that binds to the 405 subunit,
thus mediating ribosomal recruitment of Met-tRNA,

elF3 Binds 405 subunits, elF1, elF4G and elF5; stimulates binding of

elF2-GTP-Met-tRNA to 405 subunits; promotes attachment of 435 complexes
to mRNA and subsequent scanning; and possesses ribosome dissociation and
anti-association activities, preventing joining of 405 and 605 subunits

elF1 Ensures the fidelity of initiation codon selection; promotes ribosomal scanning;
stimulates binding of elF2-GTP-Met-tRNA, to 405 subunits; and prevents
premature elF5-induced hydrolysis of elF2-bound GTF and P. release

elF14 Stimulates binding of elF2-GTP-Met-tRNA, to 405 subunits and cooperates
with elF1 in promoting ribosomal scanning and initiation codon selection

elF4E Binds to the m’GpppG 5" terminal ‘cap’ structure of mRNA
elF44* DEAD-box ATPase and ATP-dependent RNA helicase
elF4GH Binds elF4E, elF44, elF3, PABE SLIP1 and mRMNA (see FIG. 3a) and enhances the

helicase activity of elF4A

elF4F A cap-binding complex, comprising elF4E, elF4A and elF4G; unwinds the 5°
proximal region of mRNA and mediates the attachment of 435 complexes to it;
and assists ribosomal complexes during scanning

elF4B An RNA-binding protein that enhances the helicase activity of elF44A

elF4H An RNA-binding protein that enhances the helicase activity of elF4A and is
homologous to a fragment of elF48

elF5 A GTPase-activating protein, specific for GTP-bound elF2, that induces
hydrolysis of elF2-bound GTF on recognition of the initiation codon

elF5B A ribosome-dependent GTPase that mediates ribosomal subunit joining

elF2B A guanosine nucleotide exchange factor that promotes GOP-GTFP exchange
onelF2
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2003). These binding domains of elF4G for elF4E, PABP, and mRNA allow assembly of a very
stable circular mMRNA-protein complex, which is termed a "“closed loop" structure (Kozak, 1999;
Hinnebusch, 2011; Aitken & Lorsch, 2012). elF4B together with elF4H enhance the activity of
elF4A. elF4A eventually dissociates from mRNA with its 5° end being anchored by the eIF4E-
cap interaction (Rogers et al., 2001). These complexes continue unwinding to keep the 5’ proximal
region constantly prepared for ribosomal binding (Lefebvre et al., 2006). Therefore, attachment of
43S complexes is ultimately finished by a series of interactions of the cap- elF4E- elF4G- elF3-

40S subunit.

In the next stage, the attached 43S ribosomal complex scans MRNA downstream of the cap to the
initiation codon. This scanning process consists of two steps—unwinding of the secondary structure
of the MRNA 5'UTR and movement of the ribosome along it. The closed loop structure prevents
multiple complexes from scanning simultaneously on a single 5' UTR of mRNA, allowing only
one 43S complex to scan at a time. Both of the two steps in the scanning process requires energy
that is provided by ATP hydrolyzed by elF4A (Rogers, Lima, & Merrick, 2001). The scanning
process also needs an open conformation of 43S complexes, which is stabilized by elF1 and elF1A
with the assistance of elF5, elF2, and elF3. The elF2-GTP-Met tRNAM¢tternary complex (TC) is

attached to the open PIC, which can sample triplets entering the P site for a start codon AUG.

In the initiation codon recognition step, the PIC discriminates against partial base pairing of triplets
in the 5> UTR with the Met-tRNAMet anticodon to promote PIC recognizing initiation codon AUG.
The first AUG is usually in an optimum context-GCC(A/G)CCAUGG, which has a purine at the
-3 position (relative to the A of the AUG codon) and a G at the +4 position (Kozak, 1991). elF1 is

essential in ensuring initiation fidelity in this step. It enables the 43S PIC to distinguish from non-
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AUG codons and AUG codons that have very poor context, dissociating the ribosomal complexes
that abnormally form at these triplets in its absence (Pestova et al., 1998; Pestova & Kolupaeva,
2002). Studies have also suggested that elF1 is a determinant of initiation recognition (Hershey et
al., 2012). However, to establish a stable codon-anticodon duplex, elF1A must be tightly bound
with the 40S and elF1 has to be displaced from near the P-site (Unbehaun et al., 2004). This chain
of reactions switches the PIC complex from an open to a closed conformation, which locks the

PIC onto the mRNA at the initiation codon.

Once the PIC complexes recognize an initiation codon, ribosomes commit to initiation at that
codon. This step is regulating by elF5, an elF2-specific GTPase-activating protein (GAP) (Kong
& Lasko, 2012). One hypothesis states that elF5 induces the GTPase activity of eIF2’s 3 subunit
in elF2-GTP-Met-tRNAMet complexes, which are bound to 40S subunits (Paulin et al., 2001).
Alternatively, elF5 has been suggested to derepress elF2y’s GTPase activity (Marintchev &
Wagner, 2004). On the other hand, elF1 prevents premature hydrolysis of elF2-bound GTP in 43S
PIC and releasing of Pi (Unbehaun et al., 2004; Algire et al., 2005). Displacement of elF1 by the
establishment of codon-anticodon base pairing relieves repression of GTP hydrolysis and Pirelease
(Unbehaun et al., 2004; Algire et al., 2005; Maag et al., 2005). Therefore, elF1 plays a pivotal role
in maintaining initiation fidelity in addition to its role in initiation codon selection, as do elF2 and
elF5, which also participated in the maintenance of the accuracy of initiation codon selection

(Donahue, 2000).

The 60S large subunit then joins the complexes following the recognition of initiation.
Subsequently, elF1, elF1A, elF3 and elF2-GDP dissociate from the complexes, which is mediated

by elF5B (Pestova et al., 2000; Unbehaun et al., 2004). Hydrolysis of elF5B-bound GTP is
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essential for it to dissociate from assembled 80S ribosomes but 60S joining is not required (Pestova
et al., 2007). Complete dissociation of elF2-GDP from 40S subunits requires 60S subunit joining
because elF5B alone can only partially displace elF2-GDP (Majumdar et al., 2007). Eventually,
elF1A dissociates from assembled ribosome with elF5B (Acker et al., 2006). The complete 80S

ribosome then is competent for translation elongation.

C. Translation elongation

1. The Elongation Cycle

The mechanism of translation elongation is very well conserved between eukaryotes and bacteria
(Rodnina & Wintermeyer, 2009). Therefore, it is assumed that the mechanisms underlying
elongation are the same in eukaryotes owing to this conservation. Generally, studies on the
mechanism of translation elongation have been focused on bacterial systems (Hopfield, 1974;
Thompson & Stone, 1977; Pape et al., 1999; Ogle et al., 2001; Rodnina & Wintermeyer, 2001;
Ogle et al., 2002; Ogle et al., 2003; Ogle & Ramakrishnan, 2005; Jenner et al., 2010; Demeshkina
et al., 2012). The three major steps occur during each cycle, which is cognate aa-tRNA selection,
peptide bond formation, and translocation of the tRNA-mRNA complexes (Figure 1-17)(Rodnina
et al., 1994; Green and, Noller, 1997; Ogle et al., 2002). In the bacterial system, three protein
factors participate in the elongation cycle. They are elongation factor Tu (EF-Tu), elongation factor
G (EF-G) and elongation factor Ts (EF-Ts) (Czworkowski et al., 1994; Rodnina et al., 1997;

Schuette et al., 2009; Villa et al., 2009). In eukaryotes, eukaryotic
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Figure 1-17. Model of eukaryotic translation elongation pathway.

The process starts with eEF1A.GTP delivering an aminoacyl-tRNA (aa-tRNA) to the
80S ribosome A site. The anticodon loop of the tRNA interacts with the mRNA in the
A site of the small subunit. The aa-tRNA is accommodated into the A site following
dissociation of eEF1A.GDP. The eEF1A.GDP is recycled by the exchange factor
eEF1B into its GTP form. Meanwhile, peptide bond formation is achieved by transition
of the A- and P- site tRNAs into hybrid states along with the acceptor ends of the
tRNAs moving to the P and E sites. This process is followed by release of eEF2.GDP.
The ribosome is then ready for the next round of elongation with release of the
deacylated tRNA from the E site and binding of another eEF1A.GTP.aa-tRNA ternary

complex (Dever and Green, 2012)
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elongation factor 1A (eEF1A), eukaryotic elongation factor 1B (eEF1B) and eukaryotic elongation
factor 2 (eEF2) participate in eukaryotic elongation process (Carr-Schmid et al., 1999; Kaul et al.,

2011).

a. Aminoacyl-tRNA (aa-tRNA) Selection

Following translation initiation, an 80S ribosome is located on a messenger RNA with the
anticodon of Met-tRNA. in the P site with its tRNA anticodon paired with the start codon. Then
the elongation cycle starts. The next codon of the open reading frame is in the A site and waiting
for binding of the cognate aa-tRNA. The eukaryotic elongation factor 1A (eEF1A), which is the
homolog of bacterial elongation factor Tu (EF-Tu), binds aa-tRNA in a GTP dependent manner.
EF-Tu delivers the tRNA in a codon independent manner (Pape et al., 1998) (Figure 1-18). The
initiation complex then undergoes a codon recognition step, in which the tRNA anticodon pairs
with the mRNA codon in the A site of the 40S subunit. Cryo-EM structures have revealed that a
distortion of the anticodon stem loop (ASL) or ‘kink’ in the aa-tRNA and at the junction between
the acceptor and D loops enables the aa-tRNA to interact with both the decoding center and with
EF-Tu (Schmeing et al., 2009; Schmeing et al., 2011). Binding of the ternary complex to the
ribosome leads to a shift of the 50S GTPase-associated center between ‘open’ and ‘half-closed’
states. This conformational change makes the aa-tRNA D loop contact 23S rRNA helix 69 (H69),
which causes a distortion of the aa-tRNA ASL for codon recognition in the 30S A site (Frank et
al., 2005). A previous study suggested that the energetic penalty for this distortion is paid by the
perfect matched codon-anticodon interaction. Consequently, stable interactions between the A site
codon and cognate tRNA anticodon promotes high-fidelity decoding (Schmeing et al., 2009;

Schmeing et al., 2011). These interactions between the aa-tRNA and ribosome might involve
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Figure 1-18. An overview of ribosomal structure and mRNA translation.

mRNA translation is initiated with the binding of tRNA™®¢! to the P site (not shown). An incoming tRNA
is delivered to the A site in complex with elongation factor (EF)-Tu-GTP. Correct codon—anticodon
pairing activates the GTPase centre of the ribosome, which causes hydrolysis of GTP and release of the
aminoacyl end of the tRNA from EF-Tu. Binding of tRNA also induces conformational changes in
ribosomal (r)RNA that optimally orientates the peptidyl-tRNA and aminoacyl-tRNA for the peptidyl-
transferase reaction to occur, which involves the transfer of the peptide chain onto the A-site tRNA. The

ribosome must then shift in the 3' mRNA direction so that it can decode the next mRNA codon.

Translocation of the tRNAs and mRNA is facilitated by binding of the GTPase EF-G, which causes the
deacylated tRNA at the P site to move to the E site and the peptidyl-tRNA at the A site to move to the P
site upon GTP hydrolysis. The ribosome is then ready for the next round of elongation. The deacylated
tRNA in the E site is released on binding of the next aminoacyl-tRNA to the A site. Elongation ends
when a stop codon is reached, which initiates the termination reaction that releases the polypeptide

(Steitz, 2008).
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more than 16S rRNA bases, which are A1492, A1493, and G530, with the minor groove of the
codon-anticodon duplex (discussed in the ribosome structure section) (Ogle et al., 2001). These
interactions may include residues in ribosomal proteins and other regions of the tRNA (Jenner et

al., 2010).

Codon recognition involving a correct codon-anticodon duplex in the small subunit A site triggers
activation of GTP hydrolysis by eEF1A. The hydrolysis changes the conformation of the complex
from GTP to GDP-bound form, which has low affinity to the ribosome. Dissociation of factors and
GDP enables the 50S GTPase activation center to shift to an ‘open’ conformation. The
conformation rearrangement leads to loss of contact with the aa-tRNA D loop, which had stabilized
the tRNA (Frank et al., 2005). Now the aa-tRNA is no longer stabilized and moves into the 50S A
site (A/A). Hence, the serial of reaction enables the aa-tRNA to be accommodated into the A site
(Spirin, 2002). The acceptor stem of the aa-tRNA accommodates into the peptidyl transferase
center in the 50S subunit. These mechanisms of initial aa-tRNA binding, codon recognition, and
GTPase activation are expected to be shared between bacteria and eukaryotes (Kapp & Lorsch,

2004; Rodnina & Wintermeyer, 2009).

Both EF-Tu and eEF1A are released from the ribosome with GDP as a complex following GTP
hydrolysis. A guanine nucleotide exchange factor then is required for recycling EF-Tu and eEF1A
because the dissociation speed of GDP from these factors is slow. The recycling factor promotes
recycling the inactive GDP-bound elongation factor to its active GTP-bound form. In bacteria, EF-
Ts is responsible for nucleotide exchange. In eukaryotes, the eukaryotic factor eEF1B, which is

the homolog of EF-Ts, catalyzes guanine nucleotide exchange on eEF1A (Dever & Green, 2012).
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b. Peptide Bond Formation

The peptidyl transferase center (PTC) is mainly composed of conserved ribosomal RNA (rRNA)
elements on the large subunit, in which the substrates are positioned for catalysis (Rodnina et al.,
2007). Crystal structures of the Saccharomyces cerevisiae 80S ribosome and the T. thermophila
60S large subunit have demonstrated that the rRNA of the PTC is nearly the same between the
eukaryotic and bacterial ribosomes, being consistent with the idea that the mechanism of peptide
bond formation is highly conserved (Ben-Shem et al., 2010; Ben-Shem et al., 2011; Klinge et al.,

2011).

The catalytic center for peptide bond formation is located on the large subunit (Figure 1-19)(Moore
& Steitz, 2003; Rodnina et al., 2007). In bacteria, the 50S large subunit is consisting of two RNA
molecules, 23S rRNA and 5S rRNA, and more than 30 proteins. The high-resolution crystal
structures of ribosomes have shown that the PTC is composed of RNA only, and there was no
protein surrounded within 15 A of the active site, supporting earlier evidence that rRNA is the key
element in the catalysis of peptide bond formation (Ban et al., 2000; Nissen et al., 2000; Selmer et
al., 2006). An earlier study has suggested that the 23S rRNA catalyzes peptidyl transferase (Noller
et al., 1992). Nucleotide A2451 of the 23S rRNA has been suggested to act as a direct catalytic
residue in peptidyl transfer (Poul Nissen et al., 2000). However, mutations in A2451 do not affect
peptide bond formation (Youngman et al., 2004; Beringer et al., 2005). Rather, the A2451U
mutation changes the structure of the PTC (Beringer et al., 2005). Therefore, A2451 seems to play
a vital role in stabilizing the ordered structure of the active site rather than function directly in

chemical catalysis (Beringer et al., 2005).

Peptide bond formation with the P-site peptidyl tRNA rapidly occurs following accommodation

of the aa-tRNA into the A site. The peptidyl tRNA and the aa-tRNA are the only two tRNA
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Figure 1-19. Peptide-bond formation on the ribosome.

The a-amino group of aminoacyl-tRNA in the A site (yellow) attacks the carbonyl carbon of the
peptidyl-tRNA in the P site (orange) to produce a new peptidyl-tRNA that is one amino acid longer
in the A site and a deacylated tRNA in the P site. The peptidyl-transferase center is on the 50S
subunit (green). On the 30S subunit (gray), aminoacyl-tRNA are recognized according to the

match between their anticodons and the codon of mRNA in the A site (Rodnina et al., 2007).
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substrates binding to the ribosome. The peptidyl tRNA in the P site is with the growing peptide
chain attached by a high-energy ester linkage to its 3' hydroxyl, and the aa-tRNA is a single amino
acid esterified to its 3* hydroxyl. During peptide bond formation, the nascent polypeptide chain is
transferred from the peptidyl tRNA to the aa-tRNA (Figure 20)(Rodnina et al., 2007). The most
favorable mechanism of catalysis involves intra-reactant proton shuttling through the P site
tRNA’s A7 2°-OH, which follows the attack of the a-amino group of the aa-tRNA (Figure I-
19)(Weinger et al., 2004) (Schmeing et al., 2005). This catalysis forms a new peptidyl-tRNA,
which is one amino acid longer in the A site. Subsequently, the tRNA in the P site is deacylated

(Figure 1-19 and Figure 1-20).

c¢. Translocation

The final step of the elongation cycle is translocation. Ratcheting of the ribosomal subunits triggers
movement of the tRNAs after peptide bond formation, resulting in the tRNAs in a status called
hybrid P/E and A/P states. In these states, the acceptor ends of the tRNAs in the E and P sites and
the anticodon loops stay in the P and A sites, respectively. This process is termed translocation
(Figure 1-21). Then the ribosome has an empty A site, peptidyl-tRNA in the P site, and deacylated
tRNA in the E site post translocation. In eukaryotes, translocation of the tRNAs to the E and P
sites needs the elongation factor (eEF2), which is the homolog of bacterial EF-G (Kaul et al., 2011).

Binding of GTPase eEF2 or EF-G and attendant GTP hydrolysis catalyzes translocation.

The tRNA anticodon and acceptor end have been shown to happen in a two-step mechanism of
translocation. Translocation of tRNAs was proposed to occur independently on the two ribosomal

subunits during elongation (Bretscher, 1968; Spirin, 1968).
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Figure 1-20. Concerted proton-shuttle mechanism.

The P-site and A-site tRNA substrates are blue and red, respectively, ribosome
residues are green, and ordered water molecules that stabilize the developing charges
are gray. The attack of the a-NH2 group on the ester carbon results in a six-membered
transition state, in which the 20-OH group of the A-site A76 ribose moiety donates
its proton to the adjacent 30 oxygen while simultaneously receiving one of the amino
protons. Alternatively, the water molecule (*) might be used for a proton shuttle

(Rodnina et al., 2007).
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Direct chemical footprinting monitored the location of tRNA through the ribosome and led to the
hybrid state tRNA model (D Moazed & Noller, 1989). In the experiment, N-acetyl-Phe-tRNA
bound to the ribosome P site, which was further confirmed by the full reactivity of N-acetyl-Phe-
tRNA with puromycin. Hence, the nucleotides that were protected by the N-acetyl-Phe-tRNA in
16S and 23S rRNA could be assigned to the 30S and 50S P sites, respectively. The complex was
footprinted again after it reacted with puromycin. The footprint of 16S rRNA remained the same,
whereas the 23S rRNA footprint was entirely different. The 23S rRNA P site nucleotides were no
longer protected by the N-acetyl-Phe-tRNA. Instead, a new set of E site bases became protected.
Therefore, the data suggested a spontaneous movement of the acceptor end of the tRNA from the
50S P site to the E site, while the anticodon end of the tRNA was still bound to the 30S P site.
Accordingly, this state was termed the P/E hybrid state (D Moazed & Noller, 1989). The tRNA
from the classical ‘P site’ (P/P state) moves to the P/E hybrid state without the presence of EF-G

or GTP.

The N-acetyl-Phe-tRNA bound in the P site and aa-tRNA in the A site showed a quite similar
behavior. The 50S A site footprint disappeared, and an E-site footprint appeared following the
peptidyl transfer, suggesting that the two tRNAs had moved from their A/A and P/P states to the
AJ/P and P/E hybrid states, again, without the presence of EF-G or GTP. Another complex, in
which N-acetyl-Phe-tRNA was bound in the A site, was also studied. N-acetyl-Phe-tRNA bound
to ribosomes, following the binding of deacylated tRNA to ribosomes. The footprinting results
showed A and P site footprints on 16S rRNA and P and E site footprints on 23S rRNA, indicating
binding of tRNAs in the A/P and P/E hybrid states (D Moazed & Noller, 1989). Cryo-EM
reconstruction revealed structures for a location of tRNA in the P/E hybrid state, further supporting

the hybrid states model (Agrawal et al., 1998; Valle et al., 2003; Taylor et al., 2007).
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The fact that incubation of these hybrid-state complexes with EF-G and GTP led to footprints
indicated P/P and E binding indicated movement of the tRNAs with respect to the 30S subunit
required EF-G and GTP with spontaneously concomitant moving with respect to the 50S large

subunit.

Bretscher (1968) first proposed that translocation of tRNAs is accomplished in two steps
(Bretscher, 1968). In the first step, EF-G binds to an unstable pretranslocation ribosome in a
complex with GTP. The binding of the complex then induces a new conformation of the ribosome.
According to the normal conformation, the small subunit is in a different orientation with respect
to the large subunit by a counterclockwise rotation, which is called ratchet motion (Frank &
Agrawal, 2000). Studies have shown that this ratchet motion occurs even without the presence of
ribosomal factors and that it is coincident with tRNAs moving from the classic state to the hybrid
states, which facilitate translocation (Ermolenko et al., 2007; Chen et al., 2013). Therefore, this
binding of EF-G*GTP complex is thought to stabilize the hybrid-state tRNAs (Ermolenko et al.,
2007; Spiegel et al., 2007). This happens due to the deacylation of the P site tRNA, which frees
the tRNA CCA end. Therefore, the end can move to the E site on the 50S subunit and the small
subunit is allowed to ratchet forward, whereas the mMRNA-tRNA are still locked with the small
subunit at its P site. Meanwhile, the empty P site on the large subunit develops the precondition
for the formation of the A/P hybrid state (Munro et al., 2007). Once this state is accomplished and
stabilized by EF-G*GTP complex, the second step of translocation then starts. In this step, EF-
G*GTP hydrolyzes GTP with concurrent movement of the mRNA and the tRNAs with respect to
the small subunit, also resulting in a conformational change of the EF-G factor to the GDP-bound
form (Frank et al., 2007). GTP hydrolysis and Pi release along with conformational changes in EF-

G were thought to unlock the ribosome, allowing the tRNA and mRNA to move and then lock the
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ribosome in the posttranslocation (Taylor et al., 2007) Dissociation of EF-G*GDP complex from
the ribosome allows the 30S subunit head to rotates back. Therefore, the whole 30S subunit
undergoes a reverse ratchet motion, resulting in the hybrid P/E and A/P tRNAs moving into the
classical E/E and P/P states, respectively (Figure 1-21) (Frank et al., 2007). Eventually, the
ribosome is in a posttranslocation state, in which a deacyl-tRNA is in the E site, the peptidyl-tRNA
is in the P site and an empty A site is ready for the next tRNA substrate and to undergo next

translation cycle.

2. Maintenance of Fidelity During aa-tRNA selection

Maintenance of fidelity is one of the most important aspects of protein translation, which largely
depends on the selection of the correct aa-tRNA during decoding. During decoding, there can be
three types of interaction between codon and anticodon: cognate, near-cognate and non-cognate
(Figure 1-22)(Ogle et al., 2003). There are 61 different mMRNA sense codons, meaning any of these
codons can be present in the A site waiting for 45 unique aa-tRNAs with different anticodons
(Sprinzl et al., 1998). Discriminating a cognate tRNA against a near-cognate or a non-cognate
tRNA could be very difficult for the ribosome, owing to so many different potential substrates
(tRNAS). The ribosome has to accomplish the discrimination very fast so that this process will not
affect the speed of generating proteins for the cell’s demand. Consequently, the ribosome translates
at a speed of up to 50 amino acids per second in E. coli (Lovmar & Ehrenberg, 2006) The protein
accuracy is predicted to be around 4 x 10 on average, which is one mistake per 2500 amino acids

incorporated (Parker, 1992)

The ribosome selects a correct aa-tRNA based on the complementary base pairing between the

codon on mRNA and the anticodon on tRNA. A cognate aa-tRNA with the anticodon interacts
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The 70S ribosome is drawn as a rectangle, which is divided into 30S and 50S subunits.
Each of them has an A, P and E site. The tRNAs are shown as vertical lines, and the

MRNA is not shown in the figure (Noller et al., 2002).
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Figure 1-22. Cognate, near-cognate and non-cognate codon-anticodon interaction.

The G.U pair is only allowed at the third position (wobble position) (Ogle et al., 2003).
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with the codon in the first and second position following Watson crick base pairs (G*C or A+U),
or certain non-canonical base pairs (wobble base pair) with the codon in the third position (Figure
[-22). The wobble position 34 can pair with more or less nucleotide, which greatly depends on
tRNA modification. For example, at the wobble position, G can pair with C or U, | can pair with
U, C or A, U with different modifications can pair with A, U, or G (Agris et al., 2007). A near-
cognate aa-tRNA has one base pair mismatch with the codon. A non-cognate aa-tRNA has two or
more mismatches between the codon-anticodon base pair (Figure 1-22). These two types of
incorrect aa-tRNA are also potential substrates for the ribosome. A near-cognate tRNA may make
less stable base pairing with the mRNA anticodon; however, the difference in base pairing stability
is too weak to explain the observed low error frequency (Uhlenbeck et al., 1971; Grosjean et al.,
1978). Therefore, the ribosome has sophisticated strategies to ensure that protein translation occurs
fairly accurate. These strategies include Kinetic proofreading, induced fit and structural
arrangement (Pape et al., 1998, 1999; Rodnina & Wintermeyer, 2001a; Rodnina & Wintermeyer,
2001b; Ogle et al., 2003; Ogle & Ramakrishnan, 2005; Rodnina et al., 2005; Demeshkina et al.,
2012; Rozov et al., 2015, 2016). Both biochemical and kinetic studies have demonstrated that the
movement of aa-tRNA into the ribosomal A site undergoes a serial of intermediate states (Rodnina
& Wintermeyer, 2001; Pape et al., 200; Rodnina et al., 2002). Crystal structures showed the
interaction between the codon and anticodon in the decoding center (Ogle et al., 2001; Ogle et al.,
2002; Ogle et al., 2003; Demeshkina et al., 2012; Rozov et al., 2015, 2016). Also, cryo-EM
provided a lot of information about the conformational arrangements of aa-tRNA and EF-Tu on
the ribosome as well as interactions and conformational rearrangements of aa-tRNA and EF-Tu

during decoding process (Stark et al., 2002).

In the 1970s, Ninio and Hopfield proposed kinetic proofreading as a specific mechanism, which

60



ensures low error rate during DNA replication, aminoacylation, and translation (Hopfield, 1974;
Ninio, 1975). GTP hydrolysis by elongation factor EF-Tu, which is an irreversible reaction,
separates tRNA selection into two successive 100-fold steps, which are the initial selection and
proofreading (Hopfield, 1974; Ninio, 1975; Thompson & Stone, 1977; Ruusala et al., 1984,
Rodnina & Wintermeyer, 2001). These two discrimination steps explained the how proposed

10,1000-fold preference for cognate tRNA came out.

The kinetic mechanism of aa-tRNA selection starts from the EF-TusGTP complex delivering aa-
tRNA to the ribosome A site on the small subunit of a ternary complex. This step, termed initial
binding, is a codon-independent process (Figure 1-23). In other words, all tRNAs (cognate, near-
cognate and non-cognate tRNA) exhibit the same rate of binding the ribosome A site and
dissociating from the ribosome (Rodnina et al., 1994). In this step, the ternary complex forms a
very unstable complex with the ribosome (Figure 1-23). The forward rate constant is defined as ki,
and the backward rate constant is defined as k-1. The next step is codon recognition, which is
codon-dependent. Subsequently, codon recognition (kz, k-2) step triggers GTPase activation of EF-

Tu (ks), which is the rate determining step for GTP hydrolysis (k).

Then proofreading initiates from here. The release of Pi induces the conformational rearrangement

of EF-Tu from GTP to the GDP-bound form (ks). Consequently, the EF-TusGDP complex

dissociates from the ribosome (ks). This dissociation of the factor frees the end of aa-tRNA and

accommodates it in the PTC in the large subunit A site (ks) where peptide bond formation (Kpep).

occurs. Alternatively, the aa-tRNA may be rejected from the ribosome (k7)(Gromadski & Rodnina,

2004a) (Figure 1-23). All of the rate constants were detected by using the ternary complex
Phe

containing tRNAy7y. The ribosomes either have cognate codon UUU or near-cognate codon CUC

in the A site under conditions of high binding fidelity of aa-tRNA selection
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(Gromadski & Rodnina, 2004a) (Figure 1-23).

The initial step in the interaction, initial binding, is a codon-independent process. The interactions
between EF-Tu with the ribosome primarily determines the rate of binding (Rodnina et al., 1996;
Blanchard et al., 2004). Therefore, it is reasonable that the value of ki is high and the same for

cognate or near-cognate complex (Figure 1-23).

Biochemical and single molecule fluorescence resonance energy transfer (SmMFRET) studies
identified that the second step, codon recognition, undergoes a series of intermediates (Rodnina
et al., 1994; Blanchard et al., 2004). The smFRET study observed that when the interaction
between the tRNA anticodon and the mRNA codon is established in the decoding center, it forces
a fixed orientation on the ternary complex EF-TusGTPeaa-tRNA with respect to the P-site tRNA
(Blanchard et al., 2004a). An earlier study suggested that the establishment of the cognate codon-
anticodon complex induces conformational changes of the conserved nucleotide bases A1492,
1493, and G530 of 16S rRNA (Ogle et al., 2001). These bases alter their positions and form A-
minor interactions with the minor groove of the first two positions of interactions specifically
following Watson-Crick base pair geometry. Such conformational rearrangements were thought
to be induced or facilitated by cognate codon-anticodon interaction (as discussed in ribosome
section). However, this conclusion has been challenged (Demeshkina et al., 2012). Kinetic study
showed that the cognate and near-cognate ternary complex have very similar overall rate constants
of codon recognition (kz) (Figure 1-23)(Pape et al., 1999; Gromadski & Rodnina, 2004). However,
a mismatch between codon-anticodon substantially decreases the stability of aa-tRNA binding the

ribosome (k-2) (Figure 1-23).

GTPase activation of EF-Tu can be considered as a rearrangement of the active site. This
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conformational change is necessary to assemble all components for GTP hydrolysis. Formation of
contact between cognate aa-tRNA and the ribosome increases the rate of GTPase activation
(Rodnina et al., 1995), whereas the interaction of near-cognate or non-cognate aa-tRNA impairs
the activation (Gromadski & Rodnina, 2004b) (Figure 1-23). The rate of GTP activation (ks) is
~650-fold higher when binding a cognate aa-tRNA than a near-cognate aa-tRNA. Earlier studies
suggested that such local changes within the decoding center induce a global rearrangement, of
which the 30S small subunit switches from an open to a closed conformation as | discussed in
ribosome section (Ogle et al., 2002). In this study, the binding of a near-cognate aa-tRNA did not
seem to affect the conformation of the 30S subunit, and therefore the small subunit could not form
the closed conformation. During the process of GTPase activation, the conformational changes in
the decoding center signal the GTPase center on the 50S subunit, which accelerates rearrangement

step of proceeding and limiting the rate of GTP hydrolysis (Rodnina & Wintermeyer, 2001).

GTP hydrolysis by EF-Tu on the ribosome divides the whole process of aa-tRNA recognition and
selection into two parts, initial selection and proofreading. Cryo-EM showed that there are
extensive interactions between the switch regions of the G domain of EF-Tu with the sarcin-ricin
loop (SRL) of 23S rRNA, suggesting that the SRL participates in stabilizing the transition state
conformation of the switch regions of EF-Tu (Stark et al., 2002; Valle et al., 2003). Cleavage of
the SRL hinders the GTPase activated state, leading to the abolishment of GTP hydrolysis by EF-
Tu (Blanchard et al., 2004b). Besides, ribosomal protein L7/L12, L11 and the L11-binding region
of 23S rRNA may also play a role in GTP hydrolysis (Stark et al., 2002; Valle et al., 2003). The
interaction of EF-Tu with L7/L12 enhances a 2500-fold stimulation of GTP hydrolysis (Mohr et
al., 2002). However, all these contacts are likely to happen far from the nucleotide binding pocket.

Therefore, they must be involved indirectly by inducing or stabilizing conformational transitions
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of EF-Tu.

GDP and inorganic phosphate, Pi are products of GTP hydrolysis by EF-Tu. The rate of Pi release
limits the rate of the conformational change of EF-Tu*GTP to EF-Tu*GDP. The dissociation of
aa-tRNA from EF-Tu is likely to occur during the conformational transition of EF-Tu (Knudsen
et al., 2001). Aminoacyl-tRNA accommodation in the PTC limits the rate constants of peptide
bond formation that is intrinsically very fast (Pape et al., 1998; Pape et al., 1999). Accommodation
of cognate aa-tRNA occurs quickly and efficiently having no drop-off of aa-tRNA, whereas the
ribosome rejects most of the near-cognate aa-tRNAs owing to a low stability of binding and a

lower rate of accommodation.

Acceleration of GTPase activation of EF-Tu and aa-tRNA accommodation by the conformational
change of the ribosome, which is induced by correct tRNA binding, is termed induced fit (Pape et
al., 1999). This structural change is similar to an enzyme that undergoes a conformational change
induced by its correct substrate binding to fit the shape of its substrate (Rodnina & Wintermeyer,
2001). Such conformation changes were thought to be unfavorable by incorrect tRNA binding,
and therefore this may explain the slow rate of GTPase activation of EF-Tu by near-cognate tRNA
binding (Pape et al., 1999). Hence, previous studies suggested that the communication between
the decoding center of the 30S small subunit and 50S large subunit as well as induced fit are both

important during proofreading and for maintaining translational accuracy.

However, very recently published work observed that the 30S subunit undergoes the same domain
closure irrespective of the binding of a cognate tRNA or a near-cognate tRNA (Demeshkina et al.,
2012). Six X-ray structures of the 70S ribosome showed that UG and G*U mismatches at the first

two positions in the A site were forced to form a Watson-Crick-like base pair, which led to domain
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closure. A1492, A1493, and G530 interacted with the minor groove helix in a similar way when a
near-cognate tRNA binds (Figure 1-24). They argued that the three conserved bases A1492, A1493
and G530 are not capable of monitoring the geometry of the base pair of the codon-anticodon
interaction minor groove. When a near-cognate tRNA is forced to form a canonical base pair in
the A site, this would create repulsion or require energy for tautomerization, which may lead to
the dissociation of a near-cognate tRNA (Figure 1-25). Thus, tautomerism or repulsion might be a
plausible source of discrimination between a cognate tRNA and a near-cognate tRNA

(Demeshkina et al., 2012).

D. Translation Termination and Ribosome Recycling

1. Translation Termination

Translation termination occurs when a stop codon, UAA, UGA or UAG, enters the A site. The

result of termination is the release of a nascent polypeptide (Kisselev, 2003).

Eukaryotic translation termination requires two protein factors, eukaryotic release factor 1 (eRF1)
and eukaryotic release factor 3 (eRF3) (Stansfield et al., 1995; Zhouravleva et al., 1995; Alkalaeva
et al., 2006). The class | factor, eRF1, recognizes the stop codon, and is responsible for peptidyl-
tRNA hydrolysis, whereas the class 11 factor, eRF3, is a GTPase that is more related to EF-Tu than
EF-G (Atkinson et al., 2008). Though in bacteria, there are also class I release factors 1 and 2, and
class Il factor 3 (RF1, RF2, and RF3), these release factors are very different from those in
eukaryotes, indicating that the process of translation termination is distinct in prokaryotes and

eukaryotes (Freistroffer et al., 1997)
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Mismatches at the first and the second position of codon-anticodon interaction mimic Watson

Crick base pair geometry (Demeshkina et al., 2012)
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(indicated with red letters, structural changes high- lighted by pink) (right) (Rozov et al.,

2016).
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Distinct from the prokaryotic factors, eRF1 is the only class | factor present in eukaryotes.
Accordingly, eRF1 is capable of decoding all the three stop codons as well as promote the
hydrolysis of peptidyl-tRNA in response to any of the three termination codons (Konecki et al.,
1977; Frolova et al., 1994). The other release factor, eRF3, plays a role in triggering the release of
eRF1 from the ribosome following peptidyl-tRNA hydrolysis. The two translational factors, eRF1
and eRF3, bind to each other without the presence of ribosome. In S. cerevisiae, such interaction
is required for optimal efficiency of termination (Ito et al., 1996; Le Goff et al., 1997; Pel et al.,

1998).

eRF1 is composed of three domains (Song et al., 2000). The amino-terminal domain is responsible
for recognizing stop codons, which has a distal loop with a highly conserved NIKS motif. This
motif has been proposed to decode termination codons in a similar manner of codon-anticodon
interactions. Chemical experiments suggest that this loop is very close to the stop codon
nucleotides (Carlberg et al., 1990). Other regions of eRF1 also seem to facilitate recognition of
stop codons, including the YXCxxxF motif (Kolosov et al., 2005; Fan-Minogue et al., 2008;
Bulygin et al., 2010). The middle (M) domain of eRF1 exerts the function as the tRNA acceptor
stem that it extends into the PTC to facilitate peptide release (Song et al. 2000). This domain has
a highly conserved Gly-Gly-GIn (GGQ) motif, which seems to promote the chemistry of peptide
hydrolysis (Frolova et al., 1999; Laurberg et al., 2008; WeixIbaumer et al., 2008). The carboxyl
terminus of eRF1 cooperatively interacts with the class 11 release factor eRF3 (Merkulova et al.,
1999; Kononenko et al., 2008; Cheng et al., 2009). This release factor has a variable amino

terminus (Ter-Avanesyan et al., 1993) and a more conserved carboxyl terminus, which directly

interacts with the M and C domains of eRF1. In yeast, the carboxyl-terminal fragment of eRF3
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sufficiently complements the deletion of eRF3 despite the fact that eRF3 is an essential gene (Ter-

Avanesyan et al., 1993; Kononenko et al., 2008; Cheng et al., 2009).

In vitro, eRF3 accelerates peptide release as well as promotes termination efficiency at stop codons
in a GTP-hydrolysis dependent manner (Alkalaeva et al., 2006). The eRF1-eRF3-GTP ternary
complex binds to the ribosome, triggering GTP hydrolysis (Frolova et al., 1996), which eventually
leads to the M domain of eRF1 being deposited in the PTC. Here eRF3 exerts the function as EF-
Tu that it delivers a tRNA-like molecule into the PTC. During this process, eRF1 discriminates a

termination codon from a sense codon in the A site (Salas-Marco & Bedwell, 2005).

Overall, elongation termination process is achieved in multiple steps (Figure 1-26). First, the entry
of a stop codon into the A site triggers termination. In eukaryotes, eRF1 binds to the ribosome as
a ternary complex (des Georges et al., 2014). eRF1 also participates in peptidyl-tRNA hydrolysis
and peptide release from the PTC, following the hydrolysis of GTP by eRF3. Next, eRF1
undergoes a conformational change, which allows the Gly-Gly-GIn motif to enter the PTC in the
large subunit and facilitate peptidyl-tRNA hydrolysis. The eRF3-GDP complex dissociates from
the protein following GTP hydrolysis and peptide chain release, whereas eRF1 remains bound to
the ribosome, which is called the post-termination complex (Nlrenberg & Tampé, 2013). These

changes initiate the ribosome for ribosomal recycling.
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Figure 1-26. Model of eukaryotic translation termination and recycling pathways.

On recognition of a termination codon, the eRF1.eRF3.GTP ternary complex binds to the A site of the
ribosome in a pre-accommondated state. GTP hydrolysis takes place along with release of eRF3.
ABCE1/RIil binds and promotes the accommodation of eRF1 into an optimally active structure (Dever

& Green, 2012).
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2. Ribosomal recycling

Ribosomal recycling is the final step in translation. It occurs once the newly synthesized
polypeptide chain has been released from the ribosome. At this time, the 80S ribosome, the mMRNA,
the newly deacylated tRNA and the factor eRF1 are still bound. The ribosomal subunits, as well
as the mMRNA and deacylated tRNA, must be dissociated to regenerate the required molecules for

the next round of translation.

Recycling is very well studied in bacterial systems and requires ribosomal recycling factor (RRF),
which interacts with the post-termination complex following the dissociation of the RF1 or RF2
by RF3. The EF-G-GTP complex facilitates ribosomal subunit dissociation. Initiation factor 3
(IF3) binds to the dissociated small subunit to stabilize it and promote the release of the deacylated
tRNA and the mRNA (Hirokawa et al., 2005; Peske et al., 2005). The split ribosomal subunits are

then ready for the next round of initiation.

As discussed above, eRF1 and a deacylated tRNA remain bound with the ribosomal complex
following termination. However, in eukaryotes, there is no homolog of RRF. Besides, the
termination factors are structurally and mechanistically distinct in the bacterial system and
eukaryotic system. eRF3 does not involve in dissociation of the class | release factor eRF1 as RF3
(Freistroffer et al., 1997), suggesting other proteins beyond translational factors may participate in

the process of ribosomal recycling in eukaryotes.

Emerging studies demonstrate that ribosome splitting process requires the multifunctional ABC-

family protein, ABCE1 (RIil) in eukaryotes and archaea (Pisarev et al., 2010; Barthelme et al.,
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2011; Young et al., 2015). Though the release factors seem to possess some intrinsic ribosome
recycling activity, the presence of ABCE1 substantially increase the efficiency of the reaction
(Pisarev et al., 2010; Shoemaker & Green, 2011), and this activity depends on ATP hydrolysis.
Besides a role in recycling, RIlil has also been suggested to directly increase the rate of peptide
release by eRF1-eRF3 complex in an ATP hydrolysis-independent manner (Khoshnevis et al.,

2010; Shoemaker & Green, 2011).

Overall, all possible functional factors can be put together into a ribosomal recycling model (Figure
I-26). After dissociation of eRF3-GDP complex, peptide chain release activity is promoted by the
binding of ABCEL/Rill in an ATP-independent manner. Finally, ATP hydrolyzed by ABCE1/Rill
with concomitant dissociation of subunits. Separated subunits are then bound by various initiation
factors or other proteins, which stabilize subunits and prepare them for the next cycle of initiation

(Pisarev et al., 2010).

E. Translational errors

Despite mechanisms, such as kinetic proofreading, induced fit or tautomerization, to ensure the
accuracy during decoding, errors do occasionally occur, which leads to the production of non-
canonical protein products. Translational errors can be divided into three types: processivity errors,
frameshift errors, and missense errors (D N Wilson & Nierhaus, 2006). Processivity errors happen
due to spontaneous dissociation of a peptidyl tRNA from the ribosome, leading to premature
termination (Jgrgensen & Kurland, 1990). Changes in reading frame termed frameshift errors,
result in loss of genetic information (Bebenek & Kunkel, 1990). Missense errors are caused by
incorrect incorporation of an amino acid (Bouadloun, Donner, & Kurland, 1983; | Stansfield et al.,

1998).
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In most cases, processivity errors cause premature termination, in which the peptidyl-tRNAs
spontaneously drop off (dissociate) from the ribosome (Menninger, 1976). The frequency was
reported to be ~4 x 10 (Menninger, 1976). The released peptidyl-tRNA can be deleterious for
cells. The ester bond between the peptidyl residue and the tRNA is more stable than the
corresponding bond of an aa-tRNA. Therefore, the released peptidyl-tRNAs tend to accumulate in
the cell, limiting the number of free tRNAs to participate the next cycle of translation.
Consequently, this accumulation restricts protein synthesis. However, the existence of peptidyl-
tRNA hydrolase prevents this. It cleaves the relevant ester bond of the released peptidyl-tRNA,
thus recycling the free-tRNAs (Schmitt et al., 1997). Processivity errors, in rare cases, lead to a
read through of a stop codon by a ternary complex aa-tRNA*EF-Tu*GTP, resulting in an extended

protein product.

Translational frameshifting errors alter the reading frame of the mRNA, precluding completion of
the nascent peptide chain in its standard reading frame. Consequently, the sequence of the peptide
is no longer as the original one. Frameshifting errors are rare events that the estimated frequency
is less than 10 (Kurland, 1992). A forward (3°) frameshift by insertion of one nucleotide is called
a +1 frameshift, which is the same as the deletion of one nucleotide directly after the last codon
before the frameshift. A backward (5”) frameshift by one nucleotide causes a -1 frameshift and is

the same as an insertion of one nucleotide.

Missense errors can take place during aminoacylation of a tRNA, in which a tRNA is mischarged
with an incorrect amino acid by an aminoacyl tRNA synthetase (aaRS) (misacylation) (Jakubowski,
1999). Therefore, the wrong amino acid is incorporated into the polypeptide chain. However,

aaRSs have high specificity in recognizing their substrate (as discussed in aminoacylation section),
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and some of them have editing mechanisms that can recognize and correct the mischarged tRNA
(Fersht, 1977; Ahel et al., 2003; Beebe et al., 2003; Ling et al., 2009). Thus, those properties make
the aminoacylation of tRNAs a highly accurate process, with error frequency lower than 10-°

(Zaher & Green, 2009).

Alternatively, missense errors can occur during the decoding process, in which the ribosome
selects an incorrect aminoacyl-tRNA (misreading)(Luisa Cochella & Green, 2005). If a wrong aa-
tRNA remains in the A site long enough and go through initial selection and proofreading process,
involving in peptidyl transferase, then the incorrect aa-tRNA is added to the polypeptide chain.
Obviously, the stage of aa-tRNA selection by the ribosome is the most error-prone process in
translation. Earlier studies demonstrated that near-cognate aa-tRNAs could be selected by the
ribosome and incorporated into the polypeptide chain (Loftfield & Vanderjagt, 1972; Singh et al.,
1979; Bouadloun et al., 1983; Parker et al., 1983; Parker & Friesen, 1980; Parker & Holtz, 1984,
Rice et al. 1984; Toth, Murgola, & Schimmel, 1988; Stansfield et al., 1998; Salas-Marco &
Bedwell, 2005; Plant et al., 2007; Kramer & Farabaugh, 2007; Kramer et al., 2010; Manickam et

al., 2014).

Some studies have measured various errors involving misreading at each position of the codon-
anticodon complex. These studies utilized distinct methods and reporter systems to detect missense
error frequency, which makes it hard to compare these results. This research reported that the
missense error frequency is 10 to 10 per codon in bacteria (Parker, 1989). This wide range of
error frequency was due to the use of different methods and reporter systems. For example, one of
these methods takes advantage of some bacterial proteins that lack a particular amino acid. Thus,

incorporation of the amino acid into a protein represents misreading and can be used to calculate
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misreading error rate. For instance, the protein that makes up the bacterial flagellum filament,
flagellin, normally contains no cysteine. Incorporation of *S-labeled cysteine into flagellin was
used to measure a misreading frequency in flagellin of 10 errors per codon translated. This

misincorporation of cysteine was due to the first position misreading of arginine codons CGU or

CGC by tRNAE’&, which usually decodes UGU/UGC (Edelmann & Gallant, 1977). Another
method relies on changes in isoelectric charges caused by the substitution of a charged amino acid
by an uncharged one or vice versa. Proteins with different charges of the correct and the incorrect
incorporated amino acid in the protein can be separated using a two-dimensional gel
electrophoresis (Parker et al., 1978). In addition, an enzyme-based reporter system was also used
to estimate error frequency. Usually, an essential amino acid residue is mutated, which inactivates
the enzyme. If this mutant codon is misread by a wild type tRNA, it will restore enzyme activity.
Thus, the misreading frequency is the ratio of the mutant enzymatic activity to the wild type
enzyme activity. Serine 68 (AGC) of B-lactamase is an essential amino acid because of its
nucleophilic side chain. It was mutated to glycine (GGC and GGU), which inactivates 3-lactamase
Ser

activity. However, glycine 68 GGC can be misread as serine 68 AGC by tRNAgE at a frequency

of 102 per codon (Toth et al., 1988).

To better understand the error frequency of missense errors in vivo, Kramer and Farabaugh
developed a dual-luciferase reporter system based on an enzymatic reaction that can test all

possible near-cognate missense errors at a single position in the firefly luciferase gene by

tRNAI{JylfU in both E. coli and the yeast Saccharomyces cerevisiae (Kramer & Farabaugh, 2007;

Kramer et al., 2010). The codon for an essential amino acid residue, lysine 529 (K529), was
mutated to all possible near-cognate codons that have one nucleotide difference from the wild type,

and synonymous non-cognate codons that have more than two different nucleotides from the wild
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type lysine (AAA/AAG) of firefly luciferase (luc). The firefly (F-luc) and Renilla luciferase genes

(R-luc) were fused together to express as a single polypeptide. Thus, their relative concentration

should be identical, and any difference of F-luc activity relative to R-luc activity should reflect a

change in the enzymatic activity of firefly luciferase. Based on this method, they estimated error
Lys

frequencies by tRNAj;;,; in both E. coli and S. cerevisiae ranging from 4x10- to 3x10 per codon

and 6.9x10 to 4x10-° per codon, respectively.

Two models may explain why some mutant codons showed higher activities: the functional
replacement model and the misreading model. Synonymous near-cognate and non-cognate codons
are very useful to distinguish these two models from each other. Synonymous codons encode the
same amino acid residue such as arginine codons AGA, AGG, CGU, CGC, CGA, and CGG. AGA
and AGG are near-cognate codons since there is only one nucleotide difference between these two
codons and wild type codons; therefore, CGU, CGC, CGA, and CGG are termed synonymous non-
cognate codons because they have two nucleotides different from the wild type codons. The
functional replacement model states that any luciferase activity in the mutant proteins is due to the
mutant amino acid, suggesting all codons that generate the same amino acid should show the same
amount of activity. Thus, this model predicts that all synonymous non-cognate mutations should
produce proteins with the same activity. In contrast, the misreading model states that mutant
codons, for example, those that encode arginine, are misread by lysyl-tRNA as lysine, resulting in
the production of the small amount of wild type activity. Other synonymous non-cognate arginine
codons are unlikely to be misread by lysine tRNA because these codons have two or more
mismatches with the anticodon tRNALY* . Consequently, tRNA{Y>, will not recognize arginine
codons CGU, CGC, CGA, and CGG as lysine. Therefore, these codons should result in proteins

that have much lower activity. Besides, a significant variation of protein activity between different
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synonymous near-cognate codons also implies that these protein activities are due to misreading
but not functional replacement, because use of synonymous near-cognate codons should produce

the same amount of activity according to the functional replacement model.

Kramer and Farabaugh’s data showed that the higher activities of some mutant codons were due
to misreading but not functional replacement (Kramer and Farabaugh, 2007; Kramer et al., 2010).
Two frequently misread arginine codons, AGG and AGA, which showed higher activities of

mutant luciferase, are decoded by one of the least abundant tRNAs in E. coli (Dong et al., 1996).

Thus, the frequent misreading of AGG and AGA by tRNAB’SU could be due to a low abundance

of the correct tRNASE . If so, excess tRNALE, should reduce the misreading frequencies of AGA

and AGG. To address this question, Kramer and Farabaugh overexpressed the cognate tRNAﬁngU,
and they found that the missense error frequencies of misreading AGA and AGG as lysine were
significantly decreased, strongly suggesting that competition between a correct tRNA and a near-
cognate tRNA could affect translational accuracy (Kramer and Farabaugh, 2007). Restrictive rpsL
mutations that occur in residues of rpS12 have contact with 16S ribosomal RNA helix 44 and helix
27 upon small subunit 30S closure. Such interaction caused a weak form of closed 30S subunit by
these mutations, which results in hyperaccuracy during decoding. Therefore, these rpsL mutations
will decrease misreading errors (Ogle et al., 2002). Kramer and Farabaugh (2007) reported that a

mutation in rpsL reduced misreading of all error-prone codons to near background level activity.

This result supports the misreading model as well.

Translational accuracy and efficiency have been widely and intensively studied in both
prokaryotes and eukaryotes (Edelmann & Gallant, 1977; Parker et al., 1978; Toth et al., 1988;

Parker, 1989; Salas-Marco & Bedwell, 2005; Kramer & Farabaugh, 2007; Kramer et al., 2010;
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Manickam et al., 2014; Manickam et al., 2016). Surprisingly, only a few experiments have focused
on translational fidelity in mammalian cells. Estimation of error frequencies range between 10 to
10 errors per codon mainly depending on the type of measurement, the tRNA that performs
misreading, and the position of codon that was studied (Kurtz, 1975; Parker et al., 1978; Luce &
Bunn, 1989; Mori, Funatsu, Hiruta, & Goto, 1985). One of the methods to measure misreading
frequency in mammalian cells relied on testing the amount of incorporation of a new amino acid
that is known not to exist in some proteins in vitro (Kurtz, 1975; Luce & Bunn, 1989; Mori et al.,
1985). For example, polyuridylic acid (poly (U)) was used as misreading template that was
translated using microsomes prepared from the livers of mice of various ages. Both L-[**C]
Phenylalanyl-tRNA and L-[**C] leucyl-tRNA were used. The misreading assay measured the
amount of leucine incorporation due to translational error relative to phenylalanine incorporation
on a poly (U) template, which results from correct translation. The error frequency was reported
to be as high as 10! per codon in young mouse liver and 102 per codon in old mouse liver (Kurtz,
1975). The coat protein of the cowpea variant of tobacco mosaic virus (CcTMV) contains no
cysteine or methionine. Thus, incorporation of cysteine into this coat protein represents a
translational error event. A study was performed in extracts from human diploid fibroblasts of
different ages. The translational error frequency was calculated as cysteine incorporation/total
amino acids in CcTMV, which assumed that all codons sites had equal chance to be misread as
cysteine. The study reported that the error frequency was a range from 4.2x10-° cysteine/amino

acid to 2.9x10 cysteine/amino acid (Luce and Bunn, 1989).

Despite that the error frequency from 4.2 x 10°to 2.9 x 10 is in a reasonable range, the error
frequencies reported by the poly(U) experiment were very likely overestimated because the

process of protein translation is more complicated in vivo, and these studies cannot mimic it

79



completely in vitro. For example, essential components for proofreading may not exist in vitro so
that the sophisticated mechanism of proofreading cannot be replicated, thus that more errors would

be detected in vitro studies.

This wide range was due to estimating errors on a limited number of codons and positions in
different organisms using different approaches. For example, histidine (CAU/CAC) is substituted
for asparagine (AAU/AAC), and the missense error frequency only reflects the misreading on the
first position (Parker et al.,1978). None of these approaches can test all possible missense errors
of a codon and give a comprehensive insight of missense error frequencies in human cells. Besides,
most earlier studies measured error frequencies in stressed cells, in which errors were stimulated
by either antibiotic or amino acid starvation. Therefore, the error frequencies may be abnormally
higher than that under normal conditions (Parker, 1989). Thus, it is hard to compare results from

different studies and conclude a particular range of missense error frequency in human cells.

In this study, | developed two novel assay systems that were used to quantify the frequency of
translational misreading and to investigate the effect of ribosomal protein S23 and aminoglycoside

antibiotics on the error frequencies in various mammalian cell lines and yeast, respectively.
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MATERIALS AND METHODS
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Chapter 11. MATERIAL AND METHODS

A. Strains, Growth Conditions and Storage

1. Bacterial strains

DH5a is the Escherichia coli strain used in this study.

A single colony was selected and grew in 2 ml of liquid Luria-Bertani (LB) medium (10 g NaCl,
10 g tryptone, and 5 g yeast extract per liter of dH20) at ¢ with required antibiotic. Each ml of
overnight culture was added to 1 ml of stock solution (65% glycerol, 0.1 M MgS0O4, 0.025 M

Tris-Cl at pH 8). Bacterial strain was stored at -80°C (Ausubel et al., 1995).

2. Yeast strains

The Saccharomyces cerevisiae strains used in this study were:

1. BY4728 (MAT a; his34200; trp1A463; ura340),

2. PF896 (MATa; ura3A0; leu2A0; his341; MET15; lys240; YFLOOIw: :kanMX4),
3. PF897 (MATa, his3A1; leu2A0; lys240; ura3A0;Elp3::KanMx),

4. PF908 (MAT a; ura340; his341; leu240;Ncs6.:: KanMx).

5. PF398 (MATo., his3A1; leu2A0; lys240; ura340; rps23BA)

A single yeast colony was selected and grew with YPD medium at 30°C for overnight. This

overnight culture was added to 60% glycerol to have a final concentration of 30% glycerol. Yeast

strain was stored at -80°C.
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3. Mammalian cell lines

3.1 Cell lines, growth condition

HelLa, HEK293T and HEK293 cell lines were gifted by Dr. Wilson’s lab; NIH 3T3 cell line was

gifted by Dr. Sue Rosenberg’s lab; 22RV1 cell was gifted by Dr. Bieberich’s lab.

The base medium for HeLa, HEK293T, HEK293 and NIH 3T3 cells is Dulbecco’s Modified
Eagle’s Medium (DMEM, CORNING 10-013-CV). A final concentration of 10% fetal bovine
serum (FBS, CORNING 35-015-CV) was added to DMEM to make the complete growth medium.

The base medium for 22RV1 cells is RPMI-1640 medium (CORNING 10-040) with 10% of FBS.

3.2 Sub-culturing and storage

To thaw a frozen stock, stock tube was incubated in 37°C water bath until frozen cells were
completely thawed. 1 ml stock cells were diluted with 9 ml of growth medium (DMEM or RPMI-
1640 with 10% FBS). After centrifuging at 100 to 120 RPM for 2-3 minutes, culture medium was
generally removed. Cell pellet was suspended with 10 ml of growth medium and transferred to a

100 cm tissue culture dish and incubated in 37 °C cell culture incubator.

To subculture, culture medium was removed and discarded. The cell layer was briefly rinsed with
1XPBS (10XPBS: 25.6 g Na2HPO4-7H20, 80 g NaC, 2 g KCI, 2 g KH2POg4, Bring to 1 liter with
H20 and autoclave for 40 minutes at 121°C) twice. 3 ml of Trypsin-EDTA 1X solution
(CORNING 25-051-cl) was added to culture dish. The culture dish was then placed at 37 °C for 5
minutes to detach cells. Then 3 ml of complete growth medium was added and cells were aspirated
by gently pipetting. After centrifuge, medium was removed. Cell pellet was suspended by using

10 ml of fresh growth medium. Appropriate aliquots of the cell suspension were added to a new
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culture dish with fresh growth medium to make a proper subculture ratio as instructed. Cells were

incubated at 37 °C. Medium was renewed for every 2 to 3 days.

To make a frozen stock, the protocol was as same as above except cell pellet was suspended with
3 ml of frozen medium (5% DMSO with complete growth medium) after centrifuge. Each ml of
cell suspension was stocked into a 1ml tissue stock tube. Cell stock was placed at 4 °C decreased

to -80°C.

B. Transformation and transfection

1. Bacterial transformation

1.1 Preparation of chemical treated competent cells

Preparation of competent cells is a two-day procedure. A stock of DH5a. was streaked onto a LB
plate. The plate was incubated overnight at 37°C. A single colony was selected and inoculated into
5mL of LB medium and placed in a rotator wheel for overnight at 37°C. In the second day, 500
uL of the overnight culture was re-inoculated with 50 mL of LB medium and placed at 37°C on a
rotator wheel till desired density (absorbance OD600, 0.3 to 0.4). Placed the cell culture on ice for
10 minutes to stop cell growth. Cells were harvest at 1600xg at 4°C for 7 minutes without a break.
Medium was carefully removed. Ice-cold 60 mM CaCl2 (15% glycerol, 10 mM PIPES [piperazine-
N, N’ —his (2-hydroxypropanesulfonic acid)] pH7) was used to wash cell pellet. Cells were
harvested again at 1100xg at 4°C for 5 minutes a without break. Medium was discarded. Cells
were suspended in 2 mL of ice-cold 60 mM CaCl.. Aliquots of 100 pL of cell suspension were
dispensed into ice-cold micro-centrifuge tubes and frozen immediately by placing in an

ethanol/dry ice bath. Individual competent cells were stored at -80°C.
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1.2 Bacterial transformation

Competent cells were first completely thawed on ice. An appropriate amount of DNA was added
to 100 pL of competent cells. DNA and competent cells were gently mixed by pipetting up and
down and by tapping the tube. The mixture was incubated on ice for 5 minutes. Heat shocked the
mixture at 42°C for 45 seconds and returned on ice for 2 minutes. Added 900 pL of LB medium
to each mixture and placed at 37°C for 1 hour. Cells were harvested at 2000xg for 3 minutes. Nine
hundred pL. of medium was removed. Cells were suspended and plated onto a LB plate with

appropriate selection drug. Plates were incubated at 37°C overnight.

2. Yeast transformation

This high efficiency yeast transformation protocol was adapted and adjusted based on LiAc/ss-

DNAJ/PEG protocol (Gietz & Woods, 2002).

Yeast frozen stock was patched on an YPD plate and incubated at 30°C for a few days to obtain
single colonies. A single colony was selected and inoculated with 5 mL of liquid YPD medium
with shaking overnight at 30°C. One mL of the overnight cell culture was added to 9 mL of YPD
to perform a 1:10 dilution. Cell culture was inoculated at 30°C with roller until OD600 was 0.7 to
0.8. Cells were harvested at 3000xg for 5 minutes. Medium was removed. Cells were washed by
5 mL of ddH20 and harvested at 3000xg for 5 minutes. Water was removed. Cell pellet was
suspended in 200 uL of 100 nM lithium acetate (LiAc) (1.0 M LiAc: 10.2g LiAc, 100 mL ddH20,
sterile filter) and transferred into a micro-centrifuge tube. Cells were pelleted at top speed for 15
seconds. Liquid was removed and cell pellet was re-suspended in 100 uL of 100nM LiAc. Cell

suspension can be stored at 4°C or used immediately.
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Fifty uL sample of single strand DNA (ssDNA) was boiled at 100°C for 5 minutes and chilled on
ice. Cell suspension was harvested for 5 second at low speed. The LiAc was removed. The
following components were added in order to make the basic transformation mix: 240 uL PEG
(50% w/v, 50g PEG3350, 50 mL water, autoclave or sterile filter), 36 pL of 1.0 M LiAc, 5 pL of
ssDNA, 15 uL of DNA, 36 uL of ddH20. Each tube was vortexed thoroughly to completely mix
the cell pellet. Then the cell suspension was incubated at 30°C with roller for 30 minutes. The cell
suspension was transferred to 42°C and incubated for 25 minutes to heat shock cells. Cells were
harvested at 6000- 8000 rpm for 15 seconds. Liquids were removed and 0.2 mL of ddH20 was
added to suspend cell pellet. Cell suspension was plated onto an appropriate dropout plate and

placed at 30°C.

3. Mammalian cell transfection

Mammalian cell transfection was performed using LipoD293 in vitro DNA transfection reagent

(SignaGen SL100668). LipoD293 transfection reagent uses liposomes to deliver DNA.

3.1 Seeding cells

Cells were collected and plated into a 6-well plate at least 18 hours prior to transfection to get
optimal cell density for transfection. Number of cells to seed for 6-well plate is 6x10°as guided by
the company’s instruction. Medium in each well was replaced by fresh complete culture medium

with serum 60 minutes before transfection

3.2 Preparation of LipoD293-DNA complex and transfection

In a 6-well plate for each well, 6uL of LipoD293 transfection reagent was added to 100uL

complete culture medium without serum as LipoD293 mixture, while 2ug of DNA was mixed with
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100 puL of complete culture medium without serum as DNA mixture. LipoD293 transfection
reagent was added to DNA mixture immediately and gently mixed well. The solution mixture was
then incubated at room temperature for 15 minutes. Then the LipoD293-DNA complex mixture

was added to each well.

3.3 Post transfection

LipoD293-DNA complex mixture was removed 12-hour post-transfection. Fresh complete

medium with serum was added to each well. The plate was incubated at 37°C for 48 hours.

C. DNA Oligonucleotides

Table 11-1, 11-2, 11-3 and I1-4 show all the DNA oligonucleotides used in this study. All the
oligonucleotides were generated by Integrated DNA Technologies (IDT). Oligonucleotides were
used at a concentration of 0.2 to 1 pmol in PCR, site-directed mutagenesis and DNA sequencing
reaction.

D. Plasmids

1. Yeast Plasmids and Plasmid Constructions

The yeast plasmid pYP was constructed using pANU7 (Sundararajan et al., 1999) as the backbone.
All LacZ mutants at position 624 and 625 were constructed using Quikchange Site-directed
mutagenesis (QuikChange Il XL Site-directed mutagenesis, Agilent Technologies) (Table 11-5).
PCR with appropriate oligonucleotides was performed to introduce the mutation from wild type

CAAJ/CAG using the following reaction mixture and amplification cycles in Table I1-6.
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The PCR product was then digested with restriction endonuclease Dpnl at 37°C for 1 hour and
transformed into XL10-Gold Ultracompetent cells. One to three transformants were selected and

sequenced to confirm the presence of the desired mutation.

Table 11-1. Site-directed mutagenesis oligonucleotides

Lysine 60 (AAA) Mutagenesis

Number | Target | Codon | Sequence

gene

5581 RPS23 | AGA | GTAGGAGTTGAAGCCAGACAGCCAAATTCTGC

5582 GCAGAATTTGGCTGTCTGGCTTCAACTCCTAC
5583 ACA | GTAGGAGTTGAAGCCACACAGCCAAATTCTGCC
5584 GGCAGAATTTGGCTGTGTGGCTTCAACTCCTAC
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Table 11-1. Site-directed mutagenesis oligonucleotides:

Glutamine 624(CAG) Mutagenesis

Number | Target | Codon | Sequence

gene

5814 LacZ | CGG | AAAACACCAGCGGCAGTTTTTCCAGTTCCGTTTATCCG

5815 CTGGAAAAACTGCCGCTGGTGTTTTGCTTCCGTCAGCGCT

5810 CAU | AAAACACCAGCATCAGTTTTTCCAGTTCCGTTTATCCG

5811 GGAAAAACTGATGCTGGTGTTTTGCTTCCGTCAGCG

5812 CAC | AAAACACCAGCACCAGTTTTTCCAGTTCCGTTTATCCG

5813 GGAAAAACTGGTGCTGGTGTTTTGCTTCCGTCAGCG

5714 CGA | ACGGAAGCAAAACACCAGCGACAGTTTTTCCAGTTCCGTT

5715 AACGGAACTGGAAAAACTGTCGCTGGTGTTTTGCTTCCGT

5716 AGA | GCTGACGGAAGCAAAACACCAGAGACAGTTTTTCCAGTTCCGTTTAT
5717 ATAAACGGAACTGGAAAAACTGTCTCTGGTGTTTTGCTTCCGTCAGC
5741 CUG | GGAACTGGAAAAACTGCAGCTGGTGTTTTGCTTCC

5742

TGGAAGCAAAACACCAGCTGCAGTTTTTCCAGTTCC

5743 CUA | AACGGAACTGGAAAAACTGTAGCTGGTGTTTTGCTTCCGT
5744 ACGGAAGCAAAACACCAGCTACAGTTTTTCCAGTTCCGTT
5751 CCA | AACGGAACTGGAAAAACTGTGGCTGGTGTTTTGCTTCCGT

5752 ACGGAAGCAAAACACCAGCCACAGTTTTTCCAGTTCCGTT
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5753 CCG | GGAACTGGAAAAACTGCGGCTGGTGTTTTGCTTCC
5754
GGAAGCAAAACACCAGCCGCAGTTTTTCCAGTTCC
5755 AAA | AACGGAACTGGAAAAACTGTTTCTGGTGTTTTGCTTCCGTC
5756 GACGGAAGCAAAACACCAGAAACAGTTTTTCCAGTTCCGTT
5757 AAG | GAACTGGAAAAACTGCTTCTGGTGTTTTGCTTCCG
5758 CGGAAGCAAAACACCAGAAGCAGTTTTTCCAGTTC
5759 GAA | AACGGAACTGGAAAAACTGTTCCTGGTGTTTTGCTTCCGTC
5760 GACGGAAGCAAAACACCAGGAACAGTTTTTCCAGTTCCGTT
5761 GAG | CGGAAGCAAAACACCAGGAGCAGTTTTTCCAGTTC
5762 GAACTGGAAAAACTGCTCCTGGTGTTTTGCTTCCG
5763 UAA | AACGGAACTGGAAAAACTGTTACTGGTGTTTTGCTTCCGTC
5764 GACGGAAGCAAAACACCAGTAACAGTTTTTCCAGTTCCGTT
5765 UAG | GAACTGGAAAAACTGCTACTGGTGTTTTGCTTCCG
5766 CGGAAGCAAAACACCAGTAGCAGTTTTTCCAGTTC
5937 UUA | ATAAACGGAACTGGAAAAACTGTAACTGGTGTTTTGCTTCCGTCAGC
5938 GCTGACGGAAGCAAAACACCAGTTACAGTTTTTCCAGTTCCGTTTAT
5939 CCU | AACGGAACTGGAAAAACTGAGGCTGGTGTTTTGCTTCCGT
5940 ACGGAAGCAAAACACCAGCCTCAGTTTTTCCAGTTCCGTT
5941 UGA | ATAAACGGAACTGGAAAAACTGTCACTGGTGTTTTGCTTCCGTCAGC
5942 GCTGACGGAAGCAAAACACCAGTGACAGTTTTTCCAGTTCCGTTTAT

90




Glutamine 625(CAG) Mutagenesis

Number | Target | Codon | Sequence
Gene
5591 LacZ | CAU | AAAACACCAGCATCAGTTTTTCCAGTTCCGTTTATCCG
5592 GGAAAAACTGATGCTGGTGTTTTGCTTCCGTCAGCG
5593 CAC | AAAACACCAGCACCAGTTTTTCCAGTTCCGTTTATCCG
5594 GGAAAAACTGGTGCTGGTGTTTTGCTTCCGTCAGCG
5849 CGA | GATAAACGGAACTGGAAAAATCGCTGCTGGTGTTTTGCTTCC
5850 GGAAGCAAAACACCAGCAGCGATTTTTCCAGTTCCGTTTATC
5589 CGG | AAAACACCAGCGGCAGTTTTTCCAGTTCCGTTTATCCG
5590 CTGGAAAAACTGCCGCTGGTGTTTTGCTTCCGTCAGCGCT
5851 AGA | CGGATAAACGGAACTGGAAAAATCTCTGCTGGTGTTTTGCTTCCGTC
5852 GACGGAAGCAAAACACCAGCAGAGATTTTTCCAGTTCCGTTTATCCG
5865 CUA | GATAAACGGAACTGGAAAAATAGCTGCTGGTGTTTTGCTTCC
5866 GGAAGCAAAACACCAGCAGCTATTTTTCCAGTTCCGTTTATC
5867 CUG | AACGGAACTGGAAAAACAGCTGCTGGTGTTTTGCT
5868 AGCAAAACACCAGCAGCTGTTTTTCCAGTTCCGTT
5869 CCA | GATAAACGGAACTGGAAAAATGGCTGCTGGTGTTTTGCTTCC
5870 GGAAGCAAAACACCAGCAGCCATTTTTCCAGTTCCGTTTATC
5871 CCG | AACGGAACTGGAAAAACGGCTGCTGGTGTTTTGCT

5872

AGCAAAACACCAGCAGCCGTTTTTCCAGTTCCGTT
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5873 UAA | GATAAACGGAACTGGAAAAATTACTGCTGGTGTTTTGCTTCCG
5874 CGGAAGCAAAACACCAGCAGTAATTTTTCCAGTTCCGTTTATC
5875 UAG | AACGGAACTGGAAAAACTACTGCTGGTGTTTTGCTTC

5876 GAAGCAAAACACCAGCAGTAGTTTTTCCAGTTCCGTT

5877 AAA | GATAAACGGAACTGGAAAAATTTCTGCTGGTGTTTTGCTTCCG
5878 CGGAAGCAAAACACCAGCAGAAATTTTTCCAGTTCCGTTTATC
5879 AAG | AACGGAACTGGAAAAACTTCTGCTGGTGTTTTGCTTC

5880 GAAGCAAAACACCAGCAGAAGTTTTTCCAGTTCCGT

5881 GAA | GATAAACGGAACTGGAAAAATTCCTGCTGGTGTTTTGCTTCCG
5882 CGGAAGCAAAACACCAGCAGGAATTTTTCCAGTTCCGTTTATC
5883 GAG | ACGGAACTGGAAAAACTCCTGCTGGTGTTTTGCTT

5884 AAGCAAAACACCAGCAGGAGTTTTTCCAGTTCCGT

Glutamine 623(CAG) Mutagenesis

Number

Target

gene

Codon | Sequences

5718

5719

LacZ

AGA CGCTGACGGAAGCAAAACACAGACAGCAGTTTTTCCAGTTCCG

CGGAACTGGAAAAACTGCTGTCTGTGTTTTGCTTCCGTCAGCG
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Table 11-2. RT-gPCR Oligonucleotides

Number Target Gene Sequence

5745 eRF1 TGC ATC TAACAT TAAGTC ACG AGT
5746 TCCACAGTATACAACCAGACCATT
5747 eRF3 CGCCAGGTGCTCCTAAGAAAG

5748 CAAATACATTATTTGTCCTCCAATGGT

Table 11-3. Northern Dot-blot biotin labeled Oligonucleotides

Number | Target Codon | Sequence

tRNA
5737 Lysine CTT GCTCGAGCCCACGACCCTGAGATTAAGAGTCT
5738 TTT TTGAACCCTGGACCCTCAGATTAAAAGTCT

5791 Asparagine | ATT TCTTGAACTACTCACCGTTCGGTTAATAGCCGAACGCT

5792 GTT TGGGCTCGAACCACCAACCTTTCGGTTAACAGCCGAATC

5793 Arginine TCT TTTGAATGACCACACTAGGCTCAGCTAGAAGTCCAAT

5794 CCT ACTCGAACCCACAATCCCTGGCTTAGGAGGCCAGTGCCT

Table 11-4. DNA Sequencing Oligonucleotides

Number Target Gene Sequence
5599 LacZ tgaaaacggcaacccgtggtcgg
5637 rps23 ACTTTCCAAAATGTCGTAATAACC
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Table I1-5. Yeast Plasmids

Plasmid Name

Mutation from wild Type

Plasmid Source

Wild Type Plasmid

pANU7 Sundararajan et al.
1999

Glutamine 624 on LacZ

pYP4 Arg CGA This Study

pYP19 CGG

pYP5 AGA

pYP6 Leu CUA

pYP8 CUG

pYP9 Pro CCA

pYP10 CCG

pYP11 Lys AAA

pYP12 AAG

pYP13 Glu GAA

pYP14 GAG

pYP15 Stop UAA

pYP16 UAG

pYP17 His CAC

pYP18 CAU
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Plasmid Name

Mutation from wild Type

Plasmid Source

Wild Type Plasmid

pANU7 Sundararajan et al.
1999

Glutamine 625 on LacZ

pYP1 His CAC This Study

PYP2 CAU

pYP3 Arg CGG

pYP20 CGA

pYP21 AGA

pYP22 Leu CUA

pYP23 CUG

pYP24 Pro CCA

pYP25 CCG

pYP26 Stop UAA

pYP27 UAG

pYP28 Lys AAA

pYP29 AAG

pYP30 Glu GAA

pYP31 GAG
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Table 11-6. Site-directed mutagenesis PCR reaction mixture and amplification cycle

PCR Reaction Mixture Components Amount

Forward Primer 1.25 uLL (10 uMolar stock concentration)

dNTP mixture 1ulL

Quikchange Solution 3uL

PfuUltra HF DNA polymerase (2.5U/pL) 1.25 L
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Table 11-6. Site-directed mutagenesis PCR reaction mixture and amplification cycle

Step 1= 95°C for 1 minute

Step 2= 95°C for 50 seconds

Step 3= 78°C for 50 seconds

Step 4= 68°C for 12 minutes

Step 5= go to step 2, 18 cycles

Step 6= 68°C for 7 minutes
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Table 11-7. Mammalian Plasmids

Plasmid Name Mutation from wild type Plasmid Source
pNM1 Manickam
Fluc Codon 529 Plasmids

pNM3 Stop UAA Manickam
pNM4 UAG

pNM5 Gln CAA

pNM6 CAG

pNM7 Glu GAA

pNM8 lle AUA

pNM9 Met AUG

pNM10 Thr ACA

pNM11 ACG

pNM12 Arg AGA

pNM13 AGG

pNM14 Asn AAU

pNM15 AAC

pNM16 Stop UGA

pNM17 Glu GAG

pNM19 Arg CGU

pNM20 CGC

pNM21 CGA

pNM22 CGG

pNM23 lle AUU

pNM24 AUC

pNM25 Thr ACU

pNM26 ACC
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2. Mammalian Plasmids and Plasmids Constructions

The mammalian plasmid pNM was constructed using pcDNA 3.1 (-) as the backbone (Table 11-7).
The Fluc gene with different point mutations was sub-cloned from the yeast plasmids pEK
(Kramer et al., 2010). Both pEK and pcDNA3.1 (-) plasmid was digested at 37°C with restriction
endonucleases Bsu361 and Econl for 1 hour. Desired products were purified by gel extraction
(QIAquick gel extraction kit, QIAGEN). After purification, digested Fluc gene and pcDNA 3.1(-)
products were ligated at 16°C overnight. The ligation reaction was transformed into DHSa as
described. The transformants were screened for the presence of the mutated Fluc gene by

restriction endonuclease digestion Bsu361 and Econl as well as PCR.

The neomycin gene was knocked out from pNM plasmid by doing a digestion with restriction
endonucleases Stul and Mscl. Both restriction endonucleases produce blunt end products. The
digested pNM plasmid was then self-ligated at 16°C overnight. The ligation product was
transformed into DH5a. The transformants were screened by PCR to confirm the absence of the

neomycin gene. The neomycin gene knockout plasmids are listed in Table 11-8.

3. Plasmid DNA preparation and storage

Plasmid pYP DNA preparation was performed using a GeneJET Plasmid Miniprep kit (Thermo
Fisher) following the company’s protocol. Plasmid DNA preps were stored at -80°C for long-term

use.

Plasmid pNM for mammalian cells transfection was prepared using a Midiprep kit (Thermo
Scientific) following the company’s protocol. Plasmid DNA preps were also stored at -80°C for

long-term use.
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Table 11-8. Mammalian neomycin gene knockout plasmids

Wild type: pNM30 This Study
Fluc Codon 529 Plasmids

pNM31 Stop UAA This Study
pNM32 UAG
pNM33 GIn CAA
pNM34 CAG
pNM35 Glu GAA
pPNM36 Ile AUA
pNM37 Met AUG
pNM38 Thr ACA
pNM39 ACG
pNM40 Arg AGA
pNM41 AGG
pNM42 Asn AAU
pNM43 AAC
pNM44 Stop UGA
pNM45 Glu GAG
pNM46 Arg CGU
pNM47 CcGC
pNM48 CGA
pNM49 CGG
pNM50 lle AUU
pNM51 AUC
pNM52 Thr ACU
pNM53 ACC
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E. Dual luciferase assay

1. Preparation of mammalian cell lysate

Cells were collected 48 hours post transfection. Medium was removed, and 1X PBS buffer was
used to wash cells twice each well. Cells were then scraped in the presence of 1.5 ml 1X PBS
buffer by using a culture cell scraper. Using 75% ethanol and ddH20, tissue scraper between was
thoroughly washed after each usage. Cell suspension was collected and harvested. A sufficient
amount of 1X PBS buffer was applied to cell pellet to wash again. Cells were harvested and PBS
buffer was removed following by adding 300uL 1X Passive Lysis Buffer (PLB, Promega, 4
volume of ddH20 added to 5X PLB). The cell mixture was placed at room temperature for at least

15 minuets and then stored at -80°C for further usage.

2. Dual luciferase assays

2.1 Preparation of Luciferase Assay Reagent Il

Luciferase Assay Reagent Il (LARII, Promega) was prepared freshly each time prior to dual
luciferase assay. A 15 or 50mL conical tube was covered with folio paper. Preparation must be
processed in dark. LARII was prepared by adding lyophilized Luciferase Assay Substrate in 10mL
of the supplied Luciferase Assay Buffer Il. Once the substrate and buffer have been mixed, it is
stable for one month at -20°C or for one year at -70°C. The rest of LARII reagent was aliquot into

100uL and stored at -70°C.

2.2 Preparation of Stop and Glo Reagent

An adequate volume of Stop and Glo reagent (S&G) was prepared freshly each time prior to use.
S&G reagent was prepared by adding 1 volume of 50X S&G Substrate to 50 volume of S&G

Buffer in a foil paper covered conical tube. Reagent should be prepared in dark.
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2.3 Dual luciferase assay

Cell samples, LARII reagent and S&G reagent were warmed up to room temperature.
Luminometer was activated and primed by both LARII and Stop and Glo reagent prior to assay.
About 900uL of both reagents were used for priming the machine. Each assay requires injection
of 100 uL of both LARII and Stop & Glo reagent. Twenty pL of cell lysate from three individual
transfections were assayed in triplicate by using a Microfluor 96-well microtiter plates. Twenty-
uL cell lysate was carefully dispensed into 96-well plates by having one well after each one. The
luminometer was programed to perform a 2 second pre-measurement delay followed by a 10
second measurement period for each assay. Both firefly luciferase activity (Fluc) and Renilla
luciferase activity (Rluc) were detected by the luminometer and measured as Relative Light Units
(RLU). Mutant type protein activities (misreading frequency) were calculated as the ratio of
mutant (mt) Fluc to Rluc to the ratio of wild type (wt) Fluc to Rluc. The calculation formula is

shown as below:

FLUCmt/RLUCMt

Error frequency =
FLUCWt/RLUCWL

F. Beta-Glo Assay

Individual transformants were selected and inoculated in 2mL of YPD medium for two days.
Cultures were inoculated to a dilution of 1:1000 in 5mL of YPD. Cultures were grown at 30°C to
reach an OD600 of 0.8 to 1.0. Cells were washed with 5mL of ddH20 two times. Washed cells can

be stored at 4°C for 1 day or used directly for further assays.

Wild type transformant cells were suspended with 5mL of ddH20. A serial dilution of ten-fold was
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performed to obtain a 100-fold dilution. One hundred microliters of diluted wild type cells were
used for each assay. Mutant transformant cells were suspended with 500uL of ddH20, of which

100uL of cells were used for further beta glo assay.

100uL of cell culture of three individual colonies was assayed in triplicate for the Beta-Glo assay.
Microfluor 96-well microtiter plates (ThermoFisher Scientific), Turner Biosystems MicroPlate 11
luminometer (Promega) and the Beta-Glo assay reagent (Promega) were used in the assay. 100uL
of cell culture was added into consecutive columns of the 96-well microtiter plates. When
dispensed, an empty well was intentionally left in between two samples to avoid any interference.
An empty row was left as well: such as, row A, C, E, and G were used while rows B, D, F, and H
were left empty. Equal amounts of Beta-Glo reagent were dispensed into each well containing
cell cultures. The plate was shaken using the Beta-Glo shake program of the Turner Biosystems
Luminometer. The plate was then protected from the light and inoculated in the dark at room
temperature for one hour, then were measured by the Luminometer for Relative Light Units (RLU).
The beta-glo assay uses reagent that consist of two components, forming a luciferin-galactoside
substrate (6-O-B-galactopyranosylluciferin) (Promega). This substrate is cleaved by the product of
lacZ, B-galactosidase, releasing luciferin and galactose. The luciferin is further utilized in the
firefly luciferase reaction to emit light, which is measured as RLU. Therefore, the RLU is in
correspondence with the activity of B-galactosidase. By using different mutant forms of lacZ gene,
misreading error frequency was calculated as a ratio:

B — galactosidase activity of the mutants

E =
rror frequency B — galactosidase activity of the wild type
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G. Western Blotting
1. Protein extraction

1.1 Protein extraction from mammalian cells

Cells were detached by trypsin (Trypsin EDTA 1x, Corning Life Sciences) and washed with
1xPBS buffer (pH7.4). Cell pellet was collected, and then frozen on dry ice immediately. Cells
were lysed with 800uL to 1 ml lysis buffer (8M Urea, 250mM imidazole, 100 mM of NaH2PO4,
pH7.6), and then centrifuged for 5 min. The supernatant was gently transferred and further used
for Bradford protein quantification assay (Bio-Rad protein assay reagent). Equivalent amount of
purified protein was aliquoted. An equal volume of 2x Laemmli buffer (4% SDS, 10% 2-
mercaptoethanol, 20% glycerol, 0.004% bromophenol blue, 0.125M Tris HCI, pH6.8) was added

to purified protein. Samples were stored at -20 °C for further use.

1.2 Protein extraction from yeast cells

Yeast protein extraction was performed by using Y-PER yeast protein extraction reagent (Thermo
scientific 78991). A single colony was selected and cultured in a dropout medium overnight at
30°C. Cell pellet was obtained by centrifuge at 3000xg for 5 minutes at 4°C. Cell pellet was
weighted and resuspended in an appropriate amount of Y-PER reagent. VVortexing was performed
to thoroughly mix the mixture. The mixture was then agitated at room temperature for 20 minutes.
The cell debris was pelleted by centrifuging at 14000 x g for 10 minutes. The supernatant was then

reserved for future usage.

2. Protein blotting

Samples were separated by 12% SDS PAGE gel (TEMED, 10% SDS, 10%Ammonium Persulfate,

30% Acrylamide, 1.5M Tris pH8.8, ddH20) using a mini Protean-3 gel system (BioRad). 4%

104



stacking gel is composed of TEMED, 30% Acrylamide, 0.5M Tris pH6.8, 10% SDS, 10% APS
and ddH20. SDS PAGE gel was run under 100 voltage for 1 to 2 hours depending on protein size.
Once samples were successfully separated, the protein was transferred from gel to the PVDF
membrane. PVDF membrane was first activated with methanol for 1 minute and rinsed with 1x
transfer buffer (10x Tris/Glycine buffer from Biorad, 20% methanol and ddH20). Filter papers and
sponge were soaked with 1x transfer buffer before preparing the stack. The stack was prepared
following the general western blot protocol (Abcam general western blot protocol). The protein
was transferred at 4°C under 100v for 1 to 2 hours. After transfer, membrane was blocked in 10 to
25 ml of blocking buffer (LXTBST buffer, 5% non-fat milk powder) for 1 hour at room
temperature. Then the membrane was washed three times for 5 minutes each with 10 ml of TBST
and processed to primary antibody incubation. Eukaryotic release factor 1 primary antibody
(Abcam 31799) was added to blocking buffer with 1:1000 dilution. Membrane was incubated with
primary antibody at 4°C overnight. The membrane was washed three times for 5 minutes each
with 10 ml of TBST and processed to secondary antibody incubation (1: 10000 dilution with
blocking buffer). The membrane was incubated for 1 hour at room temperature. Then the
membrane was washed three times for 5 minutes each with 10 ml of TBST and processed to image
developing procedure. Visualization of western blots was performed using the ECL western
blotting substrate kit (GE RPN5785) according to the instruction. The membrane was placed on
plastic wrap and covered by a sufficient amount of ECL substrate and incubated at room
temperature in dark for five minutes. Excess substrate was carefully removed and the membrane

was placed in a C-DiGit blot scanner with protein side down.

H. Northern dot blot analysis
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1. Total RNA extraction and RNA storage

Sample cells were collected and extract RNA from each sample by standard methods provided by
the company (QIAGEN RNeasy mini kit 74104). RNA samples were confirmed by running a 2%
electrophoresis agarose gel at 4°C. RNA concentration was tested by a Nanodrop and aliquoted

into Spg RNA for each tube. Samples were stored at -80°C until needed.

2. Sample preparation

One, two and four micrograms of total RNA were resuspended in 1ImM EDTA to a final volume
of 50 uL (0.5M EDTA, pH8: 186.12 grams EDTA .Naz.2H20 with Milli-Q water up to 1L, adjust
pH to 8 using 10N NaOH). Then 30uL of 20X SSC (175.3g of NaCl, 88.2g of sodium citrate, add
distilled water up to 1L, using 1M HCl to adjust pH to 7.0), 20puL of 37% formaldehyde (Science
Company NC-1930) were added to RNA mixture. Samples were transferred on ice after they were

incubated at 60°C for 30 minutes.

3. Apparatus preparation and slot blotting

Pour through apparatus slots with vacuum on with 100mL hot water to clean the apparatus. Allow

the apparatus to air dry.

Nylon membrane (Positively charged nylon transfer membrane, GE RPN303B) and 3 pieces of
Whatman paper were prepared to the size of gasket support plate. Membrane was first soaked in
water and then transferred to 10X SSC. Membrane was placed on one piece of bio-dot SF filter
paper 60. The SF apparatus was set up as directed by manufacture. Membrane was rehydrated with

200uL 10X SSC per well followed by vacuum applied. Rehydration step was repeated. Five
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micrograms of each RNA sample were applied with the vacuum on. The membrane was the
washed by 200uL 10X SSC per well followed by vacuum. The membrane was removed to air dry.

UV crosslink was applied for 3 minutes to immobilize samples.

4. Hybridization

The membrane was pre-hybridized for 3 hours at 42°C soaked in pre-hybridization buffer (10%
SDS, 100mM NazHPOa4 (pH 7.0), 5 ng/ml salmon sperm DNA). The pre-hybridization buffer was
replaced with hybridization buffer with 50 pmol/ml biotin labeled probe. The membrane was then
incubated at 42°C overnight. The membrane was washed using washing buffer (1x SSC, 0.1%
SDS) for 2 times at room temperature for 15 minutes each and 2 times at 48°C for 20 minutes each

(Huang et al., 2014).

5. Detection

The biotin-labeled probes were detected using biotin chromogenic detection kit (ThermoFisher,
K0661). After washing, the membrane was incubated with Blocking/Washing buffer for 5 minutes
at room temperature with gentle shaking. Then the membrane was blocked with blocking solution
for 1 hour at room temperature with moderate shaking. The membrane was then incubated with
freshly prepared diluted streptavidin-AF conjugate for 30 minutes at room temperature with
moderate shaking. After washing 2 times 15 minutes each using washing buffer, the membrane
was incubated with detection buffer for 10 minutes at room temperature with moderate shaking.
Finally, the membrane was incubated with freshly prepared substrate solution at room temperature
in the dark, allowing the color to develop overnight. Solution was discarded and the membrane

was washed with Milli-Q water and air-dry. The result was then documented after one day of air
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drying.

I. Reverse Transcriptase Quantitative PCR

DNA removal treatment was applied to total RNA samples (Ambion, AM1906). Treated RNA was
collected. RNA concentration was determined by Nanodrop. One microgram of total RNA was
used in the following cDNA synthesis reaction (RevertAid First Strand cDNA synthesis Kit,
ThermoFisher). Synthesized cDNA was used as template in the following RT-qPCR (SYBR Green
PCR Master Mix, ThermoFisher). A 1:10 dilution was performed to dilute the synthesized cDNA

template. The following PCR reaction mixture and amplification cycle program was used:

PCR Reaction Mixture Components Amount
SYBR 6.5 pL
cDNA template 3uL
Forward Primer 0.3puL
Reverse Primer 0.3 uL
ddH20 4.9 pL

Step 1= 95°C for 5 minutes

Step 2= 95°C for 12 seconds

Step 3=54°C for 15 seconds

Step 4= 72°C for 12 seconds

Step 5= go to step 2, 36 cycles
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Step 6= 95°C for 10 seconds

Step 7= 65°C for 5 seconds

Step 8= 95°C for 50 seconds
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CHAPTER Il1

AN INVESTIGATION OF THE MISREADING FREQUENCY IN DIFFERENT

MAMMALIAN CELL LINES
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Chapter 111. AN INVESTIGATION OF THE MISREADING FREQUENCY IN
DIFFERENT MAMMALIAN CELL LINES

A. Introduction

Translational errors can be divided into three types: processivity errors, frameshift errors and
missense errors (Wilson & Nierhaus, 2006). Processivity errors happen due to premature
dissociation of a peptidyl tRNA from the ribosome. Changes in reading frame termed frameshift
errors lead to a loss of genetic information. Missense errors are caused by incorrect incorporation
of an amino acid (Rodnina & Wintermeyer, 2001; Wilson & Nierhaus, 2006). Missense errors can
occur during aminoacylation of a tRNA, in which a tRNA is mischarged with an incorrect amino
acid by an aminoacyl tRNA synthetase (aaRS). However, most aaRSs have extreme specificity in
recognizing their substrate, and some of them have editing mechanisms that can recognize and
correct any mischarged tRNA (A. Fersht, 1977). Thus, those properties make the aminoacylation
of tRNAs process highly accurate, with error frequency lower than 10~ (Zaher & Green, 2009).
Alternatively, missense errors can take place due to incorrect selection of a tRNA by the ribosome
during the decoding process leading to the incorporation of a non-encoded amino acid into the

newly synthesized protein.

A number of studies have measured various errors involving misreading at each position of the
codon-anticodon complex. This research reported missense error frequencies between 10 and 10
4 per codon in bacteria (Parker, 1989). This wide range of error frequency was due to the use of
different methods and reporter systems. For example, one of these methods takes advantage of

some bacterial proteins that lack a particular amino acid. Thus, incorporation of the amino acid
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into a protein represents misreading and can be used to calculate a misreading error rate. For
instance, the protein that makes up the bacterial flagellum filament, flagellin, normally contains
no cysteine. Incorporation of 3*S-labeled cysteine into flagellin was used to measure a misreading
frequency for flagellin of 10 errors per codon translated. This misincorporation of cysteine was
due to the first position misreading of arginine codons CGU or CGC by tRNAE’&, which normally
decodes UGU/UGC (Edelmann & Gallant, 1977). Another method relies on changes in isoelectric
point caused by the substitution of a charged amino acid by an uncharged one or vice versa. Errors
were quantified by separating variant proteins by isoelectric point using two-dimensional gel
electrophoresis (Parker et al., 1978). In an alternative approach, enzyme-based reporter systems
were used to estimate error frequency. If a mutation alters an essential amino acid, then it would
inactivates the enzyme. If the mutant codon is misread by a tRNA inserting the wild type amino
acid, it would restore enzyme activity. Thus, the misreading frequency is calculated as the ratio of
the mutant enzymatic activity to the wild type activity. Serine 68 (AGC) of B-lactamase is an
essential amino acid because of its nucleophilic side chain. It was mutated to glycine (GGC and

GGU), which inactivates B-lactamase activity. Glycine 68 GGC can be misread as serine by

tRNA% at a frequency of 10 per codon (Toth et al., 1988).

These experiments have limitations, however. For example, each of them only investigates a few
codons misread by a particular tRNA, so that the average of missense error frequencies can only
reflect part of all possible errors. Additionally, the fact that error frequency in different experiments

was estimated by different methods might make comparisons difficult, as I will discuss below.
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To better understand the error frequency of missense errors in vivo, Kramer and Farabaugh
developed a dual-luciferase error reporter system that can test all possible near-cognate missense
errors at a single position in the firefly luciferase gene by tRNA]g{fUin both E. coli and the yeast
Saccharomyces cerevisiae (Kramer & Farabaugh, 2007; Kramer et al., 2010). An essential amino
acid residue, lysine 529 (K529), was mutated to all possible near-cognate codons that have one
nucleotide difference from the wild type Lys codon, and synonymous non-cognate codons that
have two or more different nucleotides from the wild type lysine (AAA/AAG) of the firefly
luciferase gene (luc). The firefly and Renilla luciferase genes (Fluc and Rluc) were fused together
to express as a single polypeptide. Thus, the relative concentration of the two enzymes should be

identical and any difference of Fluc activity relative to Rluc activity should reflect a change in the

enzymatic activity of firefly luciferase. Based on this method, they estimated error frequencies by
tRNALYS, in both E. coli and S. cerevisiae ranging from 4 x 103 to 3 x 10 per codon and 6.9 x

10 to 4 x 10°° per codon, respectively.

Two models may explain why some mutant showed higher activities: the functional replacement
model and the misreading model. The validity of these two models was tested using synonymous
near-cognate and non-cognate codons. Synonymous codons encode the same amino acid as near-
cognate codons, for example in the K529 system, the near-cognate arginine codons AGA, AGG
are synonymous with the non-cognate codons CGU, CGC, CGA, and CGG. AGA and AGG are
near-cognate codons because they are only one nucleotide different from the wild type Lys codons
AAA and AAG. The arginine codons CGU, CGC, CGA, and CGG are non-cognate codons
because they differ by two or more nucleotides. The functional replacement model states that any
luciferase activity in the mutant proteins is due to the mutant amino acid, suggesting all codons

that encode the same amino acid should produce the same activity. Thus, this model predicts that
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all synonymous non-cognate mutations should produce proteins with the same activity as each
other and as the synonymous near-cognates. In contrast, the misreading model states that mutant
codons, for example those that encode arginine, are misread by lysyl-tRNA as lysine, resulting in
the production of small amount of wild type activity. The synonymous non-cognate arginine
codons are unlikely to be misread by lysine tRNA because these codons have two or more
mismatches with the anticodon tRNAY, . Consequently, tRNALY will recognize arginine
codons CGU, CGC, CGA, and CGG as lysine much less efficiently than it does AGA and AGG.
Therefore, these non-cognate codons should result in much lower enzymatic activity. In addition,
a significant variation of protein activity between synonymous near-cognate codons also implies
that these protein activities are due to misreading but not functional replacement because

synonymous near-cognate codons should produce the same amount of activity according to

functional replacement model.

Crystal structures of the 30S small subunits with codon and near-cognate tRNA anticodon stem
loops showed that binding of a cognate tRNA induces a global conformational change in the 30S
subunit. These movements include rotations of the head toward the shoulder and the subunit
interface, and rotations of the shoulder (S4, G530 loop with surrounding regions of 16S rRNA and
S12) toward to the intersubunit space and the helix 44/27/platform region (Ogle et al., 2002). These
alterations led to a transition to a closed form of the 30S subunit (domain closure). However, this
domain closure induced by a cognate tRNA binding was found to be unfavorable for near-cognate
tRNAs unless in the presence of antibiotic paromomycin. In conclusion, the study suggested that

tRNA selection during decoding requires stabilization of a closed 30S conformation.

It is known that ribosomal proteins S12, S4 and S5, which are encoded by rpsL, rpsD, and rpsE,
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respectively, can profoundly influence the accuracy of translation in E. coli (Ozaki et al., 1969;
Rosset & Gorini, 1969; Biswas & Gorini, 1972; Olsson & Isaksson, 1980). The structural model
of tRNA selection supports the idea that mutant forms of S12, S4 and S5 affect translational fidelity.
Ogle et al. (2002) suggested that the closed form induced by tRNA binding leads to a breakage of
the protein-protein interface between S4 and S5, which is located on the back of the subunit
body/shoulder area. Mutations in S4 and S5 that disrupt the interface would favor the transition to
the closed form by eliminating the energetic cost of separating these contacts. On the other hand,
the closed form brings elements of S12, helix 44, and helix 27 closer, leading to the formation of
contacts between S12 and the ribosomal RNA. Mutations in S12 would destabilize these
interactions with ribosomal RNA. Hence, these mutations lead to antibiotic resistance or
dependence and a hyperaccurate phenotype by destabilizing the closed form (James M Ogle et al.,
2002). These conformational changes brought by mutant forms of ribosomal proteins explains the

effects of S12, S4 and S5 on translational accuracy.

Since mutant forms of ribosomal proteins S12, S4 and S5 disrupt the decoding process, any
enzyme activity caused by misreading should also be affected by error modulating mutations.
Therefore, these rpsL mutations will decrease misreading errors, whereas rpsD mutations should
increase misreading errors. Kramer and Farabaugh (2007) reported that a mutation in rpsL reduced
misreading of all potential error-prone codons to near background level activity. Meanwhile,
mutations in rpsD increased the frequency of misreading of error-prone codons. These data further
support the misreading model that high residual activities of those error-prone codons result from

. . Lys
misreading events by tRNA j,-

Kramer and Farabaugh’s data showed that the higher activities of some mutant codons were due
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to misreading but not functional replacement (Kramer & Farabaugh, 2007; Kramer et al., 2010).
In E. coli, two arginine codons, AGG and AGA, are frequently misread as shown by the higher
Fluc activities for these mutants. AGA and AGG are decoded by one of the least abundant tRNAs

in E. coli (Dong et al., 1996). Thus, frequent misreading of AGG and AGA by tRNAh’{JSU could be

due to a low abundance of the correct tRNASE,. If so, excess tRNAG should reduce the

misreading frequencies of AGA and AGG. To address this question, Kramer and Farabaugh
overexpressed the cognate tRNAS , and found that the missense error frequencies were
significantly decreased, strongly suggesting that a competition between a correct (cognate) tRNA

and incorrect (near-cognate) tRNA modulates misreading error frequency (Kramer & Farabaugh,

2007).

Translational accuracy has been widely and intensively studied in both prokaryotes and eukaryotes
(Edelmann & Gallant, 1977; Parker et al., 1978; Toth et al., 1988; Parker, 1989; Salas-Marco &
Bedwell, 2005; Kramer & Farabaugh, 2007; Kramer et al., 2010; Manickam et al., 2014;
Manickam et al., 2016). Surprisingly, only a few experiments have focused on translational fidelity
in mammalian cells. Estimation of error frequencies in mammalian cells range from 10 to 10
errors per codon largely depending on the type of measurement, the tRNA that performs
misreading, and the position of codon that was studied (Kurtz, 1975; Parker et al., 1978; Mori et

al., 1985; Luce & Bunn, 1989;).

One of the methods to measure misreading frequency in mammalian cells relied on testing the
amount of incorporation of a new amino acid that is known not to exist in some proteins in vitro
(Kurtz, 1975; Mori et al., 1985; Luce & Bunn, 1989). For example, polyuridylic acid (poly (U)),

which encodes polyphenylalanine, was used as misreading template that was translated using
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microsomes prepared from the livers of mice of various ages. The incorporation of L-[**C]
Phenylalanyl-tRNA and L-[**C] leucyl-tRNA were compared to measure misreading frequency.
The misreading assay measured the amount of leucine incorporation due to translational error
relative to phenylalanine incorporation due to correct translation of the poly (U) template. The
error frequency was reported to be as high as one in ten per codon in young mouse liver and one

in 100 per codon in old mouse liver (Kurtz, 1975).

Another experiment exploited the fact that the coat protein of the cowpea variant of tobacco mosaic
virus (CcTMV) contains no cysteine or methionine. Thus, incorporation of cysteine into this coat
protein would represent a translational error event. A study was performed in extracts from human
diploid fibroblasts of different ages. The translational error frequency was calculated as cysteine
incorporation/total amino acids in CcTMV, which assumed that all codons sites had equal chance
to be misread as cysteine. The study reported that the error frequency was a range from 4.2 x 10°
cysteine/amino acid to 2.9 x 10 cysteine/amino acid (Luce & Bunn, 1989). This error frequency
is calculated as misreading activity divided by all codons, whereas other studies divided the
misreading activity by a small subset of codons, which results in a larger error frequency. Given

this fact, we are unable to compare misreading error frequencies.

The error frequency from 4.2 x 10°t0 2.9 x 10 is in a reasonable range, but the error frequencies
reported from the poly(U) experiment were very likely overestimated because the process of
protein translation is more complicated in vivo than can be mimicked in vitro. For example,
essential components for proofreading may not exist in vitro, so the sophisticated mechanism of

proofreading cannot be replicated and more errors would be detected in these studies.

The wide range of estimated errors resulted from estimating errors based on a limited number of
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codons and codon positions in different organisms using different methods. None of these
experiments tested all possible missense errors of a codon to give a comprehensive insight into
missense error frequencies in human cells. In addition, most earlier studies measured error
frequencies in stressed cells, in which errors were stimulated by either antibiotic or amino acid
starvation environment. Therefore, the error frequencies would be abnormally higher than those
under normal conditions (Parker, 1989). Thus, it is difficult to compare results from different

studies and conclude a specific range of missense error frequency in human cells.

To better study translational misreading errors in human cells, | introduced a dual luciferase
measuring system into a mammalian plasmid that can be used in mammalian cells. Thus, | was
able to measure misreading error frequency by a single tRNA in several mammalian cell lines
including HEK?293, HelLa, 22RV1 and 3T3. My results showed that translation is more accurate in
mammalian cells than in E. coli and yeast. The variation in misreading error frequency between
different codons is smaller than in yeast and or E. coli, although a similar subset of error-prone
codons in all four cell lines were observed, and most of these had been identified as error-prone in
bacteria and yeast. There were differences in error frequency between each cell line yet each one
displayed its unique character. This the first study that comprehensively investigates misreading

error frequency in mammalian cells at the same codon position by a single tRNA.

B. Results

I. General investigation of misreading error frequencies in several mammalian cell lines

The dual luciferase reporter system depends on two enzymes: Photinus pyralis (firefly) luciferase

(Fluc), and Renilla reniformis (sea pansy) luciferase (Rluc). Both of these enzymes catalyze
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reactions that emit light (Figure I11-1). Firefly luciferase catalyzes a reaction converting its

substrates D-luciferin and ATP to D-luciferyl adenylate, which reacts with oxygen to generate an
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Figure 111-1. Model of the firefly luciferase active site

The NH3 of a lysine residue at position 529 is proposed to orient the substrates luciferin
and ATP and is essential for enzymatic activity. The histidine at position 245 is also

important for activity (Branchini et al., 2000).
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unstable product that then spontaneously breaks down further with release of a photon of light
(Branchini et al., 2000). Renilla luciferase is an anthozoan coelenterate capable of emitting
bioluminescence. Renilla luciferase catalyzes the bioluminescent oxidation of Renilla luciferin
producing light (Matthews et al., 1977; Lorenz et al., 1991). Both Firefly Photinus pyralis and
Renilla reniformis have activity that can be quantified in relative light units (RLUSs), which are
measured using a luminometer. Biochemistry and mutagenesis studies showed that lysine 529
(K529) is a highly conserved amino acid residue in the adenylate-forming enzyme family and plays
an essential role in the firefly luciferase reaction (Branchini et al., 1999). Mutations that were
introduced at this residue (K529A and K529Q) caused up to 1,600-fold decrease of the enzymatic
activities because of the loss of positive charge; even when researchers introduced arginine at
lysine 529, which does not change the charge, the enzymatic activity was reduced up to 625-fold.
The lysine side chain of firefly luciferase has multiple contacts with its substrates luciferin and
ATP, assisting in the orientation of them and suggesting that no other amino acid residue could
replace lysine 529, which further explains the severe loss of activity of the K529 mutants

(Branchini et al., 2000)(Figure 111-1).

The codons for the wild type lysine (AAA or AAG) were mutated to all possible near-cognate and
synonymous non-cognate codons (Kramer & Farabaugh, 2007; Kramer et al., 2010). Our approach
is to measure the firefly luciferase activity of K529 mutants. Due to the importance of this amino
acid residue, the Fluc activity of K529 mutants should only be minimal because any mutation
would produce a protein that fails to make the contacts with the substrate made by Lys. Higher

activities of K529 mutants could reflect misreading by tRNADY .
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In an earlier study, Kramer generated all possible near-cognate codons and synonymous non-

cognate codons of K529 by replacing one or two or three nucleotides of the codon to test
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Figure 111-2. Near-cognate and synonymous non-cognate mutations for Lysine 529

The two Lysine codons AAA and AAG are shown in italics. Near-cognate codons, which are one
position different from Lysine codons, are shown in reverse on black. Non-cognate codons, which are
two or more positions different from Lysine codons, are shown in black on grey (Kramer &

Farabaugh, 2007).
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misreading errors in E. coli and the yeast S. cerevisiae (Figure 111-2) (Kramer & Farabaugh, 2007,
Kramer et al., 2010). In the dual luciferase reporter system, Firefly luciferase serves as the
experimental protein while Renilla luciferase serves as an internal control. Fluc and Rluc were
fused together so they would be expressed as a single polypeptide and their relative concentration
should always be identical; any changes in the activity of firefly luciferase relative to Renilla
luciferase must reflect a change of the activity of Firefly luciferase (Kramer & Farabaugh, 2007,
Kramer et al., 2010). Recently, Dr. Nandini Manickam and | introduced all of these mutants to a
human expressing vector pcDNA3.1 and termed this human dual luciferase vector pNM. The
misreading error frequency is calculated as a ratio of the mutant enzyme activity to the wild type
enzyme activity:

Flucmut/Rlucmut
Flucwt /Rlucwt

Error frequency =

Four mammalian cell lines were studied including human embryonic kidney cell HEK293 (Russell
etal., 1977), mouse fibroblast cell NIH 3T3 (Jainchill, Aaronson, & Todaro, 1969), human cervical
cancer cell line HeLa (Harding et al., 1956), and human prostate cancer cell line 22RV1
(Sramkoski et al., 1999). Activities of all possible near-cognate codons of K529 were measured

and calculated (Figure 111-3).

I1. Several codons induce increased misreading frequencies in the human cell line HEK 293

In HEK293 cells, the relative protein activities of near-cognate codons varied by a factor of

seventeen in a range of 2 x 10° (AAU) to 3.5 x 10* (GAA) (Table 111-1). A two tailed Student’s
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Figure 111-3. Mutant Fluc activities of near-cognate codons of K529 in different

mammalian cell lines

Blue bar represents activity in HEK293 (n=5); red bar represents activity in 3T3 cell line
(n=3); green bar represents activity in HeLa (n=3); light purple bar represents activity in

22RV1 cell line (n=4). Mutant bases are underlined. Error bars represent SEM.
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Table 111-1. Misreading frequency by tRN

Ay, at near-cognate codons UUU

Mismatch

Amino

Mutant activity relative to wild type (x10)® (Fold
change from HEK?293)

o\ . Codon®

position acid HEK293 |3T3 HeLa 22RV1
1st Ter UAA 3.3 33(L0) |15(05) |5.8(1.8)
UAG 2.6 1.2(05) [11(04) |5.3(2.0)
Gln CAA 2.9 32(11)  [321.1) |35(1.2)
CAG 3.2 32(1.0) [39(1.2) |3.3(L.0)
Glu GAA 35 1.7(05) [2307) |3.8(L.1)
GAG 25 15(0.6) [1.908) |2.1(0.8)
2nd lle AUA 1.9 20(11) [26(14) |6.0(32)
AUC 1.7 20(1.2) [231.4) |53(3.1)
Met AUG 32(1.0) |25(0.8) [29(0.9) |29(0.9)
Arg AGA 1.8(1.0) |21(1.2) [351.9) |26(1.4)
AGG 27(1.0) [30(11) |53(2.0) |4.0(15)

3rd Asn AAU 02(1.0) |06(3.0) [0525) |[2.9(14.5)
AAC 15(1.0) |2.4(1.6) [281.9) |42(28)

amutation from a lysine codon (AAA or AAG) is underlined
®highest and lowest misreading error frequency are in bold and underlined
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t-test was used to determine the significance of differences in activity between each set of
synonymous codons. The Fluc activity of three of the mutants, GAA (3.5 x 104), AGG (2.7 x 10
%), and AAC (1.5 x 10%), was significantly higher than their synonymous codons GAG (2.5 x 10-
4), AGA (1.8 x 10*) and AAU (2 x 10-°) (P<0.05) (Figure 111-4). These differences in activity were
not consistent with the functional replacement model but suggested that the activities of these
mutants resulted from misreading. | further tested this possibility by comparing activity between
synonymous near-cognate and/or non-cognate codons. Another two potential error-prone codons
would be termination codons UAA and UAG. The high residual activity of the two termination
codons UAA and UAG result from misreading because premature termination should produce a
truncated protein that should be inactive. The higher activities of some mutant codons were due to
misreading but not functional replacement in E. coli and S. cerevisiae (Kramer & Farabaugh, 2007;
Kramer et al., 2010). Kramer tested these two models via comparing Fluc activity of synonymous
mutant codons (Figure 111-6). To test these two models, | used the same strategy by comparing the
activities of synonymous mutant codons with UAA, UAG, AGA, AGG, and AAC (Figure 111-5).
Additional synonymous codons are non-cognate codons for tRNA%}{JSU including one termination
codon (UGA), four arginine codons (CGU, CGC, CGA and CGG), and one asparagine codon
(AAU) (Figure I11-6). The activities of the potential error prone codons (UAA, UAG, GAA, AGG
and AAC) were all significantly higher than their synonymous codons (P<0.05). This result was
inconsistent with the functional replacement model but supports the misreading model, suggesting

that the higher Fluc activities of UAA, UAG, GAA, AGG and AAC resulted from misreading by
tRNA'{JylfU. The estimated misreading error frequencies at these error-prone codons are in a range

of 2.4 x 10° (AAU) to 3.5 x 10 (GAA) (Figure 111-5 and table I11-1). Synonymous near-
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HEK293

UAA UAG CAA CAG GAA GAG AUA AUC AUG AGA AGG AAU AAC
Ter Gin Glu lle Met Arg Asn

1st 2nd 3rd

Activity relative to wild type (x104)

Figure 111-4. Variation in Fluc activity of K529 mutants in HEK293 cells

The graph shows the Fluc expression of mutants relative to the expression of wild-
type Fluc. The mutants are replacing the AAA K529 codon with the indicated codon.
Indicated below each codon is the amino acid it encodes. Error bars are standard

errors of the mean.
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Figure 111-5. Comparison of Fluc activity relative to wild type of synonymous near-cognate

Activity relative to wild type (x104)

and non-cognate codons in HEK?293 cells

Error bars represent SEM. Codon-anticodon complexes shows misreading events for each
mutant that their misreading frequencies differ significantly. The upper line represents
anticodon while the lower line represents codon. Vertical lines represent Watson-Crick pairs,
filled circle represents wobble pairs and blank represents a mismatch. The error bars

represent the standard error of the mean.
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Figure 111-6. Mutant Fluc activity of K529 in E. coli

Some near-cognate codons showed higher activities than their synonymous codons. This

result is consistent with misreading model (Kramer and Farabaugh, 2007).
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cognate codons CAA and CAG had similar activities, 2.9 x 10 and 3.2 x 10 respectively. This
result failed to invalidate either the functional replacement model or the misreading model. The
similar level of protein activity is consistent with the functional replacement model, however,
under the misreading model the two synonymous near-cognate codons also could have the same
activity. The only method to further investigate the reason is to measure misreading errors in the
presence of factors known to disrupt translational accuracy (e.g. an antibiotic or a mutant
ribosomal protein, details will be discussed later) because CAA and CAG do not have synonymous
non-cognate codons. The activity of the mutant introducing the isoleucine codon AUA was also
not statistically different from its synonymous non-cognate codon AUC; their relative protein
activities were 1.9 x 10 and 1.7 x 10 respectively. Apparently, these activities were caused by
functional replacement. Though these data cannot completely rule out the possibility that these
increased activities result from errors during tRNA aminoacylation or mRNA transcription,

additional data will be presented in a later section.

I11. Misreading error frequency shows different features in HEK?293 cell line as compared

with E. coli and yeast

The result obtained with HEK293 cells is qualitatively different from those in yeast and bacteria.
The missense error frequency in HEK293 ranged from 2 x 10° (AAU) to 3.5 x 10* (GAA). The
estimated missense error frequencies in E. coli ranged from 1.4 x 10 (UAG) to 3.6 x 10 (AGA)
while the missense error frequencies in yeast ranged from 8 x 10° (GAA and AAU) t0 6.9 x 10
(AGGQG). In general, protein translational errors exhibited smaller variation among near-cognate
codons in HEK293 cells compared to E. coli and yeast, suggesting that translational fidelity is

highest in HEK?293, lower in yeast and lowest in E. coli (Figure 111-6 and Figure 111-7).
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V. The distribution of misreading frequencies in HelLa is similar to HEK 293 but shows a

novel error-prone codon, CAG

No study has been done to measure missense error frequency in multiple mammalian cell lines or
organisms. All previous studies used cells or translation extracts from one cell line or animal model.
To comprehensively study missense error frequency in mammalian cells, | decided to test multiple
cell lines and compare missense error frequency among them. Will error-prone codons be the same
in different cell lines? Will the error frequencies be similar or significantly different from each
other? The accuracy of protein synthesis is higher in HEK293 compared to E. coli and yeast. Will
this also be true in other cell lines? Comparing missense error frequency between different cell

lines provides a novel and more complete insight into translational fidelity in mammalian cells.

The features of translational fidelity in the immortal HeLa cell line were similar to those of
HEK293, but a new potential error-prone codon, glutamine codon CAG, was observed. Thus,
potential error-prone codons in HeLa were UAA, UAG, CAG, AGA, AGG and AAC. Termination
codons UAA and UAG again showed protein activity owing to misreading, however their activities
were much lower than that in HEK293 and 3T3 cells (Table I11-1). Arginine AGG showed the
highest protein activity, 5.3 x 10 per codon, while AAU showed the lowest, 5 x 10 (Table I1I-1

and Figure 111-8).
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Figure I11-7. Variation in mutant Fluc activity of K529 in yeast

Near-cognate codons UAG and AGG showed significantly higher activities than their

synonymous codons. Again, this phenotype supports misreading model but not functional

replacement

(Kramer et al., 2010).
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Figure 111-8. Comparison of Fluc activity relative to wild type of synonymous near-cognate

and non-cognate codons in HelLa cells

Error bars represent SEM. Codon-anticodon complexes shows misreading events for each
mutant that their misreading frequencies differ significantly. The upper line represents
anticodon while the lower line represents codon. Vertical lines represent Watson-Crick pairs,
filled circle represents wobble pairs and blank represents a mismatch. The error bars

represent the standard error of the mean.
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V. Prostate cancer cell line 22RV1 has the highest error frequency among all the cell lines

Analysis of the cell line 22RV1, a prostate cancer cell line, showed the highest error frequencies
among all the cell lines tested (Figure I111-3 and Table I11-1). Stop codon UAA and UAG, glutamic
acid codon GAA, arginine codon AGG and asparagine codon AAC were potential error-prone
codons (Figure 111-9). The estimated error frequency ranged from 2.6 x 10* (AGA) to 6.0 x 10
(AUA) (Table I11-1). Termination codons UAA and UAG showed higher error frequencies than in
the other cell lines. Interestingly, isoleucine codon AUA also showed very high activity, however,
the data indicated this high activity was due to functional replacement because its synonymous
non-cognate codon AUC had the similar level of Fluc activity. Among the four cell lines, wobble

errors at the codon AAU and AAC are the highest in 22RV1. (Figure 111-3 and Figure 111-9).

V1. The distribution of misreading frequencies in NIH 3T3 cell line is the same as in HEK

293 but did not show errors at codon GAA and CAG

| was also interested in measuring missense errors in a related mammalian species using mouse
cell line NIH 3T3. In 3T3 cells, activity of mutant forms of K529 showed a pattern similar to the
three human cell lines, however, misreading at GAA and CAG was not observed. Error-prone
codons include UAA (3.3 x 104), UAG (1.2 x 10%), AGG (3.0 x 10*) and AAC (2.4 x 10#) (Table
I11-1 and Figure 111-10). For these codons, the activities of synonymous codons were statistically
different (P<0.05). For others, synonymous codon mutants did not have different activities. The

glutamine CAA and CAG had
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Figure 111-9. Comparison of Fluc activity relative to wild type of synonymous near-cognate

and non-cognate codons in 22RV1 cells

Error bars represent SEM. Codon-anticodon complexes shows misreading events for each
mutant that their misreading frequencies differ significantly. The upper line represents anticodon
while the lower line represents codon. Vertical lines represent Watson-Crick pairs, filled circle
represents wobble pairs and blank represents a mismatch. The error bars represent the standard

error of the mean.
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Figure 111-10. Comparison of Fluc activity relative to wild type of synonymous near-

cognate and non-cognate codons in mouse 3T3 cells
Error bars represent SEM. Codon-anticodon complexes shows misreading events for each mutant

that their misreading frequencies differ significantly. The upper line represents anticodon while the
lower line represents codon. Vertical lines represent Watson-Crick pairs, filled circle represents
wobble pairs and blank represents a mismatch. The error bars represent the standard error of the

mean.
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an activity of 3.2 x 10#; glutamic acid GAA and GAG showed activity of 1.7 x 10 and 1.5 x 10-
4 respectively; isoleucine AUA and its synonymous non-cognate codon AUC had the same level
of activity, which was 2.0 x 10, Thus, these codons are apparently not error-prone codons because
synonymous codons produce the similar amount of activity. The misreading frequency in 3T3

varied from the lowest asparagine codon (AAU) 6 x 10 to the highest frequency termination

codon (UAA) 3.3 x 10 (Table I11-1 and Figure 111-10).
V11. Comparison of error frequency codon by codon in all the four mammalian cell lines

The frequency of misreading of some error-prone codons ranged differently in various cell lines.
Fold change was calculated by dividing the error frequency in 3T3, HelLa, or 22RV1 by the
frequency in HEK293 (Table I11-1). The frequency of misreading of UAA ranged from 1.5 x 10
to 3.3 x 10 in the four cell lines (Table I1I-1). There is no difference of error frequency of UAA
between HEK293 and 3T3 cell line. But the frequency of errors at UAA in HeLa is only half of
that in HEK293. In the meantime, the error frequency in 22RV1 was nearly 2-fold higher than that
in HEK293. The frequency of UAG distributed differently when compared to UAA. The error
frequencies of UAA in 3T3 and HeLa were only half of that in HEK293, while 22RV1 again had

2-fold higher error frequency than that in HEK293. The frequency of stop codons showed that
22RV1 had the most frequent misreading events of UAA and UAG by tRNA%J’{fU, whereas HelLa

showed the least error frequency of the two stop codons. The fact that the two cancer cell lines
possess opposite levels of misreading frequencies of UAA and UAG is very interesting (detailed

discussion below).

Other sense codons also display distinct error frequencies in the four cell lines. The activities of

GAA and GAG in 3T3, HelLa, and 22RV1 were all lower than that in HEK293. Isoleucine codons
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AUA and AUC are not error-prone codons but they had very high activities in 22RV1 as compared
to the other three cell lines. The error frequencies occurring at AGA and AGG were quite similar
in HEK?293, 3T3 and 22RV1 but the frequency in HelLa is about two-fold higher than that in
HEK?293. The frequencies of AAU and AUG spread widely that both of them showed the lowest
frequency in HEK293. The activity of AAU in 3T3 was 3-fold higher than that in HEK293
meanwhile the activity was almost 15 times higher in 22RV1 than that in HEK293. The differences
of the activity of AAU between HEK293 and 22RV1 seem enormous, however one must pay
attention that the activities of AAU in HEK293, 3T3 and HeLa were only comparable to the
background. The frequencies of AAC in the four cell lines showed the similar pattern as AAU.
The frequency was the lowest in HEK293, and 3T3 and HelLa had the median error frequency
compared to HEK293. The frequency of AAC was about 3-fold higher than that in HEK293. There

was no obvious difference of the activity of CAA, CAG, AUG in the four cell lines.

Overall, the five codons: the termination codons UAA and UAG, arginine codon AGA, AGG, and
asparagine codon AAC are potential error-prone codons in all four cell lines despite the fact that
they had different activities in various cell lines. Moreover, there are two novel putative error-
prone codons. Glutamine codon CAG is an error-prone codon in HelLa, while the glutamic acid
codon GAA is error-prone in HEK293 and 22RV1. In addition, the ranges of mutant Fluc activities

were different in each cell line (Table I11-1 and Table 111-2).

VI11. Does variation in misreading of termination codons reflect differences in the abundance

of peptide release factors?
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Translation termination occurs when a stop codon (UAA, UAG or UGA) enters the A site. Two
enzymes catalyze translation termination in eukaryotes, eukaryotic release factor 1 (eRF1) and 3
(eRF3). eRF1 recognizes stop codons and hydrolyzes peptidyl-tRNA. eRF3 accelerates peptide

release and boosts termination efficiency at stop codons (Dever & Green, 2012).

The variation of protein activities at stop codon UAA and UAG prompted me to speculate that the
abundance of eRF1 and eRF3 may play a critical role in this process. To address this question, |
performed both western blotting and reverse transcriptase quantitative PCR (qPCR) (Figure 111-11
and Figure 111-12) to test the abundance of eRF1 and eRF3 at both translational and transcriptional
levels in different cell lines. Ten micrograms of total protein of each was loaded and detected using
eRF1 antibody and eRF3 antibody. 3-actin was also detected as a loading control to normalize blot
intensity. As shown in Figure I11-11 A and B, the difference of eRF1 protein expression between
HEK293, 22RV1 and 3T3 was not significant, however, HeLa had slightly lower expression than
the other three cell lines (P<0.05). Results from qPCR showed that HeLa also expressed less of

the eRF1 transcript than the other three (P<0.05). | calculated
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Table 111-2.Comparison of potential error-prone codons in different cell lines

Cell line Potential error-prone codons
HEK293 UAAUAG,GAA AGA,AGG,AAC
3T3 UAA,UAG,AGA,AGG,AAC
HelLa UAA,UAG,CAG AGAAGG,AAC
22RV1 UAAUAG,GAA AGA,AGG,AAC

All potential error-prone codons in different cell lines are summarized in this table. New
observed error-prone codons that only present in one or two cell lines are in bold with

underlined.
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Figure 111-11. eRF1 expression level in different cell lines

A) Western blot assay of eRF1 in different cell lines. Protein extraction was performed from
each mammalian cell line. 10 pg of total protein for each sample was loaded and detected

using eRF1 antibody and B-actin (loading control). B) Graph showing sample blot intensity

of Western blot of eRF1. Each bar represents the ratio of sample intensity of blot of eRF1 to

the sample intensity of blot of B-actin. C) qPCR of eRF1. Each color bar represents one cell

line, which was indicated under each bar.
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Figure 111-12. eRF3 expression level in different cell lines

A) Western blot assay of eRF1 in different cell lines. Protein extraction was performed from
each mammalian cell line. 10 pg of total protein for each sample was loaded and detected

using eRF3 antibody and B-actin (loading control). B) Graph showing sample blot intensity of

Western blot of eRF1. Each bar represents the ratio of sample intensity of blot of eRF3 to the

sample intensity of blot of B-actin. C) qPCR of eRF3. Each color bar represents one cell line,

which was indicated under each bar.
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normalized protein expression to gPCR (Table 111-3) finding that NIH3T3 and 22RV1 had the
highest number for eRF1 and eRF3 respectively, suggesting there was more translation per mMRNA
of eRF1 and eRF3 in NIH3T3 and 22RV1 respectively. In addition, the western blotting result of
eRF3 agreed with the result of gPCR in all the four cell lines (Figure 111-12). Combining the
western blotting data and qPCR data, | can conclude that HeLa had the lowest eRF3 expression at
both transcriptional and translational level whereas 3T3 had the highest eRF3 expression at both
transcriptional and translational level (Figure 111-12). 22RV1 had the highest missense error
frequency at both UAA and UAG while HeLa had the lowest error frequency at both UAA and
UAG. If the variation in misreading error was due to the abundance of two termination factors,
then I would expect that HeLa would have the highest level of termination factors because effective
termination process would lead to lower misreading at the termination codons. In contrast, 22RV1
should have the lowest expression of termination factors since 22RV1 had the highest missense
error frequencies at both UAA and UAG. However, the western blot and gPCR data were not
consistent with the hypothesis. Measurement of eRF1 and eRF3 expression quantitatively did not
explain the variation of missense errors at two termination codons UAA and UAG between each
cell line.

IX. Aminoglycoside antibiotic G418 increased misreading of some near-cognate mutants in
all four cell lines

Aminoglycoside antibiotics are able to disrupt translational accuracy in E. coli (Kramer and
Farabaugh, 2007). In E. coli, the antibiotics paromomycin and streptomycin increased translational

error frequencies of the stop codons UAA and UAG, isoleucine
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Table 111-3. Normalized protein to qPCR expression ratio

Normalized protein to qPCR expression ratio

Cell line
eRF1 eRF3
HEK293 1.0 1.1
22RV1 1.2 1.5
Hela 1.0 1.1
3T3 2.8 1.0
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AUA, arginine codons AGA and AGG, and asparagine codons AAU and AAC (Kramer and
Farabaugh, 2007). However, in yeast, paromomycin only increased inaccuracy of UAA, UAG,

and marginally increased error frequency of AAU (Kramer et al., 2010).

In mammalian cells, G418 has been shown to increase readthrough frequency for both termination
codons UAA and UAG (Phillips-Jones et al., 1995). In fact, many studies have used G418 to drive
premature termination codon readthrough, suggesting that it might be utilized as a molecular
treatment for nonsense mutation disease (Azimov et al., 2008; Cogan et al., 2014). However, so
far G418 has not been shown to induce misreading errors at sense codons in mammalian cells.
Thus, | measured the activity of the K529 near-cognate and non-cognate codons of Fluc in the
presence and absence of G418. G418 is commonly used as a selective drug from stable transfection
in mammalian cells. Different tolerance to G418 exists. To ensure the viability of cells, different
cell lines were cultured on various concentrations of G418: 50 pg/ml in HEK293, 100 pg/ml in
HeLa, 50 pg/ml and 200 pg/ml in 3T3. | observed that, in addition to affecting the two termination
codons UAA and UAG, G418 also increased translational error frequencies of a subset of K529
mutant codons (Figure 111-13 to Figure 15). In the presence of G418, error frequencies of UAA,
UAG, AGA and AAC were increased in HEK293; error frequencies of UAA, UAG, CAA, AGA
and AAC were increased in HelLa; and error frequencies of only UAG and AUG were increased

in3T3.

Of all cell lines tested, misreading in HEK293 cells was the most sensitive to G418 (Figure I11-
13). The error frequency on the stop codons UAA and UAG was dramatically increased with 8

and ~18-fold change when cells were exposed to G418 (student’s t test,
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Fluc activity relative to wild type (x10-4)
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Figure 111-13. Effect of G418 on translational fidelity in HEK293 cells

Black bar represents non-treatment group; grey bar represents 24-hour G418 treatment

with 50 pg/ml final concentration (n=3). Error bars represent SEM.
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P<0.001). Error frequencies on the arginine codon AGA, and the asparagine codon AAC were
also increased but to a lesser extent, showing a fold change of 2.3 and 4.3 respectively (Figure 111-

13).

G418 induced misreading of the error-prone codons UAA, UAG, AGA and AAC in HelLa cells
and induced misreading of one codon, CAA, that was not error-prone in its absence. The error
frequency on the stop codon UAA increased 3.4-fold, and on the UAG it increased 6-fold. The
error frequency at CAA slightly increased, about 1.5-fold. Misreading was induced by G418 less
on the other codons, on AGA 1.8-fold and on AAC 2-fold (Figure I11-14). The effect of G418 in
HeLa was generally much smaller than on HEK293 despite the fact that HelLa was treated with
twice the level of G418 received by HEK293. For example, the nonsense codons UAA and UAG
were much more affected in HEK293 cells (8-fold and 18.3-fold respectively) than in HelLa (3.4-

and 6-fold).

Among all the three cell lines, the NIH 3T3 cell line was the least sensitive to G418, and displayed
the lowest increase of misreading errors in the presence of G418 (Figure 111-15). Originally, 3T3
cells were exposed to a final concentration of 50 pg/ml G418. However, there was no effect on
any codons being misread except UAG increased 3.25-fold, and AAU increased 6-fold. In an
earlier study, 400 pg/ml of G418 had been used for stable selection in 3T3 cells suggesting 400
ug/ml of G418 has the ability of kill most of the cells. Accordingly, | increased the concentration
of G418 from 50 pg/ml to 200 pg/ml, to test its effect on translational errors without affecting the
viability of cells. Nevertheless, the influence of G418 was not greatly increased. Misreading errors

on
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Fluc activity relative to wild type (x104)
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Figure 111-14. Effect of G418 on translational fidelity in HeLa cells

Black bar represents non-treatment group; grey bar represents 24-hour G418 treatment with

100 pg/ml final concentration (n=2). Error bars represent SEM.
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Figure 111-15. Effect of G418 on translational fidelity in 3T3 cells

Black bar represents non-treatment group; dark grey bar represents 24-hour G418 treatment

with 50 pg/ml final concentration; grey bar represents 24-hour G418 treatment with

200ug/ml final concentration (n=2). Error bars represent SEM.
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AAU, AUG and AGA were each 1.2-fold; stop codon UAG had the same level of increase even
with 200 pg/ml of G418 (Figure 111-15 and table 111-3). 3T3 is the only cell line that had a

significant difference of misreading error frequency at AAU induced by G418.

Misreading errors in HEK293 showed the highest effect of G418 compared with the other two cell
lines on the codons UAA (8-fold), UAG (18-fold), AGA (2.3-fold) and AAC (4.3-fold) (Table I11-
4). In general, HEK293 and 3T3 had the similar level of misreading error frequency except GAA
had higher activity in HEK293 than in 3T3 cells (Table 111-4). The probable reason why HEK293

is affected most by G418 will be discussed in the discussion section.

X. Mutant forms of human ribosomal protein S23 did not affect translational accuracy in

HEK?293 cells

Some small subunit ribosomal proteins play a crucial role in translational fidelity. Ribosomal
proteins S4, S5 and S12 (encoded by the rpsD, rpsE and rpsL genes, respectively) can greatly
affect translational accuracy in E. coli. Mutations in S4 and S5 reduce translational accuracy, and
make a strain hypoaccurate; while mutations in S12 reduce translational errors, and make a strain

hyperaccurate (Bouadloun et al., 1983; Davies, 1964).

Mutations in rpsL were first found to confer streptomycin resistance and dependence phenotype
in bacteria E. coli (Newcombe & Nyholm, 1950). Other scientists explored the mechanism of

streptomycin altering phenotypes in bacteria E. coli (Spotts & Stanier,
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Table 111-4. Mutant activity relative to wild type in HEK293, HelL a, and 3T3 with and

without the presence of G418

Mutant activity relative to wild type (x10-4)

":‘3::;‘:‘ A:::iizo Codon2 HEK293 Hela 373
vosss | Galr [ o, [ vocess [euti™ | o, [wocess [ i | oo, [ 20t | o,
1st Ter UAA 33 26.6 8.0° 15 5.1 3.4 33 3.0 0.9 3.2 1.0
UAG 2.6 47.6 18.3 11 6.6 6 1.2 3.9 3.3 35 3.0
UGA 0.2 0.2 1.0 n.d? n.d? n.d? n.d? n.d? n.d? n.d? n.d?
Gln CAA 29 3.0 1.0 3.2 4.8 H155) 3.2 2.9 0.9 33 1.0
CAG 3.2 33 1.0 3.9 3.2 0.8 3.2 2.8 0.9 34 11
Glu GAA 3.5 3.0 0.9 2.3 1.9 0.8 1.7 1.7 1.0 1.7 1.0
GAG 2.5 1.9 0.8 1.9 1.8 0.9 1.5 1.5 1.0 15 1.0
2nd lle AUU 1.2 1.0 0.8 n.d? n.d? n.d? n.d? n.d? n.d? n.d? n.d?
AUC 1.7 1.7 1.0 2.3 3.1 13 2.0 1.8 0.9 2.1 11
AUA 1.9 2.0 1.0 2.6 2.3 0.8 2.0 1.7 0.9 2.1 1.1
Met AUG 3.2 2.9 0.9 2.9 2.7 0.9 2.5 2.5 1.0 2.9 1.2
Arg AGA 1.8 4.1 2.3 35 6.3 1.8 2.1 2.2 1.0 2.5 1.2
AGG 2.7 2.5 0.9 5.3 4.5 0.8 3.0 2.7 0.9 3.4 1.1
CGU 1.8 1.8 1.0 n.d? n.d? n.d? n.d? n.d? n.d? n.d? n.d?
3rd Asn AAU 0.2 0.4 2 0.5 0.8 1.6 0.1 0.6 6 1.2 12
AAC 1.5 6.5 4.3 2.8 5.5 2.0 2.4 2.1 0.9 2.1 0.9

aNot determined
bFold change of mutants have significant difference of error frequency in the absence and
presence of G418
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1961; Cox et al., 1964; Davies, 1964). Spotts and Stanier hypothesized that streptomycin
dependent mutations targeted ribosomes, causing slight modifications in the structure of ribosomes
(Spotts & Stanier, 1961). Later, studies showed that the streptomycin resistance phenotype is
associated with mutations affecting the 30S ribosomal subunit (Cox et al., 1964; Davies, 1964).
Davies showed that streptomycin induced mistranslation in vitro and that mutations to
streptomycin resistance (rpsL) block streptomycin-induced errors during translation (Davies,
1964), while wild type ribosomes were vulnerable to streptomycin-induced mistranslation (Gorini
& Kataja, 1964). Further study showed that streptomycin resistant ribosomes have lower

translational error rates than wild type ribosomes (Anderson et al., 1965).

Mutations of S12 increase accuracy, whereas “ribosomal ambiguity mutations™ (ram) in S4 or S5
decrease accuracy and increase sensitivity to antibiotics (Strigini & Brickman, 1973; Parker &
Friesen, 1980; Bouadloun et al., 1983; Parker & Holtz, 1984; Precup & Parker, 1987; Toth et al.,
1988). Our lab has found that a mutation in rpsL (K42N) significantly decreased translational error
frequency of error-prone codons in E. coli (Kramer & Farabaugh, 2007). Moreover, a deletion of
nucleotides C528-A532 in rpsD results in a truncated S4 protein, significantly increased
misreading of a subset of the codon 529 mutations (Kramer & Farabaugh, 2007). These results

further provide evidence that mutant forms of S4 and S12 can affect translational fidelity in E. coli.

In the yeast Saccharomyces cerevisiae, SUP44 and SUP46 encode ribosomal protein S4 and S13,
which are homologs of the E. coli S5 and S4. Mutations in SUP46 and SUP44, leading to
“omnipotent suppressor” that can suppress all three nonsense mutations and increase sensitivity to
the aminoglycoside antibiotic paromomycin, cause similar phenotypes to the ram mutations in E.

coli (Wakem & Sherman, 1990; Ishiguro et al., 1981).
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RPS23, encoded by the RPS23A and RPS23B genes, is the homologue of prokaryotic S12 (encoded
by the rpsL gene). By using site-directed mutagenesis, Alksne et al. (1993) introduced a set of
mutations into the ribosomal protein S23, which substitute Lys 62 with arginine, threonine,
glutamine and asparagine. They then substituted the mutant gene for one of the wild type genes in
the wild type strain and in SUP44- and SUP46- containing strains, which suppress both the amber
(UAG) met8-1 allele and the ochre (UAA) leu2-1 allele, to enable a phenotypic screening. The
data showed that amino acid substitution (K62N, Q, T and R) altered translation fidelity in yeast.
Mutation K62N, Q and T increased translational accuracy and decreased antibiotic sensitivity as
was observed in E. coli, whereas K62R substitution caused more translational errors and increased
sensitivity to the drug. Together, this study suggested that this conserved ribosomal protein (rpS12
in E. coli and rpS23 in yeast) has the same function in regulating translational fidelity in bacteria

and yeast (Alksne et al., 1993)

Human ribosomal protein S23 (RPS23) gene is homologous to yeast RPS23. Human ribosomes
and yeast ribosomes are very alike except that human ribosomes are larger because of more
eukaryotic extensions of both rRNA and ribosomal proteins. However, the functions of most
ribosomal proteins are highly conserved in all eukaryotes (Anger et al., 2013). A blast comparison
of the human and yeast RPS23 shows that the two proteins are 78% identical and 90% similar
(Table 111-5). Based on the alignment of the two genes, the same amino acid substitution K62R
and T were introduced in human RPS23 (K60R and T) to address the question that if mutant forms

of human RPS23 can affect translational accuracy.
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Table I11-5. Alignment of the yeast and human ribosomal protein S23

4085 ribosomal protein S23 [Homo sapiens]
Sequence ID: gi|4506701|NP_001016.1 Length: 143 Number of Matches: 1
& See 11 more title(s)

Range 1: 2 to 143 GenPept Graphics

Score Expect Identities Positives Gaps

231 bits(590} le-78 111/142(78%) 128/142(90%) 0/142{0%)

Query 4 CEPRGLNSARKLRVHERNNEWAENNYEERLLGTAFESSPFCESSEARGIVLERKLGIES 63
GE RGL +ARKLR HER+ +W + YEE LGTA E+4PFEE+SHAKGIVLEE4G+E

Sbijct 2 CECRGLERTARKLRSHRERDOEWHDEQYEEAHLGCTALKANPFCEASHEARGIVLERKVGVE] 61

Query 64 PHSAIRKCVRVOLIKNGEEVTAFVPNDGCLNFVDENDEVLLAGFGREGKAREGDIPGVRFE 123
PFRSAIRKCVREVQLIFNGEE+TAFVFNDGCLNF++ENDEVL+AGFGRRG A GDIPGVREE
Sbiect B2 PHSAIRKCVRVQLIKNGEEITAFVPNDGCLNFIEENDEVLVACGFGREGHAVGDIPGVRFE 121

Query 124 VVEVSGVSLLALWEKEEEEEPRS 145

VWVEV+ VSLLAL+K KEE+FRS
Sbijct 122 VVEVANVSLLALYKGEEERFRS 143
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| first cloned wild type human RPS23 gene to pcDNA3.1. Using site directed mutagenesis, |
mutated RPS23 at K62 to arginine (R) and threonine (T) respectively. Co-transfection was
performed to express both exogenous RPS23 and the dual luciferase reporter system in HEK293
cells. Then I measured the Fluc activity of several of the K529 near-cognate mutants in HEK293
cells carrying mutations. Neither mutant form of RPS23, the hypoaccurate mutant nor the
hyperaccurate mutant, significantly affected translational accuracy in HEK293 cells (Figure 111-16
and Table 111-6). In the hypoaccurate background, rpS23 K60R mutant only slightly increased
misreading frequency of arginine codon AGA from 2.1 x 10 to 2.3 x 10 while no other mutants
were affected. In the hyperaccurate background, rpS23 K60T mutant only reduced misreading
error frequency of asparagine codon AAC from 2.5 x 10 to 2.4 x 10 (Figure 111-16 and Table
[11-6). Anthony and Liebman hypothesized that the mutants they found are likely applicable to
other eukaryotic ribosomes because eukaryotic ribosomal proteins are highly conserved (Anthony
& Liebman, 1995). However, my data is not consistent with their hypothesis. One possibility is
the endogenous activity of wild type RPS23 rescues any defects despite that the mutations are
dominant. Alternatively, transiently expressed mutant form of RPS23 led to insufficiently

populated ribosomes (more details will be discussed in the discussion section).

C. Discussion
Using mutant versions of the firefly luciferase gene with all possible single point mutants at
Lys

essential amino acid residual lysine 529, | was able to measure misreading errors by tRNAj;; in

HEK?293, 3T3, HelLa, and 22RV1 cell lines. Seven of thirteen mutant codons
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Figure 111-16. Mutations in RPS23 only affected two near-cognate codons

The Fluc activities relative to wild type of the indicated K529 codon replacements are shown
from a wild-type strain (black bars) and a strain carrying the RPS23 K60R mutation (light
gray bars) and a strain carrying the RPS23 K60T mutation (dark gray bars). Error bars

represents SEM.
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Table 111-6. Mutant enzyme activity relative to wild type in HEK293 cells transfected with

wild type and mutant forms of RPS23

Misreading error frequency (x104)
Amino acid Codon
WT RPS23 KB0R(Hypoaccurate) K60T(Hyperaccurate)
Ter UAA 2.7 2.6 26
UAG 19 1.8 2.0
Arg AGA 2.1 23 2.1
AGG 3.2 35 3.3
Asp AAU 1.3 1.2 13
AAC 25 25 24
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are putative error-prone codons. They are two stop codons UAA and UAG, one glutamine codon
CAG, one glutamic acid codon GAA, two arginine codons AGA and AGG, and one asparagine
codon AAC. UAA, UAG, AGA, AGG and AAC are the five error-prone codons present in all the

four cell lines. In E. coli, our lab observed several frequent error-prone codons. Increased errors

by tRNA{YS, occur at UAG, AGA, AGG and AAU, by tRNAJY. at GGA, GGG, GAU, and GAC,
by tRNAGh at GGC, and GAA, and by tRNAY), at UGU, UGC, UAA, and UAG (Kramer &
Farabaugh, 2007; Manickam et al., 2014). These errors involve several mismatches. The most
frequent errors by these four tRNAs involved UleU36, U2+U35, G2+U35, U3-U34, C3-U34,
A3+Q34, G3+Q3. These mismatch conditions are summarized in Figure III-17. In another study,
Kramer (2010) tested the frequency of misreading by tRNAE‘{fU in yeast. The misreading errors
only involved UAG and AGG. These mismatches involved U1+U36 and G2+U35 but there were
no apparent wobble errors. In addition, our lab has investigated misreading events by tRNASYcin
yeast, and found that misreading errors involved G2+U35 (to GGA and GGG), U3+U34 (to GAU)
and U<3C34 (to GAC) mismatches (unpublished data by Kartik Joshi). Among these error-prone
codons, the most frequent one was GGA misread by tRNA$Y. (G2+U35), then GAU and GAC
with wobble errors, and the least frequent one was GGG. Overall, misreading events appear to be
less frequent in yeast than that in E. coli. Though several other studies measured misreading errors

in E. coli and yeast, there is no available comprehensive study of all the possible misreading errors

by one single tRNA.
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Figure 111-17. The pattern of tRNA misreading involves two types of base mismatches

A filled circle represents each codon. A single tRNA recognizes filled circles that are
connected by lines, with the anticodon wobble nucleotide of each tRNA identified
immediately to the right using the standard convention. Unfilled circles represent the stop
codons and lines connect those recognized by each of the prokaryotic release factors (PRF1
or PRF2). Each arrow represents a misreading event. The thickness of the arrow indicates
relative frequency of the misreading event, the thicker the arrow, the higher the frequency.

Each arrow is labeled by a number to represent the position of mismatch and is color coded

for the nature of the mismatched base pair (Manickam et al., 2014).
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We were interested in determining if the same set of base mismatches are responsible for the errors
in mammalian system. | found similar but distinguishable features of error-prone codons. Stop
codons UAA, UAG (U1+U36 mismatch), arginine codons AGA, AGG (G2+U35 mismatch), and
asparagine codon AAU, AAC (U3+U34 or C3+U34 mismatch) were common error-prone codons
in all the four cell lines. I also observed two novel potential error-prone codons in this study
including glutamic acid GAA (G1°U36 in HEK293 and 22RV1) and glutamine CAG (C1+U36 in
HeLa). There were no significant errors involving second position U2+U34 mismatch although in
E. coli in the presence of error inducing antibiotics we found errors by tRNAh{fU at AUA, which
requires that mismatch (Kramer & Farabaugh, 2007). | also found the misreading frequency in
different cell lines varied despite these four cell lines sharing error-prone codons. In general,
22RV1 showed more errors than the other three mammalian cells (Figure 111-3 and Table I11-1).
The misreading frequency of UAA is almost 2-fold higher in 22RV1 than in HEK293 and 3T3 cell
lines, and about 4-fold higher than in HeLa (Table I11-1). The misreading frequency of UAG in
22RV1 is ~2-fold higher than that in HEK293, and ~4-fold higher than in 3T3 and HelLa. The
misreading frequency of AGA is quite similar in the four cell lines with ~1.5-fold to 2-fold
difference between the four cell lines. The error frequency for AGG is highest in HeLa, ~2-fold,
1.7-fold and ~1.3-fold higher than HEK293, 3T3 and 22RV1 respectively. Again, 22RV1 has the
highest error frequency of AAC, which is nearly 3-fold higher than 22RV1 and 2-fold higher than

3T3 and HelLa.

In all cell lines, tRNA]{IB{fU made first position errors at stop codons UAA and UAG (U1-U36

mismatch). This result is expected since these were error-prone codons in both E. coli and yeast.
Activities at termination codons were obviously due to misreading because a premature stop codon

would lead to a truncated protein with very low activity (Kramer & Farabaugh, 2007; Kramer et
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al., 2010; Manickam et al., 2014). In both E. coli and yeast the UAG mutant had significantly
higher activity than UAA. In fact, the near-cognate codon UAA had very low residual Fluc activity
with an estimated misreading frequency 4.1 x 10 in E. coli (Kramer & Farabaugh, 2007) and a
much lower misreading frequency 8 x 10 in yeast (Kramer et al., 2010). Apparently, the very low
activity of UAG in yeast was due to a prematurely terminated protein product. Lysine tRNA was
expected to misread UAA somewhat more than UAG in mammalian cells, but there was no
significant difference of Fluc activity between UAA and UAG except in the mouse cell line 3T3
(3.3 x 10* at UAA and 1.2 x 10 at UAG). The other three human cell lines had very similar
activity of UAA and UAG: 3.3 x 10 versus 2.6 x 10 in HEK?293, 1.5 x 10" versus 1.1 x 10 in
Hela, 5.8 x 10-4 versus 5.3 x 10 in 22RV1. The fact that stop codon UAA had somewhat higher
activity than UAG in mammalian cell lines is very different from the results in E. coli and yeast.
This comparison is not surprising when considering the difference of termination codon usage in
the three organisms (Brown et al., 1990a, 1990b; Bonetti et al., 1995). UAA is the preferred stop
codon in both E. coli and yeast while UAG is the least preferred termination codon (Sun et al.,
2005). Release factors recognize and interact with the most preferred stop codon more efficiently.
In this scenario, in E. coli and yeast release factor recognizes UAA more efficiently than UAG.
Therefore, UAG is more easily misread by a near-cognate tRNA such as tRNALY> . However, the
codon frequency of UAA and UAG is almost the same in Homo sapiens, which explains why the

misreading error frequency of two termination codons is at similar levels in mammalian cell lines.

| hypothesized that the observed variation of misreading frequency at stop codons UAA and UAG
among mammalian cell lines was due to differences in the abundance of two termination factors.
In eukaryotes, translation termination is governed by two proteins, eukaryotic release factor 1

(eRF1) and eukaryotic release factor 3 (eRF3). During termination, eRF1 directly recognizes and
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interacts with stop codons (Bertram et al., 2000). Meanwhile, eukaryotic release factor 3 (eRF3)
stimulates eRF1 in the presence of GTP (Zhouravleva et al., 1995; Dever & Green, 2012). To
determine if this might explain the result, 1 used gPCR and Western blotting to quantify the amount
of eukaryotic termination factor 1 and 3 (eRF1 and eRF3) at both transcriptional and translational
levels. Accordingly, 22RV1 should have the lowest abundance of eRF1 and/or eRF3 since it had
the highest misreading error frequency at the stop codons while HeLa should have the highest
abundance of eRF1 and eRF3. However, both qPCR and western blot assay indicated that 3T3
possessed the highest expression of both eRF1 and eRF3 while HeLa showed the lowest expression
level of eRF1 and eRF3. These data are inconsistent with my hypothesis, suggesting the
misreading error frequency at stop codons is not associated with the abundance of termination

factors.

The fact that the two cancer cell lines HeLa and 22RV 1 exhibited different misreading patterns at
stop codons led me to ask whether the tissue or cell type of the cell lines could be responsible for
the differences in accuracy? A distinguishing feature of the four cell lines is that they all originate
from different tissues although some are the same cell type. | therefore suspected that the variation
in errors might be either cell type-specific or tissue-specific. Table 111-7 shows the tissue and cell
type of each of the cell line. HEK293 and NIH/3T3 both originate from embryo. HelLa cells
originate from adult cervix, and 22RV1 originate from adult prostate. Though these cell lines
originate from different tissues, HEK293, HelLa, and 22RV1 are all epithelial while NIH/3T3 is
fibroblastic (Table 111-7). HEK293, HelLa, and 22RV1 showed distinct patterns of misreading
errors at UAA and UAG despite the fact that they are all epithelial, indicating the variation of error
frequency is not related to cell type (Figure 111-3 and Table 111-7). Nevertheless, two embryonic

cell lines, HEK293 and NIH/3T3, showed similar frequencies of misreading stop codons (Figure
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Table I11-7. Tissue and cell type of each cell line

Cell line Tissue Cell type
HEK293 Embryo kidney Epithelial

Hela Cervix Epithelial
22RV1 Prostate Epithelial
NIH/3T3 Embryo Fibroblast
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I11-3). The prostate cancer cell line, 22RV1, showed the highest misreading errors of stop codons
while the cervix cancer cell line, HeLa, had the lowest errors, suggesting the variation of error
frequency of stop codons might be tissue specific. However, concluding that tissue type is
responsible for the variation among cell lines would require testing misreading frequency of stop
codons in more cell lines. For example, | could investigate misreading frequency in another

prostate cancer cell line, PC3, or in Ectl/E6E7, a cervix cell line.

In addition to structural research, in vivo studies have demonstrated that the G2.U35 base
mismatch is the most frequent mismatch in E. coli and yeast (Kramer & Farabaugh, 2007; Kramer
et al., 2010; Zhang et al., 2013; Manickam et al., 2014; Demeshkina et al., 2012; Demeshkina et
al., 2012). Not surprisingly, in this study arginine AGA and AGG again were error prone codons
as observed in both E. coli and yeast; these errors require second position U2+G35 mismatches.
For tRNAh’{JSU, AGA and AGG were misread most frequently because they are among the rarest
codons and are decoded by the minor tRNA (Ikemura, 1981). Such codon usage bias causes slow
codon recognition by the correct tRNA, which may be the reason for their dramatically high
misreading frequency at AGA and AGG in E. coli (Kramer & Farabaugh, 2007). AGG also had
the highest misreading error frequency in yeast where its codon usage is also low (Zhang, 1991).
Therefore, the previous work on translational errors concluded the competition between near-
cognate tRNAs (incorrect tRNAs) and cognate tRNAs (correct tRNAs) was a major factor
contributing to the high misreading errors of AGA and AGG (Kramer & Farabaugh, 2007; Kramer

etal., 2010).

However, tRNA competition alone cannot explain my data in this study. The concentration of

cognate tRNAs of AGA and AGG is above the median in human cells (gtrnadb.ucsc.edu/).
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Additionally, AGA and AGG are not rare codons neither in human nor in mouse cells
(www.kazusa.or.jp/). Though an abundance of nuclear tRNA was characterized as tissue-specific,
there was no large difference between HeLa and HEK293 (Dittmar et al., 2006). Missense errors
at AGA and AGG occurred despite the existence of abundant arginine tRNAs and equally preferred
codon usage. Thus, tRNA abundance and codon usage are not the causes of misreading errors at
AGA and AGG. My conclusion is consistent with our lab’s previous work, stating that there is no
association of high error frequency with low abundance of the cognate tRNA. Therefore,
competition between cognate and near-cognate tRNAs are not responsible for missense errors

(Manickam et al., 2014).

Misreading errors at the wobble position were expected (Friedman & Weinstein, 1964) since the
wobble position is less monitored by contacts from the ribosome compared with the first and
second codon positions, leading to a more flexible base-pair geometry in the wobble position (Ogle
& Ramakrishnan, 2005). Our lab has observed high wobble errors in E. coli but no or low wobble

errors in yeast and mammalian system.

In E. coli, wobble errors occurred at the asparagine codon AAU showing that the activity at AAU
was higher than at AAC. This result is consistent with the previous finding that tRNALY*  misread
AAU about eight times more frequently than AAC in E. coli (Parker et al., 1983). Besides, the
high wobble errors for tRNA{Y>; on AAU and tRNA$S. on GAU both involved a UsU mismatch

(Kramer & Farabaugh, 2007; Manickam et al., 2014). All the evidence above showed that in E.
coli UsU is a more frequent mismatch at the wobble position than U«C. However, wobble errors

in yeast were not as frequent as in E. coli.
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Initially, Kramer et al. (2010) did not see any evidence of wobble errors in yeast (Kramer et al.,
2010). Recently, Kartikeya Joshi in our laboratory has observed wobble errors in yeast by
tRNA{ Y. but with lower frequency than in E. coli (unpublished data). | have also observed wobble
errors at lower frequencies than in E. coli at AAC. Indeed, Fluc activity of the AAU mutant was
the lowest in HEK293, 3T3 and HelLa cell line. | had expected a lower error frequency at AAC
than at AAU by tRNA%I{fU based on previous results in E. coli (Kramer et al., 2010). However,

AAC wobble misreading (C3+U34 mismatch) was more frequent than AAU (U3<U34 mismatch)

in all the tested mammalian cell lines. This result is consistent with many other earlier studies. The

previous study reported frequent misreading of the serine codon AGC by tRNAﬁngU, which would
require a wobble position UC mismatch (Rakwalska & Rospert, 2004; Plant et al., 2007).
Additionally, tRNA§Y-misread GAC at the wobble position involved C3+U34 (Manickam et al.,
2014). Moreover, a mass spectrometry-based method was used to detect amino acid
misincorporation and reported that C3+U34 mismatch was one of the principal causes of amino
acid misincorporations (Zhang et al., 2013). Altogether these data along with mine strengthen the
possibility of a non-canonical geometry of U+C base pairing in the wobble position. No structural

study investigating this mismatch has yet been published.

Two more uncommon mismatch base-pairs are the G1+U36 mismatch tRNAhySU used to misread

GAA in HEK293 and 22RV 1, and the C1+U36 mismatch to misread CAA in HeLa. My study is
the first one that reported the C1+ U36 mismatch, but Zhang et al. using mass spectrometry found
that the G*U mismatch is the most frequent mismatch during codon recognition (Zhang et al.,
2013). G+U mismatches were predicted to occur frequently during codon-anticodon recognition

owing to its binding energy being similar to a canonical base pair (Freier et al., 1986; Ogle &
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Ramakrishnan, 2005). This mismatch was also predicted to be frequent at the wobble position
during protein translation (Agris et al., 2007) and G*U mismatches in the first and second base
during decoding process were hypothesized as early as 1972 (Loftfield & Vanderjagt, 1972).
Although G+U mismatches in the first position during codon recognition were predicted to have a
very similar binding affinity to the cognate UsA match (Uhlenbeck et al., 1970), the G+U is

observed less often in the first position than in the wobble position.

In summary, here | report the most frequent errors by the tRNAhy[fU involved U1<U36 (to stop
codon) or C1+U36 (to glutamine codon) or G1+U36 (to glutamic acid codon) or G2<U35 (to
arginine codon) or C3<U34 (to asparagine codon) mismatches. There were no significant errors
involving second position U+U and third position UsU mismatches. These results are distinct from

our lab’s previous work in bacteria. In bacteria, we observe both U2+U35 (tRNA]{J}SU misreads lle

AUA), U3+U34 (tRNAY>, misreads Asn AAU) at the wobble position. Studies of missense error
frequencies in vivo ranked GeU, UsU or C+U mismatches as the most frequent pairs while A*A
and C+A mismatches as the least possible errors during protein translation (Blanchet et al., 2014;
Manickam et al., 2014). In addition, a mass spectrometry method based study reported U+G, U*C,
U-U mismatches were the most frequent misreading pairs among all the detected amino acid
(Zhang et al., 2013). Different misreading errors, therefore, appear to occur in mammalian systems

than in E. coli or yeast.

Variation of missense errors between different cell lines could result from differences in tRNA
modification. It is well known that tRNA modifications play a pivotal role in the decoding process
(Johansson et al., 2008). The presence of tRNA modification can either expand or restrict codon-

anticodon pairing. For example, inosine (I), a modified A, expands wobble position base-pairing.
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A4 can only base pair with U while a tRNA with Is4 can recognize A, U and C. On the other hand,
5-methoxycarbonylmethyluridine  (mcm®U) and  5-methoxycarbonylmethyl-2-thiouridine
(mem®s2U) modifications restrict a tRNA to recognize only A instead of A and G (Lim, 1994;
Agris et al., 2007; Bjork et al., 2007; Lyko & Tuorto, 2016; Rozov et al., 2016). A previous study
reported that tRNA modifications greatly affected translational fidelity in E. coli (Manickam et al.,
2016). tRNA modification has also been shown to play other roles during protein translation.
Vendeix et al. presented a model of the bacterial 30S subunit with the ASL of human tRNAI{}{JSU,
which has identical anticodon loop sequence to E. coli lysine tRNA but carries three modifications
in the anticodon loop: 5-methoxycarbonylmethyl-2-thiouridine (mcm®s2U34), 2-methylthio-N6-
threonylcarbamoyladenosine (ms8A37), and pseudouridine (y39) (Vendeix et al., 2012). With
these three modifications, lysine tRNA recognized and bound to AAA and AAG codons while
unmodified lysine tRNA was barely found binding lysine codons. These data suggested that these
three modifications play an essential role in stabilizing the codon-anticodon interaction and
therefore tRNA modifications are essential for efficiency and accuracy of decoding process.
Indeed, Vendeix et al. showed that y39 enhanced the stability of the ASL while ms?tSA37
restrained the anticodon to adopt an open loop conformation, which is required for ribosomal
binding. They concluded that mcm®s?U34 together with ms?t®A37 contribute to the stability of the
codon-anticodon complex interaction (Vendeix et al., 2012). This study suggests that the variation
of error frequencies between each cell line might be owing to the variation of lysine tRNA
modifications in different cell lines. For example, loss of one or even all of the three modifications
might lead to a more flexible codon-anticodon complex, which would decrease the efficiency and

accuracy of tRNAh’{JSU recognizing the cognate codon and would allow it to misread other near-
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cognate codons. One method to test this hypothesis would be to isolate tRNA(; from each cell

line and then analyze tRNA modifications by mass spectrometry.

Though some studies investigated missense errors in mammalian cells, they have had some
limitations. The studies reported a wide range of error frequencies, from 10 to 10 per codon.
The primary reason for this range of values is that different methods were used to detect errors at
different positions of the codon-anticodon complex. This diversity of methods makes it difficult
to estimate an average missense error frequency in mammalian cells (Kurtz, 1975; Luce & Bunn,
1989; Mori et al., 1985). In addition, missense error frequency was likely overestimated in some
studies. For example, Kurtz claimed that the error frequency was as high as 10"t in young mice and
102 in old mice. These results were determined in vitro using mouse extracts, which might be
much more error prone than in vivo. For all these reasons, the frequency of missense errors
reported might be exaggerated. Moreover, in vitro assays did not distinguish between misreading

(wrong decoding), mischarging (misacylation), either of which could be greatly increased in vitro.

To comprehensively characterize the misreading error frequency in mammalian cells, | also
exposed cells to the aminoglycoside antibiotic G418, a neomycin derivative. Resistance to G418
is conferred by the Neomycin resistance gene (neo). This gene was isolated from the transposon
Tn5. Neo codes for the aminoglycoside 3’- phosphotransferase enzyme, which inactivates a range
of aminoglycoside antibiotics including G418 by phosphorylation (Kochupurakkal & Iglehart,
2013). In my experiment, the neo is carried by the pcDNA 3.1 human vector as a marker so |
knockout this gene completely from the plasmid. Hence, any cell line transfected with this plasmid

is no longer resistant to G418.
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G418 had different levels of influence on misreading in the three tested cell lines. HEK293 is the
most sensitive cell line to the drug so that a relatively low concentration of G418 will disrupt cell
viability. In addition, G418 had the largest impact on misreading in HEK293 cells. Therefore, the
increased antibiotic sensitivity observed in HEK293 may result from the additive effect of

translational errors induced by the antibiotic.

It is well known that aminoglycoside antibiotic G418 can affect translation in mammalian cells.
Primarily, G418 has been used to promote nonsense codon readthrough and has been recognized
as a potential molecular treatment for nonsense mutation diseases (Burke & Mogg, 1985; Martin
et al., 1989; Phillips-Jones et al., 1995; Manuvakhova et al., 2000; Azimov et al., 2008; Heier &
DiDonato, 2009; Floquet et al., 2011; Floquet et al., 2011; Tobe et al., 2013). The very first study
using G418 as an amber mutation (UAG) suppressor found that G418-induced readthrough can
restore the activity of the mutant to about 20% of wild type activity in COS-7 monkey cells (Burke
& Mogg, 1985). The effect of this case was due to the decreased efficiency of protein termination
in the presence of the drug. Thus, an amino acid is added at the stop codon position, allowing a
production of a full-length protein sequence. Additionally, previous studies have shown context
effects on G418-dependent suppression of nonsense mutations in mammalian cells (Manuvakhova
et al., 2000; Martin et al., 1989; Phillips-Jones et al., 1995). Many studies have demonstrated that
the sequence context, surrounding a stop codon, especially the 3’ base, can affect aminoglycoside
antibiotic mediated suppression of nonsense codons (Martin et al., 1989; Phillips-Jones et al., 1995;
Manuvakhova et al., 2000). For example, Phillips-Jones et al., tested context effects on misreading
and suppression at the stop codon UAG in HEK293, MRC5V1 and COS-7 mammalian cell lines
(Phillips-Jones et al., 1995). The base 3' to UAG was either A, C, G or U in the lacZ gene. They

observed a pattern of 3' context effects on the tRNASe" UAG suppressor and reported the relative
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effect of the base 3° to UAG was A > U = G > C. Moreover this effect is the same in different
mammalian cell lines (Phillips-Jones et al., 1995). Manuvakhova et al. (2000) investigated G418
induced readthrough in a more comprehensive way by studying UGA(N), UAG(N), and UAA(N).
They found readthrough levels for UAG(N) ranked in an order of suppression of U>C, G>A
(Manuvakhova et al., 2000). These previous studies bring the possibility that part of the mutant

activity of Fluc at the stop codon UAA and UAG may include readingthrough activity by tRNAs

Lys
other than tRNA ;-

Because of its effect on nonsense suppression, G418 has been used to study premature termination
diseases (Azimov et al., 2008; Heier & DiDonato, 2009; Floquet et al., 2011; Tobe et al., 2013).
All these studies utilized a proper concentration of G418 as a treatment to rescue phenotypes
caused by premature termination codons in vivo. Promising results suggested that G418 could be
used as a treatment to reduce the degree of premature termination and to restore the active
conformation of essential proteins affected by genetic diseases (Azimov et al., 2008; Heier &
DiDonato, 2009; Floquet et al., 2011; Tobe et al., 2013). My study showed that G418 increased
missense error frequencies at AGA and AAC (HEK293), CAA, AGA and AAC (HeLa), AUG and
AGA (3T3) in addition to UAA and UAG. Accordingly, G418 may also be used as a treatment for

a disease that is caused by these mutations in any essential genes.

Ribosomal proteins play a pivotal role in translational fidelity. Prior studies have demonstrated
that mutant forms of ribosomal proteins can significantly affect translational fidelity and
deficiency of some is associated with human disease (Rice et al., 1984; Kramer & Farabaugh,
2007; Angelini et al., 2007; Flygare et al., 2007; Horos et al., 2012; Manickam et al., 2014). For

example, Diamond-blackfan anemia (DBA) is caused by aberrant ribosomal biogenesis due to
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ribosomal protein mutants such as ribosomal protein S19 (RPS19) or ribosomal protein L11

(RPL11).

No study, however, has associated any ribosomal protein's affect on translational fidelity to any
role in human disease. This is also a motivation for my study to investigate how mutant ribosomal
proteins could affect translational accuracy in human cells. Unfortunately, | did not see any
significant impact of the RPS23 mutation on translational accuracy in HEK293 cells. One possible
reason is that RPS23 is not important to translational accuracy in humans, despite its known effect
in yeast (Anthony & Liebman, 1995). Second, the amino acid residue mutated in my study might
not be essential to accuracy as the corresponding residue is in yeast. Third, an excess of
endogenous wild type RPS23 may have overwhelmed the expression of mutant RPS23, even
though equivalent RPS23 mutations in bacteria and yeast are dominant. A feasible approach to
overcome the disruption from wild type RPS23 is to use CRISPR to delete one of the RPS23 genes

from the genome.

My work is the first to report all possible missense errors by a single tRNA in four different
mammalian cell lines. The results show that protein translation is more accurate in mammalian
cells than in E. coli or yeast. This may suggest a more sophisticated decoding exists in mammalian
cell lines or, given that the abundance of tRNAs across the various isoacceptors in humans is nearly
equivalent, the lack of tRNA limitation may reduce the chance of near-cognate decoding. My data
together with prior studies on missense errors in mammalian systems increase our knowledge on
protein translation, which may also shed light on potential human diseases associated with

infidelity in protein translation.
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Chapter IV. INVESTIGATION OF MISREADING ERROR FREQUENCY BY
GLUTAMINE TRANSFER RNA REPORTER SYSTEM IN YEAST Saccharomyces
cerevisiae

A. Introduction

Accurate and sufficient protein translation is crucial for all organisms. Cellular mechanisms exist
to maintain the translational error rate at a low level from DNA to protein. The transcriptional error
rate is no higher than ~1 x 10-° per nucleotide (Erie et al., 1992). In comparison with transcriptional
errors, translational errors are more frequent. Three types of errors can occur during protein
translation: missense errors resulting from incorrect aminoacylation or incorrect tRNA selection
that causes insertion of a wrong amino acid (misreading), frameshift errors resulting from changing
the normal reading frame, and processivity errors arising from a spontaneous release of the
peptidyl-tRNA (Kurland et al., 1996). Previous studies have suggested that misreading errors are
the most common type of translational errors (Kramer & Farabaugh, 2007; Kramer, Vallabhaneni,

Mayer, & Farabaugh, 2010; Manickam et al., 2014).

The ribosome discriminates between a correct aa-tRNA (cognate tRNA) and an incorrect tRNA
(near-cognate or non-cognate tRNA) based on complementary base pairing between the codon
in MRNA and the anticodon in tRNA. The discriminating process depends on many mechanisms
including kinetic proofreading, induced fit and structural rearrangement of the ribosome. A
comprehensive understanding of tRNA selection has emerged by both kinetic and structural

studies.

Kinetic proofreading was first proposed by Ninio and Hopfield (Hopfield, 1974; Ninio, 1975).

They proposed that tRNA selection is separated into two distinct steps by an irreversible reaction,

174



which is GTP hydrolysis. At the beginning of tRNA selection, the aa-tRNA is delivered to the
ribosome A site on the small subunit as a part of a ternary complex with elongation factor Tu (EF-
Tu) and GTP. This step, termed initial selection, is codon-independent, meaning all tRNAs
(cognate, near-cognate and non-cognate tRNA) exhibit the same rate of binding the ribosome A
site and dissociating from the ribosome (Rodnina et al., 1994). The following step, codon
recognition, is codon-dependent. Though the overall rate of this step is almost indistinguishable
between a cognate tRNA and a near-cognate tRNA, the dissociation rate constants from the
ribosome are strikingly different. A near-cognate tRNA dissociates from the ribosome
approximately 1,000-fold faster than a cognate tRNA. The ribosome rejects non-cognate tRNAs
efficiently during codon recognition step because non-cognate tRNAs are not able to form a stable
codon-anticodon complex in the A site. tRNAs that are rejected by the ribosome during this step
leave the ribosome without GTP hydrolysis. Although the rate constant of GTPase activation of
the near-cognate tRNAs is much smaller than that of the cognate tRNAs, rapid and irreversible
GTP hydrolysis precludes the chance of completely rejecting the near-cognate tRNAs, and thus
the near-cognate tRNAs can enter a second proofreading stage (Rodnina & Wintermeyer, 2001).
GTP hydrolysis causes a conformational change of EF-Tu to its GDP bound state. Consequent
dissociation of the EF-Tu with GDP from the aa-tRNA allows the aminoacyl acceptor end of the
tRNA to enter the A site on the large subunit (accommodation), followed by the formation of a
peptide bond with the amino acid in the P site. Alternatively, incorrect aa-tRNAs would tend to be
rejected during this period. As well as GTPase activation being more rapid, a cognate tRNA
accomplishes the accommodation step faster than a near-cognate tRNA does; meanwhile, a near-
cognate tRNA dissociates from the ribosome much more rapidly than a cognate tRNA. Under this

kinetic model, a preference for selecting a correct tRNA gives 100-fold discrimination between a
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cognate and a near-cognate tRNA at each step and hence provides 10,000-fold discrimination

between a cognate tRNA and a near cognate tRNA (Rodnina et al., 2005).

In addition to discrimination of the ribosome based on different stabilities of a correct and an
incorrect tRNA, it is proposed that the ribosome uses another strategy to discriminate between a
correct and an incorrect tRNA, which is termed induced fit (Pape et al., 1999). Studies showed that
the correct codon-anticodon interaction not only decreases the rate of dissociation but also
significantly accelerates GTPase activation of EF-Tu and accommodation. This acceleration is due
to a conformational change of the ribosome that is induced by a correct tRNA binding. This
structural change is similar to one induced by a correct substrate binding to an enzyme so as to fit
the shape of its substrate (Rodnina & Wintermeyer, 2001). However, the failure of incorrect tRNAs
to induce this conformational change may explain the slow rate of GTPase activation of EF-Tu
by a near-cognate tRNA binding (Pape et al., 1999). Thus, the ribosome uses an induced fit
mechanism to distinguish between a cognate and a near-cognate tRNA during each stage. A correct
codon-anticodon interaction, which involves Watson-Crick base pairing geometry, can induce a
conformational change of the decoding center in 30S subunit (domain closure). In contrast, the
conformational change was not observed for incorrect codon-anticodon interactions (Ogle et al.,

2002).

Structural studies provide an insight into the mechanism of decoding, showing that 16S rRNA
plays an essential role during the tRNA selection and the domain closure of the 30S subunit. X-
ray crystallographic studies revealed that the decoding site includes the A site in the 30S subunit,
encompassing helix 34, helix 44 and helix 18 of 16S rRNA. When a cognate tRNA binds to the A

site, two universally conserved bases, A1492 and A1493, flip out from a position stacked within
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an internal loop of helix 44. These conformational changes position the nucleotides to monitor the
interactions between the codon and the anticodon at the first two positions. Simultaneously, base
G530 of helix 18 converts its conformation from syn to anti to monitor the second and third
position (Ogle et al., 2001). At the same time, cognate-tRNA binding induces an overall ribosome
conformational change (domain closure), which involves a rotation of the head toward the shoulder
and the subunit surface, and of the shoulder toward the intersubunit space and the
helix44/helix27/platform region (Figure 1V-1). In contrast, for a near-cognate tRNA the same
movement of the ribosome was not observed, suggesting that the closure of the ribosome is

initiated by the interaction between the ribosome and a cognate tRNA (Ogle et al., 2002).

However, the role of this universal ribosome structural change for the tRNA selection has been
questioned. Ogle et al. (2001, 2002) studied the decoding process by soaking 30S small subunit
with Us RNA (a mimic of mRNA) and cognate or near-cognate anticodon stem-loops (ASLS)
(mimics of tRNA) (Ogle et al., 2001; Ogle et al., 2002). However, later studies used structures of
70S ribosomes and intact mMRNA and tRNAs and revealed another of the decoding mechanisms
(Demeshkina et al., 2012). Analysis of the 70S ribosome complex with mRNA, P-site tRNA, and
E-site tRNA showed a distinct conformation of the vacant A-site (Jenner et al., 2010). The mRNA
path has a kink between the A- and P-site codon, called P/A kink. This is a special universal feature
of mRNA that enables simultaneous binding of tRNAs to the A- and P-site. The 16S rRNA, the P-
site tRNA and a metal ion stabilize the structure of this kink, which constrains movement of the
A-site codon and the wobble geometry. It is a striking fact that in the vacant decoding center,
A1493 nucleotide flips out, while A1492 nucleotide is held and in a ‘in conformation’ by stacking
with A1913 of H69 of the 23S rRNA from the 50S subunit (Jenner et al., 2010). This structural

model differs from what was proposed in the earlier studies. Moreover, Demeshkina et al. (2012)
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reported that the 30S subunit undergoes the same domain closure upon binding of

(a)

P-site
ASL/codon
/7

7 ; S5

Figure IV=1. A cognate tRNA binding causes domain closure

30S subunit structure with the A-site tRNA anticodon stem—loop (ASL in gold). The decoding center
is made up of four different domains: the head, shoulder, platform and helix 44. Red arrows represent
the closure of 30S subunit. P site tRNA-ASL (dark gray), helices 44 (cyan) and helix 27 (yellow).
In the shoulder domain, helix 18 with the G530-loop (turquoise), and proteins S12 (orange), S4

(violet), S5 (dark blue) and helix 34 (blue) (Ogle et al., 2002).
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either a cognate tRNA or a near-cognate tRNA (Demeshkina et al., 2012). Based on six
X-ray structures of the 70S ribosome, it was observed that UsG and G+<U mismatches at the
first two positions in the A site were forced to form a Watson-Crick-like base pair, resulting in
domain closure. A1492, A1493, and G530 interacted with the minor groove helix in a similar way
when either a cognate or certain near-cognate tRNAs bound. Demeshkina et al. argued that the
three conserved bases A1492, A1493 and G530 do not discriminate between cognate and near-
cognate tRNAs based merely on monitoring the geometry of a base pair of the codon-anticodon
by interacting in the minor groove. When a near-cognate tRNA is forced to form a canonical base
pair in the A site, this would create repulsion or require energy for tautomerization, which may
lead to the dissociation of a near-cognate tRNA. Thus, they proposed that tautomerism or repulsion
might be a plausible source of discrimination between a cognate tRNA and a near-cognate tRNA

(Demeshkina et al., 2012).

Translational error frequency has been widely studied in yeast. Studies on misreading error
frequency in the yeast Saccharomyces cerevisiae have largely depended on enzymatic assays of
firefly luciferase and chloramphenicol acetyltransferase (CAT) (Stansfield et al., 1998; Salas-
Marco & Bedwell, 2005; Plant et al., 2007; Kramer et al., 2010). However, a broad range of

3 5

missense error frequencies have been reported from 10~ to 10~ errors per decoding event. Most
of these studies tested error frequencies as the amount of incorporation of certain amino acids not
encoded in the mMRNA. Error frequencies from those studies vary from one to another, which may
be due to estimating errors at different positions of different codons. Additionally, these estimates
measured the error frequency of one or a few codons but not all possible codons as well, making

it difficult to compare those results to have a general conclusion.
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In our lab, we have exploited two enzyme-based reporter systems to study translational misreading
errors: the dual luciferase and the B-galactosidase reporter systems. We can use both the systems
to analyze the frequency of missense errors by individual tRNAs (Kramer & Farabaugh, 2007;
Kramer et al., 2010; Manickam et al., 2014). The dual luciferase reporter system depends on an
essential active site amino acid residue in firefly luciferase, lysine 529 (K529). Lysine 529 is
responsible for orienting the substrates ATP and luciferin in the active site. Enzymatic activity is
severely reduced by changes to K529, leading to up to 1600-fold reduced activity (Branchini et
al., 2000). All possible near-cognate codons (those that have one nucleotide difference from wild
type), and synonymous non-cognate codons (that have two or more different nucleotides from wild
type lysine AAA/AAG), have been introduced to K529. Since near-cognate codons and their
synonymous non-cognate codons encode the same amino acid, all near-cognate codons and their
synonymous non-cognate codons should have a similar level of protein activity if the activity is
due to functional replacement. Alternatively, near-cognate codons are more likely to be misread

than their synonymous non-cognate codons. For example, in the Lys 529 reporter system

tRNALY* should prefer to misread arginine codon AGA, and AGG (one base mismatch with the

anticodon of tRNA%}ﬁU) over synonymous non-cognate codons CGA, CGG, CGU, and CGC (two
Lys

base mismatches with the anticodon of tRNA ;). Hence, protein activity of AGA or AGG
mutants should be higher than the other four synonymous non-cognate codons (Figure 1V-2). In
this way, we take advantage of near-cognate and synonymous non-cognate codons to demonstrate
activity is due to error. Our lab has used this system to successfully estimate error frequencies by
tRNA, in both E. coli and the yeast Saccharomyces cerevisiae (Kramer & Farabaugh, 2007;

Kramer et al., 2010; Manickam et al., 2014).
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F-luc activity relative to WT (x 10™")

Uasa UAGC UCA AGCA AGG CGU CGC CGA CGG AAU AAC

Ter Arg Asn
Identity of Codon 529

Figure 1V=2. High residual F-luc activity of some K529 codons results from near-cognate

decoding

Near-cognate codons UAG, AGA, AGG and AAU had significantly higher activities than their

synonymous non-cognate codon mutants (Kramer & Farabaugh, 2007).
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Our laboratory has demonstrated that luciferase has a limited number of essential amino acids
(Kramer et al., 2010). However, many critical active site amino acid residues have been shown to
affect the activity of B-galactosidase, such as glutamic acid 537 (E537), aspartate 201 (D201), and
tyrosine 503 (Y503) (Manickam et al., 2014). The active site of [B-galactosidase is very
complicated so many essential residues make important interactions with the substrate (Xu et al.,
2004; Juers et al., 2012). Glutamic acid 537 (E537) is one pivotal amino acid in the active site.
Substitutions for E537 of B-galactosidase resulted in considerable decreases in catalytic activity,
varying between 100-fold to 300,000-fold reduction, suggesting that E537 is a critical catalytic
residue of B-galactosidase (Yuan et al., 1994). We suspected that activity of some of the E537
mutants might be due to the misreading rather than the activity of the mutant protein. Manickam
et al. (2014) introduced a full set of near-cognate and synonymous non-cognate codons of E537
and found evidence for misreading at three codons. By using the same method, our laboratory

identified three essential amino acid residues and was able to analyze missense errors by

tRNAGSc, tRNAGy ., and tRNAG;, (Manickam et al., 2014).

In previous work, Tsai and Curran reported that glutamine 625 (GIn625/Q625) is an essential
amino acid residue in B-galactosidase. Changing the CAG codon encoding Q625 to its near-
cognate codon (codon that differs from the GIn CAG or CAA codons by a single substitution) the
arginine CGA codon resulted in a very low level activity, ~1 x 10 relative to wild type B-
galactosidase. Tsai and Curran only substituted GIn CAG with the arginine codon CGA and
studied the misreading frequency of CGA. However, the limitation of their study was that they did

not have a
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GIn Ser Leu Ile Lys Tyr Asp Glu Asn Gly Asn Pro Trp Ser Ala Tyr Gly Gly Asp Phe
' 580] U 590]
Glutamine (625)

Phe Ala Asp Arg Thr Pro His Pro Ala Leu Thr Glu Ala Lys His GIln GIn GIn Phe Phe
610] ' 620] '

Figure 1\V=3. Partial amino acid sequence of g-galactosidase
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proper control to show the activity of CGA was due to misreading rather than functional

replacement.

In my project, | introduced all possible near-cognate codons and synonymous non-cognate codons

of CAG to Q625 in order to analyze the full range of misreading errors by tRNA & in yeast. |

noticed that Q625 is one of three glutamine codons in a row: 623, 624 and 625 (Figure 1V-3).
Because three glutamine codons are in a row, | also introduced the non-cognate arginine codon
AGA to both Q623 and Q624 to explore the possibility that these might be important for enzyme
activity and suitable for measuring misreading errors. My result indicated that Q623 is not an
essential amino acid residue for B-galactosidase, but Q624 and Q625 may play a major role in the
protein activity. Therefore, | investigated whether glutamine 624 and 625 could be used as a

reporter system for testing misreading frequency by tRNA &P

My data showed that Q624 was more important than Q625 and more of the mutations at Q624

were useful for measuring errors.

In this study, | demonstrated that Q624, but not Q625 as earlier reported, is a useful site for
misreading error measurement. Moreover, | analyzed errors by tRNA{J., showing that errors
involved a small subset of all possible non-canonical base pairs. These mismatches included
U1+G36 and G2+U35. There was no significant error of C2¢U35. These results are consistent with
previous studies stating that GeU is one of the most frequent mismatches (Zhang et al., 2013;
Manickam et al., 2014; Rozov et al., 2016). Additionally, 1 also showed that aminoglycoside
antibiotic paromomycin and mutations of ribosomal protein S23 can affect misreading errors of a

small subset of near-cognate codons, further confirming that activity of these putative error-prone

codons was due to misreading but not functional replacement.
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B. Results

I. Glutamine 624 (Q624) is an essential amino acid residue of B-galactosidase activity
Though Tsai and Curran reported that tRNASH . misread the arginine codon CGA as CAG at 625
in B-galactosidase, they failed to show the activity of the CGA mutant was due to misreading.
Their work showed that the mutant protein activity relative to wild type is 1 x 10-%. However, only
one near-cognate codon CGA was studied. Lack of a proper negative control makes their result
less convincing that this high relative activity ratio resulted from misreading. Therefore, | intended
to investigate all potential misreading events at Q625 by GIn tRNA. According to the lacZ
sequence, residues 623, 624 and 625 each encode glutamine. There is a possibility that the other
two adjacent glutamines may also play a critical role in f-galactosidase activity. Hence, this
became another motivation that drew me into investigating the importance of each of these
residues. To achieve this goal, | mutated CAG to its non-cognate arginine codon AGA at all of the

three sites, meaning there could be no base pairing between the cognate tRNA & and the non-

cognate arginine codon. With such a mutant, | expect that the 3-galactosidase activity would be as
little as background activity if this amino acid residue were essential. By contrast, if the glutamine
were not vital to enzyme activity there would be a slight impact on protein activity when CAG is
substituted with AGA. The B-galactosidase activity of AGA mutant at Q624 was 2 x 107 relative
to wild type. However, the B-galactosidase activity of AGA at Q623 and Q625 had activity as high
as 2 x 107 relative to wild type, which was 200-fold greater than that at Q624. These data indicated
that Q624 might be significantly more important for pB-galactosidase activity than is Q625.
Therefore, all possible near-cognate codons and some synonymous mutants were introduced to

Q624 and Q625 by doing site-directed mutagenesis (Table 1V-1).
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Il. Higher activities of mutants at Q625 were due to functional replacement but not
misreading

To attempt to measure errors by tRNA S T constructed a reporter system based on a yeast -
galactosidase reporter plasmid, pANU7 (Sundararajan et al.,1999). As | stated above, Q625 does
not seem essential unlike what was reported by Tsai and Curran. To further confirm this conclusion,
I made all possible near-cognate mutants of CAG or CAA at Q625 (Table I1VV-1). Then I tested the
B-galactosidase activity of some near-cognate codons of Q625, including CAU and CAC
(histidine), CGA, CGG, and AGA (arginine), UAA and UAG (termination), and lysine (AAG)
(Figure 1V-4). | had three reasons to start with testing these near-cognate codons: 1) histidine
codons CAU and CAC had wobble position mismatch with CAG, and 2) the arginine codon CGA

was reported to be misread by tRNA 5. (Tsai & Curran, 1998) and CGG and AGA are

synonymous near-cognate and non-cognate codons of CGA, and 3) termination codons UAA and
UAG were commonly misread by their near-cognate tRNAs in other studies. Therefore, all these

codons except AGA should have a greater chance to be misread by tRNA &
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Table IV-1. All possible near-cognate mutations for lacZ Glutamine 624 and 625

U C A G

uuu ucu

U UUC Phe UCC ,
UUA uca (|3L|JL|J
UUG UCG CAG
cuu Ccu

C lcuc | ccc oo
B = oy
AUU ACU CGA
AUC lle | ACC (@] \ear-cognate

A Thr
AUA ACA
AUG Met | ACG GULlJ
GUU GCU U AGA
GuC , GCC .

G | GuA GCA on-cognate
GUG GCG
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2=}

=

CAU CAC CGG CGA AGA UAA UAG AAG

His Arg Ter Lys

Beta-galactosidase activity relative to WT (x107)

Figure IV-4. The high residual activity of some Q625 codons does not result from near-

cognate decoding

A comparison of B-galactosidase activity relative to wild type synonymous near-cognate

codon mutants. Codon identity is shown as in table 1\VV-2. The error bars represent the standard

error of the mean.
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if they were potential error-prone codons. The residual activity of each mutant codon was

calculated as a ratio, which was the mutant -galactosidase activity divided by wild type activity:

Mutant activity
Wild type activity

Misreading frequency =

This calculation would allow me to determine the misreading error frequency of each mutant.

As shown in Figure IV-4 and Table V-2, except for the two termination codons, these mutants
had an activity that was not different from the AGA control from 170 x 10° (CAC) to 220 x 10°
(CGG and AGA). Histidine codons CAU and CAC resulted in very similar protein activity of
180 x 10 and 170 x 107 respectively. Arginine codons CGA and CGG and their synonymous
non-cognate codon AGA also showed a similar level of protein activity of 190 x 10®°, 220 x 10-°
and 220 x 10°°, respectively. The two termination codons UAA and UAG, however, had much

lower activity than the other tested codons of 6 x 10°and 16 x 10, respectively.

Two models may explain the high activity of some near-cognate codon mutants. These two models
are the functional replacement model and the misreading model (Kramer and Farabaugh, 2006).
The functional replacement model states that any protein activity in the mutant proteins is due to
the mutant amino acid, suggesting all codons that generate the same amino acid should show the
same amount of activity. The misreading model states that mutant codons, for example, those that
encode arginine CGA and CGG, are misread by tRNASY.. as glutamine, resulting in the production
of the small amount of protein with wild type activity. My data showed that though mutants with
near-cognate codons histidine CAU and CAC, arginine codons CGA and CGG, and lysine codon
AAG had very high activity, their activities were quite similar with the non-cognate codon mutant,

AGA. These data were consistent with functional replacement model but not the misreading model,
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Table 1V-2. Misreading frequency by tRNA$S. at Q625 near-cognate codons

Identity of Codon 625 P-galactosidase relative to WT
(x10°)
His CAU 180
CAC 170
Arg CGA 190
CGG 220
AGA 220
Termination UAA 59
UAG 1.3
Lysine AAG 170
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suggesting that these high activities were not due to errors since under the functional replacement
model synonymous codons should have almost identical activity. The high level of activity of these
mutants inhibits measuring an error frequency so | cannot conclude what that frequency of

misreading might be.

The B-galactosidase activities of the UAA mutant were significantly higher than for UAG with the
activities of 6 x 10 and 1 x 10 respectively (P < 0.05). These results suggest that the activities

of the UAA and UAG mutants are due to misreading (Figure 1\VV-4 and Table 1V-2).

In conclusion, the high residual activities of mutants altering glutamine at position 625 were not
due to near-cognate decoding but functional replacement so the Q625 mutants cannot be used as a

misreading reporter system.

I11. High activity of mutations at Glutamine 624 are misreading events by tRNAS,.

After finding that Q625 is not a useful target for a misreading reporter system, | tested mutations
at glutamine 624 (Q624) to determine if they might be more useful. The same method was utilized.
All possible near-cognate mutants were introduced to the Q624 position (Table 1V-1). The near-
cognate codons included two termination codons UAA and UAG, two lysine codons AAA and
AAG, two glutamic acid codons GAA and GAG, two leucine codons CUA and CUG, two proline
codons CCA and CCG, two arginine codons CGA and CGG, and two histidine codons CAU and

CAC. These codons all involved one nucleotide mismatch with the tRNA " in either the first,

second or wobble position. | also substituted CAA or CAG with non-cognate mutants synonymous
with these near-cognate codons, including the termination codon UGA, leucine codon UUA,

proline codon CCU, and arginine codon AGA (Figure IV-5 and Table 1VV-3). The relative -
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Figure 1V-5. B-galactosidase activity of Q624 near-cognate codons

High protein activity of some near-cognate codons is due to functional replacement. The error bars

represent the standard error of the mean.
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galactosidase activity varied by a factor of ~2000-fold from 390 x 10° (CUG) to 8 x 106 (UGA)
(Table IV-3 and Table 1V-4). Eight of these mutants showed dramatically higher activity, which
ranged from about 37 to more than 200-fold higher than the other near-cognate mutants. These
mutants include two lysine codons AAA and AAG, two glutamic acid codons GAA and GAG,
two leucine codons CUA and CUG, and two histidine codons CAU and CAC. Each of these pairs
of mutants produced very similar activities (Figure 1\VV-5 and Table 1\VV-3). These data are consistent
with the functional replacement model but not the misreading model. Again, the high level of
activity of the mutant protein precludes measuring misreading errors occurred at the wobble

position of the codons CAU and CAC.

A subset of mutant codons had much lower enzymatic activities including termination codons
UAA, UAG, and UGA, arginine codons CGA, CGG and AGA, and proline codons CCA, CCG
and CCU (Figure 1V-6 and Table IVV-4). Each set of codons has near-cognate codons and one
synonymous non-cognate codon. Stop codons UAA and UAG had a relative activity of 10 x 10°
and 8 x 10°, which was significantly higher than their synonymous non-cognate codon UGA
(8x10% (P < 0.01) (Figure IV-6 and Table IV-4). The activity of the nonsense mutants
presumably occurs by misreading since a premature stop codon leads to a non-functional, truncated
protein. This hypothesis is supported by the fact that UAA and UAG had significantly higher
activity than UGA. Arginine codons CGA and CGG had an activity of 5 x 10° and 3 x 10, which
was also higher than their synonymous non-cognate codon AGA (1 x 107°) (P < 0.05) suggesting
that their activity was also due to misreading. Proline codons CCA and CCG had the same relative
activity of 2 x 105, Their activity was different from the synonymous non-cognate codon CCU
(9 x 10%), but this difference was not statistically significant. Their similarity suggests that

activities of the CCA, CCG, and CCU mutants were probably not due to misreading. The fact that

193



Table IV-3. Misreading frequency by tRNA
cognate codons

GIn

vucat Q624 near-cognate and synonymous non-

B-galactosidase activity relative to

Mismatch position Amino acid Codon WT (x10%)
AAA2 260
Lys
AAG 260
GAA 320
Glu
1st GAG 320
UAA 10
Ter UAG 8
UGA 0.8
CGA 5
Arg CGG 3
AGA 1
CUA 380
2nd Leu CuG 390
UUA 380
CCA 2
Pro CCG 2
CCcu 1
CAU 310
3rd His
CAC 340
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GUU

UAA
GUU

UAG

GuU
CGA

GUU
CGG

B-galactosidase activity relative to WT (x10-5)

A T

AGA CCA CcCG ccu

| BN

UAA UAG UGA

Figure 1V—6. High residual p-galactosidase activities of some Q624 codons result from

near-cognate decoding

A comparison of B-galactosidase activity relative to the wild type of synonymous near-cognate and

non-cognate codon mutants. The error bars represent the standard error of the mean.
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GIn

Table 1V-4. Mutant B-galactosidase activity relative to wild type by tRNAyg
at Q624 near-cognate and synonymous non-cognate codons

Mismatch position

Amino acid

Codon

-galactosidase activity relative
to WT (x109)

1st

Ter

UAA2

2nd

Arg

CGG

Pro

ccu

aMismatch nucleotide is underlined.
bThe highest and lowest activity are in bold in a grey box.

196




the activity of termination and arginine near-cognate mutants was influenced by error-modulating
mutants of RPS23 (in the later section) and deficient tRNA modifications (chapter 5) further

supports this possibility.

In conclusion, some near-cognate codons at Q624 including termination codons UAA and UAG,
and arginine codons CGA and CGG appear to be error-prone codons. Therefore, glutamine 624
(the second Q in the row) is a validated amino acid residue to be utilized to measure misreading

events by the tRNAE". in yeast.

IVV. The aminoglycoside antibiotic paromomycin only affects misreading of termination
codon UAG

Aminoglycoside antibiotics are known to induce translational misreading via stabilizing and
promoting the binding of incorrect tRNAs to the ribosome (Newcombe & Nyholm, 1950; Pape et
al., 2000; Ogle et al., 2003). Paromomycin is thought to increase misreading by inducing a
conformational change in the decoding center which mimics the binding of a cognate tRNA (Ogle
et al., 2003). This binding alters the kinetics of decoding that increases the possibility of accepting
a near-cognate tRNAs in the A site (Pape et al., 2000). This antibiotic stimulates mistranslation of
poly(U) in yeast extracts and induces phenotypic suppression of both nonsense and missense

mutations in yeast cells (Palmer et al., 1979; Singh et al., 1979). Previous studies in yeast showed

Lys

paromomycin dramatically increased Fluc activity of one near-cognate codon in the tRNA{j

reporter system, AAU (Kramer & Farabaugh, 2010), and of four near-cognate codon mutants in a
tRNALIS . reporter system, GAC, CGC, CUC, and CAG (Salas-Marco & Bedwell, 2005).

Previously, our lab used aminoglycoside antibiotics to confirm that the high activity of some near-
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cognate codons was due to misreading in both E. coli and yeast (Kramer & Farabaugh, 2007;
Kramer et al., 2010).

To confirm that higher activity of p-galactosidase resulted from misreading, | used paromomycin
to stimulate misreading errors. As expected, errors of the stop codon UAG increased from 8 x 10°
5t0 17 x 105, more than 2-fold, when | exposed cells to 200 ug/ml of paromomycin (Figure 1V-7
and Table IV-5). The activity of the UAA mutant was also altered slightly by paromomycin from
10 x 10 to 12 x 10°°. However, this difference was not statistically significant. Paromomycin did
not affect the other mutants that appear to be error-prone including CGA and CGG. The result
indicated that paromomycin only influences a subset of misreading events (Figure 1VV-7 and Table
IV-5). This result is quite similar to the observations of Kramer et al. (2010) in yeast. They found
paromomycin significantly increased errors of stop codons UAA and UAG and marginally
affected one asparagine codon AAU (Kramer et al., 2010). In E. coli, the antibiotic increased
misreading errors of all error-prone codons (Kramer and Farabaugh, 2006). The mechanism behind

this more limited effect of paromomycin in eukaryotes is unclear.

V. A mutation in ribosomal protein S23 affected misreading error frequency of several near-
cognate codons

As an essential component of ribosomes, ribosomal proteins also play an important role in tuning
translational accuracy. For example, the accuracy of translation in E. coli is significantly affected
by ribosomal protein S12 (encoded by the rpsL gene), S4, and S5 (encoded by the rpsD and rpsE
genes respectively). Mutations of S12 increase accuracy and are hyperaccurate. On the other hand,
"ribosomal ambiguity mutations™ (ram) in S4 or S5 decrease accuracy and are hypoaccurate
(Bouadloun et al., 1983; Parker & Friesen, 1980; Parker & Holtz, 1984; Precup & Parker, 1987;

Strigini & Brickman, 1973; Toth et al., 1988).
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B-galactosidase activity relative to WT (x10-5)

UAA

Stop

**

UAG

CGA CGG AGA CCA CcCG

Arg Pro

®Qug/ml Pm

O200ug/ml Pm

Figure 1V=7. Aminoglycoside antibiotics increase misreading of a subset of near-cognate

624 codons

The B-galactosidase activities relative to wild type are shown for mutants carrying the indicated

Q624 codon replacements in the presence of no antibiotic (black bars), 200 pg/mL paromomycin

(white bars). The error bars represent the standard error of the mean.
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Table 1V-5. The mutant p-galactosidase activity relative to wild type in the presence and

absence of paromomycin

B-galactosidase activity relative to WT (x10-5)
Amino acid Codon
0 pg/ml Pm 200 pg/ml Pm Fold Change
UAA 10 12 1.2
Stop
UAG 8 17 2
CGA 5 4 1
Arg CGG 3 2 1
AGA 1 1 1
CCA 2 2 1
Pro
CCG 2 2 1

Significantly changed mutant protein activities are in bold.
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In the yeast Saccharomyces cerevisiae, mutations in SUP46 and SUP44, encoding the proteins
homologous to S4 and S5 in E. coli, also cause less accurate translation. By using site-directed
mutagenesis, Alksne et al. (1993) were able to substitute Lys62 with arginine, threonine, glutamine,
and asparagine. A substitution of the mutant gene was introduced to one of the wild type genes in
the wild type strain and SUP44-and SUP46-containing strains to enable a phenotypic screen. The
data showed that amino acid substitution (K62N, Q, T, and R) altered translation fidelity in yeast.
Mutation K62N, Q, or T, as it was observed in E. coli, decreased paromomycin sensitivity and
therefore increased translational accuracy; K62R substitution, however, caused more translational
errors and increased sensitivity to a drug. Together, this study suggested that this conserved
ribosomal protein (rpS12 in E. coli and its homologue rpS23 in yeast) has the same function in

regulating translational fidelity in bacteria and yeast (Alksne et al., 1993).

To further confirm those putative error-prone codons, | measured the 3-galactosidase activity of
several of the Q624 near-cognate codons in yeast carrying the mutant form of RPS23. An A113V
mutation in rpS23 confers a hyperaccurate phenotype while a K63R mutation in rpS23 confers a
hypoaccurate phenotype in yeast (Alksne et al., 1993; Anthony & Liebman, 1995). | tested
potential error-prone codons including termination codons UAA and UAG, arginine codons CGA,
CGG and AGA, and proline codons CCA and CCG (Figure IV-8). The A113V mutation
significantly reduced misreading error frequency of the three error-prone near-cognate codons
UAA, UAG, and CGG an average of 1.8-fold (P < 0.05) but had little or no influence on the
remaining codons (Figure IV-8 and Table 1VV-6). Misreading errors of stop codons UAA and UAG
were reduced from 14 x 10° and 11 x 10 to 6 x 10-° and 6 x 10-° respectively, which were ~2.5

and 1.7-fold decreases. The misreading frequency of CGG was reduced from 4 x 10 to 3 x 107,
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B-galactosidase activity relative to WT (x10-5)

Ter Arg Pro

BWT MA113V(Hyper) ®K63R(Hypo)

Figure 1V=8. Mutations in rps23 only affect g-galactosidase activities of Q624 termination

codon mutants

The B-galactosidase activities relative to wild type of the indicated Q245 codon replacements are
shown from a wild-type strain (blue bars), a strain carrying the hyperaccurate (A113V) rps23

mutation (red bars) and a strain carrying the hypoaccurate (K63R) rps23 mutation (green bars).

The error bars represent the standard error of the mean.
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Table 1V-6. Mutant p-galactosidase activity relative to wild type of Q624 by tRNASS.

B-galactosidase activity relative to WT (x10-5)
Amino acid Codon
A113V fold K63R
WT A113V(Hyper) change K63R(Hypo) fold change
UAA 14
Ter
UAG 11
CGA 6
Arg
CGG 4
CCA 0.4 0.4 1.0 0.5 1.3
Pro
CCG 0.5 0.5 1.0 0.5 1.0
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a ~1.2-fold change (p < 0.05). In the A113V mutant background, no codon had a relative activity
higher than 6 x 10°. The potential error-prone arginine codon CGA had errors reduced from
6 x 10° to 5x 10°, which was about a 1.1-fold decrease; this change was not statistically
significant. There was no significant change for the other three non-error-prone codons, the
arginine AGA and the proline codons CCA and CCG (Figure IV-8 and Table 1V-6). These data
suggested that the A113V mutation only reduces misreading frequency of error-prone near-

cognate codons but does not affect the frequency of misreading of non-error-prone codons.

| also tested the B-galactosidase activity of the above codons in yeast carrying the hypoaccurate
K63R mutation. In this background, there were statistically significant increases in the misreading
of UAA, UAG, CGA, CGG (Figure IV-8 and Table IV-6) (p < 0.05). The stop codon UAG had
the largest increase from 11 x 10° to 38 x 1075, or a ~3.5-fold change, and the stop codon UAA
increased from 14 x 10 to 40 x 10° and had a 2.9-fold change (Table IV-6). The other affected
codons, CGA and CGG, had misreading frequency increased from 6 x 10°to 8 x 10, and 4 x 10
5to 6 x 10, respectively, or 1.3 and 1.5-fold respectively. Likewise, rpS23 with mutation K63R
affected misreading frequency of the error-prone codons (UAA, UAG, CGA and CGG) but this
effect was larger than the effects of the hyperaccurate mutation or treatment with the

aminoglycoside antibiotic paromomycin.

The fact that hyperaccurate and hypoaccurate mutations in RPS23 altered the frequency of
misreading of potential error-prone codons UAA, UAG, CGA and CGG further confirmed that

these codons are error-prone codons.

V1. Western analysis of mutant proteins
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To further confirm that the difference in activity of Q624 error-prone codons was not due to
varying amounts of protein expression in the cell, 1 performed a western blot assay of wild-type
and mutant B-galactosidase (Figure 1V-9). These mutants included five near-cognate mutants,
which were UAA, UAG, CGA, CGG and CCG, and one non-cognate mutant, which was AGA.
PGK1 was used as a loading control. Western blotting with an antibody against anti-b-
galactosidase showed that the expression of -galactosidase in all mutants was virtually identical
to that of wild type except two nonsense mutants. There are 1027 amino acids in p-galactosidase.
The nonsense mutation is located at position 625, which is about half of the full length.
Consequently, the presence of nonsense mutation leads to a truncated protein product. | was unable
to visualize this truncated product suggesting that the protein is probably degraded in vivo.
Expression of the loading control PGK1 was roughly equivalent in all strains. Thus, this assay
confirms that the differences in -galactosidase activity of Q624 mutants are from a cause other

than differences in protein expression level.
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WT CGA CGG UAA UAG AGA CCG
B-galactosidase

Figure 1V-9. Western blot of -galactosidase of wild type and some mutants of Q624

Extracts from yeast transformants were made. 10 micrograms of total protein for each sample
was loaded and detected using B-galactosidase and PGK1 antibody. PGK1 was used as a

loading control.
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C. Discussion
In this chapter, | have tested the possibility of two codons in the lacZ gene, which encodes -

galactosidase, being useful sites to measure misreading events by the tRNA S . One residue tested

is Q625, and the other is Q624.

The conclusion claimed by Tsai and Curran that misreading caused the activity of a CGA mutant
at Q625 was incorrect. They had limited their study only to the near-cognate mutant CGA but did
not have any proper control such as AGA or other synonymous non-cognate codons of arginine.
A proper negative control is necessary otherwise a study may be misleading. For example, Salas-
Marco and Bedwell studied misreading events at H245 of Firefly luciferase by tRNAZS.. They
had mutated CAC at H245 to eight near-cognate codons of CAC. However, there was no
synonymous non-cognate mutant. Therefore, they did not have a negative control to test the
functional replacement model or the misreading model (Salas-Marco & Bedwell, 2005). Our lab
has developed a more comprehensive system and included synonymous non-cognate codons
(Kramer et al., 2010). The results showed that the high activity of many near-cognate codons at
H245 was due to functional replacement but not misreading (Kramer et al., 2010). In Tsai and
Curran’s study, they also reported that tRNA &, misread CGA at a frequency of 1 x 103 (Tsai &
Curran, 1998). | found the -galactosidase activity of CGA mutant relative to wild type is 2.2 x 10
3, To test if this high protein activity was due to misreading errors, | measured the activity of three
synonymous arginine codons, CGA, CGG, and AGA. AGA is a non-cognate codon of the wild
type CAG. AGA was used as a negative control because it is very unlikely to be misread by tRNA

e because fewer than two base pairs can form between the codon and anticodon. My data showed

the three synonymous arginine mutants had nearly the same relative activity (Figure 1V-4 and
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Table 1VV-2). Therefore, my data demonstrated that the activity of CGA was not due to misreading
but functional replacement, meaning that the activity measured results from the glutamine being

functionally replaced by arginine. Thus, this result invalidated the conclusion that tRNA &

misread CGA as CAG (Tsai & Curran, 1998). To further study if Q625 is an essential amino acid
residue for B-galactosidase, | also measured the activity of near-cognate codon lysine AAG, and
two histidine codons CAU and CAC. | found that all of the three near-cognate codons had similar
activity relative to wild type at a frequency of 103, which was quite similar to the negative control
AGA (Figure 1V-4 and Table 1V-2). The high residual activity of lysine codon AAG may also be
due to functional replacement, but in that case, there is no synonymous non-cognate codon, so

theoretically it is possible that this mutant is misread by tRNAE". . If the activity of AAG were

due to misreading, then this misreading event would involve an A1+¢G36 mismatch. Based on
previous work, the first position A1+G36 mismatch is not expected to be frequent (Manickam et
al., 2014). That work reported there were no significant errors for eight first position mismatches

and A1+G36 was one of them (Manickam et al., 2014). Therefore, it is unlikely that tRNA &

misreads AAG. The other two near-cognate codons histidine CAU and CAC would make wobble
errors at the third position. The wobble errors would involve U3+U34 and C3+U34 mismatches.
The high residual activities of CAU and CAC also seems unlikely to have resulted from misreading

events by tRNAS".. Again, they both had activity as high as the negative control AGA (Figure

UuUG-
IV-4 and Table 1V-2). It may be that misreading at CAU and CAC does occur, but the activity
caused by misreading errors is too low to be detected given the high activity resulting from

functional replacement. Therefore, | was unable to detect wobble errors of CAU and CAC by

tRNASN.
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The termination codons UAA and UAG had much lower activities than the other codons. UAA
had at least ~28-fold less activity than other codons, and UAG had at least ~130-fold lower activity
(Table IV-2). In addition, the activity of UAG was about 4.5-fold higher than UAG, indicating that

the activity of these two codons was probably caused by misreading.

In summary, my data show that Q625 is not essential as reported by the previous work (Tsai &
Curran, 1998) and the activity they detected did not result from a misreading event but was due to
functional replacement. Overall, Q625 is not a suitable site for measuring misreading events by

tRNASH. .

The other glutamine site, Q624, however, was a better reporter site for studying misreading errors

by tRNAE". . In this yeast project, | generated a full set of mutations to near-cognate codons of

Q624 CAG as well as some synonymous non-cognate codons (Table 1V-1). | found that yeast

tRNA S\, misreads a subset of the near-cognate codons of Q624 including UAA, UAG, CGA, and

CGG. The frequencies vary 3.3-fold from as high as 10 x 10°° (UAA) to no greater than 3 x 10-°
(CGQG) (Figure IV-6 and Table 1VV-4). These misreading events involved U1+G36 (to stop codons
UAA and UAG), and G2+U35 (to arginine codons CAG and CGG) mismatches. | have not found
misreading occurring at CCA or CCG proline codons, which would require a second position
C2+U35 mismatch. Therefore, there were only purine-pyrimidine mismatches but no purine-purine

mismatch. Previously, our lab has demonstrated the most frequent errors in bacteria by tRNA Gl ,

tRNAZA, tRNA AR, and tRNA 5, involve U3+U34, C3+U34, G2+U35, and U1+U36 (Manickam

et al., 2014). However, Manickam et al. (2014) did not see significant errors involving U1+G36.
Zhang et al. reported that GeU mismatch at any of the three codon positions along with C3+U34 is

the primary cause of misincorporation (Zhang et al., 2013). A structural study revealed two
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misreading events (Demeshkina et al., 2012). They are near-cognate codon UUC misread by tRNA

Leu involving a G36+U1 mismatch and near-cognate codon UGC misread by Tyr tRNA s

involving a G2+U35 mismatch (Demeshkina et al., 2012). They had found that when these two
mismatch events occurred at the first and second position, the decoding center constrained
mismatched nucleotides to adopt Watson-Crick geometry. Meanwhile, these events induced a
conformational change of the decoding center (Demeshkina et al., 2012). My results are in high
agreement with previous work and also have broadened our lab’s previous study, showing that

U1+G36 and G2+U35 are the most frequent errors by tRNA &".. In conclusion, Q624 is a more

useful amino acid site to study misreading errors by tRNA & as compared with Q625.

The frequency of misreading at Q624 was surprisingly low compared with our lab’s previous work
in yeast. Kramer et al. estimated that misreading frequencies at error-prone codons by tRNA S,
ranged from 5 x 10 to 7 x 10* (UAG and AGG) (Kramer et al., 2010). The near-cognate mutant

UAA at Q624 had the highest misreading frequency by tRNA & yet was only 1.0 x 10, which

was about 10-fold lower. Misreading at CGA and CGG involving GeU mismatch only had 5 x 10
% and 3 x 107 respectively. These frequencies were much lower than the misreading frequency of

AGG, which also involved G+U at the second position.

Another intriguing result is that the activity of UAA and UAG at Q624 was much higher than that
at Q625. The activity of UAA is about 2-fold higher at Q624 than Q625. Meanwhile the activity
of UAG is about 6-fold higher at Q624 than Q625 (Table 1VV-2 and Table 1V-3). One explanation
is that readthrough of nonsense codons may reflect the rate of termination. The sequence
surrounding nonsense codons, especially the fourth base of stop codons, can significantly affect

the efficiency of nonsense codon suppression. This is termed context effect. Previous studies have
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demonstrated the context effects on suppression at UAA and UAG in the mammalian system
(Phillips-Jones et al., 1995; Manuvakhova et al., 2000). Both studies ranked the order of the context
effect on nonsense readthrough as C > U. The sequence was UAAC and UAAU respectively when
introducing the stop codon UAA to Q624 and Q625. The sequence was UAGC and UAGU
respectively when introducing the stop codon UAG to Q624 and Q625. These sequences are

consistent with more rapid readthrough at 624 than at 625.

The aminoglycoside antibiotic paromomycin presumably induces translational misreading by
altering conformation rearrangements in the ribosome that interfere with the ribosome
discriminating between near-cognate and cognate tRNAs in the A site (Benveniste & Davies, 1973;
Fourmy, Recht, Blanchard, & Puglisi, 1996; Carter et al., 2000; Pape et al., 2000). Kramer et al.
showed that, in yeast, paromomycin only stimulates misreading of three near-cognate mutants by
tRNA%}{JSU including UAA, UAG, and AAU in yeast. Among the three mutants, paromomycin had
a small effect on AAU but it increased misreading UAA and UAG much more strongly (Kramer
et al., 2010). Using the same concentration, | found paromomycin increased the frequency of
misreading of UAG only ~2-fold, but it had no effect on other error-prone codons UAA, CGA,
and CGG. Kramer et al. found that paromomycin simulated the frequency of misreading events
involving U«U mismatch in all the three cases (Kramer et al., 2010). | found the drug only affected
a misreading event involving a UsG mismatch at the first position. Altogether, paromomycin
seems to have a more limited effect on misreading events by tRNAZ; in yeast. Paromomycin
significantly increased readthrough frequency at all three stop codons UAA, UAG, and UGA but
only induced misreading errors on a small subset of near-cognate mutants (Salas-Marco & Bedwell,
2005), suggesting paromomycin may have much more restricted and specific effects on sense

decoding than on termination. My observation is similar but has a difference with previous work
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in that paromomycin only increased misreading errors at UAG by tRNAEh. .

Ribosomal proteins are critical components involved in translational accuracy. Ribosomal protein
mutations confer antibiotic resistance (such as paromomycin) and cause hyperaccurate translation.
Meanwhile, ribosomal mutations suppress nonsense mutations, increase drug sensitivity, and
decrease translational fidelity (Gorini & Kataja, 1964; Alksne et al., 1993; Anthony & Liebman,
1995; Kramer & Farabaugh, 2007; Kramer et al., 2010). Ribosomal protein S23 (RPS23), encoded
by RPS23A and RPS23B, is comparable to bacterial S12. Alksne et al. (1993) screened several
mutations in ribosomal protein S23 and found one of the mutations, K62R, reduced translational
accuracy by increasing suppression of nonsense mutations and sensitivity to the aminoglycoside
antibiotic paromomycin (Alksne et al., 1993). By using the same method, Anthony and Liebman
discovered that substitution of Alanine (GCT) to Valine (GTT) (A113V) significantly reduced
sensitivity to paromomycin, leading to an increased fidelity phenotype (Anthony & Liebman,
1995). However, these two studies only phenotypically investigated the effects of RPS23 mutants
on translational fidelity. Neither of them quantitatively measured the changes that resulted from

RPS23 mutations.

To further correlate translational fidelity with selected ribosomal mutants, | measured misreading
error frequency of potential near-cognate mutants in either a hyperaccurate background (rps23-
A113V) or a hypoaccurate background (rps23-K62R). My data are consistent with earlier studies
that both mutations affected misreading frequency of error-prone codons as hypothesized (Alksne
et al., 1993; Anthony & Liebman, 1995). In the A113V hyperaccurate background, the frequency
of misreading of UAA, UAG, and CGG decreased. However, there was no measurable effect on

CCA and CCG. Alteration on misreading frequency of CGA was not statistically significant
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despite the fact that CGA is a putative error-prone codon. The effect on CGG was subtle but was
greater on the stop codons. This result is consistent with the phenotype alteration that the presence
of A113V substitution reversed nonsense mutations. Moreover, an earlier study showed that the
A113V substitution significantly decreased the antibiotic sensitivity, suggesting the A113V
mutation increased translational fidelity (Anthony & Liebman, 1995). In the K62R hypoaccurate
background, misreading errors of UAA, UAG, CGA and CGG all significantly increased. The
increase in the frequency of misreading of the stop codons UAA and UAG was much higher than
the other error-prone codons. The previous study showed that the K62R mutation in the S23 acts
as an omnipotent suppressor, which suppresses both amber and ochre codons (Alksne et al., 1993).
My data is consistent with this previously observed phenotype that the K62R mutation and the
A113V mutation in S23 can significantly affect misreading frequency of UAA and UAG. My
results in combination with previous studies may signal a particular effect of RPS23 on the error
prone codons: RPS23 mutations are more likely to affect the translational fidelity of stop codons
but have a very subtle influence on the other error-prone codons. As | stated above, RPS23 is
encoded by duplicate genes, RPS23A and RPS23B (Alksne et al., 1993). A complete deletion of
RPS23 is lethal. The yeast strain that | used in my study harbors a deletion in RPS23B. Therefore,
the presence of a copy of wild type RPS23A in the background may attenuate the effect of RPS23

mutations despite that the mutations are dominant.
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LACK OF SOME tRNA MODIFICATIONS LEADS TO MORE ACCURATE

PROTEIN TRANSLATION IN THE YEAST Saccharomyces cerevisiae
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Chapter V. LACK OF SOME tRNA MODIFICATIONS LEADS TO MORE ACCURATE
PROTEIN TRANSLATION IN THE YEAST Saccharomyces cerevisiae

A. Introduction

The universal genetic code has 61 codons for 20 amino acids, and three stop codons, meaning that
most amino acids are encoded by more than one codon (Agris, 2004). This phenomenon is called
degeneracy (El Yacoubi et al., 2012a). The 61 codons plus three stop codons can be represented
in degenerate codon family boxes. In these boxes, synonymous codons code for the same amino
acid. There are eight unsplit boxes (all codons code for the same amino acid), five two-split boxes
(the two purine-ending codons code for one amino acid and the two pyrimidine-ending codons
encode for another, such as GIn/His), and three special codon boxes (lle/Met, Tyr/Stop, and
Cys/Stop Trp) (El Yacoubi et al., 2012a) (Table V-1). In the yeast Saccharomyces cerevisiae, there

are only 42 tRNAs to decode 61 codons (Phizicky & Hopper, 2010).

Posttranscriptional modifications occur in transfer RNAs from all organisms (Bjork et al., 2007).
As many as 80 modifications have been reported (El Yacoubi et al., 2012). tRNA modifications
can play many roles. Many modifications within the core of the tRNA play an essential role in
tRNA structural stabilization; loss of these modifications can cause rapid degradation of
hypomodified tRNAs (Phizicky & Alfonzo, 2010). The most diverse and complicated chemical
structures are found in the anticodon stem loop or the vicinity. The two most frequently modified

positions in tRNA are position 34, which is the wobble position, and position 37, which is the
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Table V-1. The genetic code and distribution of cytoplasmic S. cerevisiae tRNAs

U C A G
codon | anticodon amino acid | codon | anticodon amino acid | codon | anticodon amino acid | codon | anticodon amino acid
Uuu - ucu IGA UAU - UGU -
UUC | GmAA Fhe ucc | - Ser UAC | GYA w UGC | GCA s U
U UUA | ncm°UmAA tou UCA | ncm®UGA UAA |- _ UGA |- n.a.
UUG m°CAA UCG | CGA UAG - o UGG | CmCA Trp
guu GAG ggg aee gﬁg cuG o ceg e
uc - G CG -
C |cua ] uac Leu CCA | nemtuge | P CAA | mem's®UUG | - CGA_ |- Arg C
CUG - CCG - CAG CUG CGG | CCG
AUU IAU ACU IGU AAU - Asn AGU Ser
A AUC - lle ACC - Thr AAC GUU AGC GCU A
AUA | YAY ACA | ncm®UGU AAA | mem®s?UUU L AGA | mem°UCU i
AUG__| CAU Met ACG__| CGU AAG__| cuu y3 AGG_| ccu 9
Guu IAC GCU IGC GAU - Asp GGU |-
G GUC - val GCC |- Ala GAC GUC GGC | GCC Gly G
GUA | ncm*UAC GCA | ncm®UGC GAA | mem®s?UUC Glu GGA | mem®UcC
GUG | CAC GCG | - GAG | CUC GGG | CCC

The anticodon sequences of the 42 different tRNA species (1 initiator and 41 elongator tRNAS) are
indicated. For anticodons with an uncharacterized RNA sequence, the primary sequence is shown. The
initiator and elongator tRNAMet species have identical anticodon sequences. The wobble rules suggest
that an inosine (Is4) residue allows pairing with U, C, and sometimes A. A tRNA with a G or its 2’-O-
methyl derivative (Gm) at the wobble position should read U- and C-ending codons. Presence of a C34
residue or its 5- methyl (m°C) or 2°-O-methyl (Cm) variant should only allow pairing with G. The
pseudouridine (C)-containing tRNA'""¢ is presumably unable to pair with the methionine AUG codon.
The anticodons containing mem®U, mem®s2U, ncm®U and ncm®Um derivatives are shown in bold

(Johansson et al., 2008).
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nucleotide next to and 3' of the anticodon (El Yacoubi et al., 2012) (Figure V-1).

Post-transcriptional modifications at the wobble positions play a pivotal role in the codon-
anticodon decoding process (Agris et al., 2007). In a correct decoding process, the first and second
base of the codon and the third and second base of the anticodon interact following the Watson-
Crick rules (A:U, U:A, G:C, C:G). Crick proposed in his wobble hypothesis that interaction
between the third base of the codon and the first base of the anticodon (wobble position) is
relatively less constrained (F. H. C. Crick, 1966). The variation of hypermodified nucleotides
occurring at the wobble position and position 37 of the anticodon enables the flexibility of base
pairing during decoding (Gustilo et al., 2008; El Yacoubi et al., 2012). For example, some post-
transcriptional modifications at the wobble position expand the capability of base pairing while
some restrict the wobble position base-pairing (Persson, 1993). For example, inosine (I), a
modified A, expands wobble position base-pairing. Adenosine should only base pair with U while
inosine can recognize A, U and C (F. H. C. Crick, 1966). Another example would be
carboxymethoxyuridine  (cmo°U), which expands the ability of tRNA decoding.
Carboxymethoxyuridine can base pair with A, G and U while unmodified uridine only pairs with
A and G (Bjork, 1995). By contrast, 5-methoxycarbonylmethyl-uridine (mcm°U) and 5-
methoxycarbonylmethyl-2-thiouridine (mcm®s?U) modification was thought to restrict a tRNA to
only recognize A instead of A and G when the U is unmodified (Agris et al., 2007). In addition,
modifications at position 37 can indirectly affect decoding by stabilizing adjacent codon-anticodon
pairing. For example, a tRNA with a 2-methylthio-N6-isopentenyladenosine (ms?i®A37)
modification at position 37 recognizes codons beginning with A; this modification is thought to
stabilize the weak A1+U36 pairing. Loss of this modification reduces the efficiency of decoding

(Bjork & Hagervall). Emerging evidence demonstrates that lack of some tRNA modifications can
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PUS2 0 S. cerevisiae

Trm6/Trmé61

Im’;G/Tnnl: Wae/PusT o

ICm/T tm7; W/PUS8 yq, PUS9pyi00: MPC/Trm 140 \ m'l/Tad1 and Trm5
m'G/Trm5

¥7Pus1 N i°A/Mod5

I/Tad2 and Tad3 T Pusl t5A and yW/ see Table 1

m*C/Trm4
G Co/Trm7 Pus7
mecm?U, mem?®s?U, nem®U, ncm®U,,/ see Table 1

Figure V-1. tRNA modifications and responding enzymes in yeast
Known modifications and modification enzymes in yeast. Saccharomyces cerevisiae
cytoplasmic and mitochondrial tRNAs. Corresponding accession numbers and references
can be found in the SGD database (http://www. yeastgenome.org/) (El Yacoubi et al.,

2012).

218



affect protein production or translational accuracy (Lyko & Tuorto, 2016; Manickam et al., 2016).
Studies of the effect of modification on mispairing have given more information on how tRNA
modifications affect translational accuracy. Loss of modifications mnm®s2U or the hypermodified
base queuosine at wobble position 34 and ms?i®A at position 37 modulates translational accuracy
in E. coli (Manickam et al., 2015). Manickam et al. (2015) developed four misreading error

reporter systems to quantify misreading errors by four tRNAs:tRNA%}{fU, tRNAGY., tRNA‘gi}’Cand

tyrosine tRNAg{fA. Their data showed that misreading errors increased when there is no

modification of tRNA%Y. and tRNAgSUpC, and misreading errors decreased when there is no

modification of tRNA{j, and tRNAG,. This is striking that the same modifications showed

opposite effects on misreading errors in different tRNAs. They have suggested that the effect of
the anticodon loop modifications on decoding depends on the tRNA’s structural context. Most
tRNA modifications in the anticodon loop seem to modulate the anticodon loop structure,
improving the efficiency that tRNAs read cognate codons. Some tRNA’s anticodon loops are
intrinsically unstable. These tRNAs strongly require modifications in the anticodon loop for either
cognate or near-cognate decoding. Hence, the absence of these tRNA modifications would reduce

misreading errors during decoding (Manickam et al., 2015).

The importance of the cellular function of tRNA modifications has been extensively characterized,
however, less information has been provided on how tRNA modifications affect translational error
frequency. Therefore, | tested the effects of loss of three modifications—mcm® and s?at the wobble
position, and pseudouridine at position 38—on the frequency of misreading errors using the GIn

tRNA reporter system that | developed in chapter 4.

219



The Elongator complex is a 6-subunit protein complex that is highly conserved in eukaryotes. The
role of this complex has been controversial. However, recent results suggest that the primary and
probably the only role of Elongator complex is in the formation of the 5-methoxycarbonylmethyl
(memd) and 5-carbamoylmethyl (ncm?®) side chains on uridines at the wobble positions in tRNA
(Huang et al., 2005; Bjork et al., 2007; Karlsborn et al., 2014). In Saccharomyces cerevisiae, l0ss
of any of the six Elongator protein subunit (Elp1-Elp6) genes disrupts an early step in the synthesis
of the mem® and ncm?® groups present on uridine at the wobble position in tRNAs. It is known that
in S. cerevisiae five tRNA species contain a wobble mcm® side chain, including arginine
tRNAmemucu, glycine tRNAmem®uce, lysine tRNAmem®2uuu, glutamine tRNAmem’2uuc, and
glutamic acid tRNAmem®s?uuc (Smith et al., 1973; Kobayashi et al., 1974; Kuntzel et al., 1975;
Bjork et al., 2007; Johansson et al., 2008). These modifications are missing in the e/p3A mutant
strain but not the wild type strain. However, the presence of a plasmid carrying the wild type ELP3
gene rescued the formation of these nucleosides. Interestingly, in the elp3A mutant a novel
modification detected in tRNAC"Y was characterized as 2-thiouridine (s2U) (Huang et al., 2005).
All these data demonstrated that loss of ELP3 abolished the formation of the mecm® or ncm?® side
chains on the uridine, but elp3A did not block the synthesis of 2-thiolation in tRNA®! (Huang et

al., 2005).

Wobble uridine modifications play an essential role in protein translation owing to their influence
on codon-anticodon decoding. The wobble uridine nucleosides mcm®U and ncm°U were suggested
to restrict pairing only with A-ending codon (Agris, 2004). However, emerging evidence
contradicts this hypothesis, showing that the presence of mcm® side chain in yeast GlIn, Lys, and
Glu tRNAs promotes reading of codons ending with G (Bjork et al., 2007). Indeed, the existence

of both mcm® and s? groups improve reading of both A- and G-ending codons (Johansson et al.,
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2008). In the yeast S. cerevisiae, 11 of 42 different cytoplasmic tRNA species have modified
uridines at the wobble position including mem®U and mem?®s?U (Figure V-2). Johansson et al.
(2008) studied the role of tRNA modifications, including mcm?®, s and mcm®s? in decoding
(Johansson et al., 2008). The fact that yeast tRNA species possess U34 and C34 containing

isoacceptors suggests A- and G- ending codons are decoded by distinct tRNAs (Percudani, 2001).
For example, both tRNAZ® _  and tRNA(fr?C'mSUCC decode in split codon boxes (Table V-1). In
the two-split codon box, a C34 containing tRNA complementary to the G-ending codon exists,

suggesting that tRNAS™® _ does not have to read the G-ending codons. Based on this

assumption, Johansson et al. (2008) deleted the the genes coding for tRNA‘éE%, and found that

these deletions did not affect the viability of yeast cells, suggesting tRNAﬁfcngUCU is capable of

reading its corresponding G-ending codon AGG. Then they further explored the function of mcm®
in a elp3A background lacking tRNAf;E%. They observed synergistic growth defects in the mutant
strain, indicating the existence of an mcm® side chain improves reading ability of G-ending codons
of tRNAZ™ _ . (Johansson et al., 2008). By using the same strategy, they also studied the role
of mem®s2, tRNASI" - suc also decodes in a split codon box where tRNAS is present (Table
V-1). A yeast strain deleted for tRNAS!. was inviable, suggesting tRNASI? - uc is not able to
read G-ending codons. However, overexpression of tRNASIR e counteracted inviability
caused by lack of tRNASY. in a wild type but not an elp3A or pus3A background, suggesting the
ability of tRNASI . uc to read G-ending codons requires both the mem® and s? groups. Their
study demonstrated that the mecm®and s? groups cooperatively enhance reading of G-ending codons.

Therefore, the presence of mcm® or mcm®s? indeed extends the decoding ability of

tRNASID - bue (Johansson et al., 2008).
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Another tRNA modification that | have studied in this chapter is pseudouridine 38 (¥38). The
DEG1 gene (also named PUS3) catalyzes the formation of pseudouridines W38 and ¥39. Deletion
of DEG1 in yeast strains only eliminated W38 and W39, whereas ¥ at other positions in tRNAs
(13, 27, 28, 32, 34, 35, 36, and 55) were unaffected (Lecointe et al., 1998). Lack of pseudouridine
Y38 and W39 is not lethal but leads to slow growth rate at an elevated temperature (37 °C)
(Lecointe et al., 1998; Han et al., 2015a). A study by Han et al. (2015) revealed another functional
importance of pseudouridine W38 and W39. They investigated the reason of the temperature
sensitivity of pus3A mutants in the yeast S. cerevisiae. Although W38 and W39 exist in at least 19
characterized cytoplasmic tRNA species, only expression of tRNASIN . substantially
enhanced cell growth at 37 °C, whereas overexpression of other tRNA species showed no
significant influence on cell growth. Moreover, pus3A cells grew nearly as well as the PUS3 strain
when tRNASY . was overproduced in the pus3A stain. All these data suggested that Pus3 primarily

targeted tRNA$, at high temperature (Han et al., 2015).

| have developed a novel misreading error reporter system to quantify misreading error frequency

by tRNA$U.. The advantage of this enzyme based reporter system is that it can give highly

quantitative measurements of misreading events at all possible codons by a single tRNA. In chapter

4, | have stated that misreading events by tRNA$ involved two types of mismatches, which are

U1+G36, G2+U35. Four near-cognate codons are putative error-prone codons, and they are stop

codons UAA and UAG, arginine codons CGA and CGG. Stop codons UAA and UAG were the
Gln

most frequent misread mutants by tRNAy{j¢. In this chapter, I will focus on the experiments

concerning the influence on misreading of the lack of three post-transcriptional tRNA
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modifications: 5-methoxycarbonyl-methyl (mcm®) and 2-thio (s?) at the wobble position, and

pseudouridine (V) at position 38.

Most of the previous work focused on the consequences caused by lacking a combination of

mcm?®s2U and P 38/39 on cognate decoding. However, there has been no study of the function of

each individual modification in near-cognate decoding in yeast cells. Therefore, | intended to
Gln

explore the role of each modification in translational errors in tRNAY ¢ since this tRNA carries

both mcm®s2U and W 38 modifications.

B. Results

In chapter 4, | have found that GIn625 is not essential for the activity of B-galactosidase as
suggested by Tsai and Curran (Tsai & Curran, 1998). They did not have a proper control to show
that the high activity of near-cognate codon CGA at Q625 was due to misreading. | have introduced
all possible near-cognate codons and their synonymous non-cognate codons to both Q624 and
Q625. Based on my results, | showed that the high activity of near-cognate codon CGA at Q625
was not because of misreading by tRNA$J. but due to functional replacement. Q625 indeed is not
a useful residue to study misreading events. Instead, Q624 is a more important residue of -
galactosidase. Second, | showed that in a wild-type yeast strain, there was no obvious evidence for

wobble errors despite the high activity of near-cognate codons CAU and CAC, at which tRNAGY,.

could make wobble errors. However, we found misreading errors by tRNA$%; on only four near-

cognate codons: the stop codons UAA and UAG, and the arginine codons CGA and CGG.

Posttranslational modifications of tRNAs, especially modifications occurring in and around the

anticodon loop, exert great effects through restricting or expanding tRNA decoding (Yarian et al.,
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2002; Agris, 2004; Gustilo et al., 2008). Our lab has demonstrated that loss of some tRNA
modifications indeed can directly affect translational accuracy in vivo (Manickam et al., 2016).
Hence, | studied the role of three tRNA modifications in translational fidelity. Moreover, these
studies allowed me to further confirm that the higher activity of the four putative error-prone

codons was due to misreading.

Many studies have identified that tRNASJ. has both mem5s2U34 and W38 modifications (Huang

etal., 2005; Lu et al., 2005; Esberg et al., 2006; Glenn R Bjork et al., 2007; Johansson et al., 2008;

Han et al., 2015a; Klassen et al., 2016a; Klassen & Schaffrath, 2017). Analysis of these
modifications of tRNASH. depends on high-performance liquid chromatography (HPLC) as
described before (Gehrke & Kuo, 1989). tRNA$S. was first purified and degraded to nucleosides

by nuclease PIl. Their composition was further analyzed by high-performance liquid

chromatography (HPLC). Based on their relative retention time and UV absorption spectra,
tRNASH . was characterized to carry both mem®s2U and W38 modifications (Esberg et al., 2006;

Johansson et al., 2008; Han, Kon, & Phizicky, 2015a; Klassen et al., 2016).

Other emerging evidence further supports the notion that tRNASH . has both mem®s2U and W38
modifications. For example, y-toxin secreted by Killer strains Kluveromyces lactis specially targets
three tRNA species tRNAS? < uug, tRNAYYS 1, tRNASY o buc by cleaving these tRNAs
at the 3’ side of the modified wobble nucleoside mecm®s2U. This cleavage inhibits cell growth.
However, y-toxin cannot efficiently cleave tRNAs lacking the mecm® group, explaining the y-toxin
resistance of the e/p3A strain (Lu et al., 2005). One study (Han et al., 2015a) demonstrated that of

the 25 tRNA species carrying a ¥ or uncharacterized uridine at position 38/39, only overexpressing
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tRNASH . improved cell growth of the pus3A at high temperature, whereas overproduction of the
other tRNA species did not significantly improve cell growth. Wild type cells grew nearly as well
as the pus3A overexpressing tRNASH .. These data strongly suggested that tRNAS, is the major

target of Pus3 at high temperature (Han et al., 2015a). Moreover, this study also showed that loss

of both mem®s2U and W38 is detrimental to the cell. Remarkably, this phenotype was only

suppressed by overexpression of tRNA§Y. (Han et al., 2015a). tRNA%};JSU has the same mcm®s?U

modification as tRNAY. and tRNAFS, bears W38. However, overproduction of neither of them
counteracted the lethality caused by the double mutants. The lethality appears to result from the
simultaneous loss of both modifications on tRNAS; (Han et al., 2015a).

I. Lack of modification of mcm®side chain decreases misreading errors of error prone codons
Using this error reporter system for GIn codons, | have measured the effect of mecm® on the
frequency of misreading of some near-cognate mutants by tRNASW... In yeast, the formation of
mcm?® side chain requires the Elongator complex, Elpl-6. Deletion of any of these proteins
eliminates the formation of mcm?®. The absence of either mcm® or s? or the entire modification
mcm®s?U induces pleiotropic phenotypes, such as growth defects and temperature sensitivity
(Esberg et al., 2006). | compared the misreading error frequency in both a wild type and an elp3A

mutant strain. As shown in Figure V-3 and Table V-2, the B-galactosidase activity of the four error-

prone mutants is reduced significantly in the absence of mecm®s?Uss modification in the
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Table V-2. Mutant form p-galactosidase activity relative to wild-type in the presence and

absence of tRNA modifications

B-galactosidase activity relative to WT (x10-5) Fold Reduction
Amino Acid Codon
WT ELP3 NCS6 PUS3 ELP3 NCS6 PUS3
Deletion Deletion Deletion Deletion Deletion Deletion

UAA 9.5 0.6 1.2 5.4 16 8.0 1.8
Stop

UAG 8.3 4.2 6.2 7.4 2.0 1.3 1.0

CGA 5.2 1.9 2.2 2.1 3.0 2.4 2.5
Arg CGG 2.8 2.3 3.1 1.8 1.0 1.0 1.5

AGA 1.3 2.1 2.1 1.4 1.0 1.0 1.0

CCA 1.9 2.0 2.1 1.2 1.0 1.0 1.5
Pro

CCG 1.9 2.1 2.3 1.5 1.0 1.0 1.3

Fold reduction responding to each codon is highlighted in gray.
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Figure V-3. Misreading frequency by tRNA$\. at near-cognate codons in the presence and
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The relative B-galactosidase activity of GIn624 near-cognate mutants expressing in wild type strain

and ELP3 deletion strain shown as blue and gray bars respectively. The error bars represent the standard

error of the mean.
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elp3A strain. The extent of this influence varies between the three codons. The termination codon
UAA had the highest reduction, about 16-fold, decreasing from 9.5 x 10° to 6 x 10, which is
almost the background activity, suggesting that lack of the mcm® side chain may eliminate
misreading errors. Misreading of UAG decreased from 8.3 x 10° to 4.2 x 10, a ~2-fold reduction
and misreading of CGA decreased from 5.2 x 10-° to 1.9 x 10°, a ~3-fold reduction. None of the
other codons displayed significant changes. tRNA{J. misreading of UAA and UAG requires a
U1+G36 mismatch at the first position and of CGA involved G2°U35 mismatch at the second
position. An earlier study has demonstrated and suggested that the presence of mecm®s2U improved

tRNA$, reading both A- and G-ending codons but primarily improved reading of the G-ending

codons (Johansson et al., 2008). In this scenario, tRNASY. with mcm®s? side chain at the wobble

position should improve reading of cognate glutamine codon CAG. Meanwhile, the same effect
occurs on near-cognate codons and the tRNA modification increased misreading errors by
tRNASI - bug- Hence, loss of the mem?® side chain reduced translational errors. In other words,
the existence of this tRNA modification stabilizes the interaction between mismatched codon-
anticodon pairs. | intended to study the generality of this effect on translational accuracy further.
Therefore, | tested the effect of loss of another two tRNA modifications: 2-thiouridine (s?) and

pseudouridine W38.

I1. Lack of 2-thiouridine (s?) also decreases misreading events by tRNASH.

Noma et al. (2009) identified five genes that are required for 2-thiouridine (s?) formation of
mcm?®s2U in yeast S. cerevisiae. NCS6 is one of these genes (Noma et al., 2009). A yeast strain
with a ncs6 null allele lacks the s? group in mem?®s2U containing tRNAs, indicating the formation

of mem® side group is unaffected (Esberg et al., 2006; Noma et al., 2009;

229



12

ol
UAA

BWT

B NCS6 Deletion

B-galactosidase activity relative to WT (x10-%)
-
F 0-0
o C
>-C

UAA UAG CGA CGG AGA CCA CCG

Stop Arg Pro

Figure V-4. Misreading frequency by tRNA$Y. at near-cognate codons in the presence and
absence of s2U34 modification

The relative B-galactosidase activity of GIn624 near-cognate mutants expressing in wild type
strain and NCS6 deletion strain shown as blue and orange bars respectively. Codon-anticodon
complexes shows misreading events for each mutant that their misreading frequencies differ
significantly between wild type background or NCS6 deletion background. The upper line
represents anticodon while the lower line represents codon. Vertical lines represent Watson-Crick
pairs, filled circle represents wobble pairs and open circle represents a mismatch. The error bars

represent the standard error of the mean.
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Karlsborn et al., 2014). The same GIn reporter system provided a test of misreading in a wild-type
background and the ncs6 mutant background. As shown in Figure V-4 and Table V-2, loss of the
s2 group affected the same three near-cognate mutants UAA, UAG, and CGA. The effect of loss
of s2 on misreading of UAA was the greatest, decreasing from 9.5 x 10 to 1.2 x 10, an 8-fold
change. The frequency of UAG decreased from 8.3 x 10 to 6.2 x 10°, a ~1.3-fold change.
Meanwhile, the frequency of CGA reduced from 5.2 x 10 to 2.2 x 10, a ~2.4-fold change. Loss
of the mem?® side change and s? group exhibited much the same influence on three of the four
putative error-prone codons. No other codons showed any change. My data suggested that these

two modifications stabilize the interaction between tRNA anticodon and near-cognate codon.

I11. Lack of pseudouridine (¥38) decreased misreading errors by tRNAS™.

Both of the mem® and s? modifications occur at the wobble position of GIn tRNA. To expand the
analysis, | tested the effect on misreading errors of modification at another frequently modified
nucleotide, position 38. Modifications at positions other than the wobble nucleotide of the
anticodon stem loop of tRNAs also affect tRNA function. Pseudouridine, for example, is the most
common modifications in tRNAs (Charette & Gray, 2000). In S. cerevisiae, synthesis of W38 and
Y39 requires Pus3 (Lecointe et al., 1998). Loss of Pus3 is not lethal but causes temperature
sensitivity and slow growth (Han et al., 2015a). Biochemical and structural studies showed that a
water molecule is coordinated between the N1H group of ¥ and the adjacent 5° phosphates to

stabilize both duplex and single-stranded RNA. Moreover, ¥ favors a 3* endo
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conformation, enhancing stacking in both single-stranded and duplex helices (Davis, 1995;
Charette & Gray, 2000). Hence, despite indirectly contacting the codon, ¥38 and 39 plays an
essential role in stabilizing tRNA structure and decoding interaction, which may attribute to

translational accuracy.

In my study, | found that lack of pseudouridine W38 (pus3A) had a similar effect on misreading
error frequency as disruption of other modifications. However, the extent of the effect was the
smallest one among the three tRNA modifications but it affected more codons than did the other
two tRNA modifications. In the pus3A mutant background, misreading frequency was altered for
the stop codon UAA, the arginine codon CGA, and the proline codons CCA and CCG. The
frequency of misreading of the termination codon UAA decreased from 9.5 x 10 to 5.4 x 107,
only a 1.8-fold change. The frequency of misreading of CGA was altered the most, decreasing
from 5.2 x 10° to 2.1 x 10, a 2.5-fold change. Only in the mutant pus3A background the
misreading frequency of CCA and CCG were altered from 1.9 x 10 to 1.2 x 10° and 1.5 x 10°
respectively, about a 1.5-fold change (Figure V-5 and Table VV-1). Lack of W38 modification seems
to have the least impact on misreading error frequency presumably because the nucleotide at
position 38 does not directly participate in decoding process but is more involved in stabilizing the

interaction between codon and anticodon.

| found it is intriguing that lack of these three tRNA modifications, in fact, decreases the chance
of misreading events occurring, since most previous work implied that tRNA modifications benefit
the process of protein translation. My data apparently goes against this idea. Our lab’s previous

work has shown that blocking of some tRNA modifications decreased translational accuracy
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(Manickam et al., 2016). My data is consistent with some of this work’s conclusions as will be

discussed further below.

C. Discussion

Many post-transcriptional modifications within the core of tRNAs increase structural stabilization
(Phizicky & Hopper, 2015; Lyko & Tuorto, 2016). Hypomodified tRNAs can be rapidly degraded
(Guy et al., 2014). The primary effect of tRNA modifications in the anticodon loop is on the
capability of tRNAs to recognize mRNA codons (Lyko & Tuorto, 2016). Abundant information is
available concerning this effect on cognate decoding. Many fewer studies have focused on the
effect of tRNA modifications on the near-cognate decoding process. In this chapter, | intended to
analyze the role of some tRNA modifications in misreading errors by GIn tRNAuuc and provide
more knowledge about tRNA modification function in protein translation. Many previous studies
focusing on tRNA modifications assumed that the existence of tRNA modifications in the
anticodon domain benefit tRNAs and protein translation (Krtger et al., 1998; Yarian et al., 2000,
2002; Urbonavicius et al., 2001; Agris et al., 2007). The benefits of tRNA modifications have been
extensively analyzed for tRNALYS . An NMR solution structural study demonstrated that three
tRNA modifications together constrain the interaction between codon-anticodon, which may
promote the decoding accuracy (Sundaram et al., 2000). This study of a fully modified 17-
nucleotide E. coli Lys tRNA anticodon stem loop domain (ASL) revealed the functional
importance of three tRNA modifications, 5-methylcarboxymethyl,2-thiouridine (mcm®s?Uss) at
the wobble position, N6-threonylcarbamoyl-adenosine (t°As7), and pseudouridine (y39)

(Sundaram et al., 2000). They presented several NMR structures of partially modified ASLs to

transform the tRNA, from a disordered unmodified tRNA ASL to highly ordered native tRNA
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structure. Sundaram et al. (2000) showed the tRNA modifications structurally constrain the 17-
nucleotide Lys tRNA ASL compared to unmodified, which may prevent non-native interactions
between the hypermodified nucleotides. The three tRNA modifications are required to stabilize a

canonical U-turn structure, leading to high-affinity codon recognition for tRNAh’{JSU (Sundaram et

al., 2000). Likewise, Yarian et al. (2000) reported an unmodified tRNA]{}{fU did not bind to poly-
A programmed ribosomes (Yarian et al., 2000). However, incorporation of tRNA modifications
mnm°U34 and t®A37 along with ¥39 restored the binding ability of tRNA'{}{fU, suggesting the
importance of these tRNA modifications is critical for Lys tRNA anticodon recognition (Yarian et
al., 2000). The previous work on Lys tRNA modification agrees with Murphy et al. (2004), which
showed that tRNA%,’{JSU can only recognize AAA and AAG when the tRNA is doubly modified with

t®A37 and either mnm°U34 or s?U34 (Murphy et al., 2004).

Besides enhancing the capacity to bind and recognize tRNAs, several tRNA modifications were
also reported to play an essential role in correct protein translation, such as maintaining the correct
reading frame or translational accuracy (Urbonavi¢ius et al., 2001; Nilsson et al., 2017).
Alterations in a tRNA structure caused by defective modified nucleotides have an influence on
reading frame maintenance (Urbonavicius et al., 2001). For example, in bacteria the modified 5-
methylamino-methyl-2-thiouridine (mnm®s2U34) occurs in the wobble position in GIn, Lys and
Glu tRNAs (Urbonavi¢ius et al., 2001). Lack of either mnm® or s? increased frameshifting
frequency compared with wild-type, suggesting the importance of these two modifications in
codon decoding in the A-site (Urbonavicius et al., 2001). Additionally, deficiency of mnm®°s2U34
causes P-site frameshifting owing to a slow recruitment of the hypomodified tRNA to the A-site

codon and thereby inducing a pause in the A-site (Urbonavicius et al., 2001). A recently published
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study focused on mnm®s?U34 defective tRNAs in the bacterium Salmonella enterica Serovar
Typhimurium LT2 reported inviability of double null mutants lacking the mnm® and s2
modifications (Nilsson et al., 2017). They suggested the primary influence of deficiency of the
tRNA modifications is increasing translational errors such as missense errors (Nilsson et al., 2017).
However, other research showed contradictory results. Our lab has directly tested the impact of
lack of some tRNA modifications on missense error frequency (Manickam et al., 2016). Our data
showed that lack of some tRNA modifications indeed decreased misreading errors by some tRNAs

(Manickam et al., 2016).

Manickam et al. (2016) studied the effect of lack of some tRNA modifications in E. coli including
methylaminomethyl-modification (mnm®s?) at the wobble position, queuosine modification (Q) at
the wobble position, and 2-methylthio-N6-isopentenyl modification (ms?iéA) in the 37 position
(Manickam et al., 2016). Strikingly, their results showed that lack of the same tRNA modification
influenced misreading frequency differently even for two tRNAs carrying the same modification.

For example, both tRNA[Y>, and tRNASY. have mnmS-modification at the wobble position.

However, the absence of mnmS3-modification increased errors by tRNAS\Y. but decreased errors by

tRNA%I{fU. They suggested that lacking mnm>-modification destabilized tRNA%};JSU since this tRNA

has a very flexible anticodon loop (Durant et al., 2005; Manickam et al., 2016). A tRNA{S;
lacking mnm?®-modification is unable to bind to either cognate codon AAA or AAG in the A site
(Yarian et al., 2000). Presumably, the decreased binding activity of tRNA%}{JSU also results in
reduced misreading errors. A previous study reported a similar effect that lack of mnm®s2U34 in
the wobble position of tRNA%JYSU decreased misreading of asparagine codons (AAU and AAC)

(Hagervall et al., 1998). Generally, tRNA modifications are assumed to restrict the capacity of
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decoding at the wobble position and make the translation more accurate. Therefore, the existence
of tRNA modifications should prevent misreading especially at the wobble position. However, the
result of tRNA%Jy[fU is opposite with general prediction of functions of tRNA modifications
(Manickam et al., 2016). It is therefore surprising that a tRNA modification would have the
contradictory effect of increasing misreading events. My results are consistent with the effect of
deficient tRNA modification on missense errors by tRNA{Y>,, showing that the existence of some

tRNA modifications increase misreading errors.

Instead of increasing the frequency of misreading of some near-cognate tRNAs as suggested by
Nilsson et al. (2017), lack of an mcm?®side chain or s? group or ¥38 modifications actually reduced
misreading errors, suggesting that the presence of mcm® side chain or s? group or ¥38
modifications is to stabilize the interaction between a mismatched pair and therefore reduce
accuracy. Previous studies have suggested that deficient tRNA modification reduces binding of
tRNA to the ribosomal A-site and in turn leads to reading frame slippage (Urbonavicius et al.,
2001; Rezgui et al., 2013). Likewise, this suggestion might also be one possible explanation of my
data that hypomodified tRNASH.. has decreased and slower binding to the ribosomal A-site.
Therefore, GIn tRNAs are less efficient at misreading their near-cognate codons. Previous work
has shown the primary function of mcm®s2U34 in yeast is to increase the efficiency of GIn tRNA
reading cognate codons rather than preventing missense errors (Esberg et al., 2006; Bjork et al.,
2007). Deletion of ELP3 and NCS6 (TUC1) abolished the formation of both mcm® and s?
modifications, leaving an unmodified wobble position and reducing the viability of yeast cells.
Overexpression of hypomodified tRNAs rescued the phenotype induced by deficiency of either

mcm?®, s2, or mecm®s?, suggesting that these two modifications in yeast improve cognate codon-
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anticodon interaction (Bjork et al., 2007). This function is different from (c)mnm®s?U34
modification in E. coli. Lack of the s? or (¢)mnm® group of (c)mnm®s?U34 caused a severe growth
reduction, which could not be restored by an excess of hypomodified GIn tRNAs. Instead,
overexpression of hypomodified tRNAs exaggerates this growth reduction but does not counteract
the reduced cell growth, suggesting the primary role of (c)mnm>®s2U34 is to prevent translational
errors such as missense errors but not to improve cognate codon decoding (Nilsson et al., 2017).
In the ELP3, or NCS6, or PUS3 deletion mutant strain, | observed that misreading frequency of
putative error-prone codons decreased; | stated one possible explanation that deficiency of tRNA
modification may cause reduced availability of GIn tRNA. Alternatively, the presence of these
three modifications may stabilize codon-anticodon interaction. Consequently, defective tRNA

modifications may result in reduced affinity between near-cognate codon and tRNAs.

Though deficiency of all the three tRNA modifications decreased misreading frequency, they

showed different extents of influence (Table VV-2). Previous studies revealed that tRNAS.. carries
both mecm>3s2U and pseudouridine 38/39 (Lecointe et al., 1998; Han et al., 2015a; Klassen et al.,
2016). In the ELP3 and NSC6 mutant strains, misreading of the stop codons UAA, UAG and the
arginine codon CGA was reduced. In the PUS3 mutant strain, lack of tRNA modification
influenced errors on stop codon UAG, arginine codon CGA, and proline codons CCA and CCG.
Stop codon UAA and arginine codon CGA are the two putative error-prone codons that had
reduced misreading frequency in all the three mutant strains. UAA had 16-fold, 8-fold, and 1.8-
fold changes in ELP3, NCS6, and PUS3 deletion strains respectively. The other putative error-
prone codons had quite similar fold changes in the three modification defective strains. Defective

formation of mcm?® side chain had the highest impact on the frequency of misreading of UAA,

UAG, and CGA. Lack of s? had less of an effect and loss of pseudouridine in the 38 position had
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the least effect. Synthesis of mcm®and s?group is independent so that deletion of ELP3 eliminates
the mem® group but has no effect on the formation of the s2group (Bjork et al., 2007; Johansson et
al., 2008). Therefore, the wobble position nucleotide is s?U in the ELP3 deletion strain and mcm®U
in the NCS6 deletion strain. Comparision of the effect on misreading errors of the three tRNA
modifications indicated two facts. First, lack of mcm?® at the wobble position has the greatest
influence on missense errors and absence pseudouridine the lowest influence (Table V-1). Second,
all the three tRNA modifications seem to have a greater effect on codons ending with A than
ending with G. For example, in the elp3A and ncs6A strains the frequency of misreading of UAA
dramatically decreased while UAG only reduced for 2-and 1.3-fold. In the pus3A strain,
misreading error of UAA had declined but UAG had no change. Moreover, all three tRNA
modifications only had altered the frequency of misreading of CGA but had no effect on CGG

(Table V-2).

Previous work has suggested that the xm®s?U modification preferentially promotes pairing with
purines. The wobble uridine nucleoside mcm>U was believed to restrict interaction with A-ending
codon (Yokoyama et al., 1985). However, a more recent study has demonstrated that the presence
of mcm® side chain at the wobble uridine improves decoding of G-ending codons. This conclusion
challenges the earlier notion that tRNAs with mcm®U34 only reads A-ending codons. Moreover,
concurrent mem® and s? groups enhance decoding of both A- and G-ending codons (Johansson et
al., 2008). Hence, lack of mcm?® should destabilize base-pairing with A-and G- ending codons. My
data showed that misreading of UAA, UAG and CGA all decreased, which is consistent with the
statement (Table V-1). An NMR study has predicted that the thio moiety in s?U34 structurally
stabilizes anticodon base pairing with A (Kumar & Davis, 1997; Testa et al., 1999). In the ncs6A

strain lacking s?U34, therefore, decreased misreading of UAA and CGA may result from
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hypomodified tRNAs binding less with near-cognate codons especially with A-ending codons.
The isomer of uridine, pseudouridine (), seems to affect tRNA function subtly but does not
influence the viability of cells, despite that it is ubiquitously present in tRNA (Giaever et al., 2002).
Deletion of PUS3 eliminates the pseudouridine modification in the position of 38 and 39. Indeed,
recently published work study suggested that W38/39 indirectly stabilizes codon-anticodon base
pairing by protecting the anticodon loop configuration from disruption by a lack of other
modifications (Klassen & Schaffrath, 2017). Lack of W38 only decreased misreading of UAA by
1.8-fold, which is almost 8-fold smaller than the effect of loss of an mecm® side chain on misreading
frequency (Table V-1). This modification is not present in the anticodon loop, so it is reasonable

that loss of W38 has the least effect on reducing the frequency of misreading by tRNAS'..

Two mismatches were involved in all three tRNA modification null mutant backgrounds including
U1+G36 (tRNA$W misreads UAA or UAG) and G2+U35 (tRNAS. misreads CGA). In the last
chapter, my results have shown that UAA, UAG, CGA, and CGG are error-prone codons. Many
previous studies demonstrated that tRNA modifications exert an important function on the
decoding process in protein translation (Agris, 2004; Agris et al., 2007; Johansson et al., 2008;
Lyko & Tuorto, 2016; Rozov, Demeshkina, Khusainov, et al., 2016). Consequently, the reduction
of misreading frequencies of UAA, UAG, and CGA further supports my hypothesis that activities
from proteins containing these mutant codons are due to misreading. My data in combination with
previous work enlarges our knowledge about how tRNA modifications modulate the decoding

process and directly affect protein translation fidelity.
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Chapter VI. DISCUSSION

A. Discussion

1. A summary of translational error frequency in yeast cells and mammalian system

In this study, I developed two reporter assays to quantify the frequency of all possible misreading
error by tRNA?}{JSU in multiple mammalian cell lines, and by tRNA{{J. in Saccharomyces

cerevisiae.

Development of a reporter system by tRNA{J. verifies that GIn 624 but not Gln 625 is the
essential amino acid for S-galactosidase to measure misreading events. Tsai and Curran (1998)
reported that GlIn 625 is a critical amino acid residue of $-galactosidase and that introducing a
mutation at this site greatly affected protein activity. They reported that high activity of the CGA
mutation (near-cognate codon) resulted from tRNA{J. misreading the CGA Arginine codon as
Glutamine with a frequency of 1x10-3 (Tsai & Curran, 1998). However, in the absence of an
appropriate negative control it is not possible to determine that the cause was misreading of CGA
by tRNA$S.. By performing appropriate controls, | demonstrated that high residual activity at GIn
625 was due to functional replacement and not misreading because the relative protein activities
of mutants with near-cognate codons CGA, CGG, and non-cognate codon AGA were nearly the

same. This result also suggests that GIn 625 is not a suitable residual site for measuring misreading

errors.

In the GIn 624 reporter system, | found four error-prone codons. These codons are stop codons

UAA and UAG, and arginine codons CGA and CGG. Comparison of relative protein activity
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between these near-cognate codons and synonymous non-cognate codons supported the hypothesis

that misreading by tRNA$\. occurred at some GIn 624 mutant codons.

The difference of misreading error frequency by tRNAh‘SU in mammalian cell lines did not vary
as much as it did in E. coli and yeast. In mammalian cell lines, misreading occurred within a range
of 3.3 x 10%to 1.5 x 10*in HEK?293 cells, 5.3 x 10 to 1.1 x 10*in HeLa cells, 5.8 x 10“t0 2.1
x 10#*in 22RV1 cells, and 3.3x 10 to 1.2 x 10*in NIH 3T3 cells (Table VI-1). The highest error
frequency was only two-fold higher than the lowest error frequency in HEK293, 22RV1, and 3T3
cells, and the difference was 5-fold in HeLa cells. | suspect that roughly equivalent isoacceptor
tRNA concentrations led to this small variation in misreading frequency in mammalian cells.
Several near-cognate codons are error-prone, which has been summarized in Table VI-1. As shown

in this table, I observed novel mismatches in mammalian systems besides those "expected error-

prone codons.” Misreading of UAA, UAG, AGA, AGG and AAC by tRNAY®  occurred in all

four mammalian cell lines. tRNAb’ﬁU misread CAG only in HeLa cells, while tRNA%,’{fU misread

GAG in both HEK293 and 22RV1 cells. The involved mismatches will be discussed below.
2. A summary of possible mismatches in E. coli, yeast and mammalian cells

Previously, our lab has used various reporters to investigate the misreading frequency in E. coli

and yeast (Kramer & Farabaugh, 2007; Kramer et al., 2010; Manickam et al., 2014). These
reporters include using tRNAc, tRNAG,, tRNAQ ., tRNAL,. Based on these data, our lab has

summarized the pattern of tRNA misreading table (Figure VI-1). This table includes all types of

mismatches that our lab has observed so far in both E. coli and yeast. As shown in Figure VI-1,
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Figure VI-1. The pattern of tRNA misreading in E. coli, yeast and mammalian cells

The filled circles represent codons. These circles connected by lines are all recognized by a single tRNA.
The right side of the filled circles represent the anticodon wobble nucleotide of each tRNA. Unfilled
circles represent the stop codons and lines connect those circles recognized by each of the release factors
in E. coli (PRF1 or PRF2). Misreading events in the wild-type background identified here (orange arrows)
or by previous work (blue, green and red arrows) (Kramer & Farabaugh, 2007; Manickam et al., 2014)
are shown as dashed arrows. The thickness of the arrow represents relative frequency of the events, the
thicker the arrow the higher the error frequency. The arrows are labeled to indicate the position of the

mismatch and color coded for the nature of the mismatched base pair as shown in the figure.
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the most frequent errors by these four tRNAs involved U3-U34, C3+U34 (e.g., to Asn codons),
G2+U35 (e.g., to Arg codons) or U1+U36 (to stop codons). In my study, the most frequent errors
by tRNA]{J}SU and tRNA%I{}G again involved U1+U36 (to stop codons), G2+U35 (to Arg codons),
C3+U34 (to Asn codons). In addition, I observed another three types of mismatches, which have
not been seen before. These novel mismatches include G1+U36 (to Glu codon), C1+U36 (to Gln
codon), and U1+G36 (to stop codons) (Table IV-4 and Table VI-1). These mismatches involve
purine-pyrimidine mismatches (G+U, U+G), and pyrimidine-pyrimidine mismatches (C+U, U+U)
but there are no purine-purine mismatches. These data are summarized in Figure VI-1 highlighted
in orange. My data in combination with our lab’s previous work generate a more comprehensive

insight about misreading errors in prokaryotes and eukaryotes.
3. Domain closure vs. tautomerism, which is the more compatible hypothesis with my data?

Decoding is the fundamental process of maintaining and studying translational fidelity. Over years,
many structural studies have been devoting effort to understanding the mechanism of tRNA
discrimination by the ribosome. Besides kinetic proofreading (discussed in chapter 1), there are
two major hypotheses proposed by two individual groups. One is the domain closure (Ogle et al.,

2002), and the other is tautomerism (Demeshkina et al., 2012).

Cognate anticodon stem loop (ASL) binding to the A site forms A-minor groove interactions
between A1492/A1493 and G530 and the first two codon-anticodon base pairs (Ogle et al., 2002).
A1492 and A1493 are located in an internal loop of helix 44 of 16S RNA. A crystal structure of
the 30S complex with the antibiotic paromomycin showed that the antibiotic was bound in the
internal loop of helix 44, inducing a flip out of A1492 and A1493 from helix 44 so that these

nucleotides would interact directly with the minor groove of the codon-anticodon helix in the A

245



site (Carter et al., 2000). Using the 30S subunit crystals soaked with U6 RNA (a mimic of mRNA)
and cognate or near-cognate ASLs (mimics of tRNA), it was reported that binding of cognate
tRNA led to a same flipping of A1492 and A1493 as well as a flip out of G530 from a syn to an
anti-conformation. These conformational changes in the 30S subunit result in ‘domain closure’
(Ogle et al., 2002). These bases interact directly with the minor groove of the first two positions
of the codon-anticodon complex. These interactions require Watson-Crick geometry. However,
the interactions between the ribosome and near-cognate tRNAs deviate from the canonical
geometry, leading to uncompensated desolvation of the hydrogen-bonding at the wobble position
minor groove. It was proposed that because of this desolvation a near-cognate tRNA binding to
the A site makes the transition from an open to a closed form of 30S subunit unfavorable, resulting
in the dissociation of near-cognate tRNAs. In this way, the ribosome would be able to closely
monitor the first two position base pairing and discriminate between correct tRNA and incorrect

tRNA (Ogle et al., 2002).

However, recent studies using structures of 70S ribosomes with covalently intact mRNA and
naturally modified tRNAs challenge the domain closure hypothesis and provided new structural
explanations of missense errors (Demeshkina et al., 2012; Rozov et al., 2015; Rozov et al., 2016).
These studies demonstrated the same conformational changes with either a cognate or a near-
cognate tRNA binding (Demeshkina et al., 2012). Though G530, A1492 and A1493 form part of
the grip of the decoding center on the binding of either cognate or near-cognate tRNAs, the number
of hydrogen bonds between the decoding center nucleotides and the minor groove of the cognate
or near-cognate codon-anticodon helix are the same, indicating the ribosome is unable to
distinguish cognate or near-cognate tRNA binding by the minor groove geometry of codon-

anticodon base pairs (Westhof et al., 2014). Indeed, binding of either cognate or near-cognate
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tRNAs in the decoding center of the 70S ribosome complex induces the same but rather smaller
conformational changes than ‘domain closure’ - the ‘shoulder’ moves towards the neck of the 30S
subunit but the other part of the 30S subunit stays still (Demeshkina et al., 2012; L. B. Jenner et
al., 2010). These studies hypothesized that discrimination between tRNAs by the ribosome
primarily relies on steric complementarity and shape acceptance but not the number of hydrogen
bonds between the codon-anticodon duplex and the decoding center. Near-cognate codon-
anticodon interactions can mimic Watson-Crick geometry via normally rare tautomeric shifts and
therefore form Watson-Crick-like geometry (Demeshkina et al., 2012; Westhof et al., 2014; Rozov
et al., 2016) (Figure VI-2 and Figure VI-3). Formation of tautomers may require energy and such
energy expenditure could be a plausible mechanism for the ribosome rejecting near-cognate
tRNAs (Demeshkina et al., 2012). Alternatively, the tautomeric shifts might be energy neutral but
this condition is very rare (Westhof et al., 2014). Nevertheless, base tautomerism or ionization
could cause near-cognate codon-anticodon interaction that mimics Watson-Crick base pairing,
leading to protein translational infidelity (Rozov et al., 2016) (Figure VI-2). In addition, the kink
between A and P sites (P/A kink) coordinate with magnesium ion, the decoding center (h18, h44
and ribosomal protein S12 and H69) constrains the allowed geometry of the first two nucleotides
of the codon, but there is not such restrains on the third position (Figure VI-3). My data are much

more consistent with the "tautomerism" model.

The previous studies reported that U1+G36 or G2+U35 forms Watson-Crick-like geometry through
tautomerization, but they did not find the same interactions between the decoding center and A°A,

CeA, G*U and U+U mismatched base pairs, or the interaction was unstable. Hence,
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Figure VI-2. Geometry of canonical and rare tautomeric states
Geometry of canonical Watson-Crick pair and non-canonical wobble base pair (left) and Watson-

Crick-like geometry formed by rare tautomeric states of uracil or guanosine, which are indicated with

red letters. Structural changes are highlighted by pink (right) (Rozov et al., 2015)
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Figure VI-3. lllustration of the decoding principle

Illustration of the decoding principle: together with the constraints imposed on the A codon by the
P/A kink coordinated by a magnesium ion (green sphere), the DC (h18, h44 and protein S12 from
the small subunit and H69 from the large subunit) restricts the allowed geometry of the first two
nucleotides of the codon. No such restraints are imposed on the third base pair. A near-cognate
tRNA with G+U in the first or second position is forced to form Watson—Crick-like base pairs
(middle panels). This creates repulsion or requires energy for tautomerization (shown in pink),
which by itself can be the source of the tRNA discrimination. The right panels illustrate the
impossible situation when standard wobble base pairs (shown in red) occur in either the first or

second positions of the codon—anticodon duplexes (Demeshkina et al., 2012).
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near-cognate tRNAs with A*A, C+A and U+U mismatches to the codon were predicted to dissociate
from the ribosome owing to the instability of the absence of interactions between bases (Rozov et
al., 2016). A wobble base pair, for example, G1+U36, cannot form at the first position because the
decoding center prohibits shifting towards the minor groove. The decoding center also does not
permit pyrimidine-pyrimidine mismatches (such as U1+U36) because the bases get close enough
to hydrogen bond (Figure V1-4). They predicted that only GeU mismatches and cognate tRNAs
can stably interact with the mRNA codons by the canonical base pair (Rozov et al., 2016).

However, my data strongly disagree with their conclusion.

In my mammalian and yeast projects, I have observed G1°U36 (to Glu codon) and G2+U35 (to
Arg codons) mismatches as well as Ul*U36 (to stop codons) mismatches (Figure VI-5).
Misreading of Glu codon GAG by tRNA]{J}{JSU involved mismatch of G1+U36 in HEK293 and
22RV1, occurring at the frequency of 2.5 x 10 and 2.1 x 10, respectively. Though the error
frequency of G1+U36 is the lowest in 22RV1, errors are higher in 22RV1 than in other three cell
lines and are at the median frequency in HEK293 (Table VI-1). These data suggest that a G1-U36
mismatch can occur during decoding with a moderate error frequency. Mismatch G2+U35 occurred

in both mammalian cells and yeast cells. Misreading of AGA and AGG by tRNA%JyIfU, and CGA

and CGG by tRNA$J. both involved G2+U35 mismatches, suggesting G2+U35 mismatch is very
common since it is involved even in two different reporter systems. Indeed, our lab has not only
observed G2¢U35 mismatch in eukaryotes but also in prokaryotes with very high misreading
frequency occurring (Kramer & Farabaugh, 2007; Manickam et al., 2014). Also, | have found
U1+U36 (to stop codons), the type of mispairing that Rozov et al. proposed not to be allowed in

the first position, was more frequently involved in misreading events than U1+G36
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Figure VI-4. Mismatches leading to rejection of tRNA
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(A) Canonical Watson—Crick pairs. (B) Mismatches leading to rejection of tRNA. The
molecular grip of the decoding center limits deviations from the Wat- son—Crick geometry.
The decoding center restrains the C10-C10 distances and minor groove surfaces in a way that
permits only canonical Watson—Crick base pairing and the deviations incur severe energetic
penalties. In particular, a ‘wobble’ base pair cannot form due to prohibited shift towards
minor groove. Stable pairs inside pyrimidine—pyrimidine mismatches are not permitted, by
not allowing the bases to get close enough. The purine—purine anti-anti base pairs can be

accommodated only by enforcing syn/ anti-conformation change (Rozov et al., 2016).
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Figure VI-5. Mismatches involved in mammalian cells and yeast cells

Cognate codons are shown in red square with codon-anticodon interactions. All observed
error-prone codons in mammalian and yeast projects are listed on the left. Perfectly matched

nucleotides are connected by solid lines while wobble geometry is represented by a filled

circle.
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Table VI-1. All possible error-prone codons in the four mammalian cell lines

Misreading Frequency (x10-4)
Mi
mfl.awh Amino acid Codon
position
HEK293 HeLa 22RV1 3T3
Ist Termination UAA 33 1.5 5.8 33
UAG 2.6 1.1 5.3 1.2
Glutamine CAG - 39
Glutamic acid GAG 2.5 - 2.1

2nd Arginine AGA 1.8 3.5 2.6 2.1
AGG 2.7 53 4.0 3.0

3rd Asparagine AAC 15 2.8 4.2 2.4

Highest and lowest error frequencies are in bold with underline
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mismatch. The misreading frequency of the stop codon UAA by tRNAh’{fU was as high as 5.8 x

10 per codon in 22RV1 cells, whereas the frequency of misreading UAA (U1+G36 mismatch) by
tRNA{D, was only 9.5 x 105 per codon in yeast, although the frequency of UAA was the highest
in the GIn 625 reporter system. Rozov et al. (2016) seem to think that errors involve only UG
mismatches and downplay the UsU and other types of mispairs. Here my presented data suggests
that several other types of mismatches could take place during decoding and the ribosome seems

not to distinguish errors only by the mechanisms stated above.
4. Wobble errors occurred less frequently in eukaryotes than prokaryotes

Our lab has previously used a lysine reporter system to test all possible misreading events by

tRNAI{Jy[fU in both E. coli and yeast (Kramer & Farabaugh, 2007; Kramer et al., 2010). Several
conclusions came from these two studies. First, the background activity was no more than 3.1 x
10 error per codon in E. coli, and the frequency of errors varied over 10-fold. In yeast, protein

translation seems more accurate, and the error frequency ranged from 8 x 10-°to 6.9 x 10 per

codon. Second, the variation of error frequency mostly results from tRNA competition between
the cognate (correct) and near-cognate (incorrect) aa-tRNAs. Low abundance of tRNAéE‘% led to

slow decoding. Misreading at AGA and AGG in E. coli and AGG in yeast by tRNA;YS; would

compete with the rare tRNA%S . Deletion of the gene encoding tRNA%E, increased misreading

significantly in yeast, whereas overexpression of the gene encoding this tRNA caused a reduction
of misreading in E. coli. Third, weak cognate competition between tRNAs was not a major factor
causing wobble mismatches; wobble errors did happen in E. coli at a high frequency despite the
fact that the cognate tRNA is in a great abundance. However, my data presented here challenge

the second and third conclusion. In our lab’s previous study with tRNALY>  wobble errors occurred
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at a rate of 1.6 x 103 per codon (AAU) in E. coli (Kramer & Farabaugh, 2007). Errors at the Asn
AAU codon were only two-fold less than the most error-prone codon, AGA, which is in agreement
with the previous study suggesting that wobble errors are frequent (Precup & Parker, 1987).
However, in my study, | observed very low wobble errors in all the four mammalian cells with the
Asn codon AAC the least frequently error-prone codon in HEK293 cell line. Indeed, 1 found that
of all types of mismatches, U1<U36 (to stop codons), as well as G2¢U35 (to Arg codons), had the
most frequent errors. Neither of these two mismatches were wobble errors. Although functional
replacement in the GIn 625 system blocked my measuring wobble errors in yeast by tRNASJ., in
general, | observed very low wobble position frequencies in the mammalian system. This data is
consistent with our lab’s previous data in yeast (Kramer et al., 2010; K. Joshi, personal

communication). In E. coli, by contrast, wobble errors were among the most frequent observed

despite there being no limitation of cognate tRNAs for those codons.

5. Possible reasons for fewer wobble errors occurring in eukaryotes

a. Equal tRNA abundance may reduce the frequency of wobble errors in eukaryotes

Given the fact that tRNA abundance might play a role in the accuracy of decoding, I investigated
the abundance of each tRNAs potentially involved in my studies (gtrnadb.ucsc.edu/). The database
shows that the abundance of tRNA copy numbers for the cognate and near-cognate tRNAs are
nearly the same, indicating that the cognate tRNA would compete with each other fiercely. In this
scenario, the cognate tRNA would likely decode the correct codon and therefore results in a low

wobble error frequency.
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b. tRNA modification is important in decoding and may play a pivotal role in limiting wobble

errors in eukaryotes

Alternatively, another possible explanation would be the fact that eukaryotic tRNA modifications
restrict wobble errors. tRNA modifications either make tRNAs structurally more stable or are
essential for tRNAs functioning normally during the decoding process. Lack of tRNA
modifications at the wobble position can result in poorly functional tRNAs, tending to decode their
cognate codons improperly. For example, human tRNAI{JylfU requires tRNA modifications 5-
methoxycarbonylmethyl-2-thiouridine (mcm®s?U34) at the wobble position, 2-methylthio- N6-
threonylcarbamoyladenosine (ms?®A37) at position 37 and pseudouridine (y39) at position 39 to
bind the cognate codons AAA and AAG, whereas unmodified tRNAs can barely bind to AAA and
AAG. Critically, the mcm®s2U34+G3 base pair at the wobble position is in the canonical Watson-
Crick geometry, which requires unusual hydrogen bonding to G so that the modified U34 must
shift from the keto to enol form to base pair with G3. Post-transcriptional modifications are key
factors for tRNAs functioning normally. Hence, the high abundance of tRNAs does not necessarily

mean functional tRNAs and therefore tRNA modifications could play a critical role in limiting the

occurrence of wobble errors.

6. Lack of some tRNA modifications facilitates more accurate protein translation in yeast

cells

In yeast, the wobble position of tRNA$Y,. also has the mem5s2U modification (Bjérk et al., 2007).
However, the activity of the CAU and CAC mutants were too high to measure wobble errors by

tRNASH ., so we were not able to test the effect of tRNA modifications on wobble errors using this
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system. However, lack of some tRNA modifications significantly decreased misreading events by

tRNAS; of error-prone codons in yeast.

Modifications of tRNA anticodon nucleotides can affect decoding ability as well as affect
translational fidelity. Eukaryotic cytoplasmic tRNAs often have a methoxycarbonylmethyl-2-

thiouridine (mcm?®) side chain and sometimes an additional 2-thio (s?) group. The mcm®s?U

modifications are present in the wobble position uridine of four tRNA species, tRNAﬁngU,

tRNA]{f{]SU, tRNAGY., and tRNA{Y. all of which decode codons in “split” codon boxes (Kalhor &
Clarke, 2003; Lu et al., 2005). The presence of mcm®s? modification is pivotal in both decoding
and maintaining translational accuracy (Johansson et al., 2008; Vendeix et al., 2012; Patil et al.,
2012; Tukenmez et al., 2015). In yeast, the presence of the mcm?® side chain promotes reading of
G-ending codons. Moreover, mcm®s? improves decoding of both A- and G-ending codons, which
extends the decoding ability of tRNAs. Previous studies suggested that modification enhanced
binding to A- and G-ending codons and prevented binding to U and C-ending codons (Durant et
al., 2005; Johansson et al., 2008). These data suggest that tRNA modification should improve
binding of the cognate codons (CAA and CAG) by the modified tRNA, and therefore the same
effect may also occur for the A- or G-ending near-cognate codons. In my yeast project, the error
prone codons, UAA, UAG, CGA, and CGG, are all A- or G- ending codons and the loss of mcm®

side group or s2 decreased the frequency of misreading UAA, UAG, CGA and CGG by tRNA$.

because there was less efficient binding of tRNAS - to these A- and G-ending codons.

7. Other factors may influence translational fidelity in both yeast and mammalian cells
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Besides tRNA modifications, | have also studied other factors that may alter translational accuracy

both in yeast cells and mammalian cells.

a. Paromomycin in yeast cells

Aminoglycoside antibiotics, such as neomycin and paromomycin, are potent drugs that can inhibit
MRNA-tRNA translocation as well as subunit dissociation during ribosome recycling (Daniel N.
Wilson, 2013). Previous studies have shown that aminoglycoside antibiotics did increase
misreading errors both in E. coli and yeast (Stansfield et al., 1998; Kramer & Farabaugh, 2007,
Kramer et al., 2010). As described below, my data agree with these earlier studies. The antibiotics
induce translational misreading by stabilizing and promoting the binding of incorrect tRNAs to
the MRNA. Aminoglycosides antibiotics were thought to interact with an internal loop of helix 44
at the decoding center of the 30S small subunit, stabilizing a ‘flipped-out’ conformation of A1492
and A1493 in the presence of incorrect tRNAs. Such conformational changes were thought to be
the mechanism by which the ribosome distinguishes a cognate-tRNA from a near-cognate tRNA

(Ogle et al., 2001; Ogle et al., 2002).

In yeast, | exposed cells to the aminoglycoside antibiotic paromomycin. In E. coli, antibiotics
streptomycin and paromomycin increased the frequency of misreading of all error-prone codons
significantly, which were UAA, UAG, AGA, AGG, AAU and AAC (Kramer & Farabaugh, 2007).
Our lab has found that in yeast, paromomycin only increased misreading errors strongly at the stop
codons UAA and UAG, and much weaker at an asparagine codon AAU. | have observed that
paromomycin only affected misreading errors of UAG in the GIn 624 reporter system, and had no

effect on either CGA or CGG, which are the other two error-prone codons.
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b. G418 in mammalian cells

In mammalian cells, | also tested the effect of antibiotic G418 on misreading errors. G418, also
known as geneticin, is an aminoglycoside related to Gentamicin and is usually used as a selective
drug for stable transfection. Similar to paromomycin, G418 interferes with protein synthesis during
elongation. My data showed that G418 increased misreading errors in all tested cell lines. The
greatest effect of G418 is that it can induce readthrough of nonsense codons. Accordingly,
scientists have found that G418 suppresses nonsense mutations in certain human genetic diseases
(Sangkuhl et al., 2004; Azimov et al., 2008; Dranchak et al., 2011), suggesting that G418 might
be used as a therapy for these diseases. Nevertheless, G418 also has the potential to promote errors
and cause misfolded proteins (Silva et al., 2009). The significance of this study is to provide
information about safe concentrations for treating these diseases since G418 can also promote
misreading events and lead to protein misfolding. My data showed that G418 affected the
frequency of misreading in a cell line-dependent manner. Different cell lines displayed various
sensitivity to the drug (Table I11-5). For example, 50 ug/ml of G418 dramatically increased the
frequency of misreading of a subset of near-cognate codons in HEK293, whereas 200 ug/ml of
G418 only affected a small subset of near-cognate codons in 3T3 cells. Hence, the effective
concentration of G418 should be different to various target regions. My study aim on effects of

G418 on misreading events provides information for further usage of G418 as a potential treatment.

c. Ribosomal protein 23 affected translational errors in yeast

Given the fact that ribosomal proteins strongly influence the accuracy of decoding, | measured the
specific effect of mutations in ribosomal protein S23, which is known to alter protein translational

fidelity, in both mammalian cells and yeast cells. Ribosomal protein S23 (rpS23 or rpS28) of the
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40S small ribosomal subunit is required for translational accuracy. This protein is homologous to

mammalian ribosomal protein S23 and bacterial S12.

Many mutations have been shown to affect translational accuracy in Saccharomyces cerevisiae
(Alksne et al., 1993(a); Alksne et al., 1993(b); Anthony & Liebman, 1995). SUP44 and SUP46
encode ribosomal protein S4 and S13, which are homologs of E. coli S5 and S4 respectively
(Ishiguro et al., 1981; All-Robyn et al., 1990; Vincent & Liebman, 1992). “Ribosomal ambiguity
mutations” (ram) in S4 or S5 lead to a reduction of translational accuracy (Rosset & Gorini, 1969).
Mutations in SUP44 and SUP46 result in an ‘omnipotent suppressor' phenotype, which suppress
all three nonsense mutations and increases sensitivity to paromomycin. These omnipotent

suppressors have similar phenotypes to the ram mutations of E. coli (Wakem & Sherman, 1990).

Two studies identified mutations in the RPS23 gene that affected the drug sensitivity associated
with SUP44 and SUP46 mutations (Alksne et al., 1993; Anthony & Liebman, 1995). They showed
that mutations in S23 either could increase accuracy (A113V) or can decrease accuracy (K62R).
These studies introduced a mutant gene of RPS23 into the wild-type strain or strains mutant for
SUP44 or SUP46. They determined that translational accuracy decreased by observing changes in
suppression of nonsense alleles and changes in sensitivity to the aminoglycoside antibiotic
paromomycin. However, they did not quantitatively test the mutations affecting translational

accuracy. Instead, they did phenotype screening.

In yeast project, | used beta-Glo assay to quantitatively measure the alteration of translational
accuracy and studied the effect of two mutations of RPS23A on translational fidelity (Figure IV-
8). As | described above, mutation A113V is a hyperaccurate mutant, whereas the other one, K62R,

is a hypoaccurate mutant. Both mutants affected the frequency of misreading as expected. The
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hyperaccurate mutant A113V did result in a reduction of misreading the stop codon UAA, UAG,
and CGG, whereas hypoaccurate mutant K62R increased misreading error frequency of UAA,
UAG, CGA and CGG (Figure 1V-8). All affected near-cognate codons are error-prone codons,

directly supporting the idea that mutant forms of RPS23 can affect translational fidelity.

d. RPS23 did not affect translational fidelity in mammalian cells

Human RPS23 is 78% identical and 90% similar to the yeast RPS23. This high similarity led me
to suspect that this human ribosomal protein may function similarly, and affect translational
accuracy. Therefore, | introduced the same mutations to RPS23 that changed Lysine 60 to arginine
(hyperaccurate) and lysine 60 to threonine. The plasmids carrying either mutation were transfected
into HEK293 cells and samples were collected 48-hours post-transfection. However, neither
mutant form of RPS23 altered translational errors significantly. Indeed, the Fluc activity of each
tested near-cognate codon was nearly the same under all three different background (wild type

RPS23, K60R, and K60T).

One possibility for this result is that the mutant form of RPS23 is expressed at too low of a level
since the introduced gene exists in the cell only for limited time and is not integrated into the
genome. Hence, a transiently transfected plasmid is not able to pass from generation to generation
during cell division. The transiently expressed transgene can generally be detected for 1 to 7 days,
and transfected HEK293 cells were harvested 48-hour post-transfection. The expression of
endogenous wild type RPS23 may overwhelm the expression of mutant forms of RPS23, causing
the mutant form of RPS23 to not affect translational accuracy. Longer incubation time may
produce more mutant forms of RPS23. However, genetic material may also be diluted out during

cell division. One method to overcome this problem is to silence the expression of wild type RPS23.
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Disruption of endogenous RPS23 protein expression should facilitate the influence of the mutant
forms of RPS23. However, the mutation that carried by the plasmid is a point mutation. Because
of that, knockdown of endogenous RPS23 expression by RNA interference is not feasible. Stable

transfection is an alternative strategy and will be discussed in the future direction section.

B. Future direction

1. Investigation of the generality of translational accuracy in mammalian cells

To test the generality of misreading error frequency in mammalian cells in the future, measurement
of misreading errors in more cell lines are necessary. These cell lines could be CHO, COS-7, and
SK-BR3. The CHO cells, Chinese hamster ovary cells, are an epithelial cell line, which is derived
from the ovary of the Chinese hamster. The COS-7 cell line was originally derived from the kidney
tissue of the African green monkey, Cercopithecus aethiops. The cells are human fibroblast-like
cells. Therefore, they are often called COS-7 monkey fibroblast. SK-BR3 is a human breast cancer
cell line. This is also an epithelial cell line. Adding these three cell lines would allow a comparison
of five epithelial cell lines (HEK293, HeLa, 22RV1, CHO, SK-BR3) derived from five different
tissues, and two fibroblast cell lines (NIH 3T3 and COS-7) derived from two different tissues.
Moreover, three of these lines are cancer cell lines, HelLa, 22RV1, and SK-BR3, which would
enable testing the specificity of translational fidelity in cancer cell lines. These three additional
cell lines will significantly broaden our insights on the question of misreading errors in mammalian

systems.

Introducing the dual luciferase reporter system to an animal model would be the next step after a
more comprehensive investigation of misreading errors in multiple mammalian cells. The plasmid

carrying the dual luciferase system, pcDNA 3.1, has the CMV promoter, which is a strong
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promoter and drives gene expression constitutively. The dual luciferase reporter system could be
introduced into two transgenic strains, a normal mouse strain, and a strain with a high incidence
of cancer. Mice from both strains would be sacrificed and dissected. Cells can be prepared from
different organs and further be used for the dual luciferase assay. Therefore, this would enable us
to compare the frequency of misreading in vivo and determine if variation in misreading

frequencies are tissue-specific or if their frequency changes in cancerous cells.

2. Investigation of the effects of tRNA modifications on translational fidelity in mammalian
cells

Exploring the effects of tRNA modifications on translational errors in general in mammalian cells,
especially the influence of mem®s?, will be another interesting future direction. Loss of mecm>s? or
s2at the wobble position or v at position 38 all reduced the frequency of misreading of error-prone
codons in yeast cells. Are these effects similar in yeast and mammalian cells? The human elongator
complex, which is responsible for catalyzing mcm?® group synthesis, is composed of IkB kinase
complex-associated protein [IKAP (yeast Elp1p)], Stat3-interacting protein [StIP1 (yeast Elp2p)],
Elongator protein 3 homolog (ELP3), ELP4, and two unidentified polypeptides (Hawkes et al.,
2002). Disruption of any of the identified proteins should eliminate the formation of mcm?.
Transfection of the dual luciferase reporter system into either wild type or an mecm® modification
deficient background would allow me to measure and compare the frequency of misreading,

revealing the effects of mem®and mem?®s? on translational fidelity in mammalian cells.

To further explore the idea that tRNA modifications are also responsible for the low frequency of
wobble errors in mammalian cells, | can eliminate wobble position modifications. To achieve this,

I could knockout a gene that encodes the enzyme catalyzing the formation of modifications at the
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wobble position. For example, in mammalian cells, ALKBHS participates directly in the formation
of mem®s?U (Songe-Mgller et al., 2010). Complete loss of uridine modification was not lethal in
Alkbh8~- mice. Hence, | could either knock down its expression by using RNA interference or
knock out the gene by CRISPR. Such that, tRNA;”>, should have an unmodified or hypomodified
wobble uridine. If tRNA modifications at the wobble position are responsible for the low frequency
of wobble errors in mammalian cells, the frequency of misreading errors at the wobble position

should increase. Otherwise, the frequency would not be altered with or without the presence of

tRNA modifications at the wobble position.

C. Summary

Lys
uuu

The primary purpose of my study is to measure every potential misreading event by tRNA in
multiple mammalian cell lines, and by tRNA$J. in yeast cells. All the results have contributed to
a better understanding of misreading error and factors that can influence error frequency in vivo.
This study has demonstrated that we can quantitatively measure the frequency of misreading errors
in the mammalian system by a single tRNA. Moreover, a novel tRNA reporter system developed
in yeast has provided another useful tool to test translational errors. Both projects allow us to study
the effects of factors on the accuracy of decoding and of components that are essential in the

translational machinery. Altogether, my research has broadened our knowledge of possible

mismatches involved during the decoding process.
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