UCLA
UCLA Electronic Theses and Dissertations
Title
The role of quality control by the Bacillus subtilis threonyl-tRNA synthetase

Permalink
https://escholarship.org/uc/item/7n48b7gz

Author
Plumer, Alexandria Kathryn

Publication Date
2013
Peer reviewed|Thesis/dissertation

eScholarship.org

Powered by the California Digital Library
University of California

UNIVERSITY OF CALIFORNIA
Los Angeles

The role of quality control by the Bacillus subtilis threonyl-tRNA
synthetase

A thesis submitted in partial satisfaction of the requirements for the degree of
Master of Science in Microbiology, Immunology and Molecular Genetics
By

Alexandria Kathryn Plumer

2013

ABSTRACT OF THE THESIS
The role of quality control by the Bacillus subtilis threonyl-tRNA synthetase
By
Alexandria Plumer

Master of Science in Microbiology, Immunology and Molecular Genetics
University of California, Los Angeles, 2013
Professor: Beth A. Lazazzera, Chair

The threonyl-tRNA synthetase is an enzyme that catalyzes the attachment of the
amino acid threonine to the threonyl-tRNA so that protein synthesis at the ribosome can
occur. In order to maintain translational fidelity, this tRNA synthetase must employ an
editing function that is structurally and functionally separate from this enzyme’s
aminoacylation capacity. Here, we studied the importance editing function of the Bacillus
subtilis threonyl synthetase, ThrRS, by making a single amino acid substitution in the
separate editing domain. The data in this study suggest that disrupting editing function in
the major B. subtilis ThrRS, thrS, is toxic to the cells under normal growth conditions. A
future goal in this project is to study the effect of knocking out the editing function of the
minor B. subtilis ThrRS, thrZ.

	
  

ii	
  

The thesis of Alexandria Kathryn Plumer is approved.

____________________________________________
Robert P. Gunsalus

____________________________________________
Ann M. Hirsch

____________________________________________
Beth Ann Lazazzera, Committee Chair

University of California, Los Angeles
2013

	
  

iii	
  

DEDICATION
I dedicate this work to my mom, Dr. Kathryn Gardner, M.D., who taught me by example.
Thank you for your sacrifice, empathy and genetics.

	
  

iv	
  

TABLE OF CONTENTS
Abstract..………………………………………………………………………………….ii
Signature Page……………………………………………………………………………iii
Dedication……..………………………………………………………………………….iv
Acknowledgments…………..……………………………………………………...……vii
Chapter 1
Introduction…..……………………………………………………………………1
References….…………………………………………………………………….13
Chapter 2
A codon substitution affecting editing in the threonyl-tRNA synthetase is toxic to
B. subtilis
Introduction………………………………………………………………………17
Results...…….……………………………………………………………………19
Discussion………………………………………………………………………..22
Materials and Methods……..…………………………………………………….24
Tables……….……………………………………………………………………27
References………………………………………………………………………..31
Chapter 3
Investigating the role of editing by the minor threonyl-tRNA synthetase of
Bacillus subtilis, encoded by thrZ
Introduction………………………………………………………………………33
Results………….…………………………………………………………...……34
Discussion………………………………………………………………………..35
Materials and Methods……..…………………………………………………….36
Tables……….……………………………………………………………………38
References………………………………………………………………………..40

	
  

v	
  

LIST OF TABLES AND FIGURES

Table 2-1 Strains used in this
study……………………………………………………………………27
Table 2-2 Plasmids used in this
study………………………………….…………….……………….28
Table 2-3 Primers used in this
study…..……………………………….……..………………………29
Table 2-4 Frequency of isolating of various codons after transformation….…..……..30
Table 3-1 Primers used in this
study…..……………………………….……………………………..38
Figure 3-1 Amino aid residue alignment of thrS and thrZ gene products….…………..39

	
  

vi	
  

ACKNOWLEDGMENTS
I would like to thank Dr. Beth Lazazzera for her incredible dedication to my work
and personal development. Her patience allowed me to learn from my mistakes and try
new things. I am grateful to have had the opportunity to learn from Dr. Lazazzera’s
expertise. I left her lab inspired and excited for my future.
I would also like to thank Dr. Sharon Hoover, whose help, guidance and support
greatly increased my productivity and happiness in the lab. I am very grateful to Sharon
for her daily encouragement and patience.
I would like to thank Dr. Mike Ibba of Ohio State University for future
collaborations with the Lazazzera lab involving this project. I would also like to thank Dr.
Lanny Ling, who is a new addition to the University of Texas at Houston, for his advice
on the creation of our mutant.
I would like to thank my parents, Kathryn and Mark, for their amazing patience,
vigilance, and support. My mom’s incredible talent and enjoyment of her career inspired
me to become a scientist. My dad’s unique and creative way of thinking inspired me to
see things differently, question everything, and leap with faith. He also encouraged
everything I wanted to try, and this allowed me to find an exciting and rewarding career
path through trial and error. Lastly, I would like to thank Gene for his unapologetic
honesty and advice.

	
  

vii	
  

Chapter 1
Introduction

	
  

1	
  

INTRODUCTION

What are aminoacyl-tRNA synthetases?
Aminoacyl-tRNA synthetases are the enzymes that are responsible for attachment
of the amino acid to its corresponding tRNA in order to add amino acids to a growing
peptide chain in the ribosome [1]. Aminoacyl-tRNA synthetases use a two-step
mechanism for the aminoacylation of tRNAs [1]. The first step involves the amino acid
and ATP binding at the enzyme’s active site, forming an aminoacyl-adenylate [2]. The
second step of this reaction is a nucleophilic attack of the intermediate aminoacyladenylate by the tRNA, releasing an AMP and an aminoacyl-tRNA [2].
Aminoacyl tRNA synthetases are divided into two classes, which are categorized
according to differing sequence motifs [3]. The two classes differ largely in structure,
having very different active sites, while maintaining functional similarity, suggesting that
the two classes arose by convergent evolution rather than divergent evolution [2, 4, 5].
The active site of class I tRNA synthetases contains a Rossmann fold which is a
dinucleotide-binding domain that is absent in class II enzymes [4]. Class I and II tRNA
synthetases also differ by the manner in which they bind tRNA [2, 6]. Unlike class I
tRNA synthetases, class II enzymes share few unifying structural features [7].
What is editing?
A more recently described function of tRNA synthetases, in addition to their
aminoacylation function, is editing [8, 9]. Errors in translation happen at a rate of ~10-4,
which is an accumulation of errors in transcription, aminoacyl-tRNA (aa-tRNA)
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activation and ribosomal decoding [7]. Some aminoacyl-tRNA synthetases are estimated
to misactivate a non-cognate amino acid at about a rate of 10−3 [7, 10]. One quality
control method that corrects misactivated amino acids is the editing function of
aminoacyl-tRNA synthetases [11]. Some aminoacyl-tRNA synthetases have a separate
editing domain which can hydrolyze misactivated amino acid:tRNA pairings. Not all
tRNA synthetases have editing domains; the editing function seems to become necessary
when an aminoacyl-tRNA synthetase cannot achieve sufficient selectivity for the cognate
amino acid compared to chemically similar non-cognate amino acid through a single
enzymatic step [7]. An example of this is the threonyl-tRNA synthetase, ThrRS, which
attaches threonine to its cognate tRNA, but it can also occasionally charge the tRNAThr
with serine [12]. Threonine and serine differ by only a methyl group. The isoleucyl-tRNA
synthetase, IleRS, incorrectly adds a valine only 180-fold less frequently than it adds
isoleucine [7, 13]. tRNA synthetases that do not have editing functions, like some of the
Mycoplasma enzymes, make more errors than the homologous E. coli tRNA synthetases
with a functional editing domain [14].
Editing can occur before or after the incorrect amino acid is attached to the tRNA;
processes called pre- and post-transfer editing, respectively [7, 15, 16]. Pre-transfer
editing is the hydrolysis of misactivated aminoacyl-AMP intermediate before it is
attached to the tRNA; while post-transfer editing is the hydrolysis of incorrect aminoacyltRNA [7, 8]. The pre-transfer editing mechanism was described in 1966; when tRNAIle is
added to E. coli IleRS, this facilitates the breakdown of Val-AMP [15]. Fersht first
elucidated a mechanism for post-transfer editing in 1977 by showing that the E. coli
isoleucyl tRNA-synthetase (IleRS) hydrolyzes misactivated Val-AMP [8]. Martinis et. al.
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showed that in a given enzyme, either pre- or post-transfer editing is dominant [8]. By
using the E. coli leucyl-tRNA synthetase, LeuRS, she showed that pre- and post- editing
are redundant mechanisms. It was demonstrated that when the dominant post-transfer
editing pathway was compromised by a substitution that deactivates it, the secondary
pathway, pre-transfer editing, is activated [8]. One study substituted an amino acid
critical to pre-transfer editing in the IleRS and showed that it could no longer distinguish
between isoleucine and noncognate valine in the aminoacylation site. However, this
enzyme was still capable of breaking down the mischarged tRNA:amino acid pair via
hydrolysis [13]. This finding demonstrates that pre- and post-transfer editing are separate
phenomena. It is believed that half of all tRNA synthetases employ editing to
discriminate between their cognate and noncognate amino acids [7].
Editing and aminoacylation processes can be separated
The sites of aminoacylation and editing are distinct and are separated in space and
functionality [7]. The double-sieve model explains that the aminoacylation and separate
editing sites act as a first and second sieve, respectively, to filter out noncognate amino
acids [7]. The first sieve acts to discriminate based on size, rejecting large amino acids.
The editing site hydrolyzes misactivated amino acids by rejecting the correctly sized or
properly hydrophobic amino acids [16, 17].
Class I synthetases use the CPI domain, which is distinct from the aminoacylation
site, to perform pre-transfer editing of misacylated tRNAs. Substitution of some of the
critical residues in this domain severely decreased the ability of E. coli IleRS to
hydrolyze an incorrect aminoacylated tRNA without affecting the aminoacylation
function significantly [18, 19]. Substitutions in the CP1 domains of E. coli ValRS and
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LeuRS and T. thermophilus IleRS have also been shown not to affect aminoacylation
activity [20-22]. These findings demonstrate that editing and aminoacylation are separate
processes and operate independently from one another. A crystal structure of the distinct
aminoacylation and editing domain in the E. coli IleRS was resolved by Nureki et. al.,
showing that the globular beta-barrel CPI domain of the IleRS protrudes from the
aminoacylation domain [18, 19]. When the E. coli CPI domain is isolated from the rest of
the LeuRS enzyme, it has been shown that this alone can result in hydrolysis of a
misactivated tRNA, demonstrating that the CPI domain functions independently [23, 24].
The E. coli IleRS has both the pre- and post-transfer editing pathways, mentioned
previously. Pre-transfer editing, which is the hydrolysis of misactivated aminoacyladenylates (aa-AMPs) before it is transferred to the 3’ end of tRNA, has been described
by 3 separate models; translocation, selective release and active site hydrolysis. The
translocation model is where misactivated aa-AMP is synthesized at the active site and
hydrolyzed in the editing site. The selective release model describes the expulsion of the
noncognate (but not cognate) aa-AMP into solution and its subsequent spontaneous
hydrolysis. Misactivated aa-AMP is hydrolyzed at the active site in the active site
hydrolysis model, although this mechanism has yet to be further elucidated. Post-transfer
editing is the hydrolysis of the misactivated aa-AMP after it is transferred to the 3’ end of
the tRNA [7]. Because editing and aminoacylation are separate processes, this allows the
tRNA synthetase to carry out multiple modes of editing in order to ensure adequate
quality control for the cell.
Differences between Class I and Class II tRNA synthetases in editing
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Class I and II enzymes differ in their editing domains [25]. Class I enzymes tend
to have CPI domains, which are globular insertion domains, that are near the
aminoacylation site of the enzyme [26]. LeuRS, IleRS and ValRS have homologous CPI
editing domains [7]. Class II enzymes have more varying structures and the MetRS,
LysRS II and SerRS are thought to edit using the aminoacylation site [7, 27]. The first
class II enzyme whose distinct editing site was defined was the bacterial ThrRS, which
contains an N2 domain present in bacterial and eukaryotic threonyl-tRNA synthetases but
absent in most archaea, and there is no evidence that any other tRNA synthetases have
N2 domains [7, 28-30]. The free-standing version of the Class II AlaRS editing domain,
AlaXp, seems to have similar structure to the ThrRS N2 domain [7]. Because editing in
different types of tRNA synthetases is so different between species and classes, it is
difficult to make any generalizations about editing from the narrow amount of
experiments that have been done.
Different cell types and compartments have different requirements for editing
Different organisms under varying conditions have diverse requirements for the
fidelity of their translation and therefore different needs for the editing function of their
tRNA synthetases. Although the editing function of certain tRNA synthetases is wellconserved throughout all domains of life, often an organism can remain viable after
losing the editing function [27]. One study showed that E. coli tolerates misacylated
tRNAs, demonstrating that these are not toxic to the cell despite the fact that incorrect
amino acids were incorporated into proteins [31]. This study, conducted by Ruan et. al.
[31], used missense suppression in which only a misacylated tRNA can correct the loss of
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translation. This study showed that E. coli can tolerate up to 10% of mistranslated
protein.
The Mycoplasma PheRS is naturally error prone, which results in mistranslation
of proteins at a higher rate than in E. coli [14, 32]. Mycoplasma PheRS does not possess
canonical editing activity and relies on kinetic proofreading, which is the ability of the
reaction to have an irreversible exit step in the pathway that makes it more likely that the
incorrectly activated tRNA exits the pathway; this discriminates between similar amino
acids and results in a mischarged tRNA that is less likely to participate in protein
synthesis [14, 33]. The editing domain in Mycoplasma PheRS and other related species
seems to be degenerate based on substitutions of key residues in the hydrolytic active
site, showing that different organisms have varying levels of needed stringency for
translational fidelity [32]. Another study showed that replacement of the E. coli PheRS
with the Mycoplasma PheRS causes a loss of viability in E. coli cells, demonstrating that
while E. coli can tolerate some mistakes, there is a limit [14]. Substitutions in
Mycoplasma’s nonfunctional editing domain caused a restoration of E. coli viability by
restoring the editing activity of the Mycoplasma PheRS, demonstrating that editing is a
specific and separate function and that Mycoplasma species in fact lost their separate
editing function in this enzyme [14].
Eukaryotic cells have two distinct PheRS proteins, one cytoplasmic and one
mitochondrial. Reynolds et al. showed that the cytoplasmic PheRS performs an editing
function while the mitochondrial one does not, although the latter PheRS is very accurate.
When the error rate of the mitochondrial PheRS was increased by an amino acid
substitution in the active site, the cell could no longer grow on respiratory media and its
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mitochondrial genome was lost. However, increasing the error rate of the cytoplasmic
PheRS still supported cytoplasmic protein synthesis and cell viability. This study
demonstrated that different cell types and environments require different levels of
translation quality control, which explains why some tRNA synthetases do not require
editing activity [25].
Removal of the editing function of E. coli ValRS under normal conditions only
shows a slight decrease in fitness, but shows a severe defect when in the presence of
elevated levels of α-aminobutyrate [34]. These data demonstrate that different levels of
translational fidelity are required under different conditions, and that cellular stress plays
an important role in editing.
It is thought that in some species, like Mycoplasma and Candida, mistranslation is
advantageous due to upregulation of stress response proteins [14, 35, 36]. During stress
response, chaperones are increased in order to help fold unfolded and misfolded proteins.
When mistranslation in these species occurs, the upregulation of the stress response
proteins can assist in creating properly folded and functioning proteins [7].
A curious point that comes from the studies elucidating differences between
specificity of the tRNA synthetases and editing function in different situations (cell types,
species and environments) is that there are different levels of stringency required in the
accuracy of translation. Editing is not conserved universally in all tRNA synthetases, as
cytoplasmic ProRS from archaea and some higher eukaryotes do not have post-transfer
editing abilities while the bacterial ProRS does [37]. It has also been shown that
mitochondrial versions of tRNA synthetase lack editing function or that their editing
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ability is unnecessary [38]. It seems that different levels of stringency are required in
different organisms in varying environments.
Conditions in the laboratory do not mimic how cells grow in their natural
environments
Often studies showing editing-defective phenotypes do so under artificial
conditions such as the addition of unnatural levels of noncognate amino acids to throw
off the natural balance of amino acids in the cell. Species from all 3 domains of life have
been shown to require editing ability when an excess amount of non-cognate amino acids
are present [11, 27, 34, 38, 39]. It is unknown whether these amino acid imbalances are
naturally encountered, although certain studies have shown that switching media or
carbon source changes may alter cellular metabolites, including the levels of various
amino acids in the cell [27, 40]. Often the in vivo experiments testing editing defective
mutants are done when cells are in exponential growth with full nutrients supplied, while
this is not how these organisms tend to grow in their natural environments. Lack of
editing by tRNA synthetases has the potential to create many problems within the cell
depending on what is limited in the environment and how quickly the cells are growing
[7, 34]. The misuse of amino acids and tRNAs is wasteful of energy and nutrients [7, 27].
Slow growth and nutrient deprivation may be the selective pressures for editing.
Although it has been shown that editing is required in systems containing editingdefective aminoacyl-tRNA synthetases and excess noncognate amino acids [38, 41], little
has been done to show that editing-defective strains are toxic in vivo under normal
conditions during exponential growth [25, 27]. Because of artificial conditions in the
laboratory that do not always mimic natural growth of the organisms tested, it is difficult
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to understand the selective pressures that gave rise to tRNA synthetase editing in the first
place. Incorrect incorporation of amino acids into a growing polypeptide chain can
change its folding properties which in turn can cause the formation of toxic protein
aggregates [27]. Nutrient deprivation and slow growth conditions are more similar to
what most organisms experience in the natural environment. A more informative way to
study editing by tRNA synthetases may be to attempt to mimic natural conditions in the
laboratory.
When a cell is under slow growth conditions, it may be less able to respond to
problems created by misfolding of proteins. Protein misfolding due to mistranslation can
cause protein aggregation in the cell, which the cell must correct [27]. It is hypothesized
that aggregation occurs more in slowly growing cells, as these cells are less able to dilute
misfolding proteins [27]. This was shown when only the terminally differentiated
Purkinje cells of mice were affected by an editing substitution in the AlaRS despite the
fact that all of the cells had the mutation and that this mutation also affected the
aminoacylation function of this enzyme [11]. It was shown by Lee et. al. that low levels
of mischarged tRNAs also lead to protein aggregation in neurons [11]. One explanation
for this may be that most mammalian cells have the ability to dilute misfolded proteins or
aggregates before they become a problem [27].
Unfolded proteins can occur in other situations, such as addition of heat to the
cellular environment. The synergistic effect of protein unfolding by heat and misfolding
due to lack of quality control may have been a selective factor for tRNA synthetase
editing functions. Evidence for this comes from the fact that the heat shock response is
induced in E. coli when cells have editing defects in its ProRS, ThrS, AspRS or GluRS

	
  

10	
  

[27, 31]. It has also been shown that S. cerevisiae and Purkinje cells upregulate
expression of heat shock proteins when editing function has been compromised [11, 31,
42]. S. cerevisiae and E. coli editing mutants have been shown to grow more slowly at
higher temperatures than their wild type counterparts , reflecting global changes in
protein function in the IleRS editing-defective mutant [42, 43].
Diseases
Mutations in genes encoding tRNA synthetases are important in disease, and have
been implicated in a variety of age-related neuropathies such as Charcot-Marie-Tooth
disease [44, 45]. Lee et. al. demonstrated Purkinje cell loss and ataxia caused by an
editing-defective AlaRS that shows moderately affected aminoacylation kinetics
compared wild type [11]. The tissue-specific nature of a phenotype for cells expressing
defective aminoacyl-tRNA synthetases in humans is consistent with the idea that certain
cells can remove misfolded proteins more efficiently than other cell types, that there is a
differential effectiveness in the unfolded protein response, or that the amino acid pools in
these cells differ, making them more likely to misacylate. Five loci encoding tRNA
synthetases with loss-of-function mutations have been implicated in varying peripheral
neuropathies so far [46]. An editing-defective ValRS expressed in mouse cell culture
produced a response consistent with apoptosis and was exacerbated by noncanonical
amino acids that are misactivated and not cleared by properly functioning editing
machinery, demonstrating that decreased accuracy in translation may be associated with
disease [44]. Another study shows that a loss-of-function variant of the human HisRS is
neurotoxic in C. elegans, although this work does not show whether the loss of this
enzyme leads to protein aggregation or just mistranslation [47]. Schimmel et. al.
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demonstrated that errors in tRNAIle aminoacylation are mutagenic and therefore can lead
to disease by showing that aging E. coli with editing defects display error-prone DNA
repair through induction of the bacterial SOS response [48]. Overall, these studies raise
more questions than they answer. A main question that must be answered in further
studies is whether or not a decrease of aminoacylation function of editing-defective tRNA
synthetases could in part be causing these phenotypes. The criteria under which editing is
most important is an interesting topic when studying editing defects in tRNA synthetases
and will help answer the question of why some cell types and compartments are affected
by mistranslation and why others remain without an obvious phenotype.
Unanswered questions and the goals of this thesis
Sporulation, genetic competence and biofilm formation are all slow-growth
phenotypes displayed by B. subtilis that can be easily observed and quantified. We
believe that editing by tRNA synthetases becomes more important in situations when the
cell is under stress, such as nutrient deprivation-induced slow-growth, and a phenotype
will be observed under these conditions. It was demonstrated by Waas and Schimmel that
a mutation of the C184 in the E. coli ThrRS disrupts the editing function of the enzyme
[12]. Because of the sequence homology of the E. coli and B. subtilis ThrRS, this was our
rationale for creating this mutation in both the B. subtilis thrS and thrZ genes [12].
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Chapter 2
A codon substitution affecting editing in the threonyltRNA synthetase is toxic to B. subtilis
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INTRODUCTION
Certain aminoacyl-tRNA synthetases (aaRSs) must choose between structurally
similar amino acids in order to attach the correct amino acid to its corresponding tRNA,
and these aaRSs have an editing site, in addition to its aminoacylation site, which
hydrolyzes incorrect charged tRNAs. The aaRSs are divided into two classes, which are
categorized according to differing sequence motifs [1]. The two classes differ largely in
structure, having very different active sites, while maintaining functional similarity,
suggesting that the two classes arose by convergent evolution [2-4]. The first class II
enzyme whose editing site was defined was the bacterial ThrRS, which contains an N2
domain present in bacterial and eukaryotic ThrRSs but absent in most archaea. A similar
N2 domain also contributes to editing by the AlaRS [5-9]. ThrRS attaches threonine to its
cognate tRNA, but it can also occasionally charge tRNAThr with serine [10]. Threonine
and serine differ by only a methyl group. While it would appear critical that cells
accurately translate threonine codons, the biological requirement for the editing function
of ThrRS has not been tested.
Substitution of C182A in the E. coli ThrRS disrupts the editing function of the
enzyme without drastically affecting aminoacylation activity of the enzyme [11, 12].
Comparing the sequence homology of the E. coli and B. subtilis ThrRS, we rationalized
that a similar C184A substitution in the B. subtilis ThrRS would result in a similar
disruption of the editing function. We have further hypothesized that editing by the
ThrRS becomes more important in slow growth conditions, as cells may be less able to
dilute misfolded proteins or dissolve aggregates and will therefore show a decrease in
viability during slow growth induced by nutrient deprivation [5]. B. subtilis was used for
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this study because it displays easily observed and quantifiable phenotypes during slowgrowth induced by nutrient deprivation. These phenotypes include sporulation, genetic
competence and biofilm formation. Because editing function has only been studied in
bacteria during exponential growth, we wish to reproduce a growth environment similar
to what is seen in nature during slow growth and nutrient deprivation.

	
  

18	
  

RESULTS
Efforts to construct a B. subtilis strain containing the thrS(C184A) allele. To
introduce the thrS(C184A) into B. subtilis, I first constructed a plasmid containing this
allele in Escherichia coli. This was accomplished by cloning the entire thrS operon of B.
subtilis into the pJet1.2 plasmid (Thermo Scientific) along with a chloramphenicolresistance marker, cat, and an I-SceI restriction site, which is a counter-selectable marker
[13]. This plasmid, pBL1037, then underwent site-directed mutagenesis to change the
C184 codon of thrS, TGC, to an alanine codon, both the preferred alanine codon of B.
subtilis, GCA, and separately, the non-preferred codon, GCG [14], and these individual
codon substitutions were confirmed by sequencing. The two different alanine codon
changes were introduced to enhance the likelihood that one of the mutant strain expressed
thrS at a similar level to the wild-type parent strain.
The two plasmids containing the different thrS alleles, thrS(C184A-GCG) and
thrS(C184-GCA), were transformed into a wild-type strain of B. subtilis JH642.
Transformants were selected based on their chloramphenicol resistance and have the
plasmid integrated into the chromosome and both a wild-type thrS allele and a mutant
thrS allele present on either side of the plasmid DNA. To remove the plasmid DNA and
restore the thrS locus to its original structure, these transformants were then subjected to
counter-selection with I-SceI restriction enzyme. The plasmid pBKJ223, which encodes
the I-SceI restriction enzyme [13] was transformed into them. The I-SceI restriction
enzyme creates a double-strand break at the I-SceI restriction site in the plasmid. This
event stimulated a repair reaction involving homologous recombination between the two
alleles of thrS flanking the plasmid. As a consequence, the pBKJ223 transformed cells
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became sensitive to chloramphenicol, and DNA sequencing revealed that only one allele
of thrS was now present. This was confirmed by analyzing sequence data, which showed
one clear peak at codon 184 rather than two peaks, which would have been expected if
both thrS alleles were present in the strain.
Based on the location of the C184A mutation in the thrS locus, we predicted that
30% of the chloramphenicol-sensitive transformants should have the mutant allele of
thrS. Sixty-nine separate colonies from pBKJ223-transformed strains were sequenced.
One of these sequences showed the wild type TGC (cysteine) mutated to the correct GCG
(alanine) amino acid. This colony was streak purified and tested again the following day,
and GGC (glycine) was instead in the mutated codon. Of the rest, 44 remained wild type
(TGC), 22 had mutated into a GGC glycine codon, and1 had mutated into a GGG glycine
codon. Additionally, one colony had mutated into a threonine (ACC) (Table 2-4). The
inability to isolate the C184A mutation suggests that this mutation in thrS is lethal to the
cells and that there is a selective pressure for these cells to undergo an event that leads to
an alternative codon, one for either a glycine or a threonine.
Construction a B. subtilis strain containing the thrS(C184G) allele. To
confirm that substitution of cysteine at position 184 in thrS with an alanine was toxic to
the cell, but that a glycine substitution would be tolerated, we asked whether we could
isolate and thrS(C184G) at the expected frequency for a neutral mutation. To this end, we
again performed site-directed mutagenesis of pBL1037 plasmid to change the TGC
(cysteine) codon at position 184 to a GGC (glycine) codon. The plasmid carrying the
thrS(C184G) allele was transformed into B. subtilis cells, where it integrated into the
chromosome. These transformed cells were then subjected to counter-selective pressure
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with the I-SceI restriction enzyme to select for loss of the plasmid sequences and
restoration of the normal thrS locus structure. The thrS locus was then sequenced from
these counter-selected cells. From the 11 sequenced clones, 8 had the desired GGC
mutation, 1 had retained the wild-type TGC sequence, and 1 had surprisingly mutated
position 184 to the GGG glycine codon.
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DISCUSSION
We have been unable isolate a strain of B. subtilis carrying the thrS(C184A)
editing-defective allele. It appears that the substitution of alanine for cysteine in the
putative editing site of this enzyme is toxic. Interestingly, it was very common to get a
glycine in codon 184 when trying to mutate this codon to an alanine. The wild type codon
was TGC (cysteine) and the glycine codon that we repeatedly found was a GGC
(glycine). It may be less stressful for this wild type cysteine to mutate into a glycine than
an alanine. The cysteine and glycine codons share two nucleotides, which suggests that
this unexpected change could have occurred through a single base substitution or a
recombination event between these two codons. Either event should have been very rare,
supporting the hypothesis that the C184A substitution of thrS is toxic to cells. In line with
our predictions that the C814G substitution of thrS is neutral to cells, we easily isolated
strain carrying the C184G substitution when a plasmid carrying the thrS(C184G) allele
was the starting material.
It is not clear at this time why the thrS(C814A) allele should be toxic when the
thrS(C184G) allele is not. It will be necessary to assess the biochemical properties of
these mutant ThrRS proteins to understand the cellular phenotypes. It is possible that
despite the predictions the ThrRS(C184A) mutant protein is defective for it essential
aminoacylation function. Alternatively, it may be that the ThrRS(C184A) mutant protein
is specifically defective for its editing function, whereas the ThrRS(C184G) mutant
protein retains wild-type function. If this latter case is true, then our data would suggest
that the editing function of ThrRS is essential for B. subtilis. Editing functions of aaRSs
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have not previously been shown to be required for normal cellular growth. Our surprising
findings merit analysis to fully understand the physiological role of editing by ThrRS.
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MATERIALS AND METHODS
Media and Growth Conditions:
Bacillus subtilis and E. coli cells were grown with shaking at either 37°C or 28°C.
Both B. subtilis and E. coli cells were grown on LB medium containing ampicillin
(100mg/mL), chloramphenicol (5mg/mL) or tetracycline (12.5mg/mL) as appropriate. B.
subtilis competent cells were prepared as previously described [15].
Plasmid constructions
The pBL1038 and pBL1039 plasmids were created to introduce thrS(C184A)
alleles, containing either the GCG or GCA codon for alanine, respectively, into the B.
subtilis chromosome. The thrS locus was first PCR amplified using primers thrS-F and
thrS-R (see Table 2-3 for primer sequences) and B. subtilis wild-type chromosomal DNA.
The resulting PCR product was then cloned into pJet2.1 with the CloneJet PCR Cloning
Kit, according to the manufacturers instructions (Thermo Scientific). The sequence of the
thrS in the resulting pJet-thrS plasmid was confirmed using primers thrS-F, thrS-R, thrSMF and thrS-MR for sequencing. In the second step, a fragment containing cat, which
encodes chloramphenicol resistance, and the I-SecI restriction site, was introduced into
the pJet-thrS plasmid. The cat gene [16] was amplified using primers Cat-PstI-I-SceI-F
and Cat-PstI-R, which contain and PstI restriction sites at their 5’ ends and the forward
primer also containing the 18 bp I-SceI restriction site just to the 3’ end of the PstI site.
The resulting PCR product was digest with PstI and ligated to the pJet-thrS that had been
digested with Pst1 and phosphatase treated. The resulting plasmid was named pBL1037.
The 184th amino acid in the thrS gene is a cysteine, which was mutated to an
alanine to affect editing function of this tRNA synthetase. A substitution of this alanine
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codon to glycine was also performed in order to confirm that it was easily created. In
order to introduce a codon mutation (from a TGC to a GCA, GCG or GGC), a mutagenic
primer was created to amplify pBL1037 with this codon substitution. Once 6.5kb linear
PCR amplified plasmid was isolated, it was self-ligated with T4 DNA Ligase and
transformed into E. coli. Sequencing confirmed the presence of the point mutation in the
plasmid.
The pBKJ223 plasmid contains the I-SceI restriction enzyme, which creates a
double-stranded cut at the 18 base pair I-SceI sequence [13]. This plasmid only survives
in E. coli Top10 for a maximum of 2 passages. We have been unable to retrieve this
plasmid from freezer stocks and must re-transform and prep this plasmid new for each
use.
Strain construction
B. subtilis and E. coli strains used in this study are listed in Table 2-1. These were
constructed by transformation with chromosomal DNA or plasmids using standard
protocols [15]. The plasmids used in this study are listed in Table 2-2.
Once the different thrS alleles were constructed, the plasmids containing these
different alleles, pBL1038, pBL1039, pBL1041 and pBL1042 were transformed into B.
subtilis and chloramphenicol-resistant colonies were isolated. The subsequent strains,
BAL4364, BAL4365, and the unstocked C184G and C184C (transformed with pBL1041
and pBL1042, respectively), were transformed with pBKJ223 and tetracycline–resistant
colonies were selected. The strains that are isolated are patched onto both
chloramphenicol and tetracycline patch plates, allowing us to choose the strains that are
both confirmed to be tetracycline resistant and chloramphenicol sensitive. These cells lost
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their chloramphenicol resistant and had only one copy left of the thrS gene. Sequencing
using GeneWiz confirmed either the presence of the wild type or the mutant thrS.
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Table 2-1. Strains used in this study
Strain Name
BAL218 (JH642)
BAL4300
BAL4302
BAL4350
BAL4351
BAL4364
BAL4365

	
  

Relevant Genotypes
wild type (trpC2, pheA1)
pBL1037 (cat, thrS, I-SceI)
RecA+, pBKJ223
pBL1038 (cat, thrS(C184A-GCA), I-SceI)
pBL1039 (cat, thrS(C184A-GCG), I-SceI)
thrS::pBL1038 (cat, thrS(C184A-GCA), I-SceI)
thrS::pBL1038 (cat, thrS(C184A-GCG), I-SceI)
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Species
B. subtilis
E. coli
E. coli
E. coli
E. coli
B. subtilis
B. subtilis

Table 2-2. Plasmids used in this study
Plasmid Name
pBL1037
pBKJ223
pBL1038
pBL1039
pBL1040
pBL1041
pBL1042

	
  

Relevant Features
pJet2.1 with thrS, cat, and I-SceI restriction site
encoding I-SceI restriction enzyme
as pBL1037, except thrS(C184A-GCA)
as pBL1037, except thrS(C184A-GCG)
pJet-thrZ-Cat-IsceI
as pBL1037, except thrS(C184G-GGC)
as pBL1037, except thrS(C184C-TGG)
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Table 2-3. Primers used in this study

Primer
Name

Primer Sequence

Purpose

thrS-F

ACG AAG GAA TGA TAC CGG CTC AAA GAG AGG GAA G

PCR amplify thrS

thrS-R

CTC GCT CCT TAC TTC AAT GAA ATC GTC ATC TCG GGC
TTC GAA AAG AAG TCA GCC GTG AAG AAG CGA AAG
CC

PCR amplify thrS

GTG CTG CTT GCC GTC CTC ACC GAT G

Sequence thrS
PCR amplify Cat
Cassette Containing
IsceI
PCR amplify Cat
Cassette Containing
IsceI

thrS-MF
thrSMR
CatPst1IsceI-F

	
  

CTG CAG TAG GGA TAA CAG GGT AAT TAT TGG GCG
CTC TTC CGC TAA GCA TG

CatPst1-R
CatSeq-Top
CatSeqBottom
MutthrStop-1B
MutthrStop-2B
MutthrSbottomB

CTG CAG GCG AGT CAG TGA GCG AGG AAG CAA GCA
TG
GCG ACG GAG AGT TAG GTT ATT GGG ATA AGT TAG
AGC

Sequence thrS

Sequence Cat-IsceI

GTG GCT CTA ACT TAT CCC AAT AAC CTA ACT CTC CGT
CGC

Sequence Cat-IsceI

GAA TTC TTT GAC CTG GCA CGC GGC GTC CAT GTT CCT
TC

PCR Mutagenize
C184 Codon in thrS

GAA TTC TTT GAC CTG GCG CGC GGC GTC CAT GTT CCT
TC

PCR Mutagenize
C184 Codon in thrS

G CTC ATA GAT CGA AAC GGT TTC TCC TTC AGG AAT
CGC

PCR Mutagenize
C184 Codon in thrS

thrZ-F

ATC ACA ATC AAA GAA GCG GCT GGT TCG ATC AG

PCR amplify thrZ

thrZ-R
MutthrZtop-1C
MutthrZtop-2C
MutthrZbottomB
thrSmut-gly
thrSmut-cys

CTT CAG CTC CGC CTG CAC TTT TCT GCA ATA G

PCR amplify thrZ

GAA TTC GTT GAC CTG GCA CGA GGG CCG CAT CTT CC

PCR Mutagenize
C184 Codon in thrZ

GAA TTC GTT GAC CTG GCG CGA GGG CCG CAT CTT CC

PCR Mutagenize
C184 Codon in thrZ

CCC TTG CTG GTA CAG TGT GAT ATC CTC CCC GCG CGG
AAT ATC CTT
GAA TTC TTT GAC CTG GGC CGC GGC GTC CAT GTT CCT
TC
GAA TTC TTT GAC CTG TGG CGC GGC GTC CAT GTT CCT
TC

PCR Mutagenize
C184 Codon in thrZ
PCR Mutagenize
C184 Codon in thrS
PCR Mutagenize
C184 Codon in thrS
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Table 2-4. Frequency of isolating of various codons after transformation
with pBKJ223
Codon

	
  

Percentage of Total
Sequenced

Number

TGC (wild type)

44

63.77%

GGC

22

31.88%

GGG

1

1.45%

ACC

1

1.45%

GCG

1

1.45%
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Chapter 3
Investigating the role of editing by the minor threonyltRNA synthetase of Bacillus subtilis, encoded by thrZ
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INTRODUCTION
In Bacillus subtilis, there are two independent threonyl-tRNA synthetase
isoenzymes, ThrRS and ThrRZ, encoded by thrS and thrZ, respectively [1]. The ThrRS
and ThrRZ proteins share only 51.5% identity, making them as distinct from one another
as they are from E. coli ThrRS [1]. Either the thrS or thrZ gene alone is adequate for B.
subtilis viability; but under normal conditions, only the thrS gene is expressed [3]. This
has raised the question of what role ThrRZ has for B. subtilis.
Thus far, the ThrRZ protein is only known to be expressed under conditions of
threonine starvation, which induces both the thrS and thrZ genes simultaneously [3]. The
ThrRS protein normally repress thrS and thrZ expression, and conditions of threonine
starvation appear to antagonize thrS and thrZ repression by ThrRS [3]. Interestingly,
ThrRZ has much less of an ability to repress expression of these genes [1, 2].
ThrRZ, like ThrRS, has an editing domain whose function is predicted to be
hydrolysis of mischarged tRNAThr. To further elucidate the role of ThrRZ in B. subtilis,
we are investigating what role editing by ThrRZ has for cells. To this end, we are creating
a B. subtilis strain with a point mutation in thrZ that results in an editing defect. This thrZ
mutation will also be combined with a editing-defective thrS mutation. The strains
containing the thrZ editing-defective mutation will be tested for defective slow-growth
phenotype, including sporulation and biofilm formation, conditions under which the role
of ThrRZ has not been previously tested.
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RESULTS
Construction of a plasmid encoding the B. subtilis thrZ gene. We sought to
create an allele of thrZ that lacks editing activity. It was demonstrated by Waas and
Schimmel that a C184A substitution in the E. coli ThrRS disrupts the editing function of
the enzyme [4]. This analogous mutation was created in the B. subtilis thrS gene in
Chapter 2 of this work. The B. subtilis thrS and thrZ both have a cysteine as their 184th
residue (Fig. 3-1), which is the residue that we will substitute with alanine in thrZ in
order to create an editing-defective ThrRZ(C184A).
As a first step to constructing the thrZ(C184A) allele, we cloned thrZ from B.
subtilis into an E. coli plasmid that contained both a selective marker, cat, and a counterselective marker, I-SceI restriction site, for B. subtilis. This plasmid, pBL1040, contains a
wild-type copy of thrZ and will serve as future template for site-directed mutagenesis to
created the thrZ(C184A) allele.
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DISCUSSION
Because the substitution affecting editing in the thrS gene seems to be toxic, it is
interesting to see if the analogous mutation could be made in the thrZ gene. Being able to
create the thrZ but not the thrS C184 mutation may show that there is something distinct
about the two genes, such as the thrS is more ubiquitously expressed or that it is more
sensitive to errors in quality control. Because thrZ is less expressed, it is possible that an
editing mutation in this gene will not be toxic to B. subtilis, as was the case with thrS, and
we may be able to see a phenotype. Another question raised here is whether the loss of
editing in either ThrRS or ThrRZ could lead to compensation through increased
expression of the other protein.
Upon testing the pJet-thrZ-Cat-IsceI plasmid, we found that it was incorrect.
There is no evidence at this time that there was anything wrong with the primers. In the
future it may be advantageous to try to reconstruct this plasmid in a different way.
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MATERIALS AND METHODS
Media and Growth Conditions:
B. subtilis and E. coli cells were grown with shaking at either 37°C or 28°C, the
latter temperature used for less growth over a longer period of time. Both B. subtilis and
E. coli cells were grown in LB liquid medium or LB agar plates with ampicillin
(100mg/mL), chloramphenicol (5mg/mL) or tetracycline (12.5mg/mL) as needed.
Strain Construction:
PCR amplfication of the thrZ gene was performed using thrZ-F and thrZ-R
primers amplifying corresponding portions of B. subtilis wild-type chromosomal DNA
(Table 3-1). Primers were designed according to the upstream and downstream regions of
these genes according to Subtilist and BSubCyc. Proper PCR products were confirmed
using 1% agarose gels.
A plasmid was created that contains thrZ, the selectable cat marker, and the
counter-selectable I-SceI restriction stie. This thrZ-containing plasmid was derived from
the original pBL1037 plasmid, which contains thrS, cat, and the I-SceI restriction site and
is described in Chapter 2. Two separate BglII digests were used in this process. First, the
thrZ gene was cloned into the pJet2.1 vector (Thermo Scientific), and the subsequent
pJet-thrZ vector was digested with BglII, and the 2.7kb thrZ fragment was gel purified.
The pBL1037 plasmid was then digested with BglII, which separates thrS gene from the
vector fragment. The vector fragment was isolated and ligated with the gel-purified thrZ
fragment, creating pBL1040. This plasmid was confirmed to be correct by using a
diagnostic BglII restriction digest.
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The 184th amino acid in the thrZ gene is a cysteine, which was mutated to an
alanine to affect editing function of this tRNA synthetase. In order to introduce a codon
mutation (from a TGC to a GCA or GCG), mutagenic primers were created to amplify
the pBL1040 plasmid with this codon substitution (see Table 3-1).
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Table 3-1. Primers used in this study
Primer Name

Primer Sequence

Purpose
PCR amplify
thrZ

thrZ-R

ATC ACA ATC AAA GAA GCG GCT GGT TCG
ATC AG
CTT CAG CTC CGC CTG CAC TTT TCT GCA
ATA G

Mut-thrZtop-1C

GAA TTC GTT GAC CTG GCA CGA GGG CCG
CAT CTT CC

Mut-thrZtop-2C

GAA TTC GTT GAC CTG GCG CGA GGG CCG
CAT CTT CC

Mut-thrZbottomB

CCC TTG CTG GTA CAG TGT GAT ATC CTC
CCC GCG CGG AAT ATC CTT

thrZ-F
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PCR amplify
thrZ
PCR
Mutagenize
C184 Codon in
thrZ
PCR
Mutagenize
C184 Codon in
thrZ
PCR
Mutagenize
C184 Codon in
thrZ

Figure 3-1. Amino acid residue alignment of thrS and thrZ gene products
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