THE PENNSYLVANIA STATE UNIVERSITY
SCHREYER HONORS COLLEGE

DEPARTMENT OF CHEMICAL ENGINEERING

INTEGRATED ANALYSIS OF RNA-RNA INTERACTIONS FOR THE RATIONAL
DESIGN OF SYNTHETIC METABOLIC REGULATORS

EMILY RAE DONG
SPRING 2013

A thesis
submitted in partial fulfillment
of the requirements
for baccalaureate degrees
in Chemical Engineering and Biochemistry and Molecular Biology
with honors
in Chemical Engineering

Reviewed and approved* by the following:
Howard Salis
Assistant Professor of Chemical Engineering
Thesis Supervisor
Darrell Velegol
Distinguished Professor of Chemical Engineering
Honors Adviser

* Signatures are on file in the Schreyer Honors College.

i

ABSTRACT
In optimizing metabolic pathways for the production of valuable products from
microorganisms, it is often desirable to attain a specific stoichiometry of enzyme expression
levels to maximize product yield. Such precision and flexibility is not possible through the
current metabolic engineering methods of overexpression and gene knockouts. Instead, a rational,
tunable method of controlling protein expression is needed. RNAs not only act as intermediates
between the expression of a protein and the DNA that encodes it, but also act as regulators of
gene expression in a wide range of organisms. Many regulatory small RNAs work by antisense
pairing to a target messenger RNA to either repress or activate the expression of the encoded
protein. Using a statistical thermodynamic model, we can predict the change in protein expression
resulting from small RNA regulation. However, additional kinetic parameters not currently
included in the model may also play a significant role in RNA-RNA interactions. This thesis aims
to integrate our understanding of the thermodynamics of these interactions with structure and
sequence analysis of both naturally occurring and synthetically designed small RNAs to elucidate
important factors affecting RNA-RNA interaction. While work remains to be done in integrating
these factors into the existing biophysical model, the results discussed give insight into ways to
rationally design fully synthetic small RNAs for applications in metabolic engineering.
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Chapter 1
Introduction and Background
Microorganisms have become an important technological tool for the production of a
wide range of biochemical products, from enzymes like chymosin for making cheese 1, to
pharmaceuticals such as the malarial drug precursor artemisinin2, to next generation biofuels like
biogasoline or biodiesel3. Many products are produced as byproducts of the natural metabolic
processes of these microorganisms, or natural processes coupled with recombinant genetic
pathways. As such, there is often a trade-off between the desired pathway and the natural
metabolism of the cells, requiring additional genetic modification by gene knockouts to increase
the yield of the intended product. However, knockouts do not always give optimal results,
particularly if the gene in question is essential to metabolic function or a specific stoichiometry of
enzymes in the pathway gives better yield than deleting the enzyme entirely4,5,6. Therefore, a
mechanism for precisely tuning protein expression levels would be a more useful approach than
gene knockouts for designing optimal metabolic pathways.
RNAs are well-known for their role in gene expression, acting as intermediates between
the assembly of a protein and the gene that encodes it. However, their role as regulatory agents
has been a more recent discovery, one that has seen significant attention and research focus
particularly in the burgeoning field of synthetic biology7. Small RNAs (sRNAs) are short
regulatory RNAs that bind to protein-encoding messenger RNAs (mRNAs) and either repress or
activate production of the encoded protein. These regulatory RNAs are prevalent in a diverse
range of organisms, including industrially important microbes. Synthetic small RNAs, designed
de novo to interact with their target mRNAs in a way that results in a predictable level of protein
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expression, could provide a way to control pathways in a simpler, more tunable manner than
using gene knockouts.
Several methods for the design of semi-synthetic RNAs have been proposed and proven
successful in a variety of cell systems8,9,10. However, these methods are still semi-synthetic in
nature, all utilizing constrained scaffold structures from naturally occurring sRNAs joined to
sequences complementary to the target proteins. Additionally, RNAs designed through these
methods provide full repression much as gene knockouts would, and do not allow for modulation
of protein levels. To be able to custom design fully synthetic, tunable sRNAs will require a
deeper understanding of how sRNAs interact with their targets and the influence of various
thermodynamic interactions, structural elements, and conserved nucleotide motifs in the
interaction of sRNAs with their targets.
As both sRNAs and mRNAs are single stranded, many sRNAs regulate through antisense
binding, in which a segment of the sRNA sequence is complementary to a segment of its target
mRNA. Using a first-generation statistical thermodynamic model developed by the Salis lab, it is
possible to calculate the free energy of interaction between the sRNA, mRNA, and ribosome (the
molecular protein synthesis machine), and predict the extent to which a sRNA will repress or
activate the production of a given protein. Additionally, sRNAs are single-stranded and fold into
secondary structure conformations much as proteins do. It is hypothesized that these secondary
structures, as well as specific sequence motifs, are essential factors affecting RNA-RNA
interaction and RNA stability11,12,13.
This thesis aims to integrate our understanding of the thermodynamics of interaction
between sRNAs and their targets with structure and sequence analysis of both naturally occurring
and synthetically designed sRNAs. A biophysical model for predicting the effects of sRNA
interaction with mRNA targets is discussed and used to predict genome-wide targets of natural E.
coli sRNAs. These predicted targets are compared to known targets identified in scientific
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literature. A survey of sequence motifs within these natural sRNAs is also performed and used as
a basis for analysis of a synthetically designed sRNA. Additionally, to understand how the
structure and various nucleotide motifs play a role in the ability of the synthetic RNA to
successfully repress expression of its target, mutant variants of the RNA are characterized and
compared to the original design. The results of this integrated analysis help to elucidate some
important factors affecting sRNA-mRNA interaction, giving insight into ways to rationally design
fully synthetic sRNAs for applications in metabolic engineering.
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Chapter 2
Using a Biophysical Model to Understand RNA Interactions
Many sRNAs function as antisense regulators, containing a sequence complementary to
their mRNA target that allows them to base-pair to specific regions in the mRNA. Base-pairing
between RNAs results from hydrogen bonding between nucleotide bases. As such, each
individual base-pair (A-U, C-G, or even the non-canonical G-U) is accompanied by a
characteristic change in Gibbs free energy (ΔG). The ΔG is thus sequence-specific, allowing the
free energy change between an sRNA, its target mRNA, and the resultant sRNA:mRNA duplex to
be predictably calculated from the sequences of the individual RNAs. Several semi-empirical
RNA energy models, including Mfold14 and Vienna RNA15 among others, have been developed
to predict these free energy changes.
Just as the thermodynamics of interaction between nucleotides can be modeled and
calculated, so too can the interaction energy between the ribosome and the free mRNA. The
Ribosome Binding Site Calculator16 was developed to quantify this interaction, using statistical
thermodynamics, the nucleotide sequence of the mRNA, and the last nine nucleotides of the 3’
end of the 16S ribosomal RNA (specific to each individual organism). This model relates
nucleotide sequence to protein expression level by quantifying the translation initiation rate (TIR)
of the mRNA. Using a similar statistical thermodynamic modeling approach, a first-generation
biophysical model—the Small RNA Calculator— was developed to quantify protein expression
level changes resulting from sRNA regulation. Comparing the TIR of the mRNA with and
without the presence of sRNA allows the model to predict the change in protein expression
occurring from sRNA regulation.
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The model is governed by a statistical thermodynamic relationship consisting of three
free energy terms, as seen in Figure 1: ΔG1—the interaction energy of the mRNA and ribosome
in the absence of sRNA,
ΔG2—the interaction energy
of the sRNA and mRNA, and
ΔG3—the interaction energy
of the sRNA, mRNA, and
ribosome. Using these three
terms, the concentrations of
sRNA and target mRNA, and
knowing

that

protein

is

produced from two sources
(free

mRNA

sRNA:mRNA

and
duplex),

the
the

protein production rate (P) can
be quantified following

Figure 1. Visual depiction of the first generation biophysical
model.

(Eq. 1)

where β is the Boltzmann factor. The Boltzmann factor is a temperature-dependent constant that
describes the probability of a system to be in a given state out of many possible states. The model
gives the TIR of the input mRNA on a proportional scale (i.e. a TIR of 1000 gives 10 times the
amount of protein of an mRNA with a TIR of 100). The amount of protein expressed is then
proportional the TIR by a factor that takes into account additional parameters such as DNA copy
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number, mRNA stability, and mRNA transcription rate. This proportionality constant is
dependent on, and different for, each individual system.
Each of the three free energy terms in the model encompasses several additional free
energy changes. First, the ΔG1 term from the Ribosome Binding Site Calculator16 can be defined
in more detail as

(Eq. 2)
in which ΔGmRNA:rRNA is the energy released when the last 9 nucleotides of the 3’ end of the 16S
ribosomal RNA bind to the Shine-Dalgarno sequence (or closest energy equivalent) of the
mRNA. The ΔGstart term describes the energy released when the anticodon loop of the transfer
RNA carrying the first amino acid (tRNAfMet) binds to the start codon. The distance between the
start codon and the Shine-Dalgarno sequence gives rise to the energy penalty ΔGspacing when the
distance differs from the optimum of 5 nucleotides. The energy required to unfold any secondary
structures sequestering the standby site (the four nucleotides upstream of the 16S rRNA binding
site) is defined by ΔGstandby. Lastly, ΔGmRNA is the energy required to unfold the local secondary
structure of the mRNA.
This ΔGmRNA term is also used in the calculation of ΔG2. In addition, the ΔG2 term
encompasses the energy required to unfold the secondary structure of the sRNA (ΔGsRNA) and the
hybridization energy released when the sRNA binds to the mRNA to form the duplex
(ΔGsRNA:mRNA). The relationship relating each of these free energy terms is described in Eq. 3.
(Eq. 3)
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Finally, the ΔG3 term encompasses several of the same terms included in the definition of
ΔG1 (Eq. 2), and can be written as
(Eq. 4)

where the energy terms involving the free mRNA in Eq. 2 have been replaced by terms
describing the sRNA:mRNA duplex.
The TIR and relative protein production rate calculated from the model depend on several
assumptions. First, the model assumes that the RNAs unfold completely so that complementary
sequences between the sRNA and mRNA are fully hybridized. In the cell, however, secondary
structures do not always unfold completely, and the resulting incomplete hybridization reduces
the ability of the sRNA to repress or activate translation of the mRNA. Regulation is also
dependent on the relative concentrations of sRNA and mRNA in the cell. The experiments
outlined in this thesis assume an excess amount of sRNA in the cell, resulting from a high copy
number of sRNA-encoding plasmid and low copy number of mRNA-encoding plasmid, such that
all of the target mRNAs are bound to a sRNA. This may not always be the case in vivo however,
and a limiting amount of sRNA results in incomplete regulation, as not every target mRNAs in
the cell is bound to a sRNA. Therefore, assuming complete hybridization and excess sRNA, the
model predicts the maximum change in protein production in the presence of sRNA.
Though the model is novel in its ability to relate translation initiation and protein
production directly to RNA nucleotide sequences, the model only takes into account the
thermodynamic interactions between the RNAs. Additional kinetic parameters, such as free
energy barriers, RNA structural elements, nucleotide motifs, and the interaction of the RNAs with
a chaperone protein may also be essential to RNA-RNA interactions. Some of these kinetic
elements are discussed more in detail in the next few chapters, and adding terms to describe these
interactions may serve as an important improvement for the next generation model.
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Chapter 3
Survey of Natural E. coli Regulatory sRNAs

Global transcriptome analysis using the Small RNA Calculator
Before using the biophysical model to generate de novo sRNA sequences, we tested its
ability to describe and predict known sRNA-mRNA interactions. A total of 80 naturally occurring
sRNAs have been characterized in E. coli, and over 200 more have been computationally
predicted from deep sequencing analysis17. A genome-wide transcriptome analysis was
performed, using the biophysical model to pinpoint potential targets of several well-characterized
natural sRNAs. Each chosen natural sRNA was computationally compared against each mRNA
in the transcriptome dataset using the Small RNA Calculator. These model-predicted targets were
then compared with literature findings to assess the accuracy of the model’s sequence-based
analysis and thus evaluate how effective it would be in generating de novo functional synthetic
sRNAs.
The FnrS, DsrA, GcvB, MicA, OxyS, SgrS, SokB, and Spf natural sRNAs were chosen
for comparison against published E. coli K-12 transcriptome data18. These sRNAs represent some
of the best-characterized natural sRNAs in the literature and have a diverse range of targets and
functions (see their EcoCyc database19 entries for reviews). The data for each global sRNA
comparison were sorted first by the total Gibbs free energy change of the sRNA-mRNA
interaction (ΔG2 in the Small RNA Calculator model). The top twenty sorted targets were then resorted by maximum fold repression to pinpoint the top ten thermodynamic targets for each sRNA.
Sorted data output from the Small RNA Calculator can be seen below in Table 1 and Table 2 for
the FnrS and Spf sRNAs, respectively, and data for the remaining six sRNAs is tabulated and
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discussed in Appendix A. The listed mRNA targets include transcript variants, indicated by
numbers in parentheses following the name of the target. For each of the tables, the entries in
bold indicate targets that have been experimentally characterized, and blue entries indicate
uncharacterized targets with functions related to those of the characterized targets. Initial TIRs
given are for mRNA with no sRNA present, and final TIRs are calculated for the mRNA bound to
its corresponding sRNA.

Table 1. Top thermodynamic targets for FnrS sRNA.

mRNA
Target
yeiB
rutA
yobA
hmp(0)
hrpB
yebF(0)
sodB(1)
relB
abgA(1)
priA

Initial TIR
(a.u.)
1190
107
18005
37710
2798
5544
32069
4107
1244
1374

Final TIR
(a.u.)
0.053
0.010
2.658
13.268
1.331
3.455
31.342
4.199
1.456
1.637

ΔG reaction
(kcal/mol)
-27.131
-22.881
-26.041
-24.551
-25.981
-27.881
-24.781
-23.281
-24.641
-23.141

Max. Fold Change
22326
10625
6774
2842
2102
1605
1023
978
855
839

Table 2. Top thermodynamic targets for the Spf sRNA.

mRNA
Target
galK
usg(0)
yijD(0)
glcC
mhpA
rcsC
sucC(0)
tam
ymgE(0)
ydgC(0)

Initial TIR
(a.u.)
17908
3753
8775
3256
6424
695
34052
23459
3535
1385

Final TIR
(a.u.)
7.891
2.677
58.333
26.384
64.029
9.916
497.569
356.952
58.852
23.051

ΔG reaction
(kcal/mol)
-22.951
-19.281
-22.221
-19.681
-19.111
-19.841
-21.401
-21.581
-20.381
-19.381

Maximum Fold
Change
2269
1402
150
123
100
70
68
65
60
60

At least one known, characterized target appeared in the list of top ten model-predicted
targets for four of the eight tested natural sRNAs (DsrA, FnrS, SokB, and Spf). For three of the
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sRNAs (DsrA, GcvB, and MicA), a previously characterized target appeared within the top
twenty model-predicted targets. Using the EcoCyc database19, we also explored the roles of the
proteins that were ranked as top ten targets for the sRNAs but were not known from literature
review to interact with the sRNAs. Interestingly, for each of the tested sRNAs, one or more of the
highly ranked but uncharacterized protein targets had functions related to the roles of at least one
of the characterized targets.
In the case of the FnrS sRNA, which is expressed upon a switch from aerobic to
anaerobic growth conditions, an mRNA transcript variant of sodB, encoding one of its known
targets, was seventh on the list of top targets, showing a downregulation of about 1000-fold in the
presence of the sRNA. FnrS is also known to regulate the expression of other proteins involved in
redox and energy metabolism that should be expressed at lower levels in anaerobic conditions.
These proteins include CydC (a transporter necessary for cytochrome production and
maintenance of redox balance in the cytoplasm), MaeA (malate dehydrogenase, a TCA cycle
enzyme), GmpA (phosphoglycerate mutase, a glycolytic enzyme), and FolE and FolX (two
enzymes important in folate metabolism). None of the mRNAs encoding these proteins were
listed among the top twenty targets from the model predictions. However, the list of targets did
include hmp, encoding a fused nitric oxide dioxygenase and dihydropteridine reductase. SodB is
a superoxide dismutase, an enzyme that catalyzes reactions in which a reactant is both oxidized
and reduced to give two different products. Though Hmp is not a characterized target, it does
serve a similar purpose to SodB in redox reactions, suggesting that FnrS may regulate the
transition to anaerobic growth conditions by repressing expression of several additional redox
enzymes. Oxygenases, such as Hmp, are enzymes that incorporate oxygen into their substrates to
oxidize them. Under low-oxygen or anaerobic conditions, it is logical to presume that the
expression of oxygen-utilizing enzymes would be downregulated by the cell.
The return of uncharacterized but potentially related targets from the model was also
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evident for the Spf sRNA, characterized to repress the expression of the galK transcript encoding
galactokinase from the galactose operon. The galK mRNA appeared as the top model-predicted
target, showing over 2,000-fold repression in the presence of Spf. In addition, three other mRNA
targets, whose protein functions are directly related to carbohydrate metabolism, also appeared in
the top ten thermodynamic targets for repression by Spf: Usg (the β-subunit of acetyl-coA
carboxyltransferase), GlcC (a protein negatively controlling genes involved in the utilization of
glycolate as a carbon source), and SucC (the β-subunit of succinyl-coA synthetase). These results
suggest that the Spf sRNA may be a more global regulator of carbohydrate metabolism than
previously characterized.
The remaining six tested natural sRNAs are discussed in Appendix A. All eight of the
sRNAs had targets in at least the top twenty model-predictions that have been previously
characterized, or had targets in the top ten with functions related to the sRNA’s characterized
role. These results indicate that the biophysical model is efficacious in describing the
thermodynamic interactions resulting from antisense pairing of a sRNA to its mRNA target, and
that the model may be able to predict as-yet uncharacterized targets of regulation. Cellular
metabolism is complex—consisting of multiple interconnected pathways and networks of
pathway regulators. Thus, natural sRNAs that have been characterized to control specific targets
may in fact play a role in regulation on a much larger scale by modulating other, related
pathways.
However, despite its novel ability to quantify RNA interactions based off of sequence,
the biophysical model also has room for improvement. The fact that all of the characterized
targets did not always appear in the top ten, or even the top twenty, model-predicted targets
indicates that accurate prediction of sRNA-mRNA interactions requires more than
thermodynamic modeling alone. The addition of kinetic terms describing folding/unfolding rate
and other phenomena like interaction with the RNA chaperone protein Hfq, to the existing model
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may be one method of improving the accuracy of its predictions, and therefore the efficacy of
using the model to design de novo regulatory RNAs.

Computational survey of nucleotide motifs in natural sRNAs
Hfq binding sequences are just one of several nucleotide sequence motifs hypothesized to
facilitate sRNA-mRNA interactions. Such sequence motifs could contribute to the additional
kinetic parameters that the current biophysical model lacks. Besides Hfq binding sequences, these
motifs also include start codons/open reading frames, and single-stranded YUNR or YNAR
motifs. To assess the potential importance of including such motifs in the design of synthetic
regulatory RNAs, we performed a literature and computational survey of the known natural E.coli
sRNAs to determine the extent to which these factors were present in natural systems. Known
Hfq-binding natural small RNAs have been well-characterized in the literature20; however, a
complete survey of YUNR, YNAR, and open reading frame sequence motifs has not yet been
performed.
Hfq was initially characterized in the late 1960s as an E. coli host factor required for
replication of the Qβ RNA bacteriophage21. Its role in gene regulation, however, was not
discovered until the mid-1990s, when the protein was linked to regulation of rpoS (the stationary
phase sigma factor) mRNA levels22. Hfq has since been shown to stabilize and facilitate binding
interactions between numerous natural sRNAs and their mRNA targets, including the OxyS, Spf,
and DsrA RNA systems, among others. A global analysis of Hfq-binding sRNAs performed via
Hfq co-immunoprecipitation and microarray analysis resulted in the discovery of at least 20
additional novel Hfq-binding sRNAs23. At least 25 of the 80 known natural E. coli sRNAs have
been confirmed to interact with Hfq. As such, this chaperone protein appears to be an important
factor in sRNA function in E. coli.
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Additional nucleotide motifs have also been found to facilitate RNA-RNA interaction. A
four-nucleotide YUNR (Y=pyrimidine, R=purine) motif in sRNA loop structures was found to
promote “kissing complex” formation between stemloops in sRNAs and their targets, serving as a
kinetic mechanism for initial contact12. The YUNR sequence in a U-turn loop structure is
analogous to a tRNA anticodon loop, and the sequence causes a torsional bend in the phosphate
backbone of the RNA, with π-ring interactions between the purine and subsequent uracil, that
expose the bases to allow for easier and faster interaction with their complement pairs in the
mRNA target. The presence of this motif has been confirmed in several example natural RNAs in
various bacteria and phage systems; however, a survey of the prevalence of YUNR motifs, or the
reverse complementary YNAR sequence, in natural E. coli sRNAs has not been done.
We performed a computational sequence analysis of each of the 80 known natural sRNAs
to tabulate single-stranded YUNR and YNAR motifs. The RNAfold tool, part of the Vienna RNA
secondary structure suite15, was used to predict hairpin structures for each sequence, in which
single-stranded regions appear either as the loop topping the hairpin or as “bubbles” in the stem.
These single-stranded regions were searched for YUNR and YNAR sequences, and results were
tabulated for each sRNA. Figure 2 shows the results of the survey. Roughly three quarters of the
naturally occurring sRNAs were found to contain at least one YUNR motif (73.4%) or at least
one YNAR (78.5%) motif in
a

single-stranded

region.

Only 7 of the 80 (8.9%)
contained neither sequence
in a single-stranded region.
Start

codons

and

Figure 2. Prevalence of (A) YUNR and (B) YNAR motifs in natural
E. coli sRNAs.

open reading frames on sRNAs may be another mechanism for facilitating RNA-RNA
interaction. Though sRNAs are generally considered “non-coding,” it is hypothesized that
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ribosome binding may accelerate the unfolding of secondary structures to expose the singlestranded regions complementary to the target mRNAs. Additionally, ribosome binding can offer
protection from degradation by RNases, extending the life of the sRNA. In the E. coli K-12 strain,
the majority (82.7%) of the genes begin with the start codon ATG, though a significant
percentage (14.3%) use GTG as the start codon24.
A sequence analysis of the known E. coli sRNAs was performed to find and tabulate
open reading frames beginning with ATG and GTG start codons. Figure 3 shows the survey
results. Of the 80 sRNAs surveyed, 70.9%
contained at least one open reading frame
starting with an ATG or GTG start codon.
These open reading frames were short, all of
them less than 50 codons long, with the
majority (57.4%) containing 10 codons or
less. The biophysical model was used to
calculate the theoretical maximum TIR of the

Figure 3. Prevalence of ATG and GTG open
reading frames in natural E. coli sRNAs.

tabulated open reading frames to analyze the possibility of ribosome binding. All of the open
reading frames had relatively low TIRs, with only 4.7% having a measurable TIR of 1000 a.u. or
more, indicating that expression level of any peptide encoded by the sRNA would be very low.
However, a non-zero TIR is indicative of at least some level of ribosome binding. Even weak
ribosome binding interactions, while perhaps not sufficient to produce measurable levels of
translated peptide, could still serve to speed up the unfolding of hairpin secondary structures to
facilitate antisense binding of the sRNAs to their targets.
Though Hfq binding, YUNR/YNAR motifs, and ATG/GTG open reading frames are not
individually ubiquitous in known RNA regulatory systems, all of the naturally occurring sRNAs
in the survey contained at least one of these characteristics. The prevalence of these features
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suggests that they may play a significant role in the functionality of naturally occurring RNA
regulatory systems. Including one or more of these characteristics, in addition to the
thermodynamic binding considerations already present in the biophysical model, may be useful
for designing functional synthetic sRNAs.
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Chapter 4
An Approach for Assaying RNA Interactions in E. coli
In designing and testing synthetic sRNA variants, a recombinant fluorescent protein
reporter system was used to assay changes in protein expression level resulting from sRNA
regulation. All of the synthetic sRNAs in this study were designed to interact with the mRNA
transcript for a monomeric red fluorescent protein (mRFP1). Antisense regulatory RNAs can bind
to any region of the mRNA transcript of their targets, but in this study, the sRNAs were designed
to contain a region complimentary to the synthetic ribosome binding site (RBS) of mRFP1.
Protein translation consists of three phases: initiation, elongation, and termination. In most cases,
translation initiation is the rate-limiting step and is thus a good target for regulation.
The RBS of a protein can be synthetically designed using a biophysical model that relates
mRNA sequence to protein expression on a proportional scale by calculating the translation
initiation rate (TIR) of the mRNA16. The amount of protein expressed is proportional to the TIR
by a factor that takes into account additional parameters such as DNA copy number, mRNA
stability, and mRNA transcription rate, and is thus dependent on each individual system. This
biophysical model can be used to either predict the TIR of a given mRNA sequence, or generate
an RBS sequence, de novo, that will give a targeted TIR. In this study, the RBS calculator tool 25
was used to design a de novo synthetic RBS for mRFP1 with a targeted TIR of 50,000 to 75,000
arbitrary units (a.u.).
An additional green fluorescent protein reporter, GFP (GFPmut3B), was added in
succession on the same transcript as mRFP1 and was used as a control to monitor mRNA
stability. As the sRNAs were designed to interact only with the RBS for mRFP1, the expression
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level of GFPmut3B was expected to stay constant in the presence of sRNA if translation
initiation, and not mRNA stability, was the primary factor affecting protein expression levels. The
RBS for GFPmut3B was designed to give a relatively low targeted TIR of 1000 a.u., enough to
give a measurable fluorescence reading, but low enough to prevent strain on bacterial metabolism
from overproduction of protein.
All experiments were performed in vivo in E. coli K-12 DH10B, a strain with high
transformational efficiency and the ability to stably replicate large plasmids 26. To ensure that a
limiting concentration of sRNA was not a factor in the observed protein expression levels, we
utilized an experimental approach in which the transformed bacteria generated an excess of
sRNA transcripts compared to mRNA transcripts of the target protein. This ratio was obtained
using a two plasmid system to control the relative copy numbers of the vectors containing the
sRNA cassette and the vectors carrying the mRNA cassette. Figure 4 shows a representation of
the two plasmid reporter system used
in this study.
In this two plasmid system,
the designed sRNAs were cloned into
a ColE1 plasmid (pColE1), which has
a high copy number of at least 60
copies per chromosome equivalent in

Figure 4. The two plasmid reporter system for assaying
sRNA-mRNA interactions.

E. coli DH10B and includes a chloramphenicol antibiotic resistance marker. In contrast, the BAC
(Bacterial Artificial Chromosome) plasmid (pBAC), carrying the cassettes for the red and green
fluorescent reporter proteins, has a copy number of only one in DH10B. The BAC vector contains
a kanamycin antibiotic resistance marker. Figure 5 shows example plasmid maps for both ColE1
and BAC plasmids, containing the representative RNAs, antibiotics, and replication origins, as
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well as other regulatory elements and restriction sites. Numbers in parentheses indicate the
location of the genetic element
A.
by base pair numbers on the
plasmid.
Each plasmid was first
cloned separately, extracted,
purified, and sequenced before
double transformation. Because

B.

of its high copy number in the
strain, pColE1 was cloned in
DH10B;

however,

two

additional E. coli strains were
used to clone pBAC because of
its

low

copy

number

in

DH10B. The difference in copy
number of these two plasmids

Figure 5. Example maps for (A) pColE1 and (B) pBAC plasmid
vectors.

in the DH10B strain arises
from different origins of replication. The ColE1 plasmid’s origin requires only RNA and DNA
polymerase for replication, whereas the BAC plasmid’s R6K origin requires the π protein. The π
protein is produced constitutively from the pir gene, which is lacking in E. coli DH10B (in
DH10B, the F factor, parA, and parB genes allow for stable, single copy replication of pBAC) 27.
Instead, the pir+ and pir-116 strains, which give pBAC copy numbers of 15 and 250, respectively,
were used to individually construct and clone BAC plasmids.
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Chapter 5
Structural and Sequence Analysis of a Synthetic RNA
The biophysical model was used to aid in the design of two synthetic RNAs intended to
target and bind to a sequence within the high-TIR RBS of mRFP1 and repress expression of the
fluorescent reporter by a large amount. These sRNAs, “GD” and “GD extended” are nearly
structurally identical, consisting of two hairpins followed by a rho-independent transcription
terminator. The extended version contains an additional 30 nucleotide poly-AC segment at the 5’
end, originally designed to allow for RT-qPCR analysis. Figure 6 shows annotated Vienna RNApredicted secondary structures for both synthetic constructs. In the annotations, nucleotides
within the bold black brackets indicate the region complementary to the RBS of mRFP1.
Additionally, all Vienna RNA-predicted secondary structures contain color-coded base-pair
probabilities, with warmer colors indicating a high probability of base-pairing (or singlestrandedness) and cool colors indicating a low probability.

A.

B.

Figure 6. Vienna RNA-predicted secondary structures of (A) GD and (B) GD extended sRNAs.
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We used the RBS Calculator to design both the high-TIR RBS (50,000 to 75,000 a.u.) for
the mRFP1 target, as well as the low-TIR RBS (1,000 a.u.) for the GFPmut3B control. The entire
resulting reporter cassette was termed “GRR” for “GFPmut3B Repressible mRFP1.”

The

thermodynamics of the base-pairing interaction between GD or GD extended and the RBS of
mRFP1 in the GRR construct can be described by the first-generation biophysical model, and
initial characterization of the sRNA-mRNA system in DH10B showed a nearly 100% repression
of mRFP1 expression from GD and a 94.3% repression of mRFP1 expression from GD extended.
Figure 7 shows a flow cytometry histogram depicting the repression of mRFP1 in the presence of
GD or GD extended. However, to better examine the effect of various kinetic parameters on
sRNA function, we examined the effect that individual secondary structures and nucleotide
motifs had on either improving or reducing the repressive ability of GD extended.
As

discussed

previously, YUNR and
YNAR motifs, start
codons

and

open

reading frames, and an
Hfq binding sequence
are all hypothesized to

Figure 7. GD and GD extended repression of mRFP1.

facilitate RNA-RNA interaction. GD extended contains two single stranded YUNR motifs, one
within the antisense region on the first stem loop (complementary to the mRFP1 RBS of GRR)
and one in the second stem loop (not complementary to any sequence in GRR). A third nucleotide
motif—an AU-rich sequence at the base of a hairpin—is characterized as a binding site for the
Hfq chaperone protein11, but no such element is present in the original structure of GD extended.
In addition to these nucleotide motifs, several structural characteristics have been hypothesized to
contribute to sRNA efficacy. Ribonuclease E (RNase E) targets single-stranded RNA at the 5’
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end or at single-stranded AU-rich sequences adjacent to secondary structures28,29. GD extended is
highly structured, with two prominent hairpins and relatively few single-stranded regions in
between.
To test the effect that each of the structural elements and nucleotide motifs has on sRNA
efficacy, modified versions of GD extended were synthetically synthesized, containing mutations
to disrupt existing nucleotide motifs or structures, or add nucleotide motifs or structures to the
existing construct. These constructs were then characterized to compare the ability of the mutated
sRNAs to regulate mRFP1 expression in relation to the original GD extended. Table 10 in
Appendix B shows annotated sequences for each of the sRNA variants. Annotated Vienna RNApredicted minimum free energy (MFE) secondary structures of each of the mutation constructs
can also be found in Appendix B. For the “GD extended no hairpin” construct, the centroid
structure—which depicts the most abundant structure in the set of possible secondary structures—
differed from the MFE structure, and so both are shown in Appendix B Figure 12.
In the “GD extended Hfq” construct (Appendix B Figure 11), a synthetic Hfq site was
added between the second hairpin and the terminator. This site was designed following Ishikawa
et. al.’s published description of a bacterial sRNA Hfq binding module and includes an AU-rich
sequence preceding a hairpin (the terminator), the 3’ end of which contains a poly-U sequence.
Hfq, as an RNA chaperone protein, has been shown for numerous naturally occurring sRNAs to
facilitate interaction between a sRNA and its target either through bringing the RNAs into contact
or protecting RNAs from degradation by RNases. Because the mRNA for mRFP1 contains a
hypothesized Hfq-binding site, the addition of the Hfq binding site to GD extended was
hypothesized to potentially facilitate interaction between the two RNAs and improve or maintain
the repressive ability of the sRNA.
To test the importance of the structured hairpins on RNA stability for GD extended, the
first hairpin was removed. Because the second hairpin is located in the middle of the sRNA,
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changing its structure significantly changed the structure of the first hairpin as well. However, the
nucleotide sequence of the 5’ end of the first hairpin could be mutated, changing the structure of
the first hairpin without affecting the structure of the second. Mutating the existing 5’ sequence to
a poly-AC repeat weakened the hairpin by disrupting base-pairing at the base. The Vienna RNApredicted MFE structure for “GD extended no hp” (Appendix B Figure 12A) shows a weakened
hairpin in comparison to the original GD extended RNA, indicated by larger bulges in the
stemloop and lower binding probability for the double-stranded segments. The Vienna RNApredicted centroid structure shows the complete absence of the first hairpin (Appendix B Figure
12B).
Two constructs were synthesized to test the effect of single-stranded nucleotides on
sRNA stability by adding single-stranded poly-A segments to GD extended. RNase E targets 5’
single stranded regions and AU-rich sequences adjacent to secondary structures. Decreased RNA
stability resulting from degradation from RNaseE would reduce the observed efficacy of the
sRNA to regulate mRFP1 expression. The first construct, “GD extended poly-A downstream,”
contains seven adenine nucleotides between the second hairpin and the terminator (Appendix B
Figure 13). The second construct, “GD extended poly-A upstream,” includes a sequence of seven
adenine nucleotides added before the start of the first hairpin, lengthening the single-stranded tail
of GD extended (Appendix B Figure 14). These two locations were tested to determine whether
single-stranded nucleotides nested within a highly structured region (“GD extended poly-A
downstream”) versus in a less-structured 5’ region (“GD extended poly-A upstream”) had
different effects on sRNA stability.
As mentioned previously, start codons and open reading frames in sRNAs are
hypothesized to facilitate the unfolding of secondary structures through ribosome binding,
allowing the sRNA to interact more readily with its target mRNA. To test this hypothesis, two
constructs were created in which the ATG start codon in GD extended was mutated (Appendix B
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Figure 15). In the first construct, “GD extended st codon mutation,” the start codon was
completely removed through a mutation to AAG, and in the second, “GD extended GTG st
codon,” the codon was mutated to GTG, another start codon variant. Because the start codon
forms part of the first hairpin of GD extended, a corresponding mutation was made to keep the
hairpin intact. Likewise, because the start codon occurs within the sequence complementary to
the section of the mRFP1 mRNA RBS, two new mRNA constructs (GRR st codon mutation and
GRR GTG st codon) were synthesized with an RBS containing compensation mutations to allow
the modified GD extended sRNA to fully hybridize with the targeted section of the mRNA RBS.
Two GD extended variants were designed to test the importance of YUNR motifs in
sRNA function (Appendix B Figure 16). GD extended contains three single-stranded YUNR
motifs (and no single-stranded YNAR motifs): two overlapping motifs in a bubble in the first
hairpin, and one in the loop of the second hairpin. The construct “GD extended YUNR bubble”
contains a mutation from UUUGG to UACGG in the bubble of the first hairpin, disrupting both
overlapping UUUG and UUGG YUNR motifs. Because this motif is within the region
complementary to the mRFP1 RBS, a new GRR mRNA construct, “GRR YUNR mutation,” was
created to include the compensation mutations to allow for full hybridization. The construct “GD
extended YUNR stemloop” contains a mutation from UUGA to UCGA in the loop of the second
hairpin. Because this last YUNR motif was not located within the region complementary to the
mRFP1 RBS, and because the mutation did not cause a change in sRNA structure as predicted by
Vienna RNA, it was hypothesized that the stemloop mutation would not have an effect on the
ability of GD extended to repress mRFP1.
In addition to the mutant variants of GD extended, two variants of the mRFP1 RBS were
also synthesized and tested in the presence of the original GD extended sRNA. The first of these
variants, “GRR no Hfq” was designed to eliminate a potential Hfq binding site in the mRFP1
RBS, mutating the AU-rich sequence AAUUCG to the GC-rich sequence UGCUCG. Though the
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original GD extended construct does not have an Hfq binding site, binding of Hfq to the mRFP1
mRNA alone could impart higher stability to the system by preventing degradation of the mRNA
by endoribonucleases. The second mRFP1 RBS variant, “GRR poly-A upstream,” contains a
seven poly-A addition immediately upstream from the RBS. Analogous to the poly-A GD
extended variants, the addition of the adenine nucleotides was designed to attract
endoribonucleases and decrease RNA stability. Both variants were hypothesized to result in a
higher degradation rate of mRNA, giving a lower baseline mRFP1 fluorescence level in the
absence of sRNA compared to the initial GRR RBS construct. For both RBS variants, the
mutations did not have a significant effect on predicted local mRNA secondary structure. The
mRFP RBS sequences for all mRNA variants of GRR can be found in Appendix B Table 12.
Table 3 shows averaged flow cytometry data for autofluorescence-corrected mRFP1
expression for the various GD extended variants, as well as the original GD and GD extended
constructs. This table also shows the baseline fluorescence for the GRR mRNA variants.
Surprisingly, the data showed a loss of sRNA function for each mutation variant of GD extended,
including mutations that were expected to improve or maintain function, such as the addition of
an Hfq binding site, the mutation of the YUNR motif in the loop of the second hairpin, and the
mutation of the start codon to the alternative GTG start codon. For the mutations that were
expected to reduce or eliminate repressive ability, adding single-stranded nucleotides at the 5’ end
of the sRNA or before the terminator (to add a hypothesized RNase E target site), eliminating the
ATG start codon, and mutating the YUNR motifs (either in the region complementary to GRR or
in the non-complimentary stemloop of the second hairpin) had the most detrimental effects on
GD extended function as these constructs had the lowest percent repression of mRFP1.
Mutating the YUNR motifs complementary to GRR actually appeared to have a 3.5%
activation of mRFP1 expression, rather than repression (noted by the value in parentheses in
Table 3). However, flow cytometry measurements indicate average protein levels in the
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distribution of cells at a specific point in time; as protein levels are stochastic and fluctuate
cyclically from time point to time point, it is possible that for the baseline construct (“GRR
YUNR mut”) containing no sRNA, the average protein production per cell was at the low end of
the cycle, whereas mRFP1 production was at a high point for the construct with both mRNA and
sRNA. As the observed percent activation was relatively low, we can presume that the sRNA had
no significant regulatory effect on mRFP1 levels, and that eliminating the YUNR motif in the
complementary region of the sRNA removed its ability to repress mRFP1 expression. This
example also demonstrates the inherent error present in end-point flow cytometry measurements
that represent cyclical, stochastic protein production in the living cells.
Table 3. mRFP1 fluorescence, percent repression, and GFPmut3B fluorescence for GRR variants with and
without sRNA variants of GD and GD extended (GD ext).

Construct Name

mRFP1 Fluorescence
(a.u.)

% Repression
of mRFP1

GFPmut3B
Fluorescence (a.u.)

Baseline Fluorescence for mRNA variants of GRR
GRR
267.50 ± 38.49
------GRR no Hfq
20.56 ± 8.33
------GRR polyA RBS upstream
26.96 ± 10.99
------GRR st codon mut
608.30 ± 77.91
------GRR GTG st codon
------212.82 ± 18.00
GRR YUNR mut
------81.66 ± 8.83
GRR mRNA + Original GD and GD extended constructs
GRR + ColE1 GD
-0.81 ± 3.04
100.30
GRR + ColE1 GD ext
15.22 ± 7.29
94.31

33.61 ± 12.91
6.13 ± 11.61
3.73 ± 12.42
77.00 ± 14.23
33.60 ± 9.61
13.54 ± 12.49
-0.46 ± 11.57

GRR mRNA variants + sRNA variants of GD extended
GRR + GD ext Hfq
GRR + GD ext no hp
GRR + GD ext polyA downstream
GRR + GD ext polyA upstream
GRR st codon mut
+ GD ext st codon mut
GRR GTG st codon
+ GD ext GTG st codon
GRR YUNR mut
+ GD ext YUNR bubble
GRR + GD ext YUNR stemloop
GRR polyA RBS upstream
+ GD ext
GRR no Hfq + GD ext

250.72 ± 29.54
219.66 ± 34.10
244.68 ± 58.02
252.20 ± 37.85

6.27
17.88
8.53
5.72

29.76 ± 14.04
28.83 ± 14.17
28.69 ± 11.86
30.70 ± 12.66

576.07 ± 42.25

5.30

71.06 ± 15.31

212.56 ± 17.92

0.12

39.41 ± 9.53

84.54 ± 19.12

(3.53)

13.12 ± 14.36

253.45 ± 33.40

5.25

31.34 ± 14.23

20.57 ± 8.04

23.72

1.19 ± 12.72

18.65 ± 6.03

9.28

7.45 ± 12.74
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The significant decrease in repressive ability for the GD extended Hfq variant compared
to the original GD extended could be attributed to several possibilities. Though Hfq-binding has
been shown to facilitate interactions between many natural sRNAs and their targets, the original
GD and GD extended sRNAs were able to strongly repress mRFP1 expression without an
observable Hfq-binding site. Instead, the addition of the 8-nucleotide Hfq-binding site to GD
extended could have decreased sRNA stability by adding an RNase E cleavage site. The extra
nucleotides also slightly altered the structure of the second hairpin. As secondary structure is
extremely important for sRNA function, it is possible that even small variations in structure
resulting from the addition of the Hfq binding site altered binding kinetics by affecting the
unfolding rate of the sRNA.
The mechanism behind the loss of repressive function for the GD extended YUNR
stemloop variant is less evident. The loop region in the second hairpin is not complementary to
the GRR mRNA, and the mutation did not result in a change in sRNA structure as predicted by
Vienna RNA (Appendix B Figure 16B), so the change was not expected to have an effect on
sRNA function. The original UUGA motif did contain the stop codon UGA, which was deleted in
the mutation to UCGA. GD extended contains two possible open reading frames, both beginning
with the same AUG start codon. The first frame contains 10 codons and ends with the UGA stop
codon within the stemloop YUNR motif, and the second frame contains an additional 11 codons,
ending with a UGA stop codon within the terminator. Mutating the stemloop YUNR sequence
deleted the first open reading frame but left the second intact. It is possible that disrupting one of
the open reading frames affected repressive ability if the strength of the terminator hairpin made
the second stop codon inaccessible to the ribosome. However, additional experimentation is
needed to better determine the cause of the loss of function.
Mutating the start codon from AUG to GUG was not expected to affect sRNA function,
as GUG is used as an alternative start codon in around 14% of natural E. coli genes. One possible
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explanation for the loss of function, however, could lie in the analysis of the potential RBS of the
sRNA open reading frame. In terms of translation initiation rate, AUG start codons have faster
initiation kinetics than GUG start codons. Additionally, GD extended does not have a distinct
Shine-Dalgarno sequence, a relatively conserved 6-9 nucleotide sequence that acts as a
recognition site for binding of the 16S RNA contained within the ribosome. Without a distinct
Shine-Dalgarno sequence, weak ribosome binding is still possible, though much less efficient.
Weak ribosome binding may not be sufficient to produce measurable levels of translated peptide,
but could still serve to speed up the unfolding of hairpin secondary structures in the sRNA.
However, the combination of the less efficient GUG codon and the lack of distinct ShineDalgarno sequence in the GTG start codon variant could have reduced ribosome interaction with
the sRNA to a large enough extent that unfolding kinetics were disrupted.
An additional experiment
was performed to test the effect of
5’ single-stranded length on the
repressive ability of GD extended,
as GD and GD extended differ only
in the length of the 5’ end before
the first hairpin but repress mRFP1
Figure 8. The effect of GD 5’ single stranded nucleotide
length on repression of mRFP1.

expression by varying amounts.
Length variants were chosen in

increments of 6 nucleotides from 2 to 29, as a length of less than two nucleotides caused a
significant change in secondary structure. Annotated sequences for these sRNAs can be found in
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Table 11Table 11 in Appendix B. Figure 8 shows that the variation in repressive ability varies

roughly linearly with 5’ single-stranded length. This relationship suggests that RNA efficacy for
GD extended is proportional to the number of single-stranded nucleotides and serves to suggest
that highly-structured sRNAs may be more effective regulators than those with single-stranded
regions. Longer 5’ single-stranded regions not only act as targets for degradation by RNase E, but
may also provide steric hindrance, slowing down sRNA binding to its antisense target. These
results show that adding or removing single-stranded nucleotides could add additional design
flexibility for custom-building synthetic RNAs.
Analyzing the role that deleting the hypothesized Hfq site from or adding a singlestranded poly-A sequence to the GRR mRNA played in sRNA-mRNA interaction required
examining both mRFP1 and GFPmut3B fluorescence values for the two constructs. It should first
be noted that baseline mRFP1 fluorescence differed considerably for all of the GRR variants, as
seen in the histogram in Figure 9. These differences can likely be attributed to changes in TIR
resulting from nucleotide or structural alterations in the RBS for mRFP1 or to changes in mRNA
stability. Fluctuations in TIR can be predicted from the RBS calculator, and mRNA stability can
be gauged by GFPmut3B fluorescence levels.

Figure 9. Histogram showing RBS variants of mRFP1 mRNA.
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To help determine the cause of the baseline fluorescence variation, the RBS calculator
was used to quantify the theoretical TIR for each mRNA variant, and the measured average
mRFP fluorescence was plotted
(4)

against the model-predicted TIR
(Figure 10). If changes in TIR

(2)

(5)

alone account for the variation in
protein

expression,

proportionality

constant

the

(3)

linking

TIR to observed mRFP1 expression

(6)
(1)
(1)

should, in theory, remain relatively
constant

between

variants

expressed in systems with the same
plasmid copy numbers, mRNA

Figure 10. Comparing measured mRFP1 fluorescence against
the model-predicted theoretical TIR for (1) no Hfq, (2) GTG
st codon, (3) YUNR mut, (4) st codon mut, (5) GRR, and (6)
poly-A upstream variants of GRR.

stabilities, and transcription rates. Thus, the plot of measured expression versus predicted TIR
should be linear, with the slope equal to the proportionality constant. However, because these
three factors can vary slightly not only from cell culture to cell culture, but also from cell to cell
in the distribution of a culture, and because the experimental mRFP1 fluorescence values were
distribution averages, differences in the proportionality factor of a few fold are expected. These
differences can account for some of the deviation from linearity seen in the plot.
The plot in Figure 10 follows a mostly linear relationship for four of the GRR variants
(color coded in black), indicating that the variation in baseline mRFP1 fluorescence among these
variants can be reasonably attributed to variation in TIR resulting from the sequence changes in
the RBS. However, the poly-A upstream and GTG start codon variants deviated significantly
from the linear trend, indicating that another factor, other than TIR alone, affected mRFP1
expression for these mRNAs. For the poly-A variant, the predicted TIR was high, but the
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experimentally measured fluorescence was extremely low. A decrease in mRNA stability,
particularly if additional nucleotides acted as a target site for an RNase, might have contributed to
this discrepancy. A drop in GFPmut3B fluorescence for the GRR poly-A RBS upstream construct
compared to the original GRR sequence also suggests reduced mRNA stability; the GFPmut3B
cassette was identical for each of the GRR variants and so a drop in GFP fluorescence indicates
that less transcript was available for translation in the cell, likely because of a higher mRNA
degradation rate. However, it should also be noted that the standard deviations for GFPmut3B
fluorescence were high, as the low-TIR RBS of GFPmut3B gave baseline fluorescence values
barely above the autofluorescence of the cells.
The GTG start codon mutant had the opposite deviation from linearity, with a low
predicted TIR and high measured fluorescence, indicating that the mutation somehow caused an
increase in mRFP1 expression through a mechanism unrelated to TIR. One hypothesis as to the
cause lies in a phenomenon known as translational coupling, in which the translation of one open
reading frame affects the translation of a separate nearby open reading frame. The mutations to
the mRFP RBS for the GTG start codon variant included a change from AUA to AUG as a
compensation mutation (recall that the GTG start codon mRNA variant was synthesized to
contain mutations complementary to the mutations in the GTG start codon GD extended sRNA).
The introduction of a new start codon upstream of the mRFP start codon could have generated a
translational coupling system in the mRNA such that translation of the new start codon could
have increased the translation rate of the downstream mRFP open reading frame. This
phenomenon could explain the unexpectedly high mRFP fluorescence despite the low predicted
TIR for mRFP.
Mutating the hypothesized Hfq binding sequence resulted in a significantly reduced
baseline mRFP1 fluorescence compared to the original GRR construct. However, this could have
been the result of either a lower TIR or reduced mRNA stability. The deletion of the Hfq-binding
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site changed the sequence within the mRFP1 RBS. As a result, the predicted TIR for GRR no Hfq
was almost 24-fold lower than that of GRR, and the difference in baseline fluorescence for the
two constructs was on the same order of magnitude. In addition, the GFPmut3B fluorescence was
an order of magnitude lower for GRR no Hfq than that of GRR, indicating reduced mRNA
stability. Again, it should be noted that the standard deviations for GFPmut3B fluorescence were
fairly high. As Hfq is a chaperone protein, it helps to facilitate sRNA-mRNA interaction by
protecting the RNAs from degradation. If Hfq does bind to the hypothesized site in the GRR
mRNA, deleting the site could have resulted in an increased mRNA degradation rate from
eliminating the binding of the protective chaperone protein.
The mutation study of GD extended and its target GRR mRNA demonstrates the
sensitivity of sRNA function in relation to its structure and sequence. Even a single nucleotide
mutation in GD extended significantly reduced, or even entirely eliminated the ability of the
sRNA to repress expression of mRFP1, and small structural changes (like adding additional 5’
single-stranded nucleotides) had clear consequences for repressive ability as well. In addition,
mRNA stability was shown to play a role in the behavior of the system by affecting baseline
expression of protein. Thus, sRNAs designed to alter mRNA stability may be another mechanism
for regulating expression. While these results could not distinguish the relative importance of one
nucleotide motif or structural element over another, the results confirm that these components are
essential to sRNA function and shed some light on the mechanisms by which sRNAs are able to
interact with their targets.
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Chapter 6
Conclusions and Remaining Work
The results discussed in this work serve to shed light on the mechanisms of function of a
range of regulatory sRNAs, both natural and synthetic, and provide tools for the design of fully
synthetic, functional constructs. The current first-generation biophysical model, describing the
sequence-based thermodynamics of RNA-RNA interaction, serves as a useful and novel starting
point for understanding antisense binding. Integrating this knowledge with a new toolset of
specific sequence motifs and structural variations allows for a broader range of design capabilities
to fill in some of the gaps in our understanding of sRNA function that cannot be described solely
with thermodynamics. For the next generation of the model, the addition of parameters such as
open reading frames, YUNR motifs, and 5’ single-stranded nucleotides may allow for even more
accurate prediction of RNA-RNA interaction.
Many of the targets returned by the biophysical model for the natural E. coli sRNAs have
never been experimentally characterized as targets, but have functions related to those that have
been characterized. As antisense binding thermodynamics play such a crucial role in the
regulatory ability of a sRNA, it would be useful to further explore these uncharacterized but
related targets to determine if the sRNA does play a role in regulating their expression. However,
an alternate method for measuring protein expression level changes in the presence of the sRNA
would be needed. Using a fluorescent reporter system for such an experiment would be
challenging as natural RBSs have relatively low TIRs that would give low, difficult to measure
fluorescence levels. Nonetheless, the biophysical model could prove to be a useful prediction tool
for probing sRNA regulatory networks by uncovering additional targets.
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Mutating nucleotide motifs and altering structures within GD extended and its target
mRNA demonstrated that there was no singly crucial element imparting regulatory capability to
the sRNA. Instead, each of these components individually provided an essential means for the
sRNA to function successfully. Both eliminating the AUG start codon in GD extended and
changing it to a GUG codon eliminated repressive capability, indicating that start codons could
play a crucial role in sRNA function. The computational survey of known E. coli sRNAs also
suggested the importance of start codons and open reading frames. To determine if the GUG start
codon can allow ribosome-sRNA interaction when a stronger RBS is present, an additional
experiment could be run to test the rescue of sRNA function by adding a Shine-Dalgarno
sequence to the GTG start codon variant. A rescue of function would indicate that ribosome
binding does play a crucial role in sRNA function.
The addition of an Hfq binding site to synthetic sRNAs will need to be examined in
further detail, as adding a hypothesized site to the GD extended sRNA eliminated repressive
function. There is a delicate balance between the presence of these nucleotide motifs and specific
secondary structures that are also important to function. Thus, to successfully incorporate both
elements, more experimentation is required to understand how this balance works. Similarly, the
mutation of the YUNR motif in the non-complementary stemloop of GD extended should be
explored in further detail to determine the reason for the loss of function, as it was not evident
from the mutation study. Lastly, as baseline GFPmut3B fluorescence was fairly low and gave
large standard deviations, RT-qPCR could be used to better quantify the effect of mRNA
variations (such as the removal of the Hfq site or the addition of the poly-A sequence upstream of
the RBS) on mRNA stability.
In summary, the integrated thermodynamic, structural, and sequence analysis of both
natural E. coli sRNAs and variants of the synthetic GD extended/GRR system demonstrate that a
holistic approach to analyzing RNA interaction is needed to better predict these interactions.
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While sequence-based thermodynamics are an excellent way to describe and predict antisense
pairing, and structural and nucleotide motif elements are essential for efficient RNA-RNA
interaction, a combination of these approaches would provide a more accurate means of
describing how sRNAs interact with and alter the expression of their targets. Much work still
remains for further exploring some of the structural characteristics and sequence motifs discussed
here, and for building these considerations into the current thermodynamic model. However,
these results shed some light on additional factors affecting sRNA-mRNA interaction and
elucidate some of the mechanisms behind why these factors are important. With further
experimentation, it will eventually be possible to build a model that can correlate RNA sequence
and structure to function, allowing for the design of fully synthetic, tunable RNAs to engineer
metabolic pathways.
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Chapter 7
Materials and Methods
Modeling and Computational Surveys
E. coli K12 transcriptome data for the computational survey of natural sRNA nucleotide
motifs was taken from Cho et. al18. The Vienna RNA secondary structure suite15 was used to
calculate RNA conformational free energies for the biophysical model as well as to determine
secondary structures for computationally tabulating single-stranded nucleotide motifs. Secondary
structures taken from the RNAfold web server were determined at 37 °C from MFE and partition
function fold algorithms, set to exclude dangling end energies. The default option was used for all
other parameters. All secondary structures in this thesis are MFE structures, save for the “no
hairpin” variant for GD extended, for which the MFE structure differed significantly from the
centroid structure, and both are shown.

Strains, Media, and Plasmid Construction
Synthetically designed sRNA and RBS sequences were constructed by assembly PCR
with overlapping oligonucleotides obtained from IDT. The 5’ and 3’ ends of the synthetic
constructs were designed with restriction site overhangs matching those framing the insertion
sites in the target plasmids. Assembled constructs were inserted into their respective plasmid
vectors using standard cloning procedures. Restriction enzymes, DNA ligase, and Taq DNA
polyermase were all obtained from New England Biolabs. E. coli DH10B and pir-116 were used
as cloning strains to propagate the sRNA-encoding pColE1 plasmids and the reporter proteinencoding pBAC plasmids, respectively. Co-expression of the fluorescent reporters and regulatory
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RNAs for experimental measurements were carried out in E. coli DH10B. The stock cells were
made chemically competent following the procedure in Tu et. al.30. Nicked plasmid ligation
products were transformed into the chemically competent cells by heat shock.
Transformed E. coli were grown on agar plates supplemented with 25g/L Luria-Bertani
(LB), Miller media obtained from Becton Dickinson & Company. For single plasmid cloning
strains, 50 μg/mL chloramphenicol (for ColE1 propagation) or kanamycin (for BAC propagation)
was added for clone selection. Supercoiled plasmids were harvested and purified using a Qiagen
miniprep kit and sequenced for verification. Correct supercoiled plasmids for each sRNA/mRNA
experimental and control set were doubly transformed into E. coli DH10B and plated onto LB
Miller agar plates supplemented with 50 μg/mL chloramphenicol and 10 μg/mL kanamycin.

Growth and Fluorescence Measurements
Growth and fluorescence measurements were completed in duplicate for each
experimental combination. Single colonies of doubly transformed cells were grown overnight in a
deep-well 96-well plate in an orbital shaker at 200 rpm and 37 °C. Optical density (OD600) and
preliminary fluorescence measurements were taken with a TECAN spectrophotometer from 96well microtiter plates containing 200 μL fresh growth media inoculated with 6 μL of overnight
cultures. The assay media consisted of 25 g/L LB Miller broth supplemented with 25 μg/mL
chloramphenicol and 5 μg/mL kanamycin. Cultures were grown in 96-well microtiter plates for 912 hours at 37 °C with continuous shaking and were serially diluted to maintain exponential
growth phase. Upon reaching an OD600 of 0.2 to 0.3 for each serial dilution, 20 μL of the cell
cultures were transferred to a fresh 96-well microtiter plate containing 200 μL PBS and 2 mg/mL
kanamycin for flow cytometry.
Fluorescence per cell was measured in a BD Fortessa flow cytometer. An ellipse in
forward and side scatter space was used to gate events that indicated an E. coli cell, and 100,000
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events were recorded for each sample. Fluorescence measurements for mRFP1 and GFPmut3B
levels, as well as cell autofluorescence (the fluorescence of control E. coli transformed with
empty BAC and ColE1 vectors), were recorded. For each sample replicate, the distribution means
from two serial dilution plates were averaged and the autofluorescence was subtracted. The
distribution means of each white-cell-corrected replicate were then averaged to obtain an average
mRFP1 and GFPmut3B fluorescence for each sample.
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Appendix A
Additional E. coli Natural sRNA Data
Additional thermodynamic target data for the selected tested sRNAs are tabulated and
discussed below. For a review of each sRNA and its known targets, see the appropriate EcoCyc
database RNA entry19. The listed mRNA targets include transcript variants, indicated by numbers
in parentheses following the name of the target. For each of the tables, the entries in bold indicate
targets that have been experimentally characterized, and blue entries indicate uncharacterized
targets with functions related to those of the characterized targets. Initial TIRs given are for
mRNA with no sRNA present, and final TIRs are calculated for the mRNA bound to its
corresponding sRNA.
The DsrA sRNA has been characterized to regulate the expression two main targets:
RpoS (the stationary phase sigma factor) and H-NS (histone-like nucleoid structuring protein).
The sRNA has also been shown to affect expression levels of numerous other genes related either
to gene regulation, carbohydrate metabolism, or acid resistance, but it has not been shown to
interact directly with these targets (i.e. changes in RpoS or H-NS levels caused by DsrA
regulation may in turn cause the expression levels of these other genes to vary). DsrA activates
expression of RpoS and represses expression of H-NS, starting a cascade of other gene regulatory
changes at the start of stationary phase.
The top two model-predicted targets for DsrA were both transcript variants of HN-S
mRNA (Table 4). Additionally, the ybcM mRNA appeared on the list. The protein encoded by
ybcM has not been experimentally characterized, but is a predicted DNA-binding transcriptional
regulator, presumably related in function to the characterized transcriptional regulators targed by
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DsrA. These results suggest that DsrA could play a role in regulating other stationary phaserelated global gene regulators in addition to RpoS and H-NS.

Table 4. Top thermodynamic targets for DsrA sRNA.

mRNA
Target
hns(1)
hns(0)
smf
glk
mobA
grxD(0)
ybcM
ybeB(1)
lysA
ybeB(0)

Initial TIR
(a.u.)
13116
1057
8091
457
1009
48460
3563
8891
13637
6488

Final TIR
(a.u.)
11.8
1.62
16.0
1.31
2.90
287
25.1
72.0
132
72.0

ΔG reaction
(kcal/mol)
-19.061
-18.081
-20.421
-17.181
-16.481
-17.581
-17.391
-16.781
-21.181
-16.781

Max. Fold Change
1109.54
652.39
507.06
347.44
347.44
169.1
141.88
123.41
103.08
90.06

The GcvB sRNA helps to control amino acid availability by regulating expression of a
number of amino acid metabolism and transport-related targets such as DppA and OppA (both
periplasmic transporters), SstT (a serine/threonine transporter), CycA (glycine, serine, and alanine
transporter), CsgD (a transcriptional regulator of biofilm formation and cell-surface molecules),
and Lrp (a leucine-regulated transcriptional regulator). This last target appears on the list of top
ten model-predicted targets for GcvB, along with two other uncharacterized amino acid
metabolism and transport-related targets (Table 5). The thrL mRNA encodes a leader peptide
controlling the attenuation of four of the five enzymes of the threonine biosynthesis pathway, and
the aroP mRNA variants code for an aromatic amino acid permease, which facilitates the
transport of all three aromatic acids across the inner membrane. As GcvB has been characterized
as a global amino acid accessibility regulator, the thrL and aroP mRNAs could prove to be
additional targets of the sRNA.
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Table 5. Top thermodynamic targets for GcvB sRNA.

mRNA
Target
ebgR
ydcJ
thrL(0)
yciG
aroP(0)
aroP(1)
lrp(0)
lrp(1)
icd(0)
icd(1)

Initial TIR
(a.u.)
17625
973
5628
9580
7877
7877
4089
4089
950
950

Final TIR
(a.u.)
0.597
0.0668
0.982
3.79
70.8
70.8
44.8
44.8
14.6
14.6

ΔG reaction
(kcal/mol)
-39.181
-31.721
-30.381
-34.971
-30.851
-30.851
-30.291
-30.291
-33.661
-33.661

Max. Fold Change
29511.32
14558.91
5729.97
2528.25
111.27
111.27
91.2
91.2
65.13
65.13

Cell membrane stress response is regulated in part by the MicA sRNA, which represses
expression of the outer membrane porin protein OmpA as well as PhoP and PhoQ, two closely
related transcriptional regulators activated in response to low levels of extracellular magnesium
and calcium. While none of the characterized MicA targets were returned by the model in the top
10 list of targets (Table 6), the ompA mRNA was listed as the 14th target in the top 20 list. Four
uncharacterized model-predicted targets in the top 10 list also had functions related to the cell
membrane. Outer membrane peptidoglycan levels are partially controlled by the ycfS-encoded
transpeptidase, responsible for attaching the protective sugar-peptide polymer to the outer cell
membrane. This protein could be a logical regulatory target of MicA to alter the cell’s
peptidoglycan layer under periods of cell membrane stress. Related to the ycfS transpeptidase, the
lipoprotein encoded by ycfM is important in peptidoglycan crosslinking on the outer membrane.
The GlyA mRNA codes for a hydroxymethyltransferase important in the biosynthesis of several
biomolecules, including choline and various lipids. Phospholipids are the building blocks of the
cell membrane, and many contain choline as a head group. The last target, rdoA, is a protein
kinase that is not yet fully characterized, but is known to be activated by cell membrane stress.
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Table 6. Top thermodynamic targets for MicA sRNA.

mRNA
Target
ycfS
yegX(0)
cydC
glyA(1)
araC
ycfM(0)
tsgA
aphA
rdoA
hsdS(0)

Initial TIR
(a.u.)
752
6653
16574
2580
3962
7112
2160
9976
732
25808

Final TIR
(a.u.)
0.614
5.43
22.2
6.49
16.0
33.1
11.2
61.4
4.73
274

ΔG reaction
(kcal/mol)
-22.481
-18.781
-19.081
-21.081
-22.081
-17.611
-17.381
-20.391
-17.881
-17.781

Max. Fold Change
1225.02
1225.02
746.7
397.66
248.28
214.66
193.55
162.39
154.55
94.2

The OxyS sRNA helps to regulate oxidative stress response and has been experimentally
shown to directly regulate the expression of two transcriptional regulators: FhlA (formate
hydrogen-lyase transcriptional activator) and RpoS (the stationary phase sigma factor). It was
also predicted to regulate expression of yobF mRNA, which encodes a stress response protein
that has not yet been fully characterized. While the fhlA and rpoS transcripts were not returned by
the model as one of the top 10 targets, a transcript variant of yobF was the second target on the
list (Table 7). Two transcript variants of the FkpA protein, an isomerase that acts as a chaperone
under heat shock, were also returned as top targets. As YobF and FkpA are both upregulated
under heat shock conditions, OxyS may have an as-yet uncharacterized role in heat shock
response in addition to oxidative stress response.
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Table 7. Top thermodynamic targets for OxyS sRNA.

mRNA
Target
hsdS(0)
yobF(1)
ydbJ
murE(0)
ybhG
fkpA(0)
fkpA(1)
yibT
yaiS
yijD(0)

Initial TIR
(a.u.)
25808
827
1049
131
1935
29309
29309
1985
8688
8775

Final TIR
(a.u.)
88.9
4.89
6.79
1.15
18.9
370
370
30.2
189
391

ΔG reaction
(kcal/mol)
-22.281
-18.881
-30.981
-17.811
-18.601
-17.791
-17.791
-17.481
-19.291
-18.211

Max. Fold Change
290.2
169.1
154.55
114.32
102.15
79.04
79.04
65.72
46.06
22.42

The SgrS sRNA mitigates cellular response to glucose-phosphate stress conditions by
repressing expression of glucose transporters encoded by the ptsG and manXYZ mRNAs. Both
transporters are components the phosphotransferase system (PTS), which consists of several
membrane transporters and cytoplasmic enzymes to transport sugars into the cell. While neither
characterized target was predicted by the model to be a top target, two related targets were
returned at the top of the list (Table 8). The ptsI mRNA encodes the first member of the
cytoplasmic portion of the PTS system, acting on glucose immediately after it is transported
across the inner membrane by PtsG. The second mRNA target, ftsP, is less clearly related to the
PTS system but is known to be required during stress conditions. The ftsP mRNA encodes a
component of the cell divisome that is downregulated by SgrS according to the model, potentially
preventing the cell from dividing and replicating under glucose-phosphate stress conditions.
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Table 8. Top thermodynamic targets for SgrS sRNA.

mRNA
Target
ptsI(0)
rutA
ftsP(1)
yaiS
dedD(1)
mhpT
ydiJ
yjfL
rcsC
leuA(0)

Initial TIR
(a.u.)
12008
107
1261
8688
1350
5628
2288
5079
695
11164

Final TIR
(a.u.)
0.761
0.085
2.14
20.0
3.49
24.3
10.9
25.1
7.30
136

ΔG reaction
(kcal/mol)
-23.93
-23.22
-25.55
-26.32
-27.02
-24.37
-26.11
-28.02
-23.42
-24.27

Max. Fold Change
15787.39
1266.12
588.24
435.11
387.07
231.72
210.83
202.46
95.23
81.94

The last tested natural sRNA, SokB, is part of a hypothesized E. coli antitoxin system.
The sRNA interacts directly with mokB mRNA, which, when translated, enables the expression
of the small toxic membrane protein HokB. By binding to mokB, SokB represses expression of
the mokB peptide, preventing expression of the hokB gene. The HokB toxin/antitoxin system has
a highly similar hok/sok analog encoded by the hokC gene. Model-predicted targets of SokB
include transcript variants of the mokB mRNA at the top of the list (Table 9). Two hokB
transcript variants also appeared at the end of the list of top 20 targets. Sequence comparison of
mokB (168 nucleotides in length) and hokB (150 nucleotides) indicates that 110 of the
nucleotides are the same in both sequences—possibly explaining the return of hokB mRNA
transcripts in the top 20 model predicted-targets though SokB is not known to directly interact
with hokB. Interestingly, the hokC mRNA, encoding the toxic peptide analog to hokB in the
related system, was also present as a top model-predicted target for SokB. The hokB and hokC
transcripts show some sequence similarity, though not to the extent of mokB and hokB. However,
based on the initial TIR and ΔG reaction for both hokB and hokC, hokB has a much higher initial
TIR and lower ΔG reaction. This is possibly why the fold change was lower for the hokB-SokB
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system than that of the hokC-SokB system. Yet the lower ΔG reaction still indicates a high
likelihood for hokB-SokB interaction.

Table 9. Top thermodynamic targets for SokB sRNA.

mRNA
Target
mokB(0)
mokB(1)
ybdD(0)
ybdD(1)
ybdD(2)
kptA
rraB
hokC
rffD(0)
rffD(1)

Initial TIR
(a.u.)
1010
1010
639
639
639
17415
2698
35
1720
1720

Final TIR
(a.u.)
0
0
8.12
8.12
8.12
361
64.4
0.909
193
193

ΔG reaction
(kcal/mol)
-81.281
-81.281
-18.381
-18.381
-18.381
-17.391
-17.181
-20.581
-17.581
-17.581

Max. Fold Change
3.32 x 108
3.32 x 108
78.68
78.68
78.68
48.18
41.9
38.3
8.91
8.91
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Appendix B
Additional Synthetic sRNA Structures and Data
Additional sequence and structural information for the design of the GD extended mutant
variants, as well as 5’ single stranded end variants, are shown below. In the RNA sequence tables
below (Tables 10-12), color coding and letter styles show restriction sites (orange text), the mRFP
RBS of the mRNAs or region complementary to the mRFP RBS for the sRNAs (blue text),
nucleotides mutated from the original GD extended sRNA or GRR mRNA (green highlighting),
and the sRNA terminator (lower case lettering). For the 5’ end length variants, underlined text
indicates the single-stranded nucleotides making up the varied end lengths. The single-stranded
nucleotide number given does not include single-stranded nucleotides on loops or bubbles of
hairpins. All Vienna RNA-predicted secondary structures shown below contain color-coded basepair probabilities, with warmer colors indicating a high probability of base-pairing (or singlestrandedness) and cool colors indicating a low probability.
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Table 10. Sequences of GD, GD extended (GD ext), and the mutated constructs.
Construct
Name
GD
GD ext

GD ext Hfq
GD ext no
hairpin
GD ext polyA
downstream
GD ext polyA
upstream
GD ext start
codon mut
GD ext GTG st
codon
GD ext YUNR
bubble mut
GD ext YUNR
stemloop mut

Sequence
GAATTCAGATACATATCTCCTTATGTTTTGGTCTGTAGATATCAGACATTGA
CGTCTGCTGTGTaaaaaaaaaccccgcccctgacagggcggggtttttttt
GAATTCAACCAAACCCAAACCCAAACCCAAACCCACAGATACATATCTCCT
TATGTTTTGGTCTGTAGATATCAGACATTGACGTCTGCTGTGTaaaaaaaaaccccg
cccctgacagggcggggtttttttt
GAATTCAACCAAACCCAAACCCAAACCCAAACCCACAGATACATATCTCCT
TATGTTTTGGTCTGTAGATATCAGACATTGACGTCTGCTGTGTTATTTATTaaa
aaaaaaccccgcccctgacagggcggggtttttttt
GAATTCAACCAAACCCAAACCCAAACCCAAACCCGTGTGTGTATATCTCCTT
ATGTTTTGGTCTGTAGATATCAGACATTGACGTCTGCTGTGTaaaaaaaaaccccgcc
cctgacagggcggggtttttttt
GAATTCAACCAAACCCAAACCCAAACCCAAACCCACAGATACATATCTCCT
TATGTTTTGGTCTGTAGATATCAGACATTGACGTCTGCTGTGAAAAAAATaaa
aaaaaaccccgcccctgacagggcggggtttttttt
GAATTCAACCAAACCCAAACCCAAACCCAAACCCAAAAAAAACAGATACA
TATCTCCTTATGTTTTGGTCTGTAGATATCAGACATTGACGTCTGCTGTGTaaa
aaaaaaccccgcccctgacagggcggggtttttttt
GAATTCAACCAAACCCAAACCCAAACCCAAACCCACAGATACTTATCTCCT
TAAGTTTTGGTCTGTAGATATCAGACATTGACGTCTGCTGTGTaaaaaaaaaccccg
cccctgacagggcggggtttttttt
GAATTCAACCAAACCCAAACCCAAACCCAAACCCACAGATACACATCTCCT
TGTGTTTTGGTCTGTAGATATCAGACATTGACGTCTGCTGTGTaaaaaaaaaccccg
cccctgacagggcggggttttttt
GAATTCAACCAAACCCAAACCCAAACCCAAACCCACAGATACATATCTCCT
TATGTTACGGTCTGTAGATATCAGACATTGACGTCTGCTGTGTaaaaaaaaaccccg
cccctgacagggcggggtttttttt
GAATTCAACCAAACCCAAACCCAAACCCAAACCCACAGATACATATCTCCT
TATGTTTTGGTCTGTAGATATCAGACATCGACGTCTGCTGTGTaaaaaaaaaccccg
cccctgacagggcggggtttttttt
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Table 11. Sequences for GD, GD extended (GDe), and the tail length variants.
Construct
Name
GD tail 2
GD tail 8
GD tail 11

GD tail 17

GD tail 23

GD tail 29

Sequence
GACAGATACATATCTCCTTATGTTTTGGTCTGTAGATATCAGACAT
TGACGTCTGCTGTGTaaaaaaaaaccccgcccctgacagggcggggtttttttt
GAATTCATTAGATACATATCTCCTTATGTTTTGGTCTGTAGATATC
AGACATTGACGTCTGCTGTGTaaaaaaaaaccccgcccctgacagggcggggtttttttt
GAATTCACCCACAGATACATATCTCCTTATGTTTTGGTCTGTAGAT
ATCAGACATTGACGTCTGCTGTGTaaaaaaaaaccccgcccctgacagggcggggttt
ttttt
GAATTCACCCAAACCCACAGATACATATCTCCTTATGTTTTGGTCT
GTAGATATCAGACATTGACGTCTGCTGTGTaaaaaaaaaccccgcccctgacag
ggcggggtttttttt
GAATTCACCCAAACCCAAACCCACAGATACATATCTCCTTATGTTT
TGGTCTGTAGATATCAGACATTGACGTCTGCTGTGTaaaaaaaaaccccgc
ccctgacagggcggggtttttttt
GAATTCACCCAAACCCAAACCCAAACCCACAGATACATATCTCCT
TATGTTTTGGTCTGTAGATATCAGACATTGACGTCTGCTGTGTaaaaa
aaaaccccgcccctgacagggcggggtttttttt

# 5’ SingleStranded
Nucleotides
2
8
11

17

23

29

Table 12. mRFP RBS sequences for mRNA variants of GRR
Construct Name
GRR
GRR start
codon mutation
GRR GTG start
codon mutation
GRR YUNR
mutation
GRR no Hfq
GRR poly-A
upstream

Sequence
TCTAGAGGATCCAATTCGCGATATCTACAGACCAAAACATAAGGAGATATA
AACATGGCGAGCTC
TCTAGAGCATCCAATTCGCGATATCTACAGACCAAAACTTAAGGAGATAAA
AACATGGCGAGCTC
TCTAGAGCATCCAATTCGCGATATCTACAGACCAAAACACAAGGAGATGTA
AACATGGCGAGCTC
TCTAGAGGAACCAATTCGCGATATCTACAGACCGTAACATAAGGAGATATA
AACATGGCGAGCTC
TCTAGAGGACCCTGCTCGCGATATCTACAGACCAAAACATAAGGAGATATA
AACATGGCGAGCTC
TCTAGAAAAAAAAGGAACCAATTCGCGATATCTACAGACCAAAACATAAG
GAGATATAAACATGGCGAGCTC
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Figure 11. Vienna RNA-predicted secondary structure
for GD extended Hfq.

A.

B.

Figure 12. Vienna RNA-predicted (A) MFE and (B) Centroid secondary structures for GD extended no hp.

49

Figure 13. Vienna RNA-predicted secondary structure for
GD extended poly-A downstream.

Figure 14. Vienna RNA-predicted secondary structure for GD
extended poly-A upstream.

50

A.

B.

Figure 15. Vienna RNA-predicted secondary structure for (A) GD extended st codon mutation and (B)
GD extended GTG st codon.

A.

B.

Figure 16. Vienna RNA-predicted secondary structure for (A) GD extended YUNR bubble and (B) GD
extended YUNR stemloop.
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