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Abstract
The Role of Ribosome and tRNA Dynamics in the Regulation of
Translation Elongation
Wei Ning
Protein synthesis, one of nature’s most fundamental processes within all living
cells, is catalyzed by the ribosome, a highly conserved, massive, two-subunit
ribonucleoprotein complex. Ribosomes synthesize proteins based on the sequence of
triplet-nucleotide codons presented by the messenger RNA (mRNA) template, using
aminoacyl-transfer RNAs (aa-tRNAs) substrates, which deliver individual amino acids to
the ribosome.
Recent biochemical, structural, dynamic and computational studies have
uncovered large-scale conformational changes of the ribosome, its tRNA substrates, and
translation factors that play important roles in regulating protein synthesis, especially
during the elongation phase of translation. For example, translocation of the ribosome
along its mRNA template involves several conformational rearrangements of the
ribosomal pre-translocation (PRE) complex, including the rotation of two ribosomal
subunits, closure of the L1 stalk element, and reconfigurations of the ribosome-bound
tRNAs. Importantly, modulation of these conformational changes of PRE complexes is
used as a strategy by the cell and ribosome-targeting antibiotics to regulate translation
elongation. Therefore, a complete understanding of the conformational dynamics of
ribosomal complexes will not only improve our knowledge on how translation is
regulated, but also provide crucial information for designing next-generation antibiotics.

This thesis presents efforts demonstrating several strategies the cell develops in order to
regulate translation by modulating the conformational dynamics of ribosomal complexes.
In Chapter 2, I investigate if and how the individual dynamics of intersubunit
motion, tRNA and L1 stalk are coordinated within PRE complexes, so that the
translocation reaction is facilitated. To address this question, the dynamics of ribosomal
intersubunit rotation were predictably perturbed using either structurally guided ribosome
mutagenesis as well as an ribosome-targeting antibiotic translation inhibitor.
Correspondingly, I used two single-molecule fluorescence resonance energy transfer
(smFRET) signals to directly monitor how perturbation of the dynamics of intersubunit
rotation alter the dynamics of P-site tRNA and the L1 stalk in PRE complexes. Taken
together with the results of my complementary in vitro biochemical assays, my smFRET
work clearly demonstrates that the ribosome coordinates individual conformational
changes to maximize and regulate the efficiency of the translocation reaction. It is very
likely that this strategy is used by the ribosome in other steps during translation for
efficient chemical or mechanical reactions, and is taken advantage of by translation
factors and antibiotics as part of the mechanisms through which they regulate and inhibit
translation, respectively.
Energy-dependent translational throttle A (EttA) is one regulatory translation
factor that has been recently discovered and characterized through a collaboration
between the Hunt, Gonzalez, and Frank laboratories (Chapter 3). Biochemical
experiments have shown that in the presence of a high ADP/ATP ratio, EttA inhibits
formation of the first peptide bond, and such inhibition is relieved upon addition of ATP,
indicating that EttA may regulate the synthesis of proteins in response to the energetic

status of the cell, as reflected by the cellular ADP/ATP ratio. Complementary cryo-EM
studies have shown that the ATP-bound form of EttA binds to the ribosome at the E-site
from where it directly contacts and forms bridging interaction between the L1 stalk and
P-site tRNA. The results of my smFRET experiments demonstrate that EttA differentially
modulates the conformation and/or dynamics the L1 stalk, depending on whether EttA is
bound to ADP or ATP, thereby providing a possible rationale for the distinct effects of
EttA on dipeptide synthesis in the presence of ADP vs. ATP. My smFRET data, together
with the biochemical and structural efforts, demonstrate that EttA functions, at least in
part, by restricting ribosome and tRNA dynamics that are crucial for translation. More
importantly, our data support a model for the interaction of EttA with the ribosomal
complex and its regulation of translation at the start of the elongation cycle, the molecular
mechanism of which EttA uses has never been found among all other known translational
regulatory factors.
+1 non-programmed ribosomal frameshifting (+1 FS), in which the elongating
ribosome slips by one nucleotide towards the 3' end of the mRNA during translation,
occurs at a low frequency as a translational error. Proline-tRNA with an anticodon GGG
(tRNAProGGG) is prone to induce +1 FS, and the evolution of post-transcriptional
modifications of tRNAProGGG is used as a strategy by nature to suppress this error.
However, the mechanism underlying this suppression has not been previously
characterized. tRNAProGGG modifications have been shown to play important roles in
regulating the conformational stability and flexibility of the secondary and tertiary
structures of tRNAs and therefore have the potential to regulate the conformational
dynamics of ribosomal complexes during translation elongation. However, the effect of

these modifications on elongating ribosomal complex dynamics is completely unknown,
thus greatly impeding our understanding of the role that they play in maintaining the
translational reading frame. Chapter 4 presents the efforts to elucidate the mechanism by
which tRNA modifications suppress +1 FS by investigating the effects that modifications
of tRNAProGGG have on regulating the conformational dynamics of ribosomal complexes
in a collaboration with the Hou group at Thomas Jefferson University. The preliminary
results from my smFRET experiments suggest that tRNAProGGG modifications do indeed
play a role in modulating the dynamics of ribosomal complexes. More importantly, the
combination of tRNA without modifications and mRNA carrying a sequence that is prone
to induce +1 FS dramatically alters ribosome dynamics, probably by affecting tRNA
flexibility, tRNA-ribosome, tRNA-mRNA, and mRNA-ribosome interactions, all of
which could have important implications for how +1 FS occurs.
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Chapter 1
Introduction

1.1. Overview of protein synthesis and the ribosome
Protein synthesis, or translation, one of nature’s most fundamental processes
within all living cells, occurs on enzymatic ribonucleoprotein complexes called
ribosomes. Ribosomes synthesize proteins based on the sequence of triplet-nucleotide
codons presented by the messenger RNA (mRNA) template, using aminoacyl-transfer
RNAs (aa-tRNAs) substrates, which deliver individual amino acids to the ribosome.
The ribosome is a highly conserved, massive, two-subunit ribonucleoprotein
complex (Figure 1.1A). In prokaryotes, the ribosome consists of the small 30S subunit
(40S in eukaryotes) and the large 50S subunit (60S in eukaryotes), named according to
their corresponding sedimentation coefficients. The 30S subunit is made of 16S
ribosomal RNA (rRNA, ~1,500 nucleotides) and 21 ribosomal proteins (r-proteins S1S21), while the 50S subunit is made of 5S rRNA (~120 nucleotides) and 23S rRNA
(~2,900 nucleotides) and 36 r-proteins (L1-L36) (reviewed in (1–4)). The two subunits
are associated to form the 70S ribosome in prokaryotes (80S in eukaryotes), with a size of
about 21 nm and a molecular weight of about 2.5 MDa. Despite the significant
differences in the size of ribosomes and the complexity of the translation process across
the three domains of life, the essential role of the ribosome in catalyzing protein synthesis
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is universally conserved, making the prokaryotic ribosome an excellent model system for
studying the universal mechanism of protein synthesis (1, 2).

Figure 1.1 The ribosome and the translation cycle. (A) X-ray crystallographic structure of the
70S ribosome (PDB ID: 2J00 and 2J01). The 50S subunit, lavender; the 30S subunit, tan; mRNA,
black curve; aminoacyl-tRNA (A-site), purple; peptidyl-tRNA (P-site), red; and deacylated-tRNA
(E-site), orange. Three functional centers of the ribosome, Decoding Center (DC) on the 30S
subunit, and Peptidyl-Transferase Center (PTC) and GTPase-Associated Center (GAC) on the
50S subunit, are highlighted and labeled. (B) Cartoon schematic of the translation cycle. The
stages of initiation, elongation, termination, and ribosome recycling are shown, as well as the
translation protein factors involved in each step. Figure reproduced from (5).
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The tRNA, an essential component of protein synthesis, serves as a physical link
between the nucleotide sequence of the mRNA template and the amino acid sequence of
proteins, by carrying the amino acids to ribosome as directed by a codon in the mRNA.
tRNAs, typically 74-95 nucleotides in length, fold into a characteristic cloverleaf
secondary structure, and then form an L-shaped tertiary structure through a network of
base-pairing, base-stacking and coaxial stacking interactions among its multiple structural
elements (6, 7). Each tRNA contains a specific anticodon, a structure element made up of
three nucleotides, which base pairs with the corresponding codon on the mRNA on the
30S subunit. The ribosome has three well-defined tRNA binding sites that span the space
between the two ribosomal subunits: the aminoacyl-tRNA binding site (A site), the
peptidyl-tRNA binding site (P site) and the exit site (E site) (Figure 1.1A).
Translation is a highly complex process and can be divided into four major stages
(Figure 1.1B): initiation, elongation, termination and ribosome recycling. Numerous
protein translation factors are involved in each stage, to ensure the efficiency and
accuracy of the translation process. In the initiation stage, a functional ribosomal complex
is assembled at the correct start site on the mRNA with the aid of three initiation factors
(IF) 1, 2, and 3, where IF2 functions as a GTPase, which bind and hydrolyze guanosine
triphosphate (GTP). The resulting ribosomal complex then undergoes multiple rounds of
the elongation cycle, during which the GTPase elongation factors (EF) Tu and G
repeatedly catalyze delivery of aa-tRNA substrates to the ribosome, and translocation of
the ribosome along the mRNA template by one codon and the accompanying movement
of tRNAs, respectively. During the termination stage, the nascent polypeptide is released
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from the ribosome catalyzed by a class I release factor (RF1 or RF2) by recognizing the
stop codon at the end of the mRNA-encoded gene, followed by recycling of RF1/2 by the
class II GTPase release factor RF3. Finally, during the recycling stage, ribosomal
recycling factor (RRF) and EF-G promote the disassembly of the resulting posttermination ribosomal complex into 30S and 50S subunits, preparing them for a new
round of translation.
Ribosomes spend most of the time in the elongation stage of translation (reviewed
in (8–10)). Recent biochemical, structural, dynamic and computational studies have
uncovered the important role that large-scale conformational changes of the ribosome, its
tRNA substrates, and EFs play in regulating the translation elongation. It is proposed that
these conformational changes are generally the rate-limiting steps for the fundamental
biochemical events (GTP hydrolysis and peptide bond formation) and regulate
fundamental mechanical events (factor binding/release and mRNA-tRNA translocation)
(see Section 1.3) (9–11). Therefore, a thorough investigation of the conformational
dynamics of the elongating ribosomal complex will be critical for extending our
understanding of protein synthesis and its regulation. This thesis presents efforts
demonstrating several strategies the cell develops in order to regulate translation by
modulating the conformational dynamics of ribosomal complexes.
In this introduction chapter, I will first briefly introduce the biophysical technique
primarily used in this work, single-molecule fluorescence resonance energy transfer
(smFRET), using the total internal reflection fluorescence (TIRF) microscope employed
for the smFRET collection in Section 1.2. Next, in Section 1.3 I will describe the three
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substeps of the translation elongation cycle in greater detail, specifically highlighting the
important roles that conformational changes of the ribosomes, tRNAs, and EFs play in
each step. In Section 1.4, I will discuss how modulation of conformational changes of
ribosomal complexes is used as a strategy by the cell and ribosome-targeting antibiotics
to regulate translation elongation. Finally, the underlying motivation and a brief summary
of my Ph.D work will be discussed in Section 1.5.

1.2.

smFRET and TIRF microscopy: a powerful tool for studying
conformational dynamics
Single-molecule fluorescence resonance energy transfer (smFRET) is a very

powerful tool to study conformational dynamics of large biomolecular machines (11, 12).
FRET is an energy transfer process between two fluorophores, termed the donor and the
acceptor. The energy transfer occurs between the donor in its excited electronic state and
the acceptor in its ground state, via non-radiative dipole–dipole couplings. FRET requires
sufficient overlap between the emission spectrum of the donor and the absorbance
spectrum of the acceptor (Figure 1.2).
The efficiency of FRET (EFRET), inversely proportional to the sixth power of the
distance between two fluorophores, is given by:

EFRET 

1
R
1   
 R0 

6

(1)
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Figure 1.2 Physical principles of FRET. (A) Chemical structure of Cy3-Cy5 donor-acceptor
pair. (B) FRET requires sufficient overlap between the emission spectrum of the donor and the
absorbance spectrum of the acceptor. AD: donor absorbance; ED: donor emission; AA: acceptor
absorbance; EA: acceptor emission. (C) Plot of FRET efficiency vs. distance (R) for a donor
(green sphere) - acceptor (red sphere) pair. For the Cy3-Cy5 donor-acceptor pair, R0 ≈ 55 Å.
Figure reproduced from (13).

where R is the distance between two fluorophores and R0 is the Förster distance at which
EFRET = 0.5. The value of R0 depends on the specific donor-acceptor pair (R0 ≈ 55 Å for
the Cy3-Cy5 donor-acceptor pair used in my work) and is given by:

R06 

9000(ln 10) 2QD J ( )
,
128 5 n 4 N A

(2)

where κ is the relative orientation between two fluorophores, QD is the fluorescence
quantum yield of the donor when there is no acceptor, J(λ) is the overlap between the
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emission spectrum of the donor and the absorbance spectrum of the acceptor, n is the
refractive index of the medium and NA is the Avogadro's number. Based on the typical
value of R0, EFRET is sensitive to distance changes within the window of 10 to 100 Å.
Together with the fact that many conformational changes within biomolecular machines
occur in the 10s of Å range, FRET becomes an ideal tool for obtaining biomolecular
dynamic information.
Investigating conformational dynamics with FRET pairs at the single-molecule
level, first demonstrated by Weiss and coworkers (14), has many advantages over the
traditional ensemble measurement. First, single-molecule measurement can identify the
conformational heterogeneity of the sample, i.e. it can distinguish different
subpopulations within the ensemble, which are usually averaged out in the ensemble
measurement. Second, it can capture the rare and short-lived conformational
intermediates which are hard to detect in the ensemble measurement. In addition, without
the need of synchronizing complex biochemical reaction, smFRET is straightforward for
acquiring thermodynamic and kinetic information of the sample. Therefore, smFRET
have been widely used to answer mechanistic questions in a variety of important
biological processes, such as protein folding, DNA replication, RNA transcription and
translation (15–21).
Detection of single-molecule fluorescence is usually performed using total
internal reflection fluorescence (TIRF) microscopy, which allows simultaneously
monitoring a large number (tens to hundreds) of single molecules in one experiment (22).
As suggested by its name, TIRF microscope operates based on the total internal reflection
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of the excitation laser beam. In a commonly used prism-based TIRF microscope
configuration, employed here (Figure 1.3), the excitation laser beam is aligned and
focused onto a quartz microscope slide through a fused silica prism. When the beam
reaches the interface between the slide and aqueous solution, it cannot pass through the
interface but will be totally internally reflected away from the quartz-buffer interface if
the incident angle is greater than the critical angle, θC, given by:

 nq 

 na 

 C  arcsin

(3)

where nq and na are the indices of refraction of the quartz slide and aqueous solution,
respectively. Although the incident beam is totally internally reflected at the surface, a
weak electromagnetic field, called the evanescent field, is generated which penetrates
into the solution. This evanescent field extends only about 100 to 200 nm from the
surface and the intensity decays exponentially, therefore greatly reducing the background
fluorescence and increasing the signal-to-noise ratio of the measurement.
In the smFRET experiment, the fluorescently labeled complexes are always
tethered onto the surface of the microscope slide, to prevent diffusion of the molecule and
allow recording data of spatially separated single molecules for a certain period of time
(from 10 msec to min) which is limited by fluorophore phot obleaching. The
immobilization scheme used in this work, described in this thesis, represents one of most
commonly used sample surface-immobilization strategies. The quartz microscope slide is
first coated with a mixture of polyethylene glycol (PEG) and biotinylated PEG (biotin-
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Figure 1.3 smFRET data collection using a prism-based TIRF microscope. (A) A schematic
of typical setup up of a prism-based TIRF microscope. (B) An enlarged view of the quartz-buffer
interface of the microfluidic flowcell. Fluorescently labeled ribosomal complexes are tethered
onto the quartz surface passivated by polyethylene glycol (PEG)/biotin PEG, through a biotinstreptavidin-biotin interaction, and are illuminated by the evanescent field. (C) An enlarged view
of a single fluorescence image recorded by the EMCCD detector. The donor and acceptor signals
from hundreds of spatially well-resolved ribosomal complexes are imaged onto two halves of a
single exposure of the EMCCD camera. Images are typically collected at a time resolution of 10
to 100 frames sec-1. (D) Representative donor (green) and acceptor (red) emission intensity vs.
time trajectory from a single fluorescently labeled ribosomal complex within the field-of-view.
Figure reproduced from (23).

PEG), generating a PEG/biotin-PEG surface. Streptavidin is then introduced onto the
surface to form biotin-streptavidin interactions. Then, fluorescently labeled ribosomal
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complexes, carrying a biotinylated mRNA, can be tethered onto the surface via these
biotin-streptavidin-biotin bridges. To be noted, the ratio of the biotin-PEG and nonbiotin-PEG in the mixture is about 1:1000, which ensures imaging of spatially wellseparated individual ribosomal complex in the experiment.

1.3.

Translation elongation cycle
Unlike the initiation and termination stages, which are very different between

prokaryotic and eukaryotic organisms, the translation elongation is similar for both
domains (24). The elongation cycle of protein synthesis can be divided into three steps
(Figure 1.1B): (i) aa-tRNA selection and its subsequent incorporation into the ribosomal
A site, termed decoding; (ii) peptide bond formation, which transfers the nascent
polypeptide from the P-site peptidyl-tRNA to the A-site aa-tRNA, leading to an increase
of the growing peptide chain by one amino acid; (iii) Translocation of the ribosome along
the mRNA template by one codon and the accompanying movement of tRNAs at P- and
A-site to E- and P-site, respectively. Translocation of the ribosome leads to an empty
codon of mRNA at the A-site, so that the ribosome complex is ready to enter another
round of the elongation cycle. Given my research interest, this section will mainly focus
on the conformational dynamics of the ribosome, tRNAs, and translational factors in each
elongation step, specifically during translocation.

1.3.1. Decoding: aa-tRNA selection and incorporation
1.3.1.1.

Mechanisms of decoding
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During decoding, the ribosome selects aa-tRNA according to its capability to use
the anticodon base pairing with the corresponding codon on the mRNA. In order to
maintain the translational fidelity, the successful recognition and incorporation of cognate
aa-tRNAs, discriminating against near-cognate or non-cognate ones, by the ribosome, is
proceeded via two major steps referred to as "initial selection" and "proofreading"
(Figure 1.4), separated by an irreversible GTP hydrolysis event (9–11).
The initial selection step includes (i) rapid and reversible binding of aa-tRNA in
the form of a ternary complex with EF-Tu and GTP (EF-Tu(GTP):aa-tRNA ternary
complex) to the decoding center (DC) on the 30S subunit and the GTPase-Associated
Center (GAC) on the 50S subunit (Figure 1.1A); (ii) stabilization of cognate tRNA on the
ribosome via formation of stable codon-anticodon interactions (i.e. codon recognition),
but not noncognate or most of near-cognate tRNAs; and (iii) conformational
rearrangements of the ribosome, aa-tRNA and EF-Tu induced by recognition of the
cognate, or with a much lower chance, near-cognate aa-tRNA, which triggers the GTP
hydrolysis by EF-Tu. Thus, the initial selection step offers the ribosome the first chance
to discriminate in favor of cognate aa-tRNAs against the non-cognate and most of the
near-cognate tRNAs. After GTP hydrolysis, the Pi release triggers extensive structural
rearrangements within EF-Tu in the GDP-bound form (EF-Tu(GDP)), leading to the
dissociation of EF-Tu(GDP) from the ribosome and aa-tRNA. Then in the proofreading
step, while the cognate aa-tRNA fully accommodates into the A-site placing the acceptor
end into the peptidyl transferase center (PTC) (Figure 1.1A) of the 50S subunit, the near-
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Figure 1.4 The kinetic model of decoding. Step 1→2, initial binding of EF-Tu(GTP):aa-tRNA
ternary complex to the ribosome; step 2→3, codon recognition at the DC on 30S subunit; step 3
→4, GTPase activation in which the cognate EF-Tu(GTP):aa-tRNA ternary complex, and rarely,
a near-cognate ternary complex is docked into the GAC on the 50S subunit, while non-cognate
and most of the near-cognate ternary complex are rejected; step 4→5, GTP hydrolysis by EF-Tu;
step 5→6, release of Pi from EF-Tu(GDP); step 6→7, release of EF-TU(GDP) from cognate aatRNA and the ribosome, leading to accommodation of cognate aa-tRNA into the PTC; step 6→8,
rejection of the remaining near-cognate aa-tRNA; step 7→9, peptide bond formation between Pand A-site tRNAs. The FRET values that are obtained from smFRET measurements with
fluorescently labeled A- and P-site tRNAs (25) corresponding to each conformational state are
listed under the cartoons. Figure reproduced from (11).
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cognate aa-tRNA can be rejected from the ribosome, further ensuring the decoding of
cognate, but not near-cognate aa-tRNAs.

1.3.1.2. Conformational dynamics during decoding
Non-cognate aa-tRNAs dissociate from the ribosome at a much faster rate,
relative to cognate ones, in the initial selection and proofreading steps, because they lack
stable codon-anticodon interactions (9–11). However, it is interesting that the selection of
cognate aa-tRNAs against non-cognate ones with high fidelity does not only result from
their different dissociation rates. The distinct forward rates of GTPase activation and
accommodation for cognate tRNAs versus non-cognate ones also contribute to fidelity
resulting from a socalled "induced fit" mechanism (10, 26–28), involving conformational
rearrangements of the ribosome, aa-tRNA and EF-Tu during decoding. Several such
conformational changes, revealed by biochemical, structural and smFRET studies (2, 10,
25, 27–31) have been shown to be critical for the high fidelity of the decoding process.
In the initial selection step, important conformational changes within the
ribosome and the EF-Tu(GTP):aa-tRNA ternary complex are required for the GTPase
activation. Biochemical and structural studies showed that, upon codon recognition,
significant conformational changes happen in three universally conserved residues of the
16S rRNA in the DC, A1492, A1493 and G530, so that they form interactions with the
minor groove of the codon-anticodon duplex (32–35). These conformational changes are
only induced by cognate codon-anticodon interations, but not for near-cognate or
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noncognate ones (33, 34), indicating their roles in discriminating in the favor of cognate
aa-tRNAs.
Upon formation of interactions between the 16S rRNA residues and codonanticodon duplex in the DC as described above, additional conformational
rearrangements of the ribosome, aa-tRNAs and EF-Tu are induced (reviewed in (10)).
For example, a large-scale domain closure within the 30S subunit is observed, such that
the so called "shoulder" domain of the 30S subunit is in direct contact with EF-Tu,
believed to be essential for GTPase activation (26, 28, 30, 36). This can explain why
mutations making the closure movement harder or easier, result in a hyperaccurate or an
error-prone phenotype, respectively (26, 33).
Large conformational changes are also observed with the EF-Tu(GTP):aa-tRNA
ternary complexes for GTPase activation. It is well known that the structure properties of
the aa-tRNA, in addition to the anticodon, play an important role during decoding as well.
Upon codon recognition, the cognate aa-tRNA adopts a distorted, so called "A/T"
configuration, allowing interaction of the anticodon with the mRNA codon in the DC and
interaction of EF-Tu with the GAC (Figure 1.1A) of the 50S subunit at the same time (32,
37, 38). This energetically unfavored A/T tRNA configuration, required for GTPase
activation (39), is believed to be stabilized by a cognate condon-anticodon interaction,
thus offering one of the key criteria in selecting cognate aa-tRNAs against the nearcognate or noncognate aa-tRNAs. tRNA mutations, either stabilizing the A/T
configuration of the aa-tRNA via formation of additional interactions with the ribosome
(40–43), or reducing the energetic penalty of aa-tRNAs to adopt the distorted
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configuration (44, 45), lead to miscoding events. These findings strongly suggest that
tRNA conformational flexibility play an essential role in the initial selection step during
decoding. Together with the distortion of the aa-tRNA, there are several conformational
changes in EF-Tu upon codon recognition (36, 46) as well, including a rearrangement of
its GTPase domain relative to the other two domains, critical for the subsequent GTP
hydrolysis by EF-Tu. Therefore, the closure of the 30S subunit, the distortion of the aatRNA, and rearrangement of EF-Tu, which are induced by cognate codon-anticodon
interactions, ensure the GTPase activation and act as important players during the first
screen of the decoding process.
Conformational changes of the ribosome and the ternary complex are also critical
for the subsequent decoding steps. For example, the GTP hydrolysis and release of Pi
cause a large-scale reorientation of its GTPase domain relative to the other two domains
(36, 47). This conformational change greatly weakens the interaction of EF-Tu with the
ribosome and the aa-tRNA (48), leading to EF-Tu's dissociation. Then, the cognate aatRNA's acceptor end is accommodated into the PTC of the 50S subunit via another
conformational rearrangement, while the "survival" near-cognate aa-tRNA from the
initial selection step, which is not able to induce conformational changes required for
efficient GTP hydrolysis probably due to weak codon-anticodon interactions, would more
likely dissociate from the ribosome (30, 33), thus further ensuring the high fidelity of the
decoding process.
To be noted, one early smFRET study (25) with fluorescently labeled A- and Psite tRNAs, reporting distinct FRET states during decoding as shown in Figure 1.4,
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greatly facilitated the establishment and improvement of the kinetic proofreading
mechanism of the decoding process. Importantly, the smFRET study revealed transient
dynamics, suggesting that near-cognate ternary complexes are rejected from the ribosome
after initial binding at a much higher ratio (~6:1) relative to cognate ternary complexes
(25). Therefore, the ability of smFRET to capture transient dynamics/events, which is
difficult to be achieved using structural studies, indicates the power of the smFRET
technique in investigating the role of conformational changes play in important
elongation steps. Given its advantage, smFRET has been widely used to investigate the
regulation of the decoding process, mediated by ribosomal structural elements (49) and
ribosome-targeting antibiotics (25, 29, 49, 50).

1.3.2. Peptidyl transfer
Peptide bond formation, or the peptidyl-transferase reaction, is the central
catalytic step of translation, which occurs with the nucleophilic α-amino group of aatRNA at the A-site attacking the ester bond of the peptidyl-tRNA at the P-site (Figure
1.5). The ribosome increases the rate of peptide bond formation by around seven order of
magnitude, compared with the one happened spontaneously in solution (51), reflecting
the strong catalytic power of the ribosome in the reaction. Biochemical and structural
studies indicate that this catalytic power comes in major part from the ribosomal RNA
components, rather than ribosomal proteins (51–55).
Due to the limitations in spatial and time resolution, smFRET and cryo-EM have
not provided significant contributions to the mechanistic understanding of the peptidyl-
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Figure 1.5 Peptide bond formation and conformational rearrangements in the PTC. (A)
The chemical mechanism of peptide bond formation. Figure reproduced from (56). (B) The
structure showing the nucleophilic attack of the α-amino group of aa-tRNA at the A-site (magenta)
on the ester bond of the peptidyl-tRNA at the P-site (green). Figure reproduced from (56). (C)
Conformational rearrangements of rRNA and P-site tRNA in the PTC induced by A-site substrate.
The structures of U2506, G2583, U2585 and peptidyl-tRNA at the P-site in the absence and
presence of A-site tRNA are superimposed for comparison. The movements of three rRNA
residues and P-site tRNA are depicted in black arrows. Figure reproduced from (57).
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transferase reaction. However, numerous biochemical (58–60) and X-ray crystallographic
(51–55, 61) approaches have strongly suggested that structural rearrangements of the 23S
rRNA nucleotides in the PTC play an important role in supporting the peptidyl
transferase reaction.
Upon accommodation of the aa-tRNA in the A-site, several 23S rRNA residues,
especially U2506, G2583 and U2585, undergo conformational changes which expose the
target ester bond of the peptidyl-tRNA at the P-site to effective nucleophilic attack by the
α-amino group of aa-tRNA; whereas when the A-site is empty, those residues adopt
conformations such that the ester bond of the peptidyl-tRNA is protected from the
nucleophilic attack by water molecules (53, 57). Therefore, local conformational
rearrangements within the PTC serve as a switch for the conversion between an active
and an inactive conformation of the ribosome for the peptidyl-transferase reaction.

1.3.3. mRNA-tRNA translocation
As shown in Figure 1.1B, after peptide transfer, a ribosomal pre-translocation
(PRE) complex, carrying a newly formed deacylated-tRNA at the P-site and a newly
formed peptidyl-tRNA in the A-site, is generated. Translocation of mRNA and tRNAs
relative to the ribosome, promoted by EF-G, is required for the next round of elongation
to occur. Binding of EF-G-GTP to the PRE complex and the subsequent GTP hydrolysis
lead to the movement of tRNAs at the P- and A-site to E- and P-site, respectively, and the
movement of mRNA by one codon, resulting in a ribosomal post-translocation (POST)
complex. After translocation, the next codon on the mRNA is now positioned in the
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empty A-site of the POST complex, ready for the incorporation of a new aa-tRNA.
Translocation can occur even in the absence of EF-G, in a process referred to as EF-Gindependent translocation, though the rate of this is three to four orders of magnitude
slower compared with the rate of EF-G-dependent translocation (62).
Not surprisingly, translocation, in which the mRNA and tRNA are moved by ~50
Å, involves multiple functionally important large-scale structural rearrangement within
the ribosome, tRNAs and EF-G, and is considered the most dynamic step during the
elongation cycle (reviewed in (9–11, 63–65)). In this section, I will mainly focus on
several functionally important ribosome and tRNA conformational dynamics during
translocation which are directly related to my Ph.D work, while the structure features of
EF-G and its associated structure rearrangement upon binding and subsequent GTP
hydrolysis can be found in other references (10, 66–68).

1.3.3.1.

Dynamics of tRNA reconfiguration, intersubunit rotation and
L1 stalk closure in the PRE complex

It is now well known that the movement of tRNAs in the ribsome during
translocation occurs via an intermediate state, proposed in late 1960s (69). This idea was
first proved by chemical footprinting assays 20 years later (32), which showed that upon
peptide transfer, the 3' (aminoacyl acceptor) ends of the P- and A-site tRNAs move into
the E- and P-site of the 50S subunit, respectively, while their anticodon ends remain
bound at the A- and P-site of the 30S subunit, thus forming tRNA hybrid P/E (denoting
the 30S P-site/50S E-site) and A/P configurations (Figure 1.6). The details of the tRNA
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movement were then uncovered by numerous structural, biochemical, and smFRET
studies (reviewed in (9–11, 63–65)). The anticodon ends of the tRNAs and the mRNA are
then moved within the 30S subunit, promoted by EF-G-mediated GTP hydrolysis.

Figure 1.6 Conformational dynamics of PRE complexes. The deacylated-tRNA in the P-site
and peptidyl-tRNA in the A-site are colored in red and orange, respectively. The head of the 30S
subunit (H) and the L1 stalk are labeled and highlighted with black outlines. The rotated 30S
subunit, closed L1 stalk, and hybrid tRNAs are superimposed into the ribosomal complex with
the non-rotated subunits, open L1 stalk and classical tRNAs. Stochastic thermal fluctuations of
these individual structural elements between different conformational states are labeled and
depicted with red arrows. The dynamics of the 30S head swiveling, which has not been
characterized using smFRET, is depicted in red question marks.
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Recent studies have provided strong evidence that, accompanying with the
formation of the hybrid tRNA configurations, involving the movement of tRNAs by ~40
Å on the 50S subunit, the ribosome itself also undergoes large-scale conformational
changes in PRE complexes or in analogs of PRE complexes lacking the A-site peptidyltRNA (PRE–A complexes) (reviewed in (9–11, 63–65)).
One of the ribosomal structural rearrangements within PRE/PRE–A complexes is a
ratchet-like relative rotation of two ribosomal subunits (or intersubunit rotation) (Figure
1.6). By comparison of X-ray and cryo-EM structures, a counterclockwise rotation of the
30S subunit relative to the 50S subunit (~6° to 12°) is observed in the ribosomal
complexes with the hybrid tRNA(s) (reviewed in (10, 70)). Restriction of intersubunit
rotation via an intersubunit disulfide cross-link completely blocked the translocation,
abolishing the capability of ribosomes to synthesis polypeptide (71), indicating the
importance of intersubunit rotation in facilitating and regulating translocation.
The intersubunit rotation needs extensive remodeling of intersubunit bridges,
which is a set of non-covalent RNA-RNA, RNA-protein and protein-protein interactions
formed between two subunits (Figure 1.7) (67, 72–74). Four of the 12 intersubunit
bridges in E.coli (B2a, B2b, B3 and B7b) are conserved across all kingdoms of life (75).
The critical role of intersubunit bridges during translocation has been identified by
significant biochemical studies. For example, rRNA or amino acid mutations disrupting
single interactions within several intersubunit bridges have been shown to have strong
effects on the rate of translocation, and/or alter the propensity of PRE complexes to
induce translational frameshifting, in which the ribosome shifts its reading frame by
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shifting one or more nucleotides on the mRNA during translation (76–79); Deletion of
intersubunit bridge B1b, which absorbs the largest conformational adjustments during
intersubunit rotation (65, 66, 73, 74, 80–83), has been shown to increase the rate and
extent of EF-G-independent translocation (79). Similarly, viomycin, one antibiotic
inhibitor of protein synthesis strongly inhibits translocation by binding to intersubunit
bridge B2a, presumably acting by blocking the remodeling of bridge B2a during
intersubunit rotation (63).

Figure 1.7 Intersubunit bridges. Interface view of the 30S (left) and 50S (right) subunits
highlighting the intersubunit bridges in the E. coli ribosome (PDB ID: 2AVY and 2AW4). rRNAs
and r-proteins are colored in gray and yellow respectively. RNA-RNA bridges are colored in red,
while bridges involving r-proteins are colored in pink. rRNA and r-protein components of the
bridges are colored in red and pink, respectively. Bridge B1b, absorbing largest conformational
changes during intersubunit rotation, and bridge B2a, the binding target of antibiotic translation
inhibitor, viomycin, are underlined.

Another ribosomal structural rearrangement within PRE/PRE–A complexes
accompanying the formation of the hybrid tRNAs is a closure of the L1 stalk element of
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the 50S subunit (Figure 1.6) (66). The L1 stalk is located near the E site of the 50S
subunit, composed of helices 76 to 78 (H76-78, where “H” denotes the 23S rRNA helix)
of 23S rRNA and r-protein L1. Unlike in PRE/PRE–A complexes carrying the classical
tRNAs, where the L1 stalk adopts a so called "open" conformation, it moves inward by
~30°into the intersubunit space (the "closed" conformation) and directly interacts with
the P/E tRNA in PRE/PRE–A complexes carrying the hybrid tRNAs (reviewed in (10,
70)). The movement of the L1 stalk and its interaction with P-site tRNA leads to the
hypothesis that the L1 stalk acts as an crucial player in directing tRNA movements from
the P-site to the E-site (66, 84). In addition, one recent smFRET study indicated that the
conformational dynamics of the L1 stalk in the POST complex may play an essential role
in E-site tRNA release (85).
Numerous smFRET studies have shown that the dynamics of tRNAs
reconfiguration, intersubunit rotation and L1 stalk closure within PRE/PRE–A complexes
in the absence of EF-G represent stochastic thermal fluctuations between multiple
conformational states (Figure 1.6) (reviewed in (9, 11, 86)). Using the smFRET signal
between two fluorescently labeled tRNAs (Figure 1.8A), Blanchard et al. (87) showed
that tRNAs in the PRE complex fluctuate between classical (A/A, P/P) and hybrid (A/P,
P/E) configurations. With dual-labeled ribosomes, several smFRET studies have shown
that PRE/PRE–A complexes fluctuate between non-rotated (NR) and rotated (R) subunit
orientations (88) (Figure 1.8B), and open (L1o) and closed (L1c) conformations of the L1
stalk (85, 89) (Figure 1.8C). In addition, Fei et al. (84) developed an smFRET signal
between the L1 stalk and P-site tRNA, which reported on the structural rearrangement of
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PRE/PRE–A complexes between a conformations which bears the open L1 stalk and P/Pconfigured tRNA so that they are too far apart to form physical interactions (L1tRNA)
and a conformation which bears the closed L1 stalk and P/E-configured tRNA so that
they physically interact (L1•tRNA) (Figure 1.8D). These studies provided valuable
experimental frameworks for the future efforts on investigating how modulation of PRE
complex dynamics is used as a strategy by tRNAs, mRNAs, translation factors, and
ribosome-targeting antibiotics to regulate translation elongation (See Section 1.4).

Figure 1.8 smFRET signals for investigating conformational dynamics of PRE complexes.
(A) The smFRETtRNA-tRNA signal (Cy3-labeled P-site tRNA and Cy5-labeled A-site tRNA) reports
the fluctuation of tRNAs between classical and hybrid configurations. (B) The smFRETS6-L9
signal (Cy3-labeled r-protein L9 and Cy5-labeled r-protein S6) reports the fluctuation between
non-rotated and rotated subunit orientations. (C) The smFRETL1-L9 signal (Cy3-labeled L9
and Cy5-labeled L1) reports the fluctuation of the L1 stalk between open and closed
conformations. (D) The smFRETL1-tRNA signal (Cy3-labeled P-site tRNA and Cy5-labeled L1)
reports the the formation and disruption of the interaction between the closed
conformation of the L1 stalk and the P/E-configured tRNA. Figure reproduced from (11).
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1.3.3.2.

Dynamics of 30S subunit head swivelling in the PRE complex

Another important, yet poorly understood, structural rearrangement of the
ribosome during translocation is a swiveling motion of the head region of the 30S subunit.
Translocation of the tRNA anticodon end from P-site to E-site is blocked by a gate
formed by several rRNA residues between the head and platform domain of the 30S
subunit (52, 90). Therefore, the movement of tRNAs on the 30S subunit requires a
conformational change, referred to as swiveling, of the 30S head, which opens the gate.
Although the head swiveling movement has not been characterized by smFRET yet,
several pieces of structural evidence (90–92) strongly suggest that this structural element
would fluctuate between non-swiveled and swiveled positions (Figure 1.6), representing
another component of intrinsic conformational dynamics of ribosomal complexes during
translocation; and binding of EF-G and the subsequent GTP hydrolysis seem to shift
these dynamics towards the swiveled position (74, 82, 83, 93). A recent kinetic study
shows that the rotation of the 30S body happens before the swiveling of the head,
followed by reverse swiveling of the head, and then the reverse rotation of the body (94),
as shown in Figure 1.9. Future smFRET studies specifically characterizing the head
swiveling will allow understanding the mechanism of this motion and its role in
regulating translocation.

1.4.

Modulation of PRE complex dynamics is a strategy that is used by
the cell and ribosome-targeting antibiotics to regulate translation
elongation
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Figure 1.9 The kinetic model of translocation. Step 1→2, stochastic and thermally active
onformational changes within the PRE complex upon peptide bond formation; step 2→3 binding
of EF-G(GTP); step 3→4, GTP hydrolysis by EF-G; step 4→5, release of EF-G(GDP) and Pi and
translocation of the tRNA-mRNA complex on the 30S subunit. The ribosomal complexes are
depicted as in Figure 1.X. The movements of the subunits, L1 stalk, tRNAs and 30S head in each
step are represented in black arrows. Figure reproduced from (11).

It has been shown that the cell uses several strategies to regulate translation
elongation via modulation of dynamics of PRE complexes (9, 11) Perhaps the largest
and the most important alteration of PRE complexes dynamics comes from the binding of
EF-G-GTP, which together with the subsequent GTP hydrolysis promotes translocation
(9). Indeed, individual smFRET studies revealed that binding of EF-G in the presence of
a nonhydrolyzable GTP analog, β,γ-imidoguanosine 5'-triphosphate (GDPNP) shifts the
dynamics of tRNAs, intersubunit rotations and L1 stalk of PRE−A complexes towards the
tRNA hybrid configuration (84), the rotated subunit orientation (95) and the closed L1
stalk conformation (85, 89), respectively. These experiments strongly suggest that
binding of EF-G significantly changes the conformational dynamics of the PRE complex
and stabilizes a conformation with hybrid configured tRNAs, rotated subunits and closed
L1 stalk of the PRE complex. which is considered as part of the mechanism by which EFG promotes translocation (9, 11). Consistent with this idea, ensemble biochemical studies
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strongly suggest that the PRE complex carrying tRNAs in the hybrid configurations is an
authentic on-pathway intermediate in translocation (96).
smFRET studies have shown that the identity of the P-site tRNA, specifically the
intrinsic structural stability of the tRNA and the specific tRNA-ribosome interactions in
the P site, regulates the dynamics of PRE/PRE−A complexes (97). Perhaps more
interestingly, the results of this study and earlier smFRET experiments (84, 85, 95)
demonstrate that the identity of the P-site tRNA also has effects on the kinetic strategy
that EF-G uses to regulate the dynamics of PRE/PRE−A complexes. For example, when
the initiator tRNA, tRNAfMet, is present in the P site of PRE−A complexes, binding of EFG-GDPNP lowers the energy barrier for the forward transition (classical→hybrid,
NR→R, and L1o→L1c, respectively) while having little to no effect on the energy barrier
for the reverse transition (hybrid→classical, R→NR, and L1c→L1o, respectively). In
contrast, when an elongator tRNA is present in the P site, binding of EF-G-GDPNP
significantly raises the energy barrier for the reverse transition so that this transition
becomes virtually inaccessible, thus trapping PRE−A complexes in a conformation with
P/E-configured tRNA, rotated subunits or closed L1 stalk, respectively. Taken together
with the fact that tRNAfMet is translocated ~5-7-fold slower than elongator peptidyl-PhetRNAPhe (98, 99), these smFRET results clearly indicate that tRNAs regulate translation
elongation at least partially by modulating the dynamics of PRE complexes.
Kim et al. (100) reveals that modulation of PRE complex dynamics is also used as
a strategy by the mRNAs, to regulate translation elongation, using the smFRET signal
between the L1 stalk and P-site tRNA (Figure 1.8D) as described in Section 1.3.3.1. This
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smFRET study shows that PRE complexes assembled on an mRNA with a downstream
stem loop (SL-mRNA) exhibit the transition between L1tRNA and L1•tRNA even after
binding of GTP, whereas PRE complexes assembled on an mRNA without the
downstream secondary structure (ΔSL-mRNA) are trapped in a conformation carrying
hybrid-configured tRNAs and closed L1 stalk (corresponding to L1•tRNA), which favors
the translocation process as discussed above. Thus, the presence of the SL-mRNA
significantly slows the EF-G-dependent translocation. Importantly, this SL-mRNA is
believed to promote programmed −1 ribosomal frameshifting, a gene regulation strategy
used in various systems to express specific ratios of two or more proteins vital to
replication from a single mRNA (101–103). Therefore, the results of this study suggest
that SL-mRNA modulates the dynamics of PRE complexes in a way that slows down the
translocation reaction, thus allowing more time for the ribosomal complex to explore
alternative paths and promoting frameshifting eventually.
Several clinically relevant antibiotics target the dynamics of bacterial ribosomes
(104). For example, the tuberactinomycin class of antibiotics (e.g., viomycin) executes
their translation inhibitory function by blocking intersubunit rotation (105). Although
structural studies reveal that viomycin can bind to ribosomes that are either in the NR or
R subunit orientation (74, 106, 107), smFRET experiments clearly show that this drug
stabilizes the R orientation of PRE complexes, thereby preventing the reverse
intersubunit rotation that is required for translocation (88).
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Collectively, a complete understanding of the dynamics of ribosomal complexes
will not only improve our knowledge on how translation is regulated, but also provide
crucial information for designing next-generation antibiotics

1.5.

Motivation and summary for my Ph.D. work
The translation elongation cycle, especially the translocation step, is a highly

dynamic process, involving multiple functionally important conformational changes
within the ribosome, the tRNA substrates, and co-factors. My Ph.D work aims at
understanding if and how the ribosome employs a mechanism through which it
coordinates multiply conformational dynamics to maximize the efficiency of
translocation, and how modulations of such conformational dynamics by a newly
characterized regulatory translational factor and tRNA post-transcriptional modifications
contribute to their biological functions.

1.5.1. The ribosome uses cooperative conformational changes to
maximize and regulate the efficiency of translocation
Understanding how enzymes catalyze chemical reactions by factors of 10 10–1020
relative to the uncatalyzed ones (108) has been the focus of enzymological research for
more than 50 years. During catalysis of biochemical processes, multiple structural
elements within an enzyme must often undergo conformational changes important for its
function (109). Much of our knowledge about the contributions of structural dynamics on
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biological processes is from the studies on small protein enzymes (109–111). One most
critical finding is that enzymes often use networks of cooperative conformational changes
to coordinate the dynamics of its multiple structural elements in a way that facilitates
catalysis (109–114). Employing such networks, enzymes minimize the time spending on
sampling their conformational landscapes to find the optimized conformations for
efficient catalysis. Indeed, the use and modulation of these networks are often considered
as one key mechanism through which enzymes maximize and regulate their functional
efficiencies (109–111). A convincing example of this idea comes from the studies of one
small protein enzyme, dihydrofolate reductase. It has been shown that an amino acid
substitution mutation, far (~15 Å) from the active site of the enzyme, alters the dynamics
of a loop structure that is part of the active site, thus leading to a decrease in the rate of
catalysis by ~200 fold (115).
It is highly possible that similar networks of cooperative conformational changes
are also used by PRE/PRE–A complexes, to efficiently populate optimized conformations
productive for translocation. Actually, previous studies have shown that binding of EF-G
to PRE–A complexes also alters the dynamics of the L1 stalk (85, 89), as well as the
conformational rearrangement of the 30S head (74, 82, 83, 93). Given the fact that EF-G
does not directly contact either the L1 stalk or the 30S head, these results have already
provided evidence, albeit indirect, for the existence of such networks. However, due to
technical challenges, the theoretical and experimental methods for studying
conformational dynamics of small protein enzymes are not suitable for large
biomolecular machines like the ribosome (86). Although previous structural (116, 117)

Chapter 1 – Introduction
31
________________________________________________________________________

and smFRET (84, 85) efforts provided compelling evidence for the coupling between
tRNA, L1 stalk and intersubunit rotation, reports from other groups (118, 119) challenged
the idea of cooperativity of ribosomal conformational changes. Therefore, the mechanism
through which the ribosome achieves efficient translocation by using cooperative
conformational changes is still largely unknown.
Therefore, the first project of my Ph.D work was to investigate if and how the
individual stochastic dynamics of intersubunit, tRNA and L1 stalk are coordinated within
PRE/PRE–A complexes, so that the translocation reaction is facilitated (Chapter 2) (120).
To address this question, the dynamics of ribosomal intersubunit rotation have been
perturbed in a defined way using either structurally guided ribosome mutagenesis of
intersubunit bridges as well as an intersubunit bridge-targeting antibiotic translation
inhibitor. At the same time, I have used two previously developed smFRET signals to
direct monitor how perturbation of the dynamics of intersubunit rotation alter the
dynamics of P-site tRNA and the L1 stalk in PRE–A complexes. My smFRET results
provide direct evidence that the architecture of the ribosome itself physically couples the
dynamics of intersubunit rotation and L1 stalk, and the presence of a P-site tRNA within
a PRE/PRE–A complex serves to increase the strength of this coupling and thereby
increase the cooperativity between intersubunit rotation and L1 stalk dynamics. In
addition, the data from my complementary in vitro biochemical assays reveal that a
global conformation of the PRE complex in which the ribosome, L1 stalk, and P-site
tRNA occupy the R subunit orientation, the L1c conformation, and the P/E configuration,
respectively, is productive for EF-G-independent translocation. Taken together, my work
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clearly demonstrates that the ribosome uses cooperative conformational changes to
maximize and regulate the efficiency of the translocation reaction. It is very likely that
this strategy to employ cooperative conformational changes is used by the ribosome in
other steps during translation for efficient chemical or mechanical reactions, and is
exploited by translation factors and antibiotics as part of the mechanisms through which
they regulate and inhibit translation, respectively.

1.5.2. EttA is a new regulatory translation factor that regulates
translation by restricting ribosome and tRNA dynamics in
response to the energetic status of the cell
In order to achieve efficient function, cells express many ribosome-interacting
proteins, functioning as regulatory translation factors, in addition to canonical translation
factors (reviewed in (2, 121)). Structural research has shown that many of these
regulatory translation factors bind to the ribosome at different positions (122–125),
suggesting that they might execute their translation regulatory function by modulating the
ribosome and tRNAs dynamics critical for translation. However, lack of direct
investigation on the effects that these regulatory translation factor have on the dynamics
of ribosomal complexes severely prevents us from developing the mechanistic models for
their translation regulation.
Energy-dependent translational throttle A (EttA) is a regulatory translation factor
belonging to the ATP-binding cassette F (ABC-F) protein family that has been recently
discovered and characterized through a collaboration between the Hunt, Gonzalez, and
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Frank laboratories (126, 127). Biochemical experiments performed by the Gonzalez and
Hunt laboratories have shown that EttA inhibits peptide bond formation in the presence
of ADP, but the translation inhibition is relieved upon addition of ATP, indicating that
this factor may regulate the synthesis of proteins in response to the energetic status of the
cell (126). The cryo-EM study by the Frank laboratory has shown that EttA, in its ATPbound form, binds to the ribosome at the E-site and establishes extensive interactions
with the ribosome complex including the L1 stalk and P-site tRNA (127), strongly
suggesting that EttA likely functions, at least in part, by restricting ribosome and tRNA
dynamics that are crucial for translation.
In order to test this hypothesis, I performed a series of smFRET experiments in
the presence of different nucleotide species (Chapter 3) (126, 127). The results from
those experiments clearly demonstrate that the ATP-bound form of EttA regulates the
dynamics of the L1 stalk and P-site tRNA, supporting the hypothesis. More interestingly,
EttA seems to modulate the dynamics of the L1 stalk in different ways in the presence of
ATP vs. ADP, providing potential interpretation of the biochemical data that EttA
modestly stimulates the peptide bond formation in its ATP-bound form, but significantly
inhibits the protein synthesis in its ADP-bound form (126). My smFRET data, together
with the biochemical (126) and structural (127) efforts, support a model for the
interaction of EttA with the ribosomal complex and its regulation of translation at the
start of the elongation cycle, which has never been found among all other known
translational regulatory factors. More importantly, the combination of biochemical,
structural, and smFRET techniques presented in (126, 127) provides a paradigm to

Chapter 1 – Introduction
34
________________________________________________________________________

investigate whether other putative translation factors regulate protein synthesis in a
related manner.

1.5.3. Modulation

of

ribosome

and

tRNA

dynamics

by

post-

transcriptional modifications of tRNAProGGG likely contributes to
their crucial role in reading frame maintenance
A ribosomal frameshift occurs when some nucleosides are skipped or read twice
during translation, thus leading to a completely different sequence of amino acids relative
to the one in the original frame (128). Although frameshifting is often programmed at a
high frequency (>10-2) to produce specific ratios of proteins vital to replication as a gene
regulation strategy (101–103), it also occurs at a low frequency (referred to as nonprogrammed frameshifting, ~10-5) as a translational error (129). It has been shown that
nature has evolved strategies to suppress these errors, such as the evolution of codon
usage (130) and post-transcriptional modifications of tRNA (101).
Proline-tRNA with an anticodon GGG (tRNAProGGG), decoding a CCC codon, has
high propensity to induce the +1 non-programmed frameshifting (hereafter referred to as
+1 FS) (131, 132), in which the ribosome slips by one nucleoside in the 3' direction of the
mRNA. +1 FS occurs at the P site in the post-translocation (POST) complex (101, 131–
134). In this model, the peptidyl-tRNAProGGG in the POST complex is detached from
codon-anticodon interactions with mRNA in the zero reading frame at the P site, and then
re-pairs with mRNA at an overlapping codon in the +1 reading frame (101, 131–133).
Occurrence of +1 FS is regulated by several factors, including the base identity following
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the CCC codon (131, 135–139), the status of the A-site codon of the zero reading frame
(101), and the interactions between the peptidyl-tRNA and its ribosomal P-site
environment (131, 133).
Many biochemical studies have shown that lack of modifications increased the
propensity of tRNAProGGG to induce +1 FS (131, 140), but the mechanism underlying this
suppression has not been characterized. tRNAProGGG modifications have been shown to
play important roles in regulating the conformational stability and flexibility of the
secondary and tertiary structures of tRNAs (141–143) and therefore have the potential to
regulate the conformational dynamics of ribosomal complexes during translation
elongation. However, the effect of these modifications on elongating ribosomal complex
dynamics is completely unknown, thus greatly impeding our understanding of the role
that they play in maintaining the translational reading frame.
Chapter 4 presents the efforts to elucidate the mechanism by which tRNAProGGG
modifications suppress +1 FS by investigating the effects that these modifications have
on regulating the conformational dynamics of ribosomal complexes in a collaboration
with the Hou group. I conducted smFRET experiments on ribosomal complexes carrying
strategically designed tRNAProGGG in different modified states and mRNAs with and
without a sequence that is prone to induce +1 FS. The preliminary results from these
experiments suggest that tRNAProGGG modifications do indeed play a role in modulating
the dynamics of ribosomal complexes. More importantly, the combination of tRNA
without modifications and mRNA with a +1 FS-prone sequence dramatically alters
ribosome dynamics, probably by affecting tRNA flexibility, tRNA-ribosome, tRNA-
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mRNA, and mRNA-ribosome interactions, which could have important implications for
how +1 FS occurs.

1.6.
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Chapter 2
The ribosome uses cooperative conformational changes
to maximize and regulate the efficiency of translocation
2.1.

Introduction
During catalysis of biochemical processes, multiple structural elements within an

enzyme must often undergo conformational changes important for the enzyme's function
(1). One most critical finding is that small protein enzymes often use networks of
cooperative conformational changes to coordinate the dynamics of its multiple structural
elements in a way that facilitates catalysis (1–6). Employing such networks, enzymes
minimize the time spending on sampling their conformational landscapes to find the
optimized conformations for efficient catalysis. Indeed, many previous computational
and experimental studies have suggested that the use and modulation of these networks
are often considered a key mechanism through which small protein enzymes maximize
and regulate their functional efficiencies (1–3). A convincing example of this idea comes
from the studies of one small protein enzyme, dihydrofolate reductase. It has been shown
that an amino acid substitution mutation, far (~15 Å) from the active site of the enzyme,
alters the dynamics of a loop structure that is part of the active site, thus leading to a
decrease in the rate of catalysis by ~200 fold (7).
As described in Section 1.3.3, numerous smFRET studies have shown that, upon
peptide bond formation, the resulting PRE complex stochastically fluctuate between
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classical (A/A, P/P) and hybrid (A/P, P/E) configurations of the tRNAs (8), non-rotated
(NR) and rotated (R) subunit orientations (9), and open (L1o) and closed (L1c)
conformations of the L1 stalk (10, 11) (Figure 1.6). Importantly, modulations of these
conformational dynamics of PRE complexes have been shown to be used as a strategy by
tRNAs (11, 12), mRNAs (13), translation factors (10, 11, 14–16), and ribosome-targeting
antibiotics (15, 17) to regulate translation elongation (See Section 1.4 for details). Thus,
characterizing if and how the ribosome coordinates the dynamics of multiple structural
elements is critical for understanding how translation is regulated and for designing nextgeneration antibiotics. However, due to technical challenges, the theoretical and
experimental methods for studying conformational dynamics of small protein enzymes
are not suitable for large biomolecular machines like the ribosome (18). Although
previous structural (19) and smFRET (11, 14) efforts provided compelling evidence for
the coupling between tRNA, L1 stalk and intersubunit rotation, reports from other groups
(16, 20) challenged the idea of cooperativity of ribosomal conformational changes.
Therefore, the mechanism through which the ribosome achieves efficient translocation by
using cooperative conformational changes is still largely unknown.
This chapter presents the efforts to elucidate the mechanism by which the
ribosome uses cooperative conformational changes to maximize and regulate the
efficiency of translocation (21). To address this question, the dynamics of ribosomal
intersubunit rotation have been perturbed using either structurally guided ribosome
mutagenesis or an ribosome-targeting antibiotic translation inhibitor (Section 2.2). In the
meanwhile, I used two previously developed smFRET signals (Section 2.2) to directly
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monitor how perturbation of the dynamics of intersubunit rotation alters the dynamics of
P-site tRNA and the L1 stalk in ribosomal complexes. My smFRET results provide direct
evidence that the architecture of the ribosome itself physically couples the dynamics of
intersubunit rotation with those of the L1 stalk, and the presence of a P-site tRNA in
analogs of PRE complexes lacking the A-site peptidyl-tRNA (PRE–A complexes) serves
to increase the strength of this coupling and thereby increase the cooperativity between
intersubunit rotation and L1 stalk dynamics (Section 2.3 to 2.5). In addition, the data
from my complementary in vitro biochemical assays reveal that a global conformation of
the PRE complex in which the ribosome, L1 stalk, and P-site tRNA occupy the R subunit
orientation, the L1c conformation, and the P/E configuration, respectively, is productive
for EF-G-independent translocation (Section 2.6). Taken together, my work clearly
demonstrates that the ribosome uses cooperative conformational changes to maximize
and regulate the efficiency of the translocation reaction.

2.2.

Experimental design

2.2.1. Design of subunit interface mutations
As discussed in Section 1.3.3., intersubunit rotation requires extensive remodeling
of intersubunit bridges. Consistent with this fact, in addition their important role in
subunit association (22–26), disruption of some intersubunit bridges has been shown to
affect either EF-G-dependent or EF-G-independent translocation (25, 27). Among all 12
intersubunit bridges in E. coli, bridge B1b, formed by interactions between two ribosomal
proteins (r-protein), S13 on the 30S subunits and L5 on the large subunit, absorbs the
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largest conformational adjustments during intersubunit rotation (Figure 2.1) (19, 28–34).
Previous studies, have shown that deletion of bridge B1b increases the rate and extent of
PRE complexes to undergo EF-G-independent translocation (25), and single amino acid
mutations disrupting interactions within bridge B1b alter the propensity of PRE
complexes to undergo frameshifting (25, 35), in which the ribosome skips one or more
nucleotides on the mRNA during translation. Therefore, Bridge B1b is believed to
execute crucial functions in regulating the efficiency and accuracy of translocation. In
addition, it is proposed that bridge B1b may control the dynamics of the P-site tRNA,
based on the fact that the P-stie tRNA directly interacts with residues in S13 and L5 in its
P/P configuration, and with residues in S13 in its P/E configuration (19, 30, 33, 36).
Therefore, I decided to disrupt the intersubunit rotation by introducing amino acid
substitution mutations into bridge B1b, given its important role in regulating translocation.
Upon structural comparison of ribosomal complexes in the NR and R subunit
orientations (30), two highly conserved, charged amino acids in S13, were identified,
because of the dramatic remodeling of their interactions with oppositely charged residues
in L5 upon intersubunit rotation (Figure 2.1). The two amino acids are arginine 3
((R3)S13, percentage of identity (PID) = 99 % in prokaryotes) in the N-terminal domain
of S13 and aspartic acid 82 ((D82)S13, PID = 63 % in prokaryotes and PID of a
negatively changed amino acid at position 82 in S13 is 86 % in prokaryotes) in the central
alpha helix of S13 (Figure 2.1 and Table 2.1).
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Figure 2.1 The structure of bridge B1b and mutagenesis scheme. Bridge B1b in ribosomal
complexes in the NR subunit orientation (PDB 3R8S and 3R8T) and in the R subunit orientation
(PDB 3R8N and 3R8O) is shown in the left and right subpanel, respectively. The interactions
formed across bridge B1b involving (R3)S13 and (D143)L5 are highlighted in zoomed-in views.
L5 (dark blue) and S13 (orange) are labeled and shown in cartoon representation. (R3)S13,
(D82)S13, (R111)L5, (D112)L5, and (D143)L5 are labeled and shown in stick representations,
with colors according to atom type.

When the ribosome complex is in its NR subunit orientation, (R3)S13
electrostatically interacts with aspartic acid 143 in L5 ((D143)L5, PID = 97 % in
prokaryotes) (Figure 2.1 and Table 2.1); upon intersubunit rotation, this (R3)S13(D143)L5 interaction is disrupted, since the distance between two residues is too far away
to form electrostatic interactions when the ribosome complex is in the R subunit
orientation (Figure 2.1). In fact, in the ribosome complex which adopts the R subunit
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orientation, the nearest residue of the 50S subunit to (R3)S13 is Lysine 144 in L5
((K144)L5) and the closest distance between the two residues is 11 Å (See Section
2.XXX for details). Therefore, I expected that the (R3)S13 mutations should primarily
destabilize the NR subunit orientation, in which they disrupt the favorable (R3)S13(D143)L5 interaction, but have no effect on the stability of the R subunit orientation.
For (D82)S13, when the ribosome complex is in its NR subunit orientation, it is
not involved in any interactions with residues of the 50S subunit (Figure 2.1); whereas
after intersubunit rotation, when the ribosome complex is in its R subunit orientation, it
interacts with two charged amino acids arginine 111 and aspartic acid 112 in L5
((R111)L5 and (D112)L5, PID = 85 % and 91 % in prokaryotes, respectively) (Figure 2.1
and Table 2.1). Therefore, I expected that the (D82)S13 mutations should primarily
destabilize the R subunit orientation, in which they disrupt the favorable (D82)S13(R111)L5 interaction, but have no effect on the stability of the NR subunit orientation.
Based on these structural and phylogenetic analyses, I designed and
recombinantly purified five S13 mutants carrying either single mutation ((R3A)S13,
(R3D)S13, (D82A)S13, or (D82K)S13) or double mutation ((R3D/D82K)S13) (see
Section

5.1.4.1),

in

order

to

disrupt

(R3)S13-(D143)L5

and/or

(D82)S13-

(R111)L5/(D112)L5 interactions. I further constructed and purified eight different 30S
subunits: wildtype 30S subunits (wt), 30S subunits lacking S13 ((–)S13), 30S subunits
reconstituted with (–)S13 30S subunit and recombinantly purified wildtype S13 ((wt)S13),
and 30 subunits reconstituted with (–)S13 30S subunit and each of five S13 mutants
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mentioned above (see Section 5.1.5.2). These 30S subunits were used to assemble
ribosomal complexes for smFRET experiments as described in Section 2.2.4.

Table 2.1 Phylogenetic analyses of r-proteins S7, S13, and L5
PID (%)b
Prokaryotes
Prokaryotes and
Onlyc
Eukaryotesd
54 (99)e
59 (90)f

Ribosomal
Proteins

Amino
Acidsa

S7

R142

S13

R3
D82

99
63 (86)g

77
42 (71)h

L5

R111
D112
D143

85
91
97

81
83
93

a

R, arginine; K, lysine; D, aspartic acid; E, glutamic acid.
PID, percentage of identity.
c
The sequence alignment was performed using 971 fully sequenced eubacterial and
archaebacterial genomes (See Section 5.6).
d
The sequence alignment was performed using 3,000-5,000 prokaryotic and eukaryotic protein
sequences acquired from Pfam (See Section 5.6).
e
PID of positively charged residues at position (142)S7 is 99 % (R, 54 %; K, 45 %).
f
PID of positively charged residues at position (142)S7 is 90 % (R, 59 %; K, 31 %).
g
PID of negatively charged residues at position (82)S13 is 86 % (D, 63 %; E, 23 %).
h
PID of negatively charged residues at position (82)S13 is 71 % (D, 42 %; E, 29 %).
b

2.2.2. Viomycin, an intersubunit bridge-targeting antibiotic translation
inhibitor
The tuberactinomycin antibiotic viomycin is a translocation inhibitor that binds
within intersubunit bridge B2a, one of the four intersubunit bridges in E.coli that are
conserved across all kingdoms of life (37), and executes its inhibitory function by
blocking intersubunit rotation (17). Although structural studies reveal that viomycin can
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bind to ribosomes that are either in the NR or R subunit orientation (32, 38, 39), smFRET
experiments clearly show that this drug stabilizes the R orientation, thereby preventing
the reverse intersubunit rotation that is required for translocation (9). Therefore, the
involvement of viomycin provides a distinct and independent manner to perturb
intersubunit rotation as disruptions of S13-L5 interactions across bridge B1b do. The
smFRET experiments containing viomycin are presented in Section 2.4.2.

2.2.3. smFRET probes characterizing the L1 stalk and tRNA dynamics
Two smFRET signals previously developed and characterized by Dr. Jingyi Fei
(11, 14, 40) as mentioned in Section 1.3.3.1 were used to monitor the effects of disruption
of intersubunit rotations on the L1 stalk and tRNA dynamics of ribosomal complexes
assembled using the 30S subunits described in Section 2.2.1 (See Section 2.2.4 for details
of complexes assembly).
The first smFRET signal, denoted by smFRETL1-L9, carries a Cy3 within r-protein
L9 ((Cy3)L9) and a Cy5 within r-protein L1 ((Cy5)L1) (See Section 5.1.4.2 and 5.1.5.1),
(Figure 2.2A) (11). The smFRETL1-L9 signal allows real time observation of movements
of the L1 stalk between its L1o and L1c conformations (the L1o ®
¬ L1c equilibrium) in
PRE/PRE–A complexes, with a corresponding EFRET of ~0.6 and ~0.4, respectively
(Figure 2.2A).
The second smFRET signal, denoted by smFRETL1-tRNA, carries a Cy3 within the
P-site tRNA ((Cy3)tRNA) and a (Cy5)L1, respectively (See Section 5.1.1 and 5.1.5.1)
(Figure 2.2B) (14). The smFRETL1-tRNA signal allows real time observation of the
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structural rearrangement of PRE/PRE–A complexes between a conformations which bears
the open L1 stalk and P/P-configured tRNA so that they are too far apart to form physical
interactions (L1tRNA) and a conformation which bears the closed L1 stalk and P/Econfigured tRNA so that they physically interact (L1•tRNA) (the L1tRNA ®
¬ L1•tRNA
equilibrium). The corresponding EFRET for L1tRNA and L1•tRNA is ~0.2 and ~0.8,
respectively (Figure 2.2B).

Figure 2.2 Cartoon representations of the smFRETL1-L9 and smFRETL1-tRNA signals and
Sample FRET efficiency (EFRET) vs. time trajectories. (A) The smFRETL1-L9 signal (left
subpanel) is generated between Cy3 (green sphere)-labeled L9 and Cy5 (red sphere)-labeled L1.

Representative Cy3 (green) and Cy5 (red) emission intensity vs. time trajectories using
the smFRETL1-L9 signal (top row) and the corresponding EFRET (blue) vs. time trajectories
(bottom row) are shown in the right subpanel. (B) The smFRETL1-tRNA signal (left subpanel)
is generated between Cy3-labeled P-site tRNA and Cy5-labeled L1. Sample EFRET vs. time
trajectories using the smFRETL1-tRNA signal are displayed as in (A).

2.2.4. Preparation of ribosomal complexes for smFRET experiments
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2.2.4.1. PRE−A complexes
In order to monitor how perturbation of the dynamics of intersubunit rotation alter
the dynamics of P-site tRNA and the L1 stalk in PRE complexes (results presented in
Section 2.3), I assembled eight PRE–A complexes for smFRETL1-L9 experiments (Figure
2.2A) using each of the eight 30S subunits (Section 2.2.1), 50S subunits harboring
(Cy3)L9 and (Cy5)L1 (Section 2.2.3), unlabeled E. coli tRNAPhe (Section 1.1.1), and prebiotinylated mRNA (Section 5.1.2); and eight PRE–A complexes for smFRETL1-tRNA
experiments (Figure 2.2B) using each of the eight 30S subunits, 50S subunits harboring
(Cy5)L1 (Section 2.2.3), Cy3-labeled E. coli tRNAPhe (Section 1.1.1), and the same prebiotinylated mRNA. Detailed protocols for complex preparation and purification are
described in Section 5.2.3.
Here, PRE–A complexes were used in my studies, instead of PRE complexes, is
because (i) the use of PRE complexes may lead to heterogeneity problems due to
dissociation or deacylation of the A-site peptidyl-tRNA (8, 11, 14), and/or due to the
potential EF-G-independent translocation associated with the PRE complexes carrying (–
)S13 30S subunits (25); (ii) PRE–A complexes are commonly used in smFRET and
structural studies of translocation as models of PRE complexes (12, 30).
Data collection and analysis procedures of smFRET experiments recorded using
these PRE–A complexes are described in details in Section 5.4 and 5.5, respectively.

2.2.4.2. Vacant 70S ribosomes
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In order to investigate if perturbation of the dynamics of intersubunit rotation alter
the dynamics of the L1 stalk even in the absence of the P-site tRNA, that is to say, if the
architecture of the ribosome itself physically couples intersubunit rotation with the L1
stalk dynamics (results presented in Section 2.4), I prepared eight vacant 70S ribosomes
for the smFRETL1-L9 experiments, using each of the eight 30S subunits, 50S subunits
harboring (Cy3)L9 and (Cy5)L1, and the same pre-biotinylated mRNA, but without any
bound tRNAs. Detailed protocols for assembling and purifying these vacant 70S
ribosomes are described in Section 5.2.4. Data collection and analysis procedures are
described in details in Section 5.4 and 5.5, respectively.

2.3.

Dynamics of the L1 stalk and P-site tRNA are coupled to
intersubunit rotation in PRE–A complexes

2.3.1. Effects of S13 deletion on PRE–A complex dynamics
The thermodynamic and kinetic properties of PRE–Awt (where the subscript
denotes the type of 30S subunit used to form the PRE–A complex) and PRE–A(–)S13 were
compared first. Relative to PRE–Awt, PRE–A(–)S13 shows a dramatic shift of the L1o ®
¬ L1c
equilibrium towards L1c and the L1tRNA ®
¬ L1•tRNA equilibrium towards L1•tRNA,
respectively (Figure 2.3 A and B, and Table 2.2). The equilibrium constants
characterizing these equilibria, KL1 and KL1-tRNA, respectively, both increase by ~six fold
(See Section 5.5.4). The free energy difference changes between L1o and L1c (GL1)
and L1tRNA and L1•tRNA (GL1-tRNA) in PRE–A(–)S13 relative to PRE–Awt were then
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calculated using the corresponding KL1 and KL1-tRNA, respectively, as described in Section
5.5.4, and these six-fold increases in KL1 and KL1-tRNA result in GL1 and GL1-tRNA of ~
–1.0 kcal mol–1. (Figure 2.3 A and B, and Table .2.2). Here, the negative ΔΔGL1 and
ΔΔGL1-tRNA values indicate shifts of the L1o
L1tRNA

®
¬

®
¬

L1c equilibrium towards L1c and the

L1•tRNA equilibrium towards L1•tRNA, respectively. In addition to the

thermodynamic information, the transitions rates of PRE–A complexes between different
states were obtained using survival probability analysis (see Section 5.5.4), which reveal
that the six-fold increases in KL1 and KL1-tRNA are driven by the combination of increases
in the rates of L1o→L1c (kL1o→L1c) and L1tRNA→L1•tRNA (kL1tRNA→L1•tRNA) (~five
folds) and decreases in the rates of L1c→L1o (kL1c→L1o) and L1•tRNA→L1tRNA
(kL1•tRNA→L1tRNA) (~30%) (Table 2.2).
A comparison of thermodynamic and kinetic properties between PRE–Awt and
PRE–A(wt)S13 was obtained similarly. By comparing their equilibrium constants, free
energy difference changes and transition rates, I found that thermodynamic and kinetic
properties of two complexes are virtually indistinguishable (Figure 2.3 A and C, and
Table 2.2). PRE–Awt(S13) harboring 30S subunits formed by in vitro reconstitution of
recombinantly purified (wt)S13 into (–)S13 30S subunits,

behaves like PRE–A(wt),

assembled using completely wildtype 30S subunits. Therefore, dramatic thermodynamic
and kinetic differences between PRE–A(–)S13 and PRE–Awt (or PRE–Awt(S13)) can be directly
attributed to the absence of S13 in PRE–A(–)S13, taking into consideration of the fact that I
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Table 2.2 Equilibrium constants, free energy differences, changes in free energy
differences, and transition rates for PRE–A complexes formed using wt, (–)S13 and
(wt)S13 30S subunits.a
smFRETL1-L9
PRE–A n

KL1

ΔGL1
(kcal mol-1)

ΔΔGL1
(kcal mol-1)

kL1o→L1c
(sec-1)

kL1c→L1o
(sec-1)

Normalized
kL1o→L1c

Normalized
kL1c→L1o

wt
(–)S13
(wt)S13

0.97±0.06
6.16±1.22
1.15±0.11

0.02±0.04
-1.07±0.13
-0.08±0.06

0
-1.09±0.11
-0.10±0.09

0.65±0.14
4.90±1.88
0.87±0.17

0.76±0.05
0.51±0.19
1.00±0.10

1.00±0.21
7.53±2.73
1.26±0.26

1.00±0.07
0.67±0.25
1.31±0.13

kL1•tRNA

Normalized
kL1tRNA

Normalized
kL1•tRNA

smFRETL1-tRNA
PRE–A n
wt
(–)S13
(wt)S13
a

KL1-tRNA
0.83±0.04
5.92±1.64
0.83±0.10

ΔGL1-tRNA
(kcal mol-1)

ΔΔGL1-tRNA
(kcal mol-1)

-0.11±0.04
-1.04±0.16
0.12±0.07

0
-0.93.±0.21
0.01±0.06

kL1tRNA
→L1•tRNA

→L1tRNA

(sec-1)
0.91±0.21
5.23±0.65
1.15±0.07

(sec-1)
0.69±0.10
0.49±0.14
0.97±0.09

→L1•tRNA

→L1tRNA

1.00±0.23
5.75.±0.71
1.26±0.08

1.00±0.14
0.71±0.20
1.40±0.13

Mean ± s.d. of equilibrium constants, free energy differences, changes in free energy differences,
and transition rates for each PRE–A complex were calculated as described in Section 5.5.4 from
three independent data sets. ΔΔG’s and normalized transition rates were calculated relative to
PRE-Awt (shown in bold).

have purified S13-reconstituted 30S subunits from those (–)S13 30S subunits which were
not able to incorporate S13 during the reconstitution reaction (see Section 5.1.5.2).
Intriguingly, previous study has shown that PRE complexes assembled with (–
)S13 30S subunits exhibit increased rates and extent of EF-G-independent translocation,
compared with the ones formed using wildtype 30S subunits (25), indicating that S13
functions as a suppresser of EF-G-independent translocation. Together with this result,
my data demonstrate that the mechanism through which S13 suppresses EF-Gindependent translocation may involve shifting the conformational equilibria of the PRE
complex towards a conformation not compatible with translocation, in which the L1 stalk
is in its L1o conformation and the P-site tRNA occupies the P/P configuration. In order to
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investigate this hypothesis, I performed two EF-G-independent translocation assays,
which will be discussed in Section 2.6.

Figure 2.3 smFRET measurements on PRE−A complexes formed with (A) wt, (B) (–)S13, and
(C) (wt)S13 30S subunits using the smFRETL1-L9 and smFRETL1-tRNA signals. Contour plots
of the time evolution ERET-population histograms were generated by superimposing the
individual smFRETL1-L9 vs. time trajectories (top row) and smFRETL1-tRNA versus time trajectories
(bottom row). Contours are plotted from white (lowest population) to red (highest population) and
N is the number of smFRET trajectories used for constructing the contour plot. The
corresponding one-dimensional EFRET histograms plotted along the right-hand y-axis of the
contour plots were generated using the first 20 time points from all smFRET vs. time trajectories
in each data set. Bar graphs reporting the changes in the free energy difference between L1o and
L1c (GL1, top row) and between L1tRNA and L1•tRNA (GL1-tRNA, bottom row) for each
PRE–A complex relative to PRE–Awt are generated using the GL1 and GL1-tRNA values reported
in Table 2.2.
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2.3.2. Effects of single amino acid substitution mutations on PRE–A
complex dynamics
Deletion of S13 disrupts the interactions between S13 and L5 across bridge B1b,
but impairs the interactions between S13 and P-site tRNA as well (30). Therefore, I next
investigated how single mutations of S13 (D82A, D82K, R3A, and R3D) that alters
individual interactions ((R3)S13-(D143)L5 or (D82)S13-(R111)L5/(D112)L5) within
bridge B1b modulate the thermodynamics and kinetics of PRE–A complexes, without
altering interactions formed by S13 and P-site tRNA (Figure 2.4).
From the structural analysis described in Section 2.2.1, I expected that the
(D82)S13 mutations, (D82A)S13 and (D82K)S13, should primarily destabilize the R
subunit orientation, in which they disrupt the favorable (D82)S13-(R111)L5 interaction,
but have no effect on the stability of the NR subunit orientation. Relative to PRE−A(wt)S13
(the thermodynamic and kinetic properties of all PRE−A complexes carrying S13reconstituted 30S subunit will be compared with PRE−A(wt)S13), both PRE−A(D82A)S13 and
PRE−A(D82K)S13 showed two-fold shifts of KL1 and KL1-tRNA towards L1o and L1tRNA,
arose from increases in kL1c→L1o and kL1•tRNA→L1tRNA by ~two-fold without changes in
kL1o→L1c and kL1tRNA→L1•tRNA (Figure 2.4 B and C, and Table 2.3). The corresponding
GL1 and GL1-tRNA, ~ +0.4 kcal mol–1 (Table 2.3), are smaller than the G values
typically observed when amino acids involved in individual surface-exposed or buried
salt bridges are mutated (1-5 kcal mol–1) (41). I speculate that the smaller G observed
for PRE−A(D82A)S13 and PRE−A(D82K)S13 may result from the fact that (D82)S13 interacts
with a positively charged amino acids ((R111)L5) as well as a negatively charged amino
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acid ((D112)L5) in the R subunit orientation of ribosomal complexes, and the negatively
charged side chain carboxyl groups of (D82)S13 has a relatively closer distance to the
positively charged guanidinium groups of (R111)L5 (~3.0 Å) than to the negatively
charged side chain carboxyl groups of (D112)L5 (~4.0 Å). Therefore, it is likely that
(D82)S13 mutations not only impair the favorable (D82)S13-(R111)L5 interaction, but
also alleviate the unfavorable (D82)S13-(D112)L5 interaction, leading to a relatively
smaller ΔΔG.

Figure 2.4 smFRET measurements on PRE−A complexes formed with S13-reconstitued 30S
subunits using the smFRETL1-L9 and smFRETL1-tRNA signals. (A) (wt)S13, (B) (D82A)S13, (C)
(D82K)S13, (D) (R3A)S13, (E) (R3D)S13, and (F) (R3D/D82K)S13 30S subunits. Data are
displayed as in Figure 2.3, with the exception that the GL1 and GL1-tRNA values in the bar
graph are calculated relative to PRE-A(wt)S13 , reported in Table 2.3.
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Table 2.3. Equilibrium constants, free energy differences, changes in free energy
differences, and transition rates for PRE–A complexes formed using S13reconstituted 30S subunits.a
smFRETL1-L9
PRE–A n

KL1

ΔGL1
(kcal mol-1)

ΔΔGL1
(kcal mol-1)

kL1o→L1c
(sec-1)

kL1c→L1o
(sec-1)

Normalized
kL1o→L1c

Normalized
kL1c→L1o

(wt)S13
(D82A)S13
(D82K)S13
(R3A)S13
(R3D)S13
(R3D/D82K)
S13

1.15±0.11
0.52±0.10
0.38±0.04
4.41±0.45
6.06±0.37

-0.08±0.06
0.40±0.12
0.58±0.06
-0.88±0.06
-1.07±0.04

0
0.48±0.13
0.66±0.05
-0.80±0.10
-0.99±0.05

0.87±0.17
1.02±0.12
0.78±0.12
1.79±0.36
3.12±0.66

1.00±0.10
1.88±0.41
2.04±0.30
0.82±0.16
0.71±0.07

1.00±0.19
1.17±0.13
0.89±0.13
2.06±0.41
3.59±0.75

1.00±0.10
1.88±0.41
2.04±0.30
0.82±0.16
0.71±0.07

1.97±0.44

-0.64±0.09

-0.56±0.07

2.57±0.48

1.76±0.41

2.95±0.55

1.76±0.41

kL1•tRNA

Normalized
kL1tRNA

Normalized
kL1•tRNA

smFRETL1-tRNA
PRE–A n
(wt)S13
(D82A)S13
(D82K)S13
(R3A)S13
(R3D)S13
(R3D/D82K)
S13
a

ΔGL1-tRNA
(kcal mol-1)

ΔΔGL1-tRNA
(kcal mol-1)

0.83±0.10
0.46±0.06
0.39±0.05
3.92+0.50
5.70±1.39

0.12±0.07
0.47±0.08
0.57±0.08
-0.81±0.08
-1.02±0.14

2.84±0.87

-0.59±0.21

KL1-tRNA

kL1tRNA
→L1•tRNA

→L1tRNA

0
0.36±0.15
0.45±0.11
-0.93±0.14
-1.14±0.21

(sec-1)
1.15±0.07
1.10±0.15
1.06±0.14
2.85±0.74
6.34±0.64

(sec-1)
0.97±0.09
1.86±0.23
2.22±0.30
0.65±0.15
0.60±0.15

-0.71±0.28

4.81±1.76

2.02±0.59

→L1•tRNA

→L1tRNA

1.00±0.06
0.95±0.13
0.92±0.12
2.48±0.65
5.51±0.56

1.00±0.09
1.92±0.23
2.29±0.31
0.67±0.15
0.62±0.15

4.18±1.55

2.08±0.61

Data are displayed as in Table 2.2, with the exception that ΔΔG’s and normalized transition
rates were calculated relative to PRE-A(wt)S13 (shown in bold).

The fact that I can alter the thermodynamics and kinetics of the 2.5 MDa E. coli
ribosomal complex by disrupting a single electrostatic interaction within the subunit
interface indicates that the non-covalent interactions across the intersubunit bridges serve
to maintain the metastability of the PRE/PRE–A complex. Perhaps more importantly, the
results clearly demonstrate that in PRE/PRE–A complexes dynamics and stabilities of the
L1 stalk and P-site tRNA are coupled to intersubunit rotation, because (i) destabilizing
the R subunit orientation and consequently increasing the rate of the R→NR transitions,
via disruption of an intersubunit interaction, leads to destabilization of the L1c

Chapter 2 – Cooperative conformational dynamics during translocation
64
________________________________________________________________________

conformation of the L1 stalk and the P/E configuration of the P-site tRNA and increased
rates of L1c→L1o and L1•tRNA→L1tRNA transitions; (ii) disruption of such an
interaction, which is predicted to not affect the stability of the NR subunit orientation nor
the NR→R transitions, does not impair the stability of the L1o conformation of the L1
stalk and the P/P conformation of the P-site tRNA, nor the corresponding rates of
L1c→L1o and L1•tRNA→L1tRNA transitions.
From the structural analysis described in Section 2.2.1, I expected that the
(R3)S13 mutations, (R3A)S13 and (R3D)S13, should primarily destabilize the NR
subunit orientation, in which they disrupt the favorable (R3)S13-(D143)L5 interaction,
but have no effect on the stability of the R subunit orientation. As shown in Figure 2.4 D
and E and in Table 2.3, PRE−A(R3A)S13 and PRE−A(R3D)S13 showed increases in KL1 and KL1tRNA

by four to six folds, which correspond to a value of ~ –1.0 kcal mol–1 in GL1 and

GL1-tRNA. For both PRE−A(R3A)S13 and PRE−A(R3D)S13 complex, the equilibrium constant
changes resulted from increases in kL1o → L1c and kL1tRNA→L1•tRNA by two to five folds,
together with decreases in kL1c→L1o and kL1 • tRNA → L1tRNA by 30–40% (Table 2.3). It is
noteworthy that PRE−A(R3A)S13 and PRE−A(R3D)S13 exhibits almost identical thermodynamic
and kinetic properties as PRE−A(–)S13 does (Figure 2.3C, and Figure 2.4 B and C). These
results demonstrate that disruption of the (R3)S13-(D143)L5 interaction confers the same
effects as deletion of S13 does on thermodynamics and kinetics within the PRE/PRE–A
complex, highlighting the importance of the (R3)S13-(D143)L5 interaction in regulating
the PRE/PRE–A complexes dynamics. This observation may help explain the high degree
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of conservation of this interaction in prokaryotic ribosomes, the severe growth defect of E.
coli cells carrying (R3)S13 mutations, and increased propensity of ribosomal complexes
carrying (R3)S13 mutations to undergo frameshifting (25).
Unlike (D82)S13 mutations, which only altered the stability of one
conformation/configuration of L1 stalk and P-site tRNA (i.e. destabilized the L1c
conformation of the L1 stalk and the P/E configuration of P-site tRNA), (R3)S13
mutations not only speeded up the L1o→L1c and L1tRNA→L1•tRNA transitions by
destabilizing the L1o conformation of the L1 stalk and the P/P configuration of the P-site
tRNA, but also produced detectable and reproducible effects on the L1c→L1o and L1•
tRNA→L1tRNA transitions (Table 2.3). As shown in Figure 2.5A, in the ribosome
complex which adopts the R subunit orientation, the nearest residue of the 50S subunit to
(R3)S13 is Lysine 144 in L5 ((K144)L5) and the closest distance between the two
residues is 11 Å (30). I argue that the small decreases observed in kL1c→L1o and kL1•tRNA→
L1tRNA may

result from stabilization of the R subunit orientation, the L1c conformation of

the L1 stalk, and the P/E configuration of the P-site tRNA (depicted as the blue curve in
Figure 2.5B), contributed by the long-distance, although weaker, electrostatic interactions.
In addition, I propose another possibility that, besides altering the stability of the NR
subunit orientation, mutations to (R3)S13 may also affect the stabilities of the transition
state ensemble that is sampled along the R→NR transition pathway, in which case the
overall free-energy barrier is slightly increased for PRE/PRE–A complexes to accomplish
R→NR transitions (depicted as the red curve in Figure 2.5B). Therefore, (R3)S13 not
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only acts to stabilize the NR subunit orientation of the PRE complex, but it may also
stabilize the transition state ensemble that is sampled along the R→NR transition
pathway, in the wild-type ribosomal complexes.

Figure 2.5 Interpretation of effects that (R3)S13 mutations have on the rates of
L1tRNA→L1•tRNA and L1o→L1c transitions. (A) Close-up view of the structural region
surrounding (R3)S13 in ribosomal complexes in the R subunit orientation. The figure is displayed
as the zoomed-in view in Figure 2.1. The nearest distance between (R3)S13 and (K144)L5 is 11.0
Å, as measured from the side-chain nitrogen atom of (K144)L5 to the side-chain nitrogen atom of
(R3)S13 (black dashed line). (B) A simplified, two-dimensional schematic of the free-energy
landscape controlling the intersubunit dynamics of PRE-A(wt(S13) (black curve) and two alternative
interpretations for how (R3)S13 mutations adjust the landscape (blue and red curves).

Since disruption of both (R3)S13-(D143)L5 and (D82)S13-(R111)L5/(D112)L5
interactions result in dramatic effects on the thermodynamic and kinetic properties of
PRE−A complexes, it would be interesting to investigate whether these two electrostatic
interactions function cooperatively to regulate the dynamics of PRE/PRE−A complexes
via a double mutation, (R3D/D82K)S13. As shown in Figure 2.4F and in Table 2.3,
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PRE−A(R3D/D82K)S13 showed increases in KL1 and KL1-tRNA by two to three folds, which
correspond to a value of ~ –0.6 kcal mol–1 in GL1 and GL1-tRNA, and the equilibrium
constant changes resulted from increases in kL1o→L1c and kL1tRNA→L1•tRNA by four folds,
together with increases in kL1c→L1o and kL1•tRNA→L1tRNA by two folds. By comparing the
thermodynamic and kinetic properties of PRE−A(R3D/D82K)S13 with the ones of
PRE−A(D82K)S13 and PRE−A(R3D)S13, it is clear that the effects of the single amino acid
mutations are additive rather than multiplicative. Thus, my results are consistent with the
conclusion that (R3)S13-(D143)L5 and (D82)S13-(R111)L5/(D112)L5 interactions act
independently to regulate the dynamics of PRE/PRE−A complexes.

2.4.

The cooperativity between the L1 stalk dynamics and intersubunit
rotation is independent on the P-site tRNA

2.4.1. Effects of bridge B1b mutations on the L1 stalk dynamics in the
absence of P-site tRNA
The results presented above clearly demonstrate that dynamics and stabilities of
the L1 stalk and P-stie tRNA are coupled to intersubunit rotation in PRE/PRE–A
complexes. Actually, the cooperativity between L1 stalk dynamics and intersubunit
rotation is remarkable considering the fact that neither (R3)S13 nor (D82)D13 is involved
in any direct interaction with any residue within L1 stalk. The closest distance between
(R3)S13 and the nearest residue within the L1 stalk in the NR and R orientation is ~90 Å
and ~20 Å, respectively, and (D82)D13 is positioned further away from L1 stalk (19, 29,
30, 32–34, 36). However, it is noteworthy that the P-site tRNA directly interacts with
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residues in S13 and in L5 in its P/P configuration, and interacts with residues in S13 and
in the L1 stalk in its P/E configuration within PRE/PRE−A complexes that are in the NR
and R subunit orientation, respectively (Figure 2.6). Therefore, I cannot exclude the
possibility that the dynamics of P-site tRNA functions to couple the intersubunit rotation
and movements of L1 stalk (19, 30, 36). In order to investigate whether the presence of
the P-site tRNA is strictly required for the cooperativity between L1 stalk dynamics and
intersubunit rotation, I assembled eight vacant 70S ribosomes with the smFRETL1-L9
signal without any bound (70SN; the subscript, N, denotes the type of 30S subunit used to
form the vacant 70S ribosome) as described in Section 2.2.4.2.
I first compared thermodynamic and kinetic properties of PRE–Awt and 70Swt.
Relative to PRE–Awt, 70Swt exhibited a decrease in KL1 by eight folds, which corresponds
to a value of ~ +1.2kcal mol–1 in GL1. The dramatic decrease in KL1 arose from a
decrease in kL1o→L1c and in kL1c→L1o by thirty- and four folds, respectively (Figure 2.3A
and 2.7A and Table 2.2 and 2.4). Previous smFRET study has shown a similar eight-fold
decrease in the equilibrium constant of the NR ®
¬ R equilibrium towards the NR subunit
orientation in vacant 70S ribosomes relative to a PRE–A complex with a deacylatedtRNAPhe in the P-site (similar to the PRE–Awt complex used in my work) (9). Taken
together, these results strongly indicate that the cooperativity between L1 stalk dynamics
and intersubunit rotation is not dependent on the P-site tRNA. This possibility was further
supported when the thermodynamic and kinetic properties of 70S(–)S13 and vacant 70S
ribosomes assembled using S13-reconstituted 30S subunits were investigated. As shown
in Figure 2.7 B to H and in Table 2.4, the deletion of S13 or each of five mutations
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produced similar changes in KL1, GL1, kL1o→L1c, and kL1c→L1o in vacant 70S ribosomes
relative to 70S(wt)S13 as they did in PRE–A complexes relative to PRE–A(wt)S13. However, I
found that the GL1 values measured in the absence of the P-site tRNA (i.e. in 70Swt)
are decreased by~two-fold relative to the ones measured in the presence of the P-site
tRNA (i.e. in PRE–Awt) (Table 2.2 to 2.4). These results demonstrate that although the
architecture of the ribosome itself serves to couple L1 stalk dynamics and intersubunit
rotation physically, the P-site tRNA increases such coupling and thus increases the
cooperativity between L1 stalk dynamics and intersubunit rotation.

Figure 2.6 P-site tRNA-ribosome interactions in ribosomal complexes that are in the NR
and R subunit orientations. The structure of a ribosomal complex carrying a P/P-configured
tRNA (pink space-filling representation) in a ribosome that is in the NR subunit orientation is
shown in the left subpanel (PDB 3R8S and 3R8T) and a ribosomal complex carrying a P/Econfigured tRNA (purple space-filling representation) in a ribosome that is in the R subunit
orientation is shown in the right subpanel (PDB 3R8N and 3R8O). The zoomed-in views in the
left subpanel highlight the interactions that the P/P-configured tRNA (pink cartoon representation)
makes with L5 (dark-blue cartoon representation) (top) and with S13 (orange cartoon
representation) (bottom) in ribosomes that are in the NR subunit orientation. The zoomed-in
views in the right subpanel highlight the interactions that the P/E-configured tRNA (purple
cartoon representation) makes with the H76-78 components of the L1 stalk (dark-blue cartoon
representations) (top) and with S13 (bottom) in ribosomes that are in the R subunit orientation.
For clarity, ribosome structural elements other than L5, H76-78, and S13 are not shown in the
zoomed-in views.
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Figure 2.7 smFRETL1-L9 measurements on vacant 70S ribosomes formed using (A) wt, (B)
(−)S13, (C) (wt)S13, (D) (D82A)S13, (E) (D82K)S13, (F) (R3A)S13, (G) (R3D)S13, and (H)
(R3D/D82K)S13 30S subunits. Data are displayed as in Figure 2.3, with the exception that the
GL1 values in the bar graph are calculated relative to 70S(wt)S13 , reported in Table 2.4.

Table 2.4. Equilibrium constants, free energy differences, changes in free energy
differences, and transition rates for vacant 70S ribosomes.a
70S n
wt
(–)S13
(wt)S13
(D82A)S13
(D82K)S13
(R3A)S13
(R3D)S13
(R3D/D82K)S
13
a

KL1

ΔGL1
(kcal mol-1)

ΔΔGL1
(kcal mol-1)

kL1o→L1c
(sec-1)

kL1c→L1o
(sec-1)

Normalized
kL1o→L1c

Normalized
kL1c→L1o

0.13±0.01
0.33±0.02
0.13±0.02
0.10±0.01
0.10±0.02
0.28±0.03
0.35±0.03

1.20±0.04
0.66±0.02
1.21±0.08
1.36±0.07
1.41±0.15
0.76+0.06
0.63±0.05

0.00±0.04
-0.55±0.06
0
0.15±0.04
0.21±0.09
-0.44±0.12
-0.58±0.06

0.03±0.01
0.08±0.02
0.03±0.00
0.03±0.02
0.03±0.01
0.04±0.01
0.07±0.03

0.17±0.04
0.15±0.02
0.22±0.03
0.28±0.04
0.30±0.11
0.20±0.03
0.20±0.06

1.08±0.40
2.67±0.72
1.00±0.16
1.09±0.57
0.94±0.18
1.35±0.23
2.15±0.90

0.78±0.18
0.68±0.10
1.00±0.13
1.29±0.19
1.38±0.50
0.90±0.15
0.90±0.26

0.21±0.03

0.94±0.08

-0.27±0.16

0.04±0.02

0.26±0.09

1.39±0.76

1.22±0.41

Data are displayed as in Table 2.2, with the exception that ΔΔG’s and normalized transition rates
were calculated relative to 70S(wt)S13 (shown in bold).
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2.4.2. Effects of viomycin on the L1 stalk dynamics in the absence of Psite tRNA
Next, I sought to confirm that changes in KL1, GL1, kL1o→L1c, and kL1c→L1o
observed above upon mutations across bridge B1b indeed result from disruption of
intersubunit rotation. In order to do this, I perturbed the dynamics of intersubunit rotation
in PRE–Awt and 70Swt with antibiotic viomycin. Viomycin, an antibiotic protein synthesis
inhibitors, is known to act by binding to another intersubunit bridge, B2a, and stabilizing
the ribosomal complex in the R subunit orientation (17, 42). Thus, the involvement of
viomycin provides an additional way to alter intersubunit rotation which is independent
and distinct of disrupting the bridge B1b interactions. As I increased the concentration of
viomycin in the smFRETL1-L9 experiments, I found that the viomycin-mediated shift of
the NR

®
¬

R equilibrium towards the R subunit orientation also shifted the L1o

®
¬

L1c

equilibrium towards the L1c conformation, independent on the presence of P-site tRNA
(i.e. in PRE–Awt) or not (i.e. in 70Swt) (Fig. 2.8 and Table 2.5).
Taken together with the results presented in last paragraph, my work demonstrates
that the architecture of the ribosome itself serves to couple L1 stalk dynamics and
intersubunit rotation physically. Therefore, my results provide strong experimental
evidence supporting my group's previously proposed model (reviewed in (31, 43–45)), in
which PRE complexes fluctuate between a global conformation, referred to as Global
State 1 (GS1), in which the ribosome, L1 stalk, and P-site tRNA occupy the NR subunit
orientation, the L1o conformation, and the P/P configuration, respectively (denoted
NR/L1o/(P/P)) and a global conformation, referred to as Global State 2 (GS2), in which
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the ribosome, L1 stalk, and P-site tRNA occupy the R subunit orientation, the L1c
conformation, and the P/E configuration, respectively (denoted R/L1c/(P/E)).

Figure 2.8 smFRETL1-L9 measurements on PRE−Awt and 70Swt as a function of increasing
viomycin concentration. Data are displayed as in Figure 2.3, with the exception that with the
exception that the GL1 values for each viomycin concentration in the bar graph are calculated
relative to the 0 µM viomycin condition, reported in Table 2.5.
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Table 2.5. Equilibrium constants, free energy differences, and changes in free
energy differences for the PRE−Awt complex and the 70Swt ribosome with viomycin.a

a

Viomycin
(µM)

KL1

0
0.5
5
50
500

0.50±0.01
0.57±0.04
0.72±0.07
2.09±0.30
10.4±1.9

PRE–Awt
ΔGL1
(kcal mol-1)
0.41±0.01
0.34±0.04
0.20±0.06
-0.43±0.09
-1.39±0.11

ΔΔGL1
(kcal mol-1)
0
-0.08±0.05
-0.21±0.05
-0.85±0.09
-1.80±0.11

KL1
0.08±0.01
0.13±0.01
0.18±0.04
0.34±0.08
2.28±0.25

70Swt
ΔGL1
(kcal mol-1)
1.55±0.04
1.22±0.05
1.04±0.13
0.67±0.14
-0.49±0.07

ΔΔGL1
(kcal mol-1)
0
-0.33±0.09
-0.51±0.17
-0.88±0.10
-2.04±0.11

Data are displayed as in Table 2.2, with the exception that ΔΔG’s were calculated relative to the
0 µM viomycin condition (shown in bold).

2.5.

Structural basis of the cooperativity between the L1 stalk
dynamics and intersubunit rotation
Comparison of the atomic-resolution structures of ribosomal complexes in the NR

and R subunit orientations (30) offers structural explanations for the cooperativity
between the L1 stalk dynamics and intersubunit rotation (Figure 2.9). In the R subunit
orientation, the L1 stalk, which is in its L1c conformation, docks into a pocket formed by
two r-proteins S7 and S11 within the platform of the 30S subunit and forms favorable
electrostatic and van der Waals packing interactions with the two proteins. Therefore, the
L1c conformation of the L1 stalk is likely to be stabilized by theses interactions in the R
subunit orientation of the ribosomal complex. However, in the NR subunit orientation,
the L1 stalk is not able to adopt the L1c conformation, otherwise it would sterically clash
with S11. I speculate that this steric clash is likely to help shift the L1o ®
¬ L1c equilibrium
towards L1o, by preventing the L1 stalk from sampling the L1c conformation in the NR
subunit orientation.
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Figure 2.9 The interactions between L1 stalk and S7/S11 in ribosomal complexes in the NR
and R subunit orientations. (A) The structure of a ribosomal complex in the NR subunit
orientation (PDB 3R8S and 3R8T) and in the R subunit orientation (PDB 3R8N and 3R8O) is
shown in the left and right subpanel, respectively. In the left subpanel, the zoomed-in view shows
that the L1c conformation of the L1 stalk (dark-blue, semi-transparent, space-filling/cartoon
representation) would sterically clash (red) with S11 (orange space-filling/cartoon representation)
in a ribosome complex in the NR subunit orientation. This clash would likely prevent the L1 stalk
from stably adopting the L1c conformation in the context of the NR subunit orientation, thus
favoring the L1o conformation (pink space-filling/cartoon representation). In the right subpanel,
the zoomed-in view shows that the L1c conformation of the L1 stalk (dark-blue spacefilling/cartoon representation) can dock into a pocket formed within the platform region of the
30S subunit and make favorable electrostatic and van der Waals packing interactions with rproteins S7 (orange space-filling/cartoon representation) and S11. These interactions likely help
to stabilize the L1c conformation in the context of the R subunit orientation and thus disfavor the
L1o conformation (pink, semi-transparent, space-filling/cartoon representation). (B) Close-up
view of the electrostatic interactions (blue dashed lines) and hydrogen bonding interaction (red
dashed line) formed between arginine 142 of r-protein S7 ((R142)S7) and adenine 2147 and
guanine 2148 in the 23S rRNA H78 component of the L1 stalk ((A2147)H78 and (G2148)H78).
(R142)S7, (A2147)H78, and (G2148)H78 are labeled, colored by atom, and depicted in stick
representations. Two electrostatic interactions were characterized by a distance of 4.03 Å and
4.32 Å between the side-chain nitrogen atom of (R142)S7 and the two backbone oxygen atoms of
(G2148)H78, respectively. The hydrogen bonding interaction was characterized by a distance of
2.91 Å between the side-chain nitrogen atom of (R142)S7 and the backbone oxygen atom of
(A2147)H78.
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2.6.

Regulation of the global conformation dynamics alters the
propensity of PRE complexes to undergo EF-G-independent
translocation
As discussed in the last paragraph in Section 2.3.1, I proposed that the function of

S13 in terms of suppressing EF-G-independent translocation is to shift the
conformational equilibria of the PRE complex towards a conformation not compatible
with translocation (NR/L1o/(P/P)). In my work, I have characterized single mutations
((D82A)S13 and (D82K)S13) which shift the L1o

®
¬

L1c and L1tRNA

®
¬

L1•tRNA

equilibria of PRE/PRE–A complexes towards L1o and L1tRNA, respectively, as well as
single mutations ((R3A)S13 and (R3D)S13) which shift the equilibria towards L1c and
L1•tRNA, respectively. Next, I sought to investigate whether regulation of the global
conformation dynamics indeed alters the propensity of PRE complexes to undergo EF-Gindependent translocation.
To do this, I prepared five PRE complexes, PRE(wt)S13, PRE(–)S13, PRE(R3D)S13,
PRE(D82K)S13, and PRE(R3D/D82K)S13, which are analogous to PRE–A(wt)S13, PRE–A(–)S13, PRE–
A
(R3D)S13,

PRE–A(D82K)S13, and PRE–A (R3D/D82K)S13, respectively (see Section 5.3), and used

two independent biochemical assays, a puromycin reactivity assay (see Section 5.3.1) and
a tripeptide synthesis assay (see Section 5.3.2), to quantify the EF-G-independent
translocation events of each PRE complex. Before conducting the biochemichal assays, I
investigated whether the effects of S13 mutations on the conformational dynamics were
buffer independent. All the smFRET experiments were performed in Tris-Polymix Buffer
with 15 mM Mg2+ (see Section 5.4.1). However, I need to use the Translocation Buffer
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containing 8 mM Mg2+ (see Section 5.3) to conduct the EF-G-independent translocation
assays, for the purpose of quantifiable levels of EF-G-independent translocation.
Therefore, I first repeated the smFRETL1-tRNA experiments using PRE–A(wt)S13, PRE–
A
(D82K)S13,

and PRE–A(R3D)S13 with Translocation Buffer containing 8 mM Mg2+, and the

results demonstrated that the (D82K)S13 and (R3D)S13 shifted the L1tRNA ®
¬ L1•tRNA
equilibrium towards L1tRNA and L1•tRNA, respectively, in Translocation Buffer with
8 mM Mg2+ of a similar level as they did in Tris-Polymix Buffer with 15 mM Mg2+
(Compare Figure 2.4A, 2.4C and 2.4D with the left, middle, and right panels of Figure 2.10,
respectively).

Figure 2.10 The effect of buffer conditions on the L1•tRNA ®
¬ L1tRNA equilibrium.
–A
–A
smFRETL1-tRNA experiments on three PRE complexes (PRE (wt)S13, PRE–A(D82K)S13, and PRE–
A
2+
that is used for the
(R3D)S13) were repeated using the Translocation Buffer containing 8 mM Mg
EF-G-independent assays (See Section 5.3).
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2.6.1. EF-G-independent translocation assay: puromycin reactivity
assay
Previously, Curkas et al have used the puromycin reactivity assay to assess the
propensity of PRE complexes harboring (–)S13 30S subunits to undergo EF-Gindependent translocation (25), therefore, I first use the puromycin reactivity assay to
assess the rate and extent of EF-G-independent translocation of each PRE complex with
slight modifications (see Section 5.3.1). In this assay, the fMet-Phe dipeptide of P-site
peptidyl-tRNA which is in its P/P-configuration (i.e. in the POST complex and after
translocation) can react with puromycin to form fMet-Phe-Pm (where Pm denotes for
puromycin) (Figure 2.11). The results clearly demonstrate that relative to PRE(wt)S13,
PRE(–)S13, PRE(R3D)S13, and PRE(R3D/D82K)S13, which exhibit shifts of the conformational
equilibria towards L1c and L1•tRNA, show an increase in the rate and extent of EF-Gindependent translocation; whereas PRE(D82K)S13, which exhibits shifts of the
conformational equilibria towards L1o and L1tRNA, show a decrease in the rate and
extent of EF-G-independent translocation (Figure 2.11B).

2.6.2. EF-G-independent translocation assay: tripeptide synthesis assay
However, it should be noted that, the puromycin reactivity assay has a pitfall of
assessing the rate and extent of EF-G-independent translocation. In addition to the fMetPhe dipeptide of P-site peptidyl-tRNA which is in its P/P-configuration (i.e. in the POST
complex and after translocation) (46), the fMet-Phe dipeptide of A-site peptidyl-tRNA
which is in its A/P-configuration (i.e. in the PRE complex and before translocation) can
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react with puromycin to form fMet-Phe-Pm as well (47). In other words, both PRE and
POST complexes can react with puromycin, which makes the quantification of the EF-Gindependent translocation complicated. In order to directly assess the EF-G-independent
translocation, I next performed a tripeptide synthesis assay (see Section 5.3.2), in which
only the fMet-Phe dipeptide of P-site peptidyl-tRNA which is in its P/P-configuration (i.e.
in the POST complex and after translocation) can react with Lys-tRNALys and form an
fMet-Phe-Lys tripeptide product (Figure 2.12). As shown in Figure 2.12B, the results
obtained from the tripeptide synthesis assay were similar as the ones from the puromycin
reactivity assay. Taken together, my work demonstrates that S13 suppresses EF-Gindependent translocation by regulating the conformational dynamics of PRE complexes
through bridge B1b.

Figure. 2.11 Assessment of the propensity of PRE complexes to undergo EF-G-independent
translocation using a puromycin reactivity assay. (A) A representative electrophoretic thin
layer chromatography (eTLC) plate showing the formation of fMet-Phe-Pm (where Pm denotes
puromycin) in the absence of EF-G over time. (B) Analysis of the rate and extent of EF-Gindependent translocation using the puromycin reactivity assay. PRE(wt)S13, black; PRE(–)S13, red;
PRE(R3D)S13, magenta; PRE(R3D/D82K)S13, purple; and PRE(D82K)S13, blue.
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Figure 2.12 Assessment of the propensity of PRE complexes to undergo EF-G-independent
translocation using a tripeptide synthesis assay. (A) A representative electrophoretic thin layer
chromatography (eTLC) plate showing the formation of fMet-Phe-Lys in the absence of EF-G
over time. (B) Analysis of the rate and extent of EF-G-independent translocation using the
tripeptide synthesis assay. PRE(wt)S13, black; PRE(–)S13, red; PRE(R3D)S13, magenta; PRE(R3D/D82K)S13,
purple; and PRE(D82K)S13, blue. (C) Analysis of the effect of Mg2+ concentration on the rate and
extent of EF-G-independent translocation. Mg2+ concentration in the Translocation Buffer used in
the tripeptide synthesis assay: 8mM, black; 10mM, red; 12mM, green; and 15mM, blue.

Previous studies have shown that Mg2+ concentration is an important factor
regulating of the dynamics of the PRE complex, in which increasing Mg2+ concentrations
®
shifted the equilibria of L1o ®
¬ L1c and L1tRNA ¬ L1•tRNA towards L1o and L1tRNA,

respectively (48, 49). To further prove my hypothesis that the global conformation of
PRE complex in which the ribosome is the R subunit orientation, the L1 stalk is in its L1 c
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conformation and tRNAs are in their hybrid configurations, is compatible with the EF-Gindependent translocation, I conducted the tripeptide synthesis assay as a function of
Mg2+ concentration, using PRE(R3D)S13 which undergoes EF-G-independent translocation
in a fastest rate and of a greatest extent (see Section 5.3.2). Not surprisingly, increasing
the concentration of Mg2+, which favors the PRE complex conformation harboring the L1
stalk in the L1o conformation and classical P/P- and A/A-configured tRNAs (48, 49), also
decreases the rate and extent of EF-G-independent translocation of PRE(R3D)S13 (Figure
2.12C). Thus, my work clearly demonstrates that any factor which can modulate the
stabilities of the global conformations of the PRE complex is also capable of regulating
the propensity of PRE complexes to undergo EF-G-independent translocation (Figure
2.13).

2.7.

Summary
Many previous computational and experimental studies have suggested that small

protein enzymes use networks of cooperative conformational changes to achieve their
extraordinary catalytic efficiencies (1, 2). My work presented here demonstrates that the
architecture of the ribosome has evolved to couple L1 stalk dynamics and intersubunit
rotation, such that the ribosome can effectively sample the two global conformations (i.e.
the one with the L1o conformation of the L1 stalk and the NR subunit orientation, and the
one the L1c conformation of the L1 stalk and the R subunit orientation) (Figure 2.14A).
Within the PRE–A complex, the P-site tRNA further increases the coupling between L1
stalk dynamics and intersubunit rotation, and enables the PRE–A complex to either
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effectively sample GS1 (NR/L1o/(P/P)) or GS2 (R/L1c/(P/E)) (Figure 2.14B). Within the
PRE complex, as shown in the EF-G-independent translocation assays, the cooperativity
between these conformational changes enables the PRE complex to minimize the efforts
spending on sampling their conformational landscapes to find the optimized
conformations which is compatible with translocation (i.e. GS2), thus ensuring the rapid
translocation of tRNAs. In the rest of my thesis, the GS1 ®
¬ GS2 equilibrium will be used
®
to represent the dynamics of PRE/PRE–A complexes, instead of L1o ®
¬ L1c or L1tRNA ¬

L1•tRNA equilibria, for simplicity.
In addition to facilitating mechanical processes, such as the translocation,
cooperative conformational changes can also be used by translation factors and antibiotic
inhibitors for regulating protein synthesis. Binding of EF-G has been shown to
dramatically shift the dynamics of PRE–A complexes towards the R subunit orientation
(9), the L1c conformation of the L1 stalk (10, 11), and the hybrid tRNA configuration
(14). Given the fact that EF-G does not directly contact the L1 stalk, bound ~170 Å away
from it, my study strongly suggests that EF-G uses the cooperative conformational
changes characterized here to allosterically regulate the L1 stalk dynamics by directly
regulating the dynamics of intersubunit rotation. Similarly, the viomycin experiments
presented in Figure 2.8 demonstrate that this antibiotic inhibitor strongly impedes
translocation likely by exploiting the cooperative conformational changes observed here.
It is possible that the ribosome uses similar cooperative conformational changes
to regulate the efficiency of other steps during protein synthesis. For example, the
decoding step described in Section 1.3.1, is likely to involve cooperative conformational
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changes of the aminoacyl-tRNA, EF-Tu, the decoding center on the 30S subunit, and the
L7/L12 stalk element and the GTPase-associated center on the 50S subunit. Indeed,
cooperative conformational changes similar to the ones observed here may provide the
physical basis for the high efficiency of mechanical processes in all biomolecular
machines.

Figure 2.13 Modulating the stabilities of the two global conformations of the PRE complex
controls their propensity to undergo EF-G-independent translocation.
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Figure 2.14 Cooperative conformational dynamics in vacant ribosomes and PRE-A
complexes. (A) A simplified, three-dimensional schematic (top row) and corresponding twodimensional projection (middle row) of the conformational free-energy landscape controlling the
dynamics of intersubunit rotation and L1 stalk in vacant 70S ribosomes. Structural cartoons in the
kinetic scheme in the bottom row represent relatively low-energy conformations of the ribosome
corresponding to the valleys in the free energy landscape. Conformational changes occurring
along the subunit orientation axis and the L1 stalk conformation axis lead to changes in the
subunit orientation of the ribosome (solid arrows in the kinetic schemes in the bottom row) and in
the L1 stalk conformation of the ribosome (dashed arrows in the kinetic scheme in the bottom
row), respectively. Although numerous conformations can be sampled along both axes, only the
relatively low-energy NR and R intersubunit orientations. and the L1o and L1c conformations of
the L1 stalk, are depicted here for simplicity. This defines four relatively low-energy global
conformations of the vacant 70S ribosome (NR/L1o, NR/L1c, R/L1o, and R/L1c). (B) Same as (A),
with the exception that a PRE-A complex is used here instead of a vacant 70S ribosome. Only the
relatively low-energy P/P and P/E configurations of the P-site tRNA is depicted for simplicity.
Therefore, eight relatively low-energy conformations of the PRE-A complex are defined here
(NR/L1o/(P/P), NR/L1o/(P/E), NR/L1c/(P/P), NR/L1c/(P/E), R/L1o/(P/P), R/L1o/(P/E), R/L1c/(P/P),
and R/L1c/(P/E). Note that, for clarity, subunit orientation and tRNA configuration are plotted on
the same axis.
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Chapter 3
Control of ribosome and tRNA dynamics by the energy-sensing
translational throttle A, EttA, regulatory translation factor

3.1.

Introduction
In order to achieve efficient function, cells express many ribosome-interacting

proteins, functioning as regulatory translation factors, in addition to canonical translation
factors (reviewed in (1, 2)). Energy-dependent translational throttle A (EttA) is one such
regulatory translation factor that has been recently discovered and characterized through
a collaboration between the Hunt, Gonzalez, and Frank laboratories. EttA belongs to the
ATP-binding cassette F (ABC-F) protein family (3, 4), that, up until this collaboration,
had remained functionally uncharacterized. Biochemical experiments performed by the
Gonzalez and Hunt laboratories have shown that in the presence of a high ADP/ATP ratio,
EttA inhibits formation of the first peptide bond that marks the entry of a ribosomal 70S
Initiation complex (70S IC) into the elongation phase of translation. Remarkably,
inhibition of the entry of 70S IC into the elongation phase is relieved upon addition of
ATP to lower the ADP/ATP ratio, indicating that EttA may regulate the synthesis of
proteins in response to the energetic status of the cell, as reflected by the cellular
ADP/ATP ratio (3). Complementary cryo-EM studies by the Frank laboratory have
shown that the ATP-bound form of EttA binds to the ribosome at the E-site from where it
directly contacts and forms bridging interaction between the L1 stalk and P-site tRNA
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(Figure 3.1) (4). This structure revealed the structural basis for the results of the smFRET
studies described in this Chapter of my dissertation and in which I have shown that EttA
functions, at least in part, by restricting ribosome and tRNA dynamics that are crucial for
translation (3, 4). The effects of EttA binding on the dynamics of 70S IC (Section 3.2)
and PRE–A complexes (Section 3.3) are discussed, followed by a proposed mechanistic
model of EttA's function (Section 3.4) and future experimental directions (Section 3.5).

Figure 3.1 Cryo-EM 3D reconstruction of EttA-EQ2-bound PRE complex. The 30S and 50S
subunits, tRNAs at the A and P site and an ATP hydrolysis-deficient mutant of EttA, EttA-EQ2
are displayed in different colors as indicated in the figure. Figure reproduced from (4).
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3.2.

EttA differentially modulates the conformation and dynamics of
the L1 stalk of the 70S IC in the presence of ADP vs. ATP
I began by exploring the mechanism through which EttA controls ribosome entry

into the translation elongation cycle in an ATP/ADP ratio-sensitive manner. Biochemical
studies from the Gonzalez and Hunt laboratories have shown that wild type EttA (EttAwt) modestly stimulates the formation of dipeptide in the presence of ATP, but inhibits
dipeptide formation in the presence of ADP (3). These results demonstrate that the ADPand ATP-bound forms of EttA-wt (EttA-wt/ADP and EttA-wt/ATP) executes distinct
functions during the transition from the initiation to the elongation phases of translation.
In addition, cryo-EM experiments from the Frank laboratory have shown that an ATP
hydrolysis-deficient mutant of EttA, EttA-EQ2, in its ATP-bound form (EttA-EQ2/ATP)
binds to the ribosome at the E-site and establishes extensive interactions with the
ribosome complex including the L1 stalk and P-site tRNA (Figure 3.1) (4). These results
led me to hypothesize that EttA may accomplish this by differentially regulating
ribosome and tRNA dynamics, depending on whether EttA is bound to ADP or ATP.
Given the fact that EttA-wt inhibits the synthesis of dipeptide without affecting
the formation of 70S IC in the presence of ADP (3), EttA-wt/ADP should primarily
execute its translation inhibition function by targeting the 70S IC. Here, the smFRETL1tRNA

system, used to monitor dynamics of PRE/PRE−A complexes in Chapter 2, is not

appropriate for characterizing the interactions of EttA with the 70S IC. 70S ICs do not
significantly sample conformations in which the distance between my labeling positions
(on the L1 stalk and P-site tRNA, respectively) is significantly altered relative to the GS1
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conformation observed in PRE/PRE−A complexes. Thus, the smFRETL1-tRNA signal in 70S
IC exhibits exclusively the low EFRET value of ~0.2 that is characteristic of a GS1-like
conformation. A signal at this EFRET value, which is at the far end of the EFRET vs.
distance curve, will be insensitive to changes in the distance between the reporter
fluorophores unless they are extremely large. On the other hand, the smFRETL1-L9 signal
in 70S IC exhibits exclusively the EFRET value of ~0.56, which is at the center of the
EFRET vs. distance curve, thereby likely sensitive to even small changes in the distance
between the reporter fluorophores. Given this fact, I hypothesized that the smFRETL1-L9
system might report more sensitively on the effects that EttA has on the dynamics of the
L1 stalk of 70S IC. Therefore, to investigate the effects that EttA has on the dynamics of
70S ICs in the presence of different nucleotide species, I prepared 70S ICs harboring a
single aminoacylated and formylated fMet-tRNAfMet in the P site and an empty A site
with 50S subunits harboring (Cy5)L1 and (Cy3)L9 (Figure 3.2A) (See Section 5.2.1).
smFRETL1-L9 experiments recorded using these 70S ICs were performed as described in
Section 5.4.
As shown in Figure 3.2 (B to E, top row), the presence of EttA-wt/ATP shifts the
EFRET distribution to a mean value (centered at EFRET = 0.573 ± 0.002) that is slightly
higher, with a P-value for the difference of 0.0314 (calculated using program PRISM
(version 5) (Graphpad Inc.) with a paired t-test), than what is observed for the conformation

of 70S ICs in the buffer/ATP condition (centered at EFRET = 0.55 ± 0.01). This result
indicates that EttA-wt/ATP stabilizes a unique conformation of the 70S IC in which the
mean separation between my labeling positions on L1 and L9 is slightly shorter than the
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Figure 3.2 EttA-mediated modulation of conformation and dynamics of 70S IC in the
presence of ATP vs. ADP. (A) Cartoon representation of the 70S IC. The P-site tRNAfMet is
shown as a green ribbon. The N-formylmethionine is shown as a grey sphere. (B-D) smFRETL1-L9
experiments performed in the presence of either 2 mM ATP (top row) or 2 mM ADP (bottom row)
and in the absence of EttA (buffer) (B), in the presence of 6 µM EttA-wt, (C) and in the presence
of 6 µM EttA-EQ2 (D) Column scatter plots showing the mean FRET values from independent
smFRETL1-L9 experiments (three independent experiments in the presence of ATP and five in the
presence of ADP). An expanded view of the relevant FRET range, 0.5–0.6, is shown.
Independent experiments in the absence or presence of EttA-wt were performed in the same
flowcell before and after adding EttA-wt. The mean FRET values obtained from experiments
performed in the same flowcell are presented in the same color. Independent experiments in the
absence or presence of EttA-EQ2 were performed in the different flowcells. The averages of the
mean FRET values for each experimental condition (black horizontal lines), and the p-values for
the observed differences between the experimental conditions (at the top of each scatter plot) are
shown. The p-values were calculated using program PRISM (version 5) (Graphpad Inc.) with a
paired t-test for EttA-wt and an unpaired t-test for EttA-EQ2. Figure reproduced from (3).

one observed in the conformation of an isolated 70S IC. The presence of EttA-EQ2/ATP
has a similar, but larger increase in the EFRET distribution (centered at EFRET = 0.58 ± 0.01,
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with a P-value for the difference of 0.0023 (calculated with a unpaired t-test)). I argue that
the smaller effect of EttA-wt/ATP, compared to EttA-EQ2/ATP, presumably results from
the rapid ATP hydrolysis and turnover of EttA-wt/ATP upon binding to the 70S IC. This
produces a steady-state population of 70S ICs in which only a relatively small
subpopulation are in the EttA-wt/ATP-bound state at any one time. In contrast, the
inability of EttA-EQ2 to hydrolyze ATP traps EttA-EQ2 in the ATP-bound conformation,
resulting in a steady-state population of 70S ICs in which essentially all them are in the
EttA-EQ2/ATP-bound state, supported by the pulldown experiments showing that unlike
EttA-wt/ATP, EttA-EQ2/ATP binds tightly to the ribosome (4).
Intriguingly, in the presence of EttA-wt/ADP, the EFRET distribution n in the 70S
IC is also shifted towards a previously unobserved mean value, but this shift is in the
opposite direction to that produced by EttA-wt/ATP and EttA-EQ2/ATP, i.e., towards a
mean value (centered at EFRET = 0.56 ± 0.01) that is slightly lower, with a P-value for the
difference of 0.0128 (calculated with a paired t-test), than what is observed in the
buffer/ADP condition (centered at EFRET = 0.58 ± 0.01) (Figure 3.2Error! Reference
source not found.B, C, and E, bottom row). This observation indicates that EttAwt/ADP stabilizes a conformation of the 70S IC in which the mean separation between
my labeling positions on L1 and L9 is slightly longer than it is in the isolated 70S IC. In
addition, the fact that the EFRET distribution that is observed for the conformation of 70S
ICs in the buffer/ADP condition (centered at EFRET = ~0.58) is slightly higher than what
is observed for the conformation of 70S ICs in the buffer/ATP condition (centered at
EFRET = ~0.55) or in the buffer only condition (centered at EFRET = ~0.55) (data not

Chapter 3 – EttA-mediated modulation of ribosome and tRNA dynamics
94
________________________________________________________________________

shown), raises the possibility that ADP itself may directly interact with the ribosome and
somehow alter the mode of interaction between the ribosome and EttA. Therefore, the
results of my smFRET experiments demonstrate that EttA-wt differentially modulates the
conformation and/or dynamics the L1 stalk depending on whether EttA is bound to ADP
or ATP, thereby providing a possible rationale for the biochemical observation that EttAwt/ADP shows a strong kinetic inhibition of dipeptide synthesis, while EttA-wt/ATP
shows small stimulation of dipeptide synthesis.

3.3.

EttA modulates the dynamics of PRE–A complexes in the ATPbound form
Biochemical experiments from the Gonzalez and Hunt laboratories have found

that EttA-wt/ATP modestly stimulates the formation of dipeptide, whereas EttAEQ2/ATP impedes cell growth by inhibiting the formation of the second peptide bond and
the associated tripeptide formation (3). The facts that EttA-EQ2/ATP (i) does not inhibit
formation of the 70S IC or the formation of dipeptide (3), (ii) significantly inhibits
extension of the dipeptide into a tripeptide, but not extension of the tripeptide into a
tetrapeptide (3), and (iii) binds tightly to the ribosome (4), indicate that EttA-EQ2/ATP
may execute its regulatory function by modulating ribosome and tRNA dynamics of the
ribosome complex resulted after the first peptide bond formation, that is to say, a PRE
complex bearing a deacylated tRNAfMet in the P site. Therefore, I next sought to
investigate if and how EttA-wt and EttA-EQ2 regulates the dynamics of the PRE complex
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analogs, PRE–A complexes carrying a deacylated tRNAfMet in the P site, in the presence of
ATP.
Due to the same reason as described in Section 3.2, I argue that the smFRETL1-L9
signal should be more sensitive to monitor the changes in dynamics of PRE–A complexes
upon binding of EttA, relative to the smFRETL1-tRNA signal. Therefore, I prepared PRE–A
complexes bearing a deacylated tRNAfMet in the P site and an empty A site with 50S
subunits harboring (Cy5)L1 and (Cy3)L9 (hereafter referred to as PRE–AfMet) (Figure.
3.3A) (See Section 5.2.3). smFRETL1-L9 experiments recorded using PRE–AfMet were
performed as described in Section 5.4. To be noted, as mentioned in Section 2.7, the GS1
®
¬

GS2 equilibrium will be used to represent the dynamics of PRE/PRE–A complexes,

instead of L1o ®
¬ L1c.
Consistent with previous results (5), the PRE–AfMet complex fluctuates between
GS1 and GS2 states in the buffer/ATP condition (Figure 3.3B and Table 3.1). Relative to
the buffer/ATP control, the presence of EttA-wt/ATP shifts the GS1 ®
¬ GS2 equilibrium
of the PRE–AfMet complex towards the GS1 state, and the two-fold shift in Keq is
predominantly driven by two-fold increases in the rates of GS2→GS1 (kGS2→GS1) (Figure
3.3C and Table 3.1). This observation shows that EttA-wt/ATP stabilizes a PRE–A
conformation with an open L1 stalk that is consistent with the conformation that is
observed in the GS1 conformation of an isolated PRE–A complex (5) and very similar to
the conformation that is observed in cryo-EM structure of EttA-EQ2/ATP bound to a
PRE–A complex (4).
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Figure 3.3 EttA-mediated modulation of the GS1 ®
¬ GS2 equilibrium of PRE fMet complexes
using the smFRETL1-L9 signal. (A) Cartoon representation of the conformational dynamics of
the PRE–AfMet complex between GS1 (left) and GS2 (right) with the smFRETL1-L9 signal. The Psite tRNAfMet is shown as a green ribbon. (B-D) smFRETL1-L9 experiments performed in the
presence of 2 mM ATP and in the absence of EttA (buffer) (B), in the presence of 6 µM EttA-wt,
(C) and in the presence of 6 µM EttA-EQ2 (D). Representative Cy3 (green) and Cy5 (red)
emission intensity vs. time trajectories using the smFRETL1-L9 signal (top row), the corresponding
EFRET (blue) vs. time trajectories (middle row), and the contour plots of the time evolution ERETpopulation histograms (bottom row) are generated and displayed as in Figure 2.2 and 2.3. Figure
reproduced from (4).
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Table 3.1 Equilibrium constants, fractional populations, and transition rates for PRE–AfMet
in the absence of EttA (buffer), in the presence of EttA-wt, or in the presence of EttA-EQ2 a,
b

smFRETL1-L9
PRE–A fMet
Buffer
EttA-wt
EttA-EQ2

% GS1
(%)
78 ±2
88 ±4
97 ±1

% GS2
(%)
22 ±2
23 ±4
3 ±1

Keq
0.28 ±0.03
0.14 ±0.05
0.03 ±0.01

kGS1→GS2
(sec-1)
0.44 ±0.08
0.35 ±0.13
N.D. c

kGS2→GS1
(sec-1)
1.27 ±0.12
2.07 ±0.38
N.D. c

a

Table reproduced from (4).
Mean ± s.d. of equilibrium constants, fractional population of GS1 and GS2, and transition rates
were calculated as described in Section 5.5 from three independent data sets.
c
stands for not determined.
b

Interestingly, binding of EttA-EQ2/ATP to the PRE–AfMet complex has a stronger
effect, shifting the EFRET distribution to a previously unobserved mean value (centered at
EFRET = 0.62) that is slightly higher than what is observed for the GS1 conformation of an
isolated PRE–A complex (centered at EFRET = 0.56) (Figure 3.3D). This result indicates
that EttA-EQ2/ATP stabilizes a unique conformation of the PRE–A complex in which the
mean separation between my labeling positions on L1 and L9 is slightly shorter than the
one observed in the GS1 conformation of an isolated PRE–A complex, consistent with the
results from the cryo-EM studies (4). Again, the smaller effect of EttA-wt/ATP,
compared to EttA-EQ2/ATP, presumably results from the rapid ATP hydrolysis and
turnover of EttA-wt/ATP upon binding to PRE–AfMet, as discussed in Section 3.2. In
addition, upon the binding of EttA-EQ2/ATP, the fluctuations of the PRE–AfMet complex
are greatly inhibited, indicating the strong binding affinity of EttA-EQ2/ATP to PRE–AfMet.
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Due to the greatly decreased the fluctuated event, the transition rates between GS1 and
GS2 of the PRE–AfMet complex in the presence of EttA-EQ2/ATP is not determined.
Therefore, the results of my smFRET experiments demonstrate that EttA-EQ2/ATP
significantly restricts the dynamics of the ribosome and tRNA of PRE/PRE–A complexes,
thereby providing a possible rationale for the biochemical observation that EttAEQ2/ATP shows a strong kinetic inhibition of tripeptide synthesis.

3.4.

Mechanistic model for the regulation of translation by EttA
My smFRET results, together with the biochemical and structural studies of my

collaborators in the Hunt, Gonzalez, and Frank laboratories (3, 4, 6–8), support a model
for the interaction of EttA in its ATP-bound form with the 70S IC and its regulation of
translation at the start of the elongation cycle (Figure 3.4). EttA binds initially to the E
site of a 70S IC in the ATP-bound form, where its arm motif and its so called P-site
tRNA-interaction motif interacts the L1 stalk and the initiator tRNA in the P-site,
respectively (4). The small stimulation of dipeptide synthesis by EttA-wt in its ATP
bound form (3) suggests that after an aminoacylated-tRNA being accommodated into the
A-site, the ATP-bound EttA stabilizes a ribosome conformation (i.e. the GS1 state) in
which the PTC is compatible for the peptide bond formation, presumably via the
interactions between EttA and ribosomal proteins, rRNA, and the P-site tRNA. The
ATPase activity assays (3) suggest that the interaction between EttA and the ribosome in
turn stimulates ATP hydrolysis by EttA, which probably results in an EttA conformation
that is not compatible with ribosome binding, thus leading to its release from the PRE
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complex. The dissociation of EttA permits the transitions between GS1 and GS2 of the
PRE complex, the binding of EF-G to the PRE complex, and the subsequent translocation
to occur, thus leading to the entry of the PRE complex into the translation elongation
cycle. Once entering the translation elongation cycle, the ribosomal complexes become
incompatible to the binding of EttA, because of either (i) decreased affinity to the PRE
complexes for elongator tRNAs compared to the initiator tRNA in the P-site; (ii)
decreased affinity the PRE complexes due to the GS1

®
¬

GS2 transitions; or (iii) the

blocking of EttA-binding site due to the presence of deacylated tRNAs in the E-site of the
POST complex. In contrast, EttA-EQ2, deficient in ATP hydrolysis, is therefore trapped
in the ATP-bound form, and is not able to release from the PRE complex, thus preventing
the PRE complex from entering the translation elongation cycle and strongly inhibiting
the synthesis of tripeptide.
The biochemical studies showed that EttA-wt executes distinct functions in
translation regulation in the ADP-bound form compared to EttA-wt or EttA-EQ2 in the
ATP-bound form (3). EttA-wt/ADP and EttA-wt/ATP inhibits and promotes the
formation of the first peptide bond, respectively, while EttA-EQ2/ATP traps the
ribosomal complex following this reaction. My smFRET results demonstrate that EttA
may accomplish this by differentially modulating the conformation and/or dynamics of
70S IC in the presence of ADP vs. ATP (Figure 3.4Error! Reference source not found.).
Unlike EttA-wt/ATP or EttA-EQ2/ATP, both stabilizing a conformation of the 70S IC in
which the mean separation between my labeling positions on L1 and L9 is slightly shorter
than it is in the 70S IC in the buffer/ATP condition, EttA-wt/ADP stabilizes a
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conformation of the 70S IC in which the mean separation between my labeling positions
on L1 and L9 is slightly longer than it is in the 70S IC in the buffer/ADP condition. The
local conformations in the vicinity of the PTC in the hibernating 70S ICs upon binding of
EttA-wt/ADP may be incompatible for the peptide bond formation, thus leading to
inhibition of dipeptide synthesis. It is also possible that ADP itself may directly interact
with the ribosome and somehow alter the mode of interaction between the ribosome and
EttA, given the fact that the EFRET distribution that is observed for the conformation of
70S ICs in the buffer/ADP condition is slightly higher than what is observed for the
conformation of 70S ICs in the buffer/ATP condition or in the buffer only condition.
The cryo-EM structure of PRE–A complexes bound with EttA-EQ2/ATP suggests
the possibility of nucleotide-exchange within EttA even after binding to the ribosome (4).
As described above in the mechanistic model of EttA function, the binding of EttA in the
presence of ATP, or the binding of ATP to the ribosome-bound EttA, drives the peptide
bond formation, and the interaction between the ribosome and EttA in turn stimulates the
hydrolysis of ATP, leading to rapid release of EttA from the ribosomal complex, thus
preventing the ribosomal complex from being stabilized in the hibernating state by EttA
in the presence of ADP. However, the ADP/ATP ratio will be greatly elevated under
conditions of energy depletion, in which situation ADP will have a higher change to
interact with the ribosome-bound EttA compared with ATP, thus trapping the ribosomal
complex in the hibernating state and blocking its entry into the translation elongation
cycle. Although consistent with the biochemical (3), the structural (4) and my smFRET
results, this model needs to further evaluated in the future.
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Figure 3.4 Schematic model of EttA function, in the presence of ATP vs. ADP. The ribosomal
complexes are displayed as in previous chapters, with EttA, EF-G, and aminoacyl-tRNA–EF-Tu–
GTP ternary complex highlighted. The formation of the first peptide bond is inhibited by EttA in
the presence of ADP, but stimulated by EttA in the presence of ATP. The GS1 ®
¬ GS2 dynamics
of PRE complexes (blue arrow) is inhibited (red stop sign) due to the binding of the ATP-bound
form of EttA. The hydrolysis of ATP and the subsequent dissociation of EttA permits the
transitions between GS1 and GS2 of the PRE complex, the binding of EF-G to the PRE complex,
and the subsequent translocation to occur, thus leading to the entry of the PRE complex into the
translation elongation cycle.
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3.5.

Open questions and future direction
One of the most important question yet to be answered is whether the binding

affinity of EttA to ribosomal complexes is dependent on the identity of the P-site tRNA.
My smFRETL1-L9 studies with 70S IC and PRE–A complexes, together with the
biochemical and structural studies of my collaborators in the Hunt, Gonzalez, and Frank
laboratories (3, 4), strongly indicate a higher binding affinity of EttA to ribosomal
complexes bearing an initiator tRNAfMet in the P-site. In the EttA-EQ2-bound ribosome
structure, the protein has been shown to contact the P-site tRNAfMet directly with two
structural elements distinguishing the initiator tRNA from most of elongator tRNAs, the
C1::A72 mismatch and the CpU bulge (4). However, one of my initial smFRETL1-tRNA
experiments showed that EttA-EQ2/ATP can bind onto the PRE–A complex with a
tRNAPhe in the P-site (PRE–APhe) and trap the PRE–APhe complex in the GS1 state (Figure
3.5 and Table 3.2). A fluorescently labeled EttA will allow us to design a new smFRET
signal between EttA and the element of ribosomal complexes (e.g. the L1 stalk or the Psite tRNA). The smFRET experiments using the new signal will permit the real time
observation of binding/dissociation of EttA to/from 70S IC or PRE/PRE–A complexes as
a function of EttA concentration, thus addressing the binding affinity of EttA to
ribosomal complexes according to the P-site tRNA identities. Additionally, such
–
experiments will also allow investigating whether the GS1 ®
¬ GS2 transition of PRE/PRE
A

complex reduces the binding affinity of EttA even in the context of an initiator tRNA,

which may help us understand why the ribosomal complexes in the elongation cycle
become incompatible to the binding of EttA.
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Similar smFRET experiments will next be conducted using EttA with other
nucleotides, like GTP and GDP, instead of ATP and ADP, given the fact that GTP/GDP
ratio reduces as well in energy-depleted cells, which is regulated by the adenylate kinase
and nucleoside diphosphate kinase (9–12). The rates of initiation and elongation have
been shown to decrease in the energy-depleted cells, due to strong inhibition of many
critical GTPAse translation factors by GDP (13). Therefore, in energy-depleted cells, the
reduction in GTP/GDP ratio may augment the activity of EttA and the other regulatory
translation factors, like the Ribosomal Silencing Factor (RsfA) protein (14), some toxin–
Antitoxin systems (15, 16), and the Ribosome Modulation Factor (RMF) protein (17, 18),
in addition to the reduced ATP/ADP ratio. The results from these experiments will allow
deeper understanding of the regulatory role of EttA during protein synthesis.
Future smFRET experiments may also involve other E. coli ABC-F proteins, like
YbiT (19). Some preliminary biochemical data from Hunt laboratory conducted using the
ATPase-deficient YbiT, YbiT-EQ2, demonstrate that same as EttA-EQ2, this mutant
protein prevents the PRE complex from entering the elongation cycle after the formation
of the first peptide bond in the ATP-bound form. Thus, my smFRET results, together
with the biochemical and structural studies from the three laboratories (3, 4), may provide
unprecedented insights on the biological functions of ABC-F proteins, and eventually
leading to deeper understanding of the physiology and systems biology of protein
synthesis.
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Figure 3.5 EttA-mediated modulation of the GS1 ®
¬ GS2 equilibrium of PRE Phe complexes
using the smFRETL1-tRNA signal. (A) Cartoon representation of the conformational dynamics of
the PRE–APhe complex between GS1 (left) and GS2 (right) with the smFRETL1-tRNA signal. The Psite tRNAPhe is shown as a purple ribbon. (B and C) smFRETL1-tRNA experiments performed in the
presence of 0.8 mM ATP and in the absence of EttA (buffer) (B) or in the presence of 1.8 µM
EttA-EQ2 (C). Representative Cy3 (green) and Cy5 (red) emission intensity vs. time trajectories
using the smFRETL1-tRNA signal (top row), the corresponding EFRET (blue) vs. time trajectories
(middle row), and the contour plots of the time evolution ERET-population histograms (bottom
row) are generated and displayed as in Figure 2.2 and 2.3. Figure reproduced from (4).
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Table 3.2 Equilibrium constants, fractional populations, and transition rates for PRE–APhe in
the absence of EttA (buffer) or in the presence of EttA-EQ2 a, b
smFRETL1-tRNA
PRE–A fMet
Buffer
EttA-EQ2

% GS1
(%)
72 ±2
96 ±2

% GS2
(%)
28 ±2
4 ±2

Keq
0.28 ±0.03
0.03 ±0.01

kGS1→GS2
(sec-1)
0.55 ±0.10
N.D. c

kGS2→GS1
(sec-1)
0.78 ±0.07
N.D. c

a

Table reproduced from (4).
Mean ± s.d. of equilibrium constants, fractional population of GS1 and GS2, and transition rates
were calculated as described in Section 5.5 from three independent data sets.
c
stands for not determined.
b
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Chapter 4
Modulation of ribosome and tRNA dynamics by posttranscriptional modifications of tRNA
4.1.

Introduction
Ribosomes synthesize proteins based on the sequence of triplet-nucleoside codons

presented by the mRNA template (1, 2). A ribosomal frameshift occurs when some
nucleosides are skipped or read twice during translation, thus leading to a completely
different sequence of amino acids relative to the one in the original frame (3). Although
frameshifting is often programmed at a high frequency (>10-2) to produce specific ratios
of proteins vital to replication as a gene regulation strategy (4–6), it also occurs at a low
frequency (referred to as non-programmed frameshifting, ~10-5) as a translational error
(7). It has been shown that nature uses strategies to suppress these errors, such as the
evolution of codon usage (8) and post-transcriptional modifications of tRNA (4).
Proline-tRNA with an anticodon GGG (tRNAProGGG), decoding a CCC codon, has
high propensity to induce the +1 non-programmed frameshifting (hereafter referred to as
+1 FS) (9, 10), in which the ribosome slips by one nucleoside towards the 3' direction of
the mRNA. +1 FS occurs at the P site in the post-translocation (POST) complex (4, 9–12).
In this model, the peptidyl-tRNAProGGG in the POST complex detaches from codonanticodon interactions with mRNA in the zero reading frame at the P site, and then repairs to mRNA at an overlapping codon in the +1 reading frame (4, 9–11). The base
identity following the CCC codon is critical for tRNAProGGG-mediated +1 FS events. In
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vitro assays performed by the Hou group at Thomas Jefferson University showed that
tRNAProGGG is prone to induce +1 FS when the CCC codon is followed by a C, and U, A,
and G reduced the level of +1FS by 60%, 90%, and 100%, respectively, relative to C
(unpublished data). Therefore, the CCC-C and CCC-U sequence in the mRNA, especially
the former one, is considered to be a "slippery" sequence for tRNAProGGG (9, 13–17).
Besides the mRNA sequence, the occurrence of +1 FS is also dependent on other factors.
For example, a hungry codon in the A site of the zero reading frame, either resulted from
a rare codon or stress conditions such as lack of nutrients (4) has been shown to largely
increase the +1 FS events, whereas overexpression of the tRNA decoding the the zero
reading frame A-site codon greatly inhibits +1 FS (11). In addition, the interactions
between the peptidyl-tRNA and its ribosomal P-site environment also play a critical role
in regulating +1 FS, since some mutations either in peptidyl-tRNA or ribosomal P-site
elements that are proposed to alter tRNA-ribosome interactions resulted in increased +1
FS events (9, 11).
In vitro biochemical studies performed by the Hou lab have shown that lack of
post-transcriptional modifications increased the propensity of tRNAProGGG to induce +1
FS by ~3 to 4 fold (unpublished data). Post-transcriptional modifications of tRNA
nucleosides occurs in all three domains of life and are composed of more than 70 distinct
chemistries (18, 19). tRNAProGGG has five modified residues, dihydrouridine, 1methylguanosine, 7-methylguanosine, 5-methyluridine and pseudouridine at position 20,
37, 46, 54 and 55, respectively (D20, m1G37, m7G46, m5U54, and Ψ55) (Figure 4.1). In
vivo studies indicated that at least one modified nucleoside, m1G37, in tRNAProGGG is
responsible for the inhibition of +1 FS (20). m1G37, next to the anticodon, is a conserved
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modified nucleoside present in position 37 in all tRNA isoforms for proline, four tRNA
isoforms for leucine, and one tRNA isoform for arginine from all three domains (21).
Given the role of m1G37 in ordering the anticodon stem loop domain of the tRNA and
restricting its dynamics (19, 22), it is proposed that this modification probably suppresses
+1 FS by strengthening the anticodon-codon interactions, thus disfavoring the
dissociation events of the tRNA from the mRNA (19). In addition, analysis of X-ray
crystallographic structures of ribosomal complexes carrying a P-site tRNA in the
classical P/P configuration (see Section 4.4.1 for details) suggests that purine 37 of the Psite tRNA is involved in several electrostatic interactions with residues in the 16S rRNA
of the 30S subunit. Therefore, the modification at this position may also contribute to the
suppression of +1 FS by modulating these tRNA-ribosome interactions. Although the
function of other tRNAProGGG modifications related to +1 FS has not been identified, they
likely play important roles in modulating ribosome dynamics. Nucleosides at positions 20,
54 and 55 of the P/P-tRNA are involved in electrostatic and/or hydrogen bonding
interactions with the ribosome P-site elements (see Section 4.4.1 for details), and
modifications of those these residues may directly or indirectly alter these interactions. In
addition, dihydrouridine and pseudouridine has have been shown to destabilize (23) and
stabilize (24) the local RNA structure, respectively. Therefore, these modifications may
also regulate conformational dynamics of ribosomal complexes by altering specific
tRNA-ribosome interactions and/or by altering the conformational flexibility of the
tRNAProGGG. However, the effect of these modifications on elongating ribosomal complex
dynamics is completely unknown, thus greatly impeding our understanding of the role
that they play in maintaining the translational reading frame..
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Figure 4.1. Location of modifications in each form of tRNAProGGG. The sequence and
cloverleaf secondary structure of native- (left), transcript- (middle), and m1G37tRNAProGGG are shown. Modifications in each tRNA are labeled and highlighted.
Abbreviations for modifications: D, dihydrouridine; m1G, 1-methylguanosine; m7G, 7methylguanosine; m5U, 5-methyluridine; Ψ, pseudouridine.

This chapter presents the efforts to elucidate the mechanism by which tRNAProGGG
modifications suppress +1 FS by investigating the effects that these modifications have
on regulating the conformational dynamics of ribosomal complexes in a collaboration
with the Hou group. I conducted smFRET experiments on ribosomal complexes carrying
strategically designed tRNAProGGG in different modified states and mRNAs with and
without a slippery sequence for +1 FS. The preliminary results from these experiments
suggest that tRNAProGGG modifications do indeed play a role in modulating the dynamics
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of ribosomal complexes. More importantly, the combination of tRNA without
modifications and slippery mRNA dramatically alters ribosome dynamics, probably by
affecting tRNA flexibility, tRNA-ribosome, tRNA-mRNA, and mRNA-ribosome
interactions, which could have important implications for how +1 FS occurs.

4.2.

Design of tRNAs and mRNAs
In order to investigate the effect that tRNAProGGG modifications, especially

methylation of G37, have on the conformational dynamics of ribosomal complexes, we
designed three forms of tRNAProGGG: (i) native-tRNA, isolated from E. coli cells,
harboring all natural modifications; (ii) transcript-tRNA, in vitro transcribed, lacking any
modifications; and (iii) m1G37-tRNA, containing only the m1G modification at position
37 (Figure 4.1).
We also designed two mRNAs with one nucleoside difference in the open reading
frame (Table 4.1). In one of our designed mRNAs, the first three codons are AUG, CCC
and CGU, encoding N-Formylmethionine (fMet), Pro, and arginine (Arg), respectively.
This mRNA is referred to as the slippery mRNA hereafter due to the presence of the
CCC-C slippery sequence. In the second mRNA, one of the four C is deleted, and the
first three codons are AUG, CCC and GUU, encoding fMet, Pro, and valine (Val),
respectively. This mRNA is referred to as the non-slippery mRNA hereafter due to the
presence of a G followed by the CCC codon.
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Table 4.1 Sequences of the non-slippery and slippery mRNA a
mRNA nucleotide sequence
Nonslippery

5’-Biotin.GCAACCUAAAACUUACACAGGGGGGAAGGAGGU
AAAAAUGCCCGUUCUAAGCACCACCACCACCACCACCAC-3’

Slippery

5’-Biotin.GCAACCUAAAACUUACACAGGGGGGAAGGAGGU
AAAAAUGCCCCGUUCUAAGCACCACCACCACCACCACCAC-3’

a

The Shine-Dalgarno (SD) sequence is underlined, the start codon is bold and underlined, the
spacer region between the SD sequence and the start codon is italicized, and the cytosine insertion
in the slippery mRNA is highlighted in red.

4.3.

Investigation of the effect that tRNA modifications have on
regulating the dynamics of POST complexes
As mentioned above, tRNAProGGG-mediated +1 FS occurs in the POST complexes,

so I started by investigating if modifications of tRNAProGGG modulate conformational
dynamics of the POST complexes. Due to the presence of the peptide on the P-site tRNA,
−A
POST complexes do not exhibit GS1 ®
complexes do (25,
¬ GS2 dynamics as PRE/PRE

26). In POST complexes, the peptidyl-tRNA is locked in the classical P/P configuration
and two ribosomal subunits are locked in their non-rotated orientation (25, 26). However,
previous smFRETL1-L9 studies from our lab showed that the L1 stalk fluctuates between
its open and closed conformation, even in POST complexes (27). Therefore, I decided to
use the smFRETL1-L9 signal to study the potential effects that tRNA modifications have
on regulating conformational dynamics of the L1 stalk in POST complexes. To be noted,
Fei et al. (27) argued that although the open conformation of L1 stalk in the POST
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complex is the same as the open conformation (L1o) observed in the PRE/PRE−A complex
as described in Chapter 1-3, the closed conformation observed in the POST complex may
not be the same as the closed conformation (L1c) observed in the PRE/PRE−A complex.
Instead, it is likely identical to the ‘‘half-closed’’ conformation (L1hc) which was
observed in another smFRET study instead (28). Thus, "the L1o ®
¬ L1hc equilibrium" will
be used in this Section to represent the dynamics of the L1 stalk in the POST complex.
Using the three tRNAProGGG variants described above, along with 50S subunits
harboring (Cy5)L1 and (Cy3)L9, I assembled three POST complexes on the prebiotinylated non-slippery mRNA (POSTN_non, POSTTr_non, and POSTm1G37_non; where the
subscript 'non' denotes the non-slippery mRNA, and 'N', 'Tr', and 'm1G37' denotes native-,
transcript- and m1G37-tRNA, respectively) and three POST complexes on the prebiotinylated slippery mRNA (POSTN_slip, POSTTr_slip, and POSTm1G37_slip; where the
subscript 'slip' denotes the slippery mRNA) (Section 5.2.2), Briefly, 70S initiation
complexes (70S IC) were first enzymatically assembled using 50S subunits harboring
(Cy5)L1 and (Cy3)L9, unlabeled 30S subunits, fMet-tRNAfMet, and either the nonslippery or slippery mRNA as described in Section 5.2.1. Then, POST complexes were
by prepared by incubating 70S IC with EF-G (the GTP-bound form) and ternary
complexes composed of EF-Tu, GTP, and corresponding Pro-tRNAProGGG variant.
Therefore, a deacylated-tRNAfMet and a fMet-Pro-tRNAProGGG is present at the E and P
site, respectively, in each POST complex. POST complexes were purified using sucrose
density gradient ultracentrifugation (See Section 5.2.2) and store at -80 ºC until use.
smFRET experiments recorded using these POST complexes were performed as
described in Section 5.4.
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Figure 4.2. Investigating dynamics of POST complexes using the smFRETL1-L9 signal.
Cartoon representation of the POST complex with smFRETL1-L9 signal (top left) is displayed.
Representative Cy3 (green) and Cy5 (red) emission intensity vs. time trajectories using the
smFRETL1-L9 signal (top right), the corresponding EFRET (blue) vs. time trajectories (bottom right),
and the contour plots of the time evolution EFRET-population histograms from POSTm1G37_slip
(bottom left) are generated and displayed as in Figure 2.2 and 2.3.

Preliminary data analysis indicate that all six POST complex exhibit similar L1o
®
¬

L1hc dynamics with a strong preference for the L1o conformation (Figure 4.2). The

majority of smFRET versus time trajectories in all POST complexes show a stable EFRET
(~0.56) corresponding to the L1o conformation without transitioning to a EFRET (~0.34)
corresponding to the L1c conformation before photobleaching. However, I argue that the
similar L1o ®
¬ L1hc dynamics observed in all six POST complexes do not mean that
modifications of tRNAProGGG induce no change to the ribosomal complexes. Previous
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smFRETL1-L9 experiments from our group has shown that the L1 stalk dynamics in the
POST complex are dependent on the presence and identity of the E-site tRNA, but
relatively insensitive to the identity of the P-site tRNA (27). This suggests that the L1o ®
¬
L1hc dynamics characterized by our smFRETL1-L9 signal may not be affected even if
changes have been made due to tRNA modifications in the P site. In addition, we also
cannot exclude the possibility that tRNA modifications indeed induce some
conformational change of the L1 stalk, but our smFRETL1-L9 signal fails to report it.

4.4.

Investigation of the effect that tRNA modifications have on
regulating the dynamics of PRE−A complexes
In order to overcome the obstacle as described above, I chose to investigate if

−A
tRNA modifications modulate the GS1 ®
complexes, instead.
¬ GS2 equilibrium of PRE

Structural comparison demonstrates that the POST complex and GS1 of PRE–A
complexes are in a very similar conformation (29, 30). Indeed, both complexes are
characterized by non-rotated subunits and a P site tRNA in the classical P/P configuration.
Therefore, I posited that the stability of GS1 in a PRE−A complex (and the corresponding
rate of GS1→GS2) can be used as an indirect readout of the effect that the modifications
have on the tRNA-mRNA and tRNA-ribosome interactions within the P-site of POST
complexes. In addition, the GS1 ®
¬ GS2 equilibrium characterized by our smFRETL1-L9
signal is sensitive to the conformational flexibility of the P-site tRNA and specific tRNAribosome interactions in PRE–A complexes (31). Thus, modifications of the P-site
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tRNAProGGG are likely to have a much stronger effect on the GS1 ®
¬ GS2 dynamics of
PRE–A complexes.
Six PRE–A complexes (PRE–AN_non, PRE–ATr_non, PRE–Am1G37_non, PRE–AN_slip, PRE–
A

Tr_slip,

and PRE–Am1G37_slip) with the smFRETL1-L9 signal (Figure 4.3A) were prepared

simply by reacting the corresponding POST complexes with puromycin (See Section
5.2.3). As described in Section 2.6.1, puromycin can react with the dipeptide of P-site
peptidyl-tRNA in the POST complex. During the POST-puromycin reaction, the
dipeptide is released from the peptidyl-tRNA, and the E-site tRNA dissociates from the
ribosome, thus leading to a PRE–A complex. smFRET experiments recorded using these
PRE–A complexes were performed as described in Section 5.4. Consistent with previous
studies, all six PRE–A complexes showed thermally activated and stochastic fluctuations
between GS1, with a FRET efficiency (EFRET) centered at 0.56 ± 0.02, and GS2, with an
EFRET centered at 0.35 ± 0.01, thus reporting on a dynamic GS1 ®
¬ GS2 equilibrium.

4.4.1. tRNA modifications-mediated modulation of dynamics of PRE−A
complexes assembled on the non-slippery mRNA
I first sought to investigate the effects that tRNA modifications have on GS1 ®
¬
GS2 dynamics in the context of the non-slippery mRNA. Relative to PRE–ATr_non, PRE–
A
N_non

exhibits a shift of the GS1

®
¬

GS2 equilibrium towards GS2, increasing the

equilibrium constant (Keq) by ~30-40% (Fig. 4.3, B and C (top row) and Table 4.2).
Dwell time analyses (See Section 5.5) reveal that the observed Keq shift are driven by a
~20% increase in the rate of GS1→GS2 (kGS1→GS2) and a ~30% decrease in the rate of
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GS2→GS1 (kGS2→GS1) (Table 4.2). Although playing a crucial role in inhibiting +1 FS,
methylation of G37 does not contribute to the modulation of PRE–A complex dynamics
observed above. No distinguishable changes were observed in Keq or transition rates
between PRE–Am1G37_non and PRE–ATr_non (Fig. 4.3, B and D (top row) and Table 4.2).

Figure 4.3. Dynamics of PRE−A complexes carrying different tRNAProGGG variants
assembled on either non-slippery or slippery mRNA. (A) Cartoon diagram of the
conformational equilibrium of the PRE–A complex between GS1 and GS2. (B-D) Contour plots of
the time evolution EFRET-population histograms from smFRETL1-L9 experiments recorded on PRE–
A
complexes carrying either non-slippery (top panels) or slippery (bottom panels) mRNA, with
either native- (B), transcript- (C), or m1G37-tRNA (D).
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Table 4.2. Equilibrium constants, fractional populations, and transition rates for PRE−A
complexes carrying different tRNAProGGG variants assembled on either non-slippery or
slippery mRNA a
Non-slippery mRNA
PRE–An
N_non
Tr_non
m1G37_non

% GS1
(%)
51 ±3
58 ±2
56 ±3

% GS2
(%)
49 ±3
42 ±2
44 ±3

Keq
0.97 ±0.11
0.74 ±0.05
0.78 ±0.08

kGS1→GS2
(sec-1)
0.94 ±0.17
0.67 ±0.07
0.66 ±0.06

kGS2→GS1
(sec-1)
0.96 ±0.07
1.41 ±0.23
1.28 ±0.12

kGS1→GS2
(sec-1)
1.19 ±0.16
1.36 ±0.24
0.88 ±0.13

kGS2→GS1
(sec-1)
0.70 ±0.18
0.32 ±0.04
1.06 ±0.03

Slippery mRNA
PRE–An
N_slip
Tr_slip
m1G37_slip
a

% GS1
(%)
47 ±5
29 ±4
52 ±2

% GS2
(%)
53 ±5
71 ±4
48 ±2

Keq
1.15 ±0.23
2.52 ±0.45
0.91 ±0.09

Mean ±s.d. of equilibrium constants, fractional population of GS1 and GS2, and transition rates
for each PRE–A complex were calculated as described in Section 5.5 from three independent data
sets.

Analysis of X-ray crystallographic structures of ribosomal complexes in GS1 and
GS2 carrying a deacylated tRNAPhe at the P site (32) (Fig. 4.4) shows that purine 37 of
the P-site tRNA is involved in several electrostatic interactions with adenosine 790
(A790) and guanosine 1497 (G1497) in the 16S ribosomal RNA (rRNA) of the 30S
subunit in both GS1 and GS2. My results indicate that methylation of G37 in tRNAProGGG
has little effect on these interactions, thus leading to no detectable changes in the GS1 ®
¬
GS2 dynamics. Other than the purine 37, residues at position 20, 54 and 55 are also
involved in electrostatic and/or hydrogen bonding interactions in GS1 and/or GS2. Thus
it is likely that modifications of these residues may directly or indirectly alter these
interactions, thus thereby modulating k GS1→GS2 and k GS2→GS1 by stabilizing and
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Figure 4.4. P-site tRNA-ribosome interactions involving modified residues within GS1
(PDB 3R8S and 3R8T) and GS2 (PDB 3R8N and 3R8O) of a PRE–A complex. (A) tRNAPhe in
the P/P (light pink, semi-transparent, space-filling) and P/E (light purple, semi-transparent, spacefilling) is shown in the left and right panel, respectively. The positions in which nucleotides are
modified in tRNAProGGG are indicated with arrows and the corresponding residues in tRNAPhe are
depicted in stick representations, and colored according to atom type. Structural components
within the ribosome close to the modified tRNA residues, ribosomal protein L5, 23S rRNA helix
76-78 (H76-78) and 85 (H85), and 16S rRNA helix 24 (h24) and 44 (h44) are labeled and shown
in cartoon representation. (B) The close-up views of the electrostatic interactions (black dashed
lines) that are formed between adenosine 790 in h24 ((A790)h24) and guanosine 1497 in h44
((G1497)h44) and residue 37 of tRNA, in GS1 (left panel) and GS2 (right panel), respectively.
For simplicity, only three of the electrostatic interactions formed between these residues are
shown here for comparison.
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destabilizing GS1 and GS2, respectively. In addition, D20 and Ψ55 in tRNAProGGG may
also contribute to the changes in kGS1→GS2 and kGS2→GS1 by regulating the conformational
flexibility of the tRNA itself, given the fact that dihydrouridine and pseudouridine
destabilizes (23) and stabilizes (24) the local RNA structure, respectively. Taken
together, the smFRET results presented above demonstrate that tRNAProGGG
modifications do indeed play a role in modulating the dynamics of PRE–A complexes,
likely by altering specific tRNA-ribosome interactions and/or by altering the
conformational flexibility of the tRNAProGGG. Future smFRET experiments with
tRNAProGGG variants carrying only D20, m7G46, m5U54, or Ψ55 will allow investigating
which modification(s) is responsible for the different dynamics observed between PRE–
A
N_non

and PRE–ATr_non. In parallel, such tRNAProGGG variants will allow testing if any

modified nucleoside(s) other than m1G37 have effects on +1 FS suppression as well via
biochemical assays by the Hou group.
The slower kGS1→GS2 observed in PRE–ATr_non, relative to PRE–AN_non, indicates that
lack of tRNAProGGG modifications stabilizes tRNA-ribosome interactions within the P site.
Given the fact that m1G37, the only modified residue located within the 30S P site in
tRNAProGGG, does not affect the stability of GS1, lack of tRNAProGGG modifications
specifically stabilizes tRNA-ribosome interactions within the 50S P site. This observation
could be important for allowing frameshifting. That is to say, by stabilizing tRNAribosome interactions within the 50S P site, it could allow or promote sampling of the +1
reading frame by the tRNA anticodon within the 30S P site. Meanwhile, lack of m1G37,
although having on effects on tRNA-ribosome interactions within the 30S P site,
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disorders the anticodon stem loop domain of the tRNA (19), which may weaken
anticodon-codon interactions, thus further promoting the +1 FS events.
Previous studies supported the idea that GS2 is an on-pathway intermediate in
translocation (33, 34), and PRE complexes favoring GS2 translocate faster both in the
presence (35, 36) and absence (37) of EF-G. The shift of the GS1 ®
¬ GS2 equilibrium
towards GS2 observed in PRE–AN_non, relative to PRE–ATr_non, indicates that the fully
modified native-tRNAProGGG are designed to be translocated at a higher rate compared
with the unmodified transcript-tRNAProGGG. This observation is particularly interesting
considering the special amino acid tRNAPro delivers. Proline, the N-alkylamino acid
(imino acid), is a poor donor during peptidyl transfer (38–40). Nascent peptides carrying
a C-terminal Pro residue in the P-site peptidyl-tRNA have been shown to strongly
decrease the rate of peptidyl transfer (38–42). Therefore, modifications of tRNAPro,
besides the various functions in translation (19), likely also contribute to accelerating
translocation by modulating PRE complexes dynamics, in order to compensate for the
slow peptide bond formation. Future experiments using modified and unmodified tRNAs
other than tRNAProGGG may allow testing if this hypothesis applies to all tRNA
modifications.

4.4.2. tRNA modifications-mediated modulation of dynamics of PRE−A
complexes assembled on the slippery mRNA
I next sought to investigate if the presence of a slippery sequence for tRNAProGGG
–A
in the mRNA have effects on the GS1 ®
complexes. Relative to
¬ GS2 dynamics of PRE
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PRE–AN_non, PRE–AN_slip exhibits a small shift of the GS1 ®
¬ GS2 equilibrium towards GS2,
with a ~20% increase in Keq, driven by a ~20% increase kGS1→GS2 and a ~20% decrease in
kGS2→GS1 (Figure. 4.3B (top and bottom row) and Table 4.2). Similar changes in Keq,
kGS1→GS2 and kGS2→GS1 are also observed in PRE–Am1G37_slip relative to PRE–Am1G37_non
(Figure. 4.3D (top and bottom row) and Table 4.2). I argue that these small changes in
–A
GS1 ®
complexes observed in PRE–A complexes assembled on
¬ GS2 dynamics of PRE

the slippery mRNA relative to the ones assembled on the non-slippery mRNA possibly
come from changes in stabilities of GS1 and GS2 that the extra C causes in the slippery
mRNA.
However, relative to PRE–ATr_non, PRE–ATr_slip exhibits a dramatic shift of the GS1
®
¬

GS2 equilibrium towards GS2, with a three- to four-fold increase in Keq, driven by a

~two-fold increase kGS1→GS2 and a ~four-fold decrease in kGS2→GS1 (Figure. 4.3C (top and
bottom row) and Table 4.2). These significant changes in the GS1 ®
¬ GS2 dynamics are
unlikely just due to the presences of the extra C. Instead, I propose that the combination
of tRNA without modifications and slippery mRNA leads to a synergistic effect on
altering ribosome dynamics, probably by affecting tRNA flexibility, tRNA-ribosome,
tRNA-mRNA, and mRNA-ribosome interactions. Consistent with this idea, lack of
tRNAProGGG modifications only induces a small, ~30%, change in Keq in the presence of
the non-slippery tRNA (comparison of PRE–ATr_non and PRE–AN_non in Table 4.2), but
generates a much larger, ~150%, change in Keq in the presence of the slippery tRNA
(comparison of PRE–ATr_slip and PRE–AN_slip in Table 4.2). Indeed, preliminary
biochemical data from the Hou lab showed that the presence of transcript-tRNA and
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slippery mRNA resulted in the highest +1 FS events among all six combinations.
Therefore, my smFRET results could have important implications for how +1 FS occurs.
In order to further test this idea, we have already designed a new tRNAProGGG
variant, carrying all modified residues but without m1G37. Similar smFRET experiments
on PRE–A complexes assembled using this tRNA variant and parallel biochemical
experiments characterizing the propensity of this tRNA variant to induce +1 FS by the
Hou lab, will provide more information on if and how modifications of tRNAProGGG
suppress +1 FS through modulations of ribosome dynamics.
In fact, the Hou lab shows that POST complexes assembled on a slippery mRNA
in a similar manner as POSTN_slip, POSTTr_slip, and POSTm1G37_slip were prepared in my
work (See Section 4.3) exhibit increased +1 FS events as a function of time in an in vitro
biochemical assay. This leads to an interesting possibility that +1 FS has already occurred
in POSTN_slip, POSTTr_slip, and POSTm1G37_slip during their preparation and purification.
This possibility can be easily tested in the future by a tripeptide synthesis assay similar to
the one described in Section 5.3.2. As mentioned in Section 4.XXX, the first three codons
in the slippery mRNA are AUG, CCC and CGU, encoding fMet, Pro, and Arg (Table 4.1).
However, if +1 FS occurs at the CCC-C slippery sequence, the third codon will change to
GUU and encodes Val instead. Therefore, the formation of a fMet-Pro-Val tripeptide
upon delivery of tRNAVal to these POST complexes will be a direct evidence for the
occurrence of +1 FS. In addition, we can also assess the extent +1 FS occurred in each
POST complex by calculating the ratio of fMet-Pro-Val versus fMet-Pro-Arg tripeptides
formed upon simultaneous delivery of tRNAVal and tRNAArg to these POST complexes.
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The fact that +1 FS may have already occurred in POST complexes assembled on
the slippery mRNA indicates another, probably more interesting, possibility that there
may be two subpopulations existing in POSTN_slip, POSTTr_slip, and POSTm1G37_slip and
their corresponding PRE–A derivatives (i.e. PRE–AN_slip, PRE–A Tr_slip, and PRE–Am1G37_slip).
Therefore, I re-analyzed the transition rates of PRE–AN_slip, PRE–A
A
m1G37_slip,

Tr_slip,

and PRE–

with two assumptions: (i) two subpopulations exist in each PRE–A complexes,

and (ii) two subpopulations exhibit different GS1 ®
¬ GS2 dynamics, and one of these two
subpopulations behaves like the PRE–A complexes assembled on the non-slippery mRNA
carrying the corresponding tRNA variants (See Section 5.5.4.3). Some preliminary data
are reported in Table 4.3. The tripeptide synthesis assay proposed above will allow
rectifying such analysis in the future.

4.5.

Summary
Although not being captured in POST complexes with our smFRETL1-L9 signal,

the role that tRNAProGGG modifications plays in modulating the conformational dynamics
of ribosomal complexes have been revealed in my smFRETL1-L9 experiments using PRE–
A

complexes. The results presented in this Chapter suggest that the combination of tRNA

without modifications and slippery mRNA dramatically alters ribosome dynamics,
probably by affecting tRNA flexibility, tRNA-ribosome, tRNA-mRNA, and mRNAribosome interactions, which could have important implications for how +1 FS occurs.
Future smFRET and biochemical experiments proposed in each sections will provide
more information assisting our understanding on the mechanism by which tRNA
modifications suppress +1 FS.
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Table 4.3. Re-analysis of transition rates of each PRE–A complexes assembled on the
slippery mRNA a
PRE–An

kGS1→GS2 (sec-1) b,d

kGS2→GS1 (sec-1) c,d

Tr_slip

k11 = 1.67 ±0.42 (A1 = 82 ±10%)
k12 = 0.67 ±0.07 (A2 = 18 ±10%)

k21 = 0.27 ±0.04 (A1 = 79 ±4%)
k22 = 1.41 ±0.23 (A2 = 21 ±4%)

N_slip

k11 = 2.21 ±0.45 (A1 = 26 ±8%)
k12 = 0.94 ±0.17 (A2 = 74 ±8%)

k21 = 0.23 ±0.02 (A1 = 25 ±4%)
k22 = 0.96 ±0.07 (A2 = 75 ±4%)

m1G37_slip

k11 = 1.37 ±0.29 (A1 = 29 ±5%)
k12 = 0.66 ±0.06 (A2 = 71 ±5%)

k21 = 0.37 ±0.07 (A1 = 14 ±5%)
k22 = 1.28 ±0.12 (A2 = 86 ±5%)

a

See Section 5.5.4.3 for details of the analysis.
k11 and k12 represents kGS1→GS2 of the two subpopulations in each PRE–A complex, respectively.
c
k21 and k22 represents kGS2→GS1 of the two subpopulations in each PRE–A complex, respectively.
d
A1 and A2 represents the fractional population of the two subpopulations in each PRE–A complex,
respectively.
b
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Chapter 5
Materials and Methods

5.1.

Reagent preparation

5.1.1. tRNAs
All tRNAs used for this work were from E. coli. tRNAfMet and tRNALys were
purchased from MP Biomedicals, and tRNAPhe were purchased from Sigma. All
aminoacylated-tRNAPro were provided by the laboratory of Professor Ya-Ming Hou
(Thomas Jefferson University)
Aminoacylation of tRNAfMet, tRNAPhe, and tRNALys with non-radioactively
labeled amino acids, and formylation of tRNAfMet were performed following previously
described protocols in the thesis of Dr. Jingyi Fei (1). Aminoacylation of tRNAfMet with
[35S]-methionine was performed as described in the thesis of Dr. Michael Englander (2).
Cy3-labeled tRNAPhe was prepared according to the protocol described in the
thesis of Dr. Jingyi Fei (1). Briefly, tRNAPhe was labeled at the 3-(3-amino-3-carboxypropyl) uridine 47 position using N-hydroxysuccinimidyl ester-derivatized Cy3
fluorophore (GE Lifesciences). Then Cy3-labeled tRNAPhe was separated from non-Cy3labeled tRNAPhe using hydrophobic interaction chromatography.

5.1.2. mRNAs
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All mRNAs were derived from the sequence of the bacteriophage T4 gene
product 32, either in vitro transcribed as previously described (1, 3) or purchased from
Dharmancon, Inc. The sequences of the mRNAs used in my Ph.D. work are provided in
Appendix A.
For the EF-G-independent translocation assays (Section 2.6 and 5.3), a truncated
T4 gene product 32 mRNA encoding the first 20 amino acids (hereafter referred to as
T4gp321-20, which is the mRNA (v) in Table A.1 in Appendix A) was used. The first
three codons of the T4gp321-20 mRNA are AUG-UUU-AAA, encoding fMet, Phe, and
Lys, respectively .
The mRNAs used for the smFRET experiments were prepared as previously
described

(3–6).

Briefly,

a

3’-biotinylated

DNA

oligonucleotide

(TGTGTAAGTTTTAGGTTGATTTG-Biotin; Integrated DNA Technologies) was
hybridized to the 5' end of mRNA in order to enable tethering of ribosomal complexes to
the surface of the microfluidic flow cells that are used for total internal reflection
fluorescence (TIRF) microscopy as previously described (3). Hereafter, the term “biotinmRNA” will be used to refer to the DNA-mRNA hybrid that is generated by hybridizing
the 3’-biotinylated DNA oligonucleotide to mRNA.

5.1.3. Translation factors
Initiation factors IF1 and IF3 were provided by Dr. Margaret Elvekrog, IF2 was
provided by Dr. Daniel MacDougall, elongation factors EF-Tu and EF-Ts were provided
by Dr. Michael Englander and EF-G was provided by Dr. Jingyi Fei. Wild type EttA
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(EttA-wt) and the ATPase-deficient mutant of EttA (EttA-EQ2) were provided by Dr.
Grégory Boël.

5.1.4. Ribosomal proteins
5.1.4.1. S13
Cloning and mutagenesis of ribosomal protein S13
The gene encoding ribosomal protein S13, rpsM, was cloned from E. coli C600
genomic DNA into the pET26b(+) plasmid system (Novagen). The pET26b(+) plasmid
system harbors an inducible T7 promoter and the kanamycin resistant gene, thus allowing
overexpression to be induced with β-D-1-thiogalactopyranoside (IPTG) and selection of
transformants based on antibiotic resistance.
S13 mutants, including (R3A)S13, (R3D)S13, (D82A)S13, and (D82K)S13, were
constructed from the pET26b(+) plasmid bearing the cloned, wildtype rpsM gene by
using the QuikChange Mutagenesis System (Stratagene) according to the manufacturer’s
instructions. (R3D/D82K)S13 mutant was constructed from the pET26b(+) plasmid
bearing the cloned, S13(R3D)S13 gene. The primers used for mutagenesis are shown in
Table 5.1. The full sequence of all S13 constructs was verified by DNA sequencing.

Purification of recombinant wildtype and mutant S13
All S13 proteins were purified using slight modifications of a previously
published protocol (ref noller 2000) with a HiTrapTM SP HP cation-exchange
chromatography column in an AKTA Purifier Fast Protein Liquid Chromatography
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system (GE Lifesciences). Purification procedure for wildtype S13 is shown here as an
example.

Table 5.1: Primers used for the generation of S13 point mutants by PCR.
Primer

Sequence

R3A P1
R3A P2

5’-GGAGATATACATATGGTGGCCGCTATAGCAGGCATTAACATTCC-3’
5’-GGAATGTTAATGCCTGCTATAGCGGCCACCATATGTATATCTCC-3’

R3D P1
R3D P2

5’-GGAGATATACATATGGTGGCCGATATAGCAGGCATTAACATTCC-3’
5’-GGAATGTTAATGCCTGCTATATCGGCCACCATATGTATATCTCC-3’

D82A P1
D82A P2

5’-AGCATCAAGCGCCTGATGGCTCTTGGTTGCTATCGCGGTTT-3’
5’-AAACCGCGATAGCAACCAAGAGCCATCAGGCGCTTGATGCT-3’

D82K P1
D82K P2

5’-AGCATCAAGCGCCTGATGAAGCTTGGTTGCTATCGCGGTTT-3’
5’-AAACCGCGATAGCAACCAAGCTTCATCAGGCGCTTGATGCT-3’

Buffers:
Protein Purification (PP) Buffer A: 20 mM tris(hydroxymethyl)aminomethane
hydrochloride (Tris-HCl) (pH4°C = 7.0), 20 mM potassium chloride (KCl), 6 M urea, and
6 mM -mercaptoethanol (ME)
PP Buffer B: 20 mM sodium acetate (NaOAc) (pH = 5.6), 20 mM KCl, 6 M urea, and 6
mM ME
PP Buffer C: 20 mM NaOAc (pH = 5.6), 1 M KCl, 6 M urea, and 6 mM ME
PP Buffer D: 80 mM potassium (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)
(K+-HEPES) (pH = 7.6), 20 mM magnesium chloride (MgCl2), 1 M KCl, and 6 mM ME
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Procedure:
Overexpression of S13
1.

Transform pET26b(+) plasmid carrying wildtype rpsM gene into E. coli
BL21(DE3) cells.

2.

Place the cells on an LB agar plate containing 100 μl/ml kanamycin. Incubate at
37 °C for 16 hours.

3.

Pick a single colony from the plate and inoculate a 5-ml culture of TB media
containing 100 μl/ml kanamycin. Grow overnight at 37 °C in a shaker.

4.

Inoculate the 5-ml culture into a 400-ml TB media culture containing 100 μl/ml
kanamycin. Grow at 37 °C in a shaker until OD600 gets to 0.7 to 0.8.

5.

Add 400 μl of 1M IPTG into the culture (final concentration of IPTG, 1 mM) to
induce protein production. Grow at 37 °C for another 4 hours in the shaker.

6.

Transfer cultures into a pre-chilled JA-10 tubes and harvest cells by centrifuging
at 4,000 rpm for 20 min at 4 °C in a JA-10 rotor.

7.

Discard the supernatant and store the pellet at –20 °C.

Cell lysis and protein denaturation
8.

Thaw the pellet and resuspend in 20-30 ml PP Buffer A on ice.

9.

Lyse cells twice with French Press at 1,100 psi.

10.

Centrifuge the cell lysate at 12,000 rpm for 20 min at 4 °C in a JA-17 tube.

11.

Separate the supernatant and the pellet. Overexpressed S13 is found majorly in
the pellet.
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12.

Transfer the pellet from the JA-17 tube into a beaker. Resuspend the pellet in 15
ml PP Buffer B by stirring slowly overnight at 4 °C.

13.

Centrifuge at 10,000 rpm for 15 min at 4 °C in a JA-17 tube.

14.

Transfer the supernatant into dialysis tubing with 3,500 g mol-1 molecular weight
cutoff and dialyzed against two changes of 1-liter volumes of PP Buffer B at 4 °C
overnight.

15.

Centrifuge the dialyzed protein at 14,000 rpm for 15 min at 4 °C in a JA-17 tube
to remove any insoluble material. Keep the supernatant.

Protein purification and renaturation
16.

Equilibrate the HiTrapTM SP HP cation-exchange chromatography column
(column volume (CV) is 5 ml) with 5 CV of PP Buffer B.

17.

Load the dialyzed supernatant into the 120 ml Superloop manually and inject it
into the column using PP Buffer B automatically.

18.

Elute the dialyzed supernatant from the column using a linear gradient of 20 CV
from 20 to 600 mM KCl, starting in PP Buffer B and titrating in PP Buffer C.

19.

Collect the eluted mixtures in 2-ml fractions using the fraction collector. Further
wash the column with 5 CV PP Buffer C.

20.

Identified protein-containing fractions by tris-tricine-sodium dodecyl sulfate
polyacrylamide gel electrophoresis.

21.

Combine appropriate fractions and dialyze against two changes of 1-liter volumes
of PP Buffer D at 4 °C overnight.
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22.

Concentrate the dialyzed proteins using the centrifugal filtration device.

23.

Measure the protein concentration by Bradford Assay and store the protein in PP
Buffer D at –80 C until further use.

5.1.4.2. L1 and L9
Cy3-labeled L9 ((Cy3)L9) and Cy5-labeled L1 ((Cy5)L1) were prepared
following previously described protocols in the thesis of Dr. Jingyi Fei (1). Briefly,
single-cysteine (Cys) L9 mutant, L9(Q18C), and single-Cys L1 mutant, L1(T202C), were
first designed, overexpressed, and purified. Then, L9(Q18C) and L1(T202C) were
labeled with Cy3- and Cy5-maleimide (GE Lifesciences), and separated from non-labeled
proteins using gel filtration chromatography.

5.1.5. Ribosomal subunits
5.1.5.1.

50S subunits

Unlabeled wildtype 50S subunits from E. coli K12 strain MG1655 cells (kindly
provided by the laboratory of Rachel Green at Johns Hopkins University) used in the
reactions for purifying S13-reconstituted 30S subunits (see Section 5.1.5.2) and in the
EF-G-independent transloction assays (see Section 5.3) were purified following the
protocol described in the thesis of Dr. Jingyi Fei (1).
50S subunits containing Cy3-labeled L9 and Cy5-labeled L1 and 50S subunits
containing Cy5-labeled L1 used for smFRET experiments were prepared and purified as
previously described (1, 5, 6). Briefly, 50S subunits carrying Cy5-labeled L1 and Cy3-
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labeled L9 were prepared by: (i) purifying 50S subunits lacking L1 and L9 from cells
derived from an E. coli BW25113 strain in which the genes encoding L1 (rplA) and L9
(rplI) have been deleted (6); (ii) preparing Cy5-labeled L1(T202C) and Cy3-labeled
L9(Q18C) as described in Section 5.1.4.2 (iii) reconstituting Cy5-labeled L1(T202C) and
Cy3-labeled L9(Q18C) into the 50S subunits lacking L1 and L9; and (iv) purifying 50S
subunits reconstituted with Cy5-labeled L1(T202C) and Cy3-labeled L9(Q18C) from
unincorporated Cy5-labeled L1(T202C) and Cy3-labeled L9(Q18C) using sucrose
density gradient ultracentrifugation.
50S subunits carrying Cy5-labeled L1 were prepared in a similar manner similar
in which 50S subunits carrying Cy5-labeled L1and Cy3-labeled L9 were prepared, with
the exception that Cy5-labeled L1(T202C) was reconstituted into 50S subunits lacking
L1 that had been purified from cells derived from an E. coli BW25113 strain in which
only the gene encoding L1 (rplA) had been deleted (5).
All the 50S subunits were stored in Ribosome Storage Buffer (see Section 5.1.5.2)
containing 7.5 mM Mg(OAc)2 at –80 C.

5.1.5.2.

30S subunits

Wildtype 30S and (–)S13 30S subunits
30S subunits from E. coli BW25113 strain used in Chapter 3 and 4 for the
preparation of ribosomal complexes for smFRET experiments were kindly provided by
Dr. Jingyi Fei.
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Wildtype 30S subunits from E. coli K12 strain MG1655 cells (kindly provided by
the laboratory of Rachel Green at Johns Hopkins University) used in Chapter 2 were
purified following the protocol described in the thesis of Dr. Jingyi Fei (1), and stored in
Ribosome Storage Buffer (see below) containing 7.5 mM Mg(OAc)2 at –80 C.
(–)S13 30S subunits were purified from strain MG1655-dervived cells in which
the gene encoding S13 (rpsM) had been deleted (7), which was kindly provided by the
laboratory Prof. Rachel Green (Johns Hopkins University School of Medicine). (–)S13
30S subunits were purified using the same procedure for purifying wildtype 30S subunits
with slightly modifications. The Mg2+ concentration was raised to 20 mM at all steps of
the purification, except the step of dissociating the 70S ribosomes into 30S and 50S
subunits, in which the Mg2+ concentrations of the sucrose gradient buffer were
maintained at 1 mM. (–)S13 30S subunits were stored in Ribosome Storage Buffer
containing 20 mM Mg(OAc)2 at –80 C.

Reconstitution of (–)S13 30S subunits with recombinantly purified S13
Wildtype S13 or each S13 mutant was reconstituted into (–)S13 30S subunits and
separated from the remaining (–)S13 30S subunits using a previously published protocol
(7). Briefly, based on the results from previous studies (7), unlike wildtype 30S subunits,
(–)S13 30S subunits themselves cannot associate with wildtype 50S subunits, therefore
failed to form 70S ribosomes (Figure 5.1 A and B). In contrast, S13-reconstitiuted 30S
subunits, formed by reconstituting wildtype S13 or S13 mutant into (–)S13 30S subunits,
can successfully associated with wildtype 50S subunits, thus forming 70S ribosomes
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(Figure 5.1C). Therefore, the 70S ribosome peak in the sucrose density gradient profile
shown in Figure 5.1C should contain 70S ribosomes that are composed of S13reconstituted 30S subunits and wildtype 50S subunits only, thus allowing purification of
70S ribosomes containing each S13-resonstititued 30S subunit.

Figure 5.1. Subunit association reaction. Subunit association of 50S subunits from MG1655
with (A) wild-type 30S from MG1655, (B) (−)S13 30S subunits, and (C) (−)S13 30S subunits
pre-incubated with recombinant S13 protein (the profile of the wild-type S13 is shown here as an
example) in the Subunit Association Buffer containing 15 mM MgCl2. Detailed procedure
for the reactions are described in Section 5.1.5.2.
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Buffer
Reconstitution Buffer: 80 mM K+-HEPES (pH 7.6), 20 mM MgCl2, 330 mM KCl, and
0.01% Nikkol (v/v)
Subunit Association Buffer: 50 mM Tris–HCl (pH 7.5), 70 mM NH4Cl, 30 mM KCl, 15
mM MgCl2
Subunit Splitting Buffer: 50 mM Tris–HCl (pH 7.5), 70 mM NH4Cl, 30 mM KCl, 1
mM MgCl2
Ribosome Storage Buffer: 20 mM Tris-OAc (pH4°C =7.5), 60 mM NH4Cl, 0.5 mM
EDTA and 6 mM BME, with Mg(OAc)2 concentration as specified.

Procedure:
1.

Mix 1 nmol of (–)S13 30S subunits and either 6 nmol of wildtype S13, or 6 nmol
of S13 mutant in PP Buffer D (see Section 5.1.4.1), or just PP Buffer D as a
negative control.

2.

Add Reconstitution Buffer to the mixture so that the final concentration of (–)S13
30S subunits and S13 is 1.6 and 10 µM, respectively.

3.

Incubate reaction for one hour at 42 C.

4.

Add 1 nmol of wildtype 50S subunits from MG1655 (see Section 5.1.5.1) to each
mixture and dilute with Subunit Association Buffer so that the final concentration
of (–)S13 30S subunits and wildtype 50S subunits is 0.8 and 0.8 µM, respectively.

5.

Incubate reaction for one hour at 37 C.
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6.

Load mixtures onto 10-40% SW28 sucrose gradient in Subunit Association Buffer
and centrifuge in SW28 rotor for 17 hr at 22,000 rpm and 4 °C.

7.

Analyze the gradient with the gradient analyzer and collect the 70S peak. Transfer
to Ti70.1 tube and fill with Subunit Association Buffer and centrifuge in Ti70.1
rotor for 24 hr at 45,000 rpm and 4 °C to pellet the 70S subunits.

8.

Discard the supernatant. Resuspend the pellet in 500 ul Subunit Splitting Buffer to
split 70S into 30S and 50S subunits. Load resuspended samples onto 10-40%
SW28 sucrose gradient in Subunit Splitting Buffer and centrifuge in SW28 rotor
for 17 hr at 22,000 rpm and 4 °C.

9.

Analyze the gradient with the gradient analyzer and collect the 30S peak. Transfer
to Ti70.1 tube and fill with Subunit Association Buffer and centrifuge in Ti70.1
rotor for 24 hr at 50,000 rpm and 4°C to pellet the 30S subunits.

10.

Discard the supernatant. Resuspend the pelle in ~200 ul Ribosome Storage Buffer
containing 20 mM Mg(OAc)2.

11.

Measure 30S subunits concentration and store at -80°C.

5.2.

Preparation of ribosomal complexes for smFRET experiments
Ribosomal complexes with fluorescently labeled components (labeled ribosomal

subunits and/or tRNA) (Table B.1), are assembled and purified via sucrose density
gradient centrifugation following previously published protocols (1, 3–6). For simplicity,
if the ribosomal subunits or tRNAs presented in the following procedures are labeled or
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not will not be indicated. Detailed information on all components (subunits, tRNAs and
mRNA) in each of the ribosomal complexes can be found in Table B.1 in Appendix B.

5.2.1. 70S initiation complex (70S IC)
Buffer
5  Tris-Polymix Buffer (–Mg2+, –ME): 250 mM Tris-OAc (pH25C = 7.0), 500 mM
KCl, 25 mM NH4OAc, 2.5 mM Ca(OAc)2, 0.5 mM EDTA, 25 mM putrescine-HCl and 5
mM spermidine (free base)

Procedure
1.

Incubate 30S subunits, IF1, IF2, IF3, GTP, and biotin-mRNA in 5  Tris-Polymix
Buffer (25 mM Mg(OAc)2 and 50 mM ME) for 10 min at 37 °C.

2.

Add fMet-tRNAfMet to the reaction and incubate for 10 min at 37 °C.

3.

Add 50S subunits to the reaction and incubate for 10 min at 37 °C followed by
incubation for 10 min on ice. The final concentration of all components in the
reaction are 2.7 μM IF1, 2.7 μM IF2, 2.7 μM IF3, 1.8 mM GTP, 1.5 μM 30S
subunits, 1 μM 50S subunits, 2 μM tRNAfMet, 2.5 μM biotin-mRNA, and 1  TrisPolymix Buffer in ~10 µL.

4.

Adjust the reaction to 100 μL with 1  Tris-Polymix Buffer (20 mM Mg(OAc)2
and 10 mM ME) and load the reaction onto a 10–40% (w/v) sucrose
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concentration gradient prepared in 1  Tris-Polymix Buffer (20 mM Mg(OAc)2
and 10 mM ME).
5.

Purify the 70S IC using sucrose density gradient ultracentrifugation by
centrifuging for 12 hours at 25,000 RPM or 15 hours at 23,000 RPM using an
SW41 rotor in a Beckman Optima L70 Ultracentrifuge as previously described (5,
8).

5.2.2. Post-translocation (POST) complex
Buffer
1  Tris-Polymix Buffer (–Mg2+, –ME): 50 mM Tris-OAc (pH25C = 7.0), 100 mM
KCl, 5 mM NH4OAc, 0.5 mM Ca(OAc)2, 0.1 mM EDTA, 5 mM putrescine-HCl and 1
mM spermidine (free base)
10  GTP Changing Buffer: 30 mM Tris-OAc (pHRT = 7.5), 60 mM KCl, 30 mM
NH4OAc, 0.3 mM Ca(OAc)2, 0.06 mM EDTA, 3 mM Mg(OAc)2, 10 mM GTP, 30 mM
phosphoenolpyruvate (PEP), 0.1  U mL–1 pyruvate kinase, and 3.6 mM BME

Procedure
1.

Repeat step 1-3 in Section 5.2.1, and leave the 70S IC on ice.

2.

Prepare a ternary complex composed of EF-Tu, GTP, and aminoacyl-tRNA
corresponding to the second codon on the mRNA by: (i) incubating EF-Tu, EF-Ts,
and 10  GTP Charging Buffer in 1X Tris-Polymix Buffer (5 mM Mg(OAc)2 and
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10 mM ME) for 1 min at 37 °C and for an additional 1 min on ice; (ii) adding
aminoacyl-tRNA and incubating for 1 min at 37 ºC and for an additional 1 min on
ice; (iii) storing the resulting ternary complex on ice until use. The final
concentrations of all components in the ternary complex are 30 μM EF-Tu, 20 μM
EF-Ts, 1  GTP Charging Buffer, and 3 μM aminoacyl-tRNA in ~10 µL.
3.

Prepare EF-G(GTP) complex by incubating EF-G and 10  GTP Charging Buffer
in 1  Tris-Polymix Buffer (5 mM Mg(OAc)2 and 10 mM ME) for 2 min at room
temperature and storing the resulting complex on ice until use. The final
concentrations of all components are 24 μM EF-G and 1  GTP Charging Buffer
in ~5 µL.

4.

Prepare the POST complex by incubating 10 µL of 70S IC, 10 µL of ternary
complex, and 2.5 µL of EF-G(GTP) for 5 min at room temperature and for an
additional 5 min on ice.

5.

Adjust the reaction to 100 μL with 1  Tris-Polymix Buffer (20 mM Mg(OAc)2
and 10 mM ME) and load the reaction onto a 10–40% (w/v) sucrose
concentration gradient prepared in 1  Tris-Polymix Buffer (20 mM Mg(OAc)2
and 10 mM ME).

6.

Purify the POST complexes using sucrose density gradient ultracentrifugation by
centrifuging for 12 hours at 25,000 RPM or 15 hours at 23,000 RPM using an
SW41 rotor in a Beckman Optima L70 Ultracentrifuge as previously described (5,
8).
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5.2.3. Pre-translocation complex analog (PRE–A complex)
PRE–A complexes carrying only the deacylated-tRNA at the P-site used in
Chapter 3 and 4 were prepared by incubating the sucrose gradient purified 70S IC or
POST complexes carrying the corresponding aminoacyl- or peptidyl-tRNA at the P-site
with puromycin (final concentration, 1 mM) for 5 min at room temperature right before
being delivered into the microscope flowcell (see Section 5.4.1).
PRE–A complexes carrying the deacylated-tRNAPhe at the P-site used in Chapter 2
were prepared in an different procedure following the previously published protocol (1,
4). In this procedure, PRE–A complexes are prepared in a buffer containing lower Mg2+
concentration (7 mM) and no polyamine to avoid tRNA binding in the E site (8, 9).

Buffer
1  Tris-Polymix Buffer (–Mg2+, –ME): 50 mM Tris-OAc (pH25C = 7.0), 100 mM
KCl, 5 mM NH4OAc, 0.5 mM Ca(OAc)2, 0.1 mM EDTA, 5 mM putrescine-HCl and 1
mM spermidine (free base)
1.8  PRE–A Assembly Buffer: 90 mM Tris-HCl, 126 mM NH4Cl, 54 mM KCl, 12.6 mM
MgCl2, 1.8% β-D-glucose and 10.8 mM BME
Procedures
1.

Incubate 30S subunits, deacylated-tRNA and biotin-mRNA in 1.8  PRE–A
Assembly Buffer for 10 min at 37 oC.

2.

Add 50S subunits to the mixture and incubate for an additional 20 min at 37 oC.
The final concentrations of all components in the reaction are 0.9 µM biotin-
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mRNA, 0.6 µM tRNAPhe, 0.45 µM 30S subunits, 0.3 µM 50S subunits and 1 
PRE–A Assembly Buffer in ~30 µL.
3.

Adjust the reaction to 100 μL with 1  Tris-Polymix Buffer (20 mM Mg(OAc)2
and 10 mM ME) and load the reaction onto a 10–40% (w/v) sucrose
concentration gradient prepared in 1  Tris-Polymix Buffer (20 mM Mg(OAc)2
and 10 mM ME).

4.

Purify the PRE–A complexes using sucrose density gradient ultracentrifugation by
centrifuging for 12 hours at 25,000 RPM or 15 hours at 23,000 RPM using an
SW41 rotor in a Beckman Optima L70 Ultracentrifuge as previously described (5,
8).

5.2.4. Vacant 70S ribosomes
Vacant 70S ribosomes used for smFRETL1-L9 experiments in Chapter 2 were
prepared in a manner identical to that described for the preparation of PRE–A complexes
used for smFRETL1-L9 experiments in Chapter 2 (see Section 5.2.3) with the exception
that deacylated-tRNA was not included in step 1 of the PRE–A complex preparation.

5.3.

EF-G-independent translocation assays
As discussed in Section 2.6, two independent biochemical assays (a puromycin

reactivity assay and a tripeptide synthesis assay) were performed to quantify the
propensity of PRE complexes to undergo EF-G-independent translocation.
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5.3.1. Puromycin reactivity assay
The puromycin reactivity assay was performed following previously described protocols
with slight modifications (7, 10).

Buffer
5  Translocation Buffer (–Mg2+): 250 mM Tris-HCl (pH25 C = 7.5), 350 mM NH4Cl,
150 mM KCl, and 5 mM dithiothreitol (DTT)
10  GTP Changing Buffer: 30 mM Tris-HCl (pHRT = 7.5), 18 mM KCl, 14 mM NH4Cl,
4.2 mM MgCl2, 10 mM GTP, 30 mM phosphoenolpyruvate (PEP), 0.1  U mL–1
pyruvate kinase, and 0.6 mM DTT

Procedures
(a) Preparation of 70S IC
1.

Incubate 30S subunits (as indicated in Section 2.6.1), unlabeled 50S subunits
(from MG1655), IF1, IF2, IF3, GTP, and mRNA (v) (See Table A.1 in Appendix
A) in 5  Translocation Buffer (35 mM MgCl2) for 10 min at 37 °C.

2.

Add f-[35S]Met-tRNAfMet to the reaction and incubate for 10 min at 37 °C. The
final concentration of all components in the reaction are 1.2 μM IF1, 1.2 μM IF2,
1.2 μM IF3, 0.8 mM GTP, 0.8 μM 30S subunits, 0.8 μM 50S subunits, 0.4 μM f[35S]Met-tRNAfMet, 1.6 μM mRNA (v), and 1  Translocation Buffer in ~10 µL.
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(b) Preparation of ternary complexes composed of EF-Tu, GTP, and Phe-tRNAPhe (EFTu(GTP)Phe-tRNAPhe)
3.

Incubating EF-Tu, EF-Ts, and 10  GTP Charging Buffer in 1X Translocation
Buffer (7 mM Mg(OAc)2) for 1 min at 37 °C and for an additional 1 min on ice.

4.

Add Phe-tRNAPhe to the reaction and incubate for 1 min at 37 ºC and for an
additional 1 min on ice. Store the resulting ternary complex on ice until use. The
final concentrations of all components in the ternary complex are 20 μM EF-Tu,
13.4 μM EF-Ts, 1  GTP Charging Buffer, and 2 μM Phe-tRNAPhe in ~10 µL.

(c) Preparation of PRE complexes
5.

Incubating 7.5 µl of each 70S IC formation reaction, 6 µl of EF-Tu(GTP)PhetRNAPhe formation reaction and 1.5 µl of 1  Translocation Buffer (7 mM
Mg(OAc)2) for 5 min at room temperature.

(d) Puromycin reaction
6.

Prepare and pre-incubate 10 mM puromycin in 1  Translocation Buffer for 3 min
at 37 °C.

7.

Incubate 1 μL of 10 mM puromycin and 9 μL of PRE complex at 37°C. (To be
noted, the final concentration of Mg2+ in the puromycin reactions is ~8 mM, since
the Ribosome Storage Buffer in which the 30S and 50S subunits are stored
contains 20 mM and 7.5 mM Mg(OAc)2, respectively.
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8.

Collect 1-μL aliquots at the specified time points, and then immediately quench
the reaction by adding 1 uL of 1 M KOH to each aliquot, which will release
unreacted fMet amino and fMet-Phe dipeptide from tRNAfMet and tRNAPhe,
respectively.

9.

Resolve the fMet-Phe-Pm product (Pm denotes puromycin), unreacted fMet
amino acid, and unreacted fMet-Phe dipeptide, using electrophoretic thin layer
chromatography (eTLC) as previously described (10).

10.

Expose eTLC plates to a PhosphorImager screen (GE Lifesciences), scan the
screen with a Typhoon FLA 7000 PhosphorImager (GE Lifesciences), and
quantify spots using ImageQuant (Molecular Dynamics) software.

11.

Calculate the fraction of fMet-Phe-Pm at each time point using the equation

% Di  Pm 

I Di  Pm
 100% . (%Di-Pm is the fraction fMet-Phe-Pm; IDi-Pm and IDi
I Di  Pm  I Di

is the intensity of the spot corresponding to fMet-Phe-Pm and fMet-Phe,
respectively).

5.3.2. Tripeptide synthesis assay
The tripeptide synthesis assay was performed following previously described
protocols with slight modifications (10).

Buffer
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5  Translocation Buffer (–Mg2+): 250 mM Tris-HCl (pH25 C = 7.5), 350 mM NH4Cl,
150 mM KCl, and 5 mM dithiothreitol (DTT)
10  GTP Changing Buffer: 30 mM Tris-HCl (pHRT = 7.5), 18 mM KCl, 14 mM NH4Cl,
4.2 mM MgCl2, 10 mM GTP, 30 mM phosphoenolpyruvate (PEP), 0.1  U mL–1
pyruvate kinase, and 0.6 mM DTT

Procedures
(a)
1.

Preparation of 70S IC
Repeat step 1-2 in Section 5.3.1. Leave the 70S IC on ice until use.

(b) Preparation of a mixture of EF-Tu(GTP)Phe-tRNAPhe and EF-Tu(GTP)Lys-tRNALys
2.

Incubating EF-Tu, EF-Ts, and 10  GTP Charging Buffer in 1X Translocation
Buffer (7 mM Mg(OAc)2) for 1 min at 37 °C and for an additional 1 min on ice.

3.

Add Phe-tRNAPhe and Lys-tRNALys to the reaction and incubate for 1 min at 37
ºC and for an additional 1 min on ice. Store the resulting ternary complex on ice
until use. The final concentrations of all components in the ternary complex are
20 μM EF-Tu, 13.4 μM EF-Ts, 1  GTP Charging Buffer, 2 μM Phe-tRNAPhe and
2 μM Lys-tRNALys in ~10 µL.

(c) Tripeptide synthesis reaction
4.

Incubate 7.5 µl of each 70S IC, 1.5 µl of 1  Translocation Buffer (7 mM
Mg(OAc)2), and 6 µl of EF-Tu(GTP)Phe-tRNAPhe and EF-Tu(GTP)Lys-tRNALys
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mixture for 5min at room temperature, and then transfer the reaction to a 37 °C
heat block.
5.

Collect 1-μL aliquots at the specified time points, and then immediately quench
the reaction by adding 1 uL of 1 M KOH to each aliquot, which will release
unreacted fMet amino, unreacted fMet-Phe dipeptide, and fMet-Phe-Lys product
from tRNAfMet, tRNAPhe, and tRNALys, respectively.

6.

Resolve the fMet-Phe-Lys product, unreacted fMet amino acid, and unreacted
fMet-Phe dipeptide, using electrophoretic thin layer chromatography (eTLC) as
previously described (10).

7.

Expose eTLC plates to a PhosphorImager screen (GE Lifesciences), scan the
screen with a Typhoon FLA 7000 PhosphorImager (GE Lifesciences), and
quantify spots using ImageQuant (Molecular Dynamics) software.

8.

Calculate the fraction of fMet-Phe-Lys at each time point using the equation

%Tri 

ITri
 100% . (%Tri is the fraction fMet-Phe-Lys; ITri and IDi is the
ITri  I Di

intensity of the spot corresponding to fMet-Phe-Lys and fMet-Phe, respectively).

Procedures for the tripeptide synthesis assay as a function of Mg2+ concentration
1.

Prepare ~20 μL of 70S IC and ~20 μL of EF-Tu(GTP)Phe-tRNAPhe and EFTu(GTP)Lys-tRNALys mixture as described above.
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2.

Mix 18 μL of 70S IC and 14.4 μL of EF-Tu(GTP)Phe-tRNAPhe and EFTu(GTP)Lys-tRNALys mixture, and then separate the reaction into four aliquots of
~8 μL each (the Mg2+ concentration is ~8 mM in these aliquots)

3.

Adjust the Mg2+ concentration of the four aliquots to 8 mM, 10 mM, 12 mM, and
15 mM by adding 0.8 μL of 1  Translocation Buffer containing 8 mM, 28 mM,
48 mM, and 78 mM MgCl2, respectively.

4.

Incubate each reaction for 5min at room temperature, and then transfer the
reaction to a 37 °C heat block.

5.

Collect 1-μL aliquots at the specified time points, and then immediately quench
the reaction by adding 1 uL of 1 M KOH to each aliquot, which will release
unreacted fMet amino, unreacted fMet-Phe dipeptide, and fMet-Phe-Lys product
from tRNAfMet, tRNAPhe, and tRNALys, respectively.

6.

Resolve the fMet-Phe-Lys product, unreacted fMet amino acid, and unreacted
fMet-Phe dipeptide, using electrophoretic thin layer chromatography (eTLC) as
previously described (10).

7.

Expose eTLC plates to a PhosphorImager screen (GE Lifesciences), scan the
screen with a Typhoon FLA 7000 PhosphorImager (GE Lifesciences), and
quantify spots using ImageQuant (Molecular Dynamics) software.

8.

Calculate the fraction of fMet-Phe-Lys at each time point using the equation

%Tri 

ITri
 100% . (%Tri is the fraction fMet-Phe-Lys; ITri and IDi is the
ITri  I Di

intensity of the spot corresponding to fMet-Phe-Lys and fMet-Phe, respectively).
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5.4.

smFRET imaging using TIRF microscopy

5.4.1. Surface-immobilization of ribosomal complexes
Fluorescently labeled ribosomal complexes are immobilized on the surface of a
biotinylated polyethylene glycol (biotin-PEG)-passivated flowcell via biotin-streptavidin
interactions (Figure 1.3). Detailed procedures for preparing the flowcells can be found in
Section 4.14 of Dr. Jingyi Fei’s thesis (1) and Section 5.5.3 of Dr. Margaret Elvekrog's
thesis (11).

Buffers and reagents
TP 50: 10 mM Tris-OAc (pHRT = 7.5) and 50 mM KCl.
100 μM DNA duplex: 50-nucleotide DNA duplex prepared as described in the thesis of
Dr. Margaret Elvekrog (Section 5.5.4) (11) and of Dr. Jingyi Fei (Section 4.14.1) (1)
(DNA A sequence: 5’-CGT TTA CAC GTG GGG TCC CAA GAC CGC GGC TAC
TAG ATC ACG GCT CAG CT-3’
DNA B sequence: 5’-AGC TGA GCC GTG ATC TAG TAG CCG CGT GCT TGG
GAC CCC ACG TGT AAA CG-3')
Block Solution: 10 μM bovine serum albumin (BSA, Molecular Probes) and 10 μM
DNA duplex in TP50.
Streptavidin/Block Solution: 1 μM streptavidin (Molecular Probes), 10 μM BSA, and
10 μM DNA duplex in TP50.
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1  Tris-Polymix Buffer: 50 mM Tris-OAc (pH25C = 7.0), 100 mM KCl, 5 mM
NH4OAc, 2.5 mM Ca(OAc)2, 0.1 mM EDTA, 5 mM putrescine-HCl and 1 mM
spermidine (free base), 15 mM Mg(OAc)2 and 10 mM ME.
40  PCA (oxygen-scavenging system component No. 1): 100mM protocatechuic acid
(PCA).
47.6  PCD (oxygen-scavenging system component No. 2): 12 uM protocatechuate3,4-dioxygenase (PCD).
1,000  COT/NBA (triplet-state quencher): 1 M 1,3,5,7-cyclooctatetraene (COT,
Aldrich) and 1 M 3-nitrobenzyl alcohol (NBA, Fluka) in ethanol.

Procedue:
1.

Rinse the flowcell with 100-200 μL TP50 Buffer.

2.

Deliver 20 μL Block Solution and incubate at room temperature for 10 min.

3.

Deliver 20 μL Streptavidin/Block Solution and incubate at room temperature for
10 min.

4.

Wash the flowcell with 100-200 μL TP50 Buffer.

5.

Equilibrate the flowcell with 100-200 μL 1  Tris-Polymix Buffer.

6.

Deliver 20 μL of diluted ribosome complexes (final concentration of ~100-200
pM in 1  Tris-Polymix Buffer) and incubate at room temperature for 5 min.

7.

Wash the flowcell with 100 μL 1  Tris-Polymix Buffer supplemented with 1 
PCA, 1  PCD, and 1  COT/NBA.
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For the smFRET experiments with viomycin in Chapter 2 (Section 2.4.2), 1 
Tris-Polymix Buffer supplemented with different concentrations of viomycin as shown in
Figure 2.8 was delivered into the flowcell after the 5 min incubation in step 6, following
by an additional incubation for 5 min. The flowcell was then washed with 100 μL 1 
Tris-Polymix Buffer supplemented with 1  PCA, 1  PCD, 1  COT/NBA and the
corresponding concentration of viomycin.
For the smFRET experiments using PRE–A(wt)S13, PRE–A(D82K)S13, and PRE–
A
(R3D)S13

reported in Section 2.6 (Figure 2.10), 1  Translocation Buffer (See Section 5.3)

containing 8 mM MgCl2 was used, instead of 1  Tris-Polymix Buffer containing 15 mM
Mg(OAc)2.
For the smFRET experiments with EttA in Chapter 3, 1  Tris-Polymix Buffer
supplemented with Etta (wild-type or E2Q mutant) and the nucleotide (ADP or ATP) was
delivered into the flowcell after the 5 min incubation in step 6, following by an additional
incubation for 5 min. The flowcell was then washed with 100 μL 1  Tris-Polymix Buffer
supplemented with 1  PCA, 1  PCD, 1  COT/NBA and Etta/nucleotide.

5.4.2. Microscope data collection
Data collection using TIRF microscope were performed as previously described
(4–6). Briefly, Cy3 of surface-immobilized ribosome complexes are directly excited by a
laboratory-built, prism-based TIRF microscope using a 532 nm diode-pumped solid-state
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laser (CrystaLaser, Inc.). Fluorescence emission from Cy3 and Cy5 are collected by a 1.2
NA 60 water-immersion objective (PlanApo, Nikon). Cy3 and Cy5 signals are separated
by a Dual-View multichannel imaging system (Photometrics) according to the
wavelength, and then recorded as a function of time by a 512  512 pixel electronmultiplying charge-coupled-device (EMCCD) camera (Cascade II, Photometerics, Inc.)
(5, 8). For smFRETL1-L9 experiments, the 532 nm laser and the EMCCD camera operates
at a laser power of 12 mW and at a rate of 10 frames sec-1, respectively; the
corresponding values for smFRETL1-tRNA experiments are 16 mW and 20 frames sec-1,
respectively. This setup allows us to record movies in which we capture ~200-400
spatially resolved ribosome complexes within a field-of-view of 60 µm  120 µm. The
record time for each field-of-view is ~60 seconds in order to ensure the photobleaching of
the majority of fluorophores within the experimental observation period. For all the
smFRET experiments presented in this thesis, three independent datasets, each of which
consists of 3–8 fields-of-view for each ribosome complexes were collected. The mean
and the standard deviation of all the reported parameters (i.e. FRET efficiencies,
equilibrium constants, changes in free energy differences, transition rates, fractional
populations, etc.) were calculated as described in Section 5.5 from these three
independent datasets.

5.5.

smFRET data analysis
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5.5.1. Identification of Cy3-Cy5 fluorophore pairs and generation of
smFRET vs. time trajectories
Considering the dimensions of the pixels in our EMCCD camera and the
magnification of our TIRF microscope, the emission from a spatially well-resolved,
single fluorophore should only occupy a region smaller than or equal to 2  2 neighboring
pixels,. Therefore, in the data analysis procedure, spatially well-resolved, single Cy5
fluorophores, the emission from which occupys a region 2  2 neighboring pixels in
each movie are first identified. Then, single Cy3 fluorophore corresponding to each
selected single Cy5 fluorophore is identified, thus allowing the identification of
individual Cy3-Cy5 fluorophore pairs for each movie.
Identification of Cy3-Cy5 fluorophore pairs and generation of smFRET vs. time
trajectories for smFRET data present in Chapter 2 were performed using MetaMorph
software suite (Molecular Devices) and Microsoft Excel as previously described (4–6).
Detailed procedure can be found in Section 4.16.1.1 and 4.16.1.2 of Dr. Jingyi Fei’s
thesis (1) and will not be listed here.
Identification of Cy3-Cy5 fluorophore pairs and generation of smFRET vs. time
trajectories for smFRET data present in Chapter 3 and 4 were performed using the home
developed

software

"SFTracer",

which

can

be

download

from

ribocore.chem.columbia.edu or Gonzalez lab Wiki and save locally. The software needs
Java enabled environment.
1.

Open SFTracer

2.

Load Stack and then open selected movie
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3.

Alignment → Auto → OK to align Cy3 and Cy5 channels

4.

Channel → red

5.

Averaging → max first 20 frames to select the maximum intensity for each pixel
from the 1st 20 frames

6.

Find

7.

Calculate traces to give all, good, and culled traces

8.

Good traces

9.

Save traces and name the file

10.

Name the file 'trace_n.tsv', where n can be 1, 2, 3, …

11.

Repeat for all movies

5.5.2. Selection of smFRET vs. time trajectories
'trace_n.tsv' files were then imported into MATLAB R2013a for the selection of
smFRET vs. time trajectories. Detailed procedure for trajectory selection of smFRET data
in Chapter 2 can be found in Section 4.16.1.3 of Dr. Jingyi Fei’s thesis (1) and will not be
listed here.

Procedure
1.

Copy the "loadSFTraces.m" script to the folder with the .tsv files.

2.

Open the folder with .tsv files in "Current Folder" in MATLAB

3.

Load the data in to MATLAB workspace:
>> [cy3x, cy5x] = loadSFTraces('trace_', n);
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Where x is a suffix of choice, and n is the total number of the files.
4.

Open the FDAP script folder in "Current Folder"

5.

Plot the Cy3 and Cy5 intensity versus time trajectories:
>> plotTraces(cy3x, cy5x);

6.

Individually inspect the trajectories, and record numbers of traces (the number
above each graph) should be discarded from the analysis in a word document.

7.

List the bad traces to discard:
>> J = [copy bad trace #s here];

8.

Remove bad traces by applying the J-filter:
>> [cy3y, cy5y] = J_filter(cy3x, cy5x, J);
Where y is a suffix of choice.

9.

Save the traces:
>> saveTraces(cy3y, cy5y, 'filename.dat');

10.

Save the entire MATLAB workspace with .mat format, so that all variables
created in the workspace can be easily recalled later.

11.

Plot a one-dimensional EFRET histogram:
>> FH = plotFRET(cy3y, cy5y, bins);
where “bins” is the number of FRET bins in the histogram (usually 70), which are
equally spaced from EFRET = -0.2 to 1.2. The histogram data is stored in "FH" as a
two-column matrix with x-values (FRET) in the first column and y-values
(normalized population) in the second column.

12.

Plot a two-dimensional time-evolution contour plot:
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>> plotTimeFRET(cy3y, cy5y, FRETbins, Tbinsize, cutoffT);
where “FRETbins” indicates the number of bins in the FRET dimension (typically
24); “Tbinsize” indicates the number of points EFRET is averaged to generate the
plot (typically 2); and “cutoffT” is the cutoff time in seconds (typically 4 for
smFRETL1-L9 data and 8 for smFRETL1-tRNA data).

5.5.3. Idealization of single smFRET vs. time trajectories
Raw smFRET vs. time trajectories were idealized with a hidden Markov model
using the vbFRET software program (12). vbFRET employs a maximum evidence-based
model-selection algorithm, which minimizes overfitting of the smFRET data and enables
a more accurate determination of the number of FRET states in each trajectory, compared
with more conventional, maximum likelihood-based model-selection algorithms (13).
Detailed directions on the use of vbFRET can be found in http://vbfret.sourceforge.net.
*Note: the smFRET data analysis from this point are identical for Chapter 2, 3 and 4.

Procedure
1.

Open the vbFRET script folder in "Current Folder" in MATLAB and open
vbFRET window:
>> vbFRET;

2.

Load data (.dat files save in step 9 in Section 5.5.2):
File → Load Data → Add Files (choose the .dat file which needs to be analyzed)
→ Load Data
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3.

Photobleaching removal:
Traces → Remove Photobleaching Photobleaching, then change settings:
Photobleaching Identification Method: Summed Channel
Truncate data when Channel 1 + Channel 2 is less than: 300
Smooth trace before looking for photobleaching: Yes
Smooth over 2 time steps
Truncate an extra 2 time steps
Minimum trace length: 20
→ Remove Photobleaching

4.

Change "Analysis Settings":
Number of FRET states possible:
Min: 1

Max: 5

Fitting attempts per trace: 25
5.

Analyze data by "Analyze Data!". The analysis can be paused by “Pause
Analysis” and saved under “File → Save Data → Save Session (.mat file)” as
MATLAB session if needed. The resulting .mat file can be re-opened in vbFRET
and analysis can be resumed by “Resume Analysis”.

6.

Save data when analysis is finished:
File Save → Save Data
(i) → Save Session (.mat file): analysis can be resumed at a later time.
(ii) → Save Idealized Traces → Save as concatenated text file (.dat): save the
path data for subsequent post-processing steps.
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5.5.4. Thermodynamic and kinetic analysis of smFRET trajectories for
PRE−A complexes
5.5.4.1. Thermodynamic analysis
1.

Import the path data saved from vbFRET into MATLAB by "Import Data" or
directly dragging the file into "Workspace" in the MATLAB. In the pop-up
window (see below), select "Matrix" and then click the green check. The path data
is stored in a two-column matrix with the trace labels in first column contains and
the idealized FRET efficiency at each time point in second column.

2.

Rename the path data to "PATH".

3.

Open the lifetime script folder in "Current Folder" in MATLAB.

4.

Generate coordinates for the one-dimensional EFRET histogram
>> X = linspace(-0.2, 1.2, 50);
>> H = hist (PATH (:, 2), X);
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In some situations, the low FRET state (e.g. EFRET = ~0.15 for GS1 in the
smFRETL1-tRNA data) is significantly overlapped with the FRET state of
photobleaching (EFRET = ~0). To avoid the contamination of photobleaching in the
low FRET state , the first 20 data points in each idealized traces are used to
extract the histogram:
>> X = linspace(-0.2, 1.2, 50);
>> IF20 = IdealizedFRET(PATH);
>> H = hist (IF20 (:, 2), X);
where "IF20" is the new matrix containing the first 20 data points in each
idealized FRET traces.
5.

Copy and paste "X" and "H" into Origin as coordinates for X and Y column. Plot
the one-dimensional EFRET histogram and fit each peak in the histogram with
Gaussian distribution as shown in Figure 5.2A, where xc (xc1 and xc2) and w (w1
and w2) is the center and full-width-at-half-height of each Gaussian distribution,
respectively. xc1, xc2, w1 and w2 are used to calculate thresholds for each FRET
state (see below).

6.

Get the equilibrium constant (Keq) in MATLAB:
>> Keq = getEquilib(PATH, [state 1_low, state 1_high, state 2_low,
state 2_high]);
where "Keq" is a suffix of choice, and state 1_low, state 1_high, state 2_low, state
2_high are the lower and upper limits of the two FRET state, respectively:
State 1_low = xc1 − w1/2;
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State 1_high = xc1 + w1/2;
State 2_low = xc2 − w2/2;
State 2_high = xc1 + w2/2;
In this command, Keq is calculated as Keq = Pstate 1/Pstate 2, where Pstate 1 and Pstate 2,
are the populations of state 1 and 2 for each dataset determined by counting the
number of time points that fall within each EFRET window. To be noted, KL1 and
KL1-tRNA reported in Chapter 2, calculated using smFRETL1-L9 and smFRETL1-tRNA
data, respectively, is the same as Keq in Chapter 3 and 4. In my work, state 1 and
state 2 should be GS2 (L1c or L1•tRNA) and GS1 (L1o or L1tRNA), respectively
Specifically, state 1 and 2 should be GS2 and GS1, respectively, in my work.
7.

Calculate fractional populations (% L1o and % L1c, % L1tRNA and % L1•tRNA,
or % GS1 and % GS2):
% L1o = 1 / (1 + KL1), % L1c = KL1 / (1 + KL1);
% L1tRNA = 1 / (1 + KL1-tRNA), % L1•tRNA = KL1-tRNA / (1 + KL1-tRNA);
% GS1 = 1 / (1 + Keq), % L1c = Keq / (1 + Keq).

8.

Calculate free energy differences (ΔGL1 and ΔGL1-tRNA):
GL1 = –RTlnKL1 ;
GL1-tRNA = –RTlnKL1-tRNA .
where R is the gas constant (1.986 cal K−1 mol−1) and T is room temperature (298
K).
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Figure 5.2 Sample plots for thermodynamic and kinetic analysis of PRE−A complexes. (A)
The one-dimensional EFRET histogram and fit each peak in the histogram with Gaussian
distribution. (B) The one-dimensional EFRET histogram and fit each peak in the histogram with
Gaussian distribution. The fitting curves are shown in cyan. The fitting model, fitting equation,
and corresponding fitting values of each parameters are listed.

9.

Calculate changes in free energy difference (GL1 and GL1-tRNA):
GL1,n = GL1,n – GL1,x
GL1-tRNA,n = GL1-tRNA,n – GL1-tRNA,x
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where n denotes the ribosome complex whose GL1 or GL1-tRNA is being
calculated and x is the ribosome complex that is used as a reference complex as
specified in Tables 2.2 to 2.5.

5.5.4.2. Kinetic analysis
1.

Extract dwell times in each FRET state before transitioning to a new FRET state
in idealized smFRET trajectories:
>> dwellData = getDwell(PATH);
The output “dwellData” is a three-column matrix, with EFRET for the current dwell
in the first column, EFRET for the next dwell in the second column, and the number
of time steps spent in the current state before transitioning to the next state.

2.

Remove single data points from analysis:
>> dwellData_j = purifyDwell_J(dwellData, 1);

3.

Remove transitions occurring with a change of EFRET less than full-width-at-halfheight to avoid overfitting:
>> dwellData_s = purifyDwell(dwellData_j, signif_trans);
where "signif_trans" is 0.05 for smFRETL1-L9 and 0.1 for smREFTL1-tRNA data.

4.

Remove the first and last events in the trajectories because they are truncated:
>> dwellData_3 = purifyDwell_3(dwellData_s);

5.

Extract the dwell-time histogram:
>> [ts, N] = getDecay(dwellData_3, [State 1_low, State 1_high, State
2_low, Stat 2_high], cutoff_t);
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This is used to calculate the dwell-time histogram of state 1 before transitioning
into state 2.
6.

Copy and paste "ts" and "N" into Origin as coordinates for X and Y column. Plot
the survival probability plots and fit the curves with a single exponential decay,
y=a1*exp(-x/t1) + y0, where t1 is the average lifetime of the decay (Figure 5.2B).

7.

Calculate the transition rates ( kGS1GS 2 and kGS 2GS1 ) by removing artifactual
increases caused by fluorophore photobleaching and premature termination of
trajectories:

kGS1GS 2 

kGS 2GS1 

1
tGS1,obs
1
tGS 2,obs





1
tGS1,Photobleaching
1
tGS 2,Photobleaching



1
T



1
T

where tobs is the average lifetime obtained in step 6, t Photobleaching is the lifetime of
the fluororphore prior to photobleaching (Table 5.2), and T is the total observation
time.

5.5.4.3. Two subpopulation analysis for PRE–AN_slip, PRE–A Tr_slip, and
PRE–Am1G37_slip
As discussed in Section 4.4.2, the fact that +1 FS may have already occurred in
POST complexes assembled on the slippery mRNA indicates the possibility that there
may be two subpopulations existing in POSTN_slip, POSTTr_slip, and POSTm1G37_slip and
their corresponding PRE–A derivatives (i.e. PRE–AN_slip, PRE–A Tr_slip, and PRE–Am1G37_slip).
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Table 5.2. Lifetimes of fluorophores prior to photobleaching from each FRET statea.

a

b

c

d
e

EFRET value

Labeling positions

Lifetime (sec)

0.12b

(Cy5)L1, (Cy3)tRNAfMet

14.4±1.9

0.35c

(Cy5)L1, (Cy3)L9

9.9±1.3

0.57d

(Cy5)L1, (Cy3)L9

11.1±2.1

0.74e

(Cy5)L1, (Cy3)tRNAPhe

5.6±0.4

Lifetimes are average values measured from the datasets in which the majority of the sample
population stably samples the FRET state showed in the table.
Lifetime of the 0.10 FRET state is extracted from a ribosomal complex analogous to 70S IC
used in Chapter 3, but carrying (Cy5)L1 and (Cy3)tRNAfMet.
Lifetime of the 0.34 FRET state is extracted from PRE−Awt (smFRETL1-L9) used in Chapter 2 in
the presence of 2μM of EF-G(GDPNP).
Lifetime of the 0.56 FRET state is extracted from 70S IC used in Chapter 3.
Lifetime of the 0.60 FRET state is extracted from PRE−Awt (smFRETL1-L9) used in Chapter 2 in
the presence of 2μM of EF-G(GDPNP).

Therefore, I re-analyzed the transition rates of PRE–AN_slip, PRE–A
A
m1G37_slip,

Tr_slip,

and PRE–

with two assumptions: (i) two subpopulations exist in each PRE–A complexes,

and (ii) two subpopulations exhibit different GS1 ®
¬ GS2 dynamics, and one of these two
subpopulations behaves like the PRE–A complexes assembled on the non-slippery mRNA
carrying the corresponding tRNA variants (non-FS subpopulation). The other
subpopulation is denoted by the "FS-subpopulation" here.
The survival probability plots in step 6 of Section 5.5.4.2 was not fit the curves
with a single, but a double exponential decay,
y=an1*exp(-x/tn1) + an2*exp(-x/tn2) + y0,
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where tn1 and tn2 are the lifetimes of the FS and non-FS subpopulation, respectively, for
either GS1 or GS2; an1 and an2 are the populations of the FS and non-FS subpopulation,
respectively.
During the fitting, y0 was fixed to be 0 and tn2 was fixed using the corresponding
lifetime obtained from the corresponding PRE–A complexes with the non-slippery mRNA
in previous dwell time analysis, given assumption (ii). Transitions rates, kn1 and kn2, (n
can be 1 or 2) displayed in Table 4.3 were calculated using tn1 and tn2, respectively, as
described in step 7 of Section 5.5.4.2. The fractional population of the FS (A1) and nonFS (A2) subpopulation reported in Table 4.3 were calculated by A1 = an1 / (an1 + an2) and
A2 = an2 / (an1 + an2), respectively.

5.5.5. Thermodynamic and kinetic analysis of smFRET trajectories for
vacant 70S ribosomes
The KL1, GL1, and GL1 values for vacant 70S ribosomes reported in Chapter 2
were calculated as described for PRE-A complexes in Section 5.5.4 with a slight
modification (14).
As shown in Figure 2.6 and 2.7, vacant 70S ribosomes exhibit a dramatic shift of
-A
L1o ®
complexes due to the absence of a
¬ L1c equilibrium towards L1o relative to PRE

P-site tRNA, the peak corresponding to L1c in the one-dimensional EFRET histograms is
relatively small, thus being buried underneath the relatively larger peak corresponding to
L1o (See Figure 2.7 as an example). This makes the separation of Gaussian distributions
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corresponding to L1o and L1c as described in Section 5.5.4.1 difficult to achieve.
Therefore, state 1_low, state 1_high, state 2_low, and state 2_high for the vacant 70S
ribosome datasets were not directly calculated using the centers and full-width-at-halfheights, but instead indirectly estimated using the average values obtained from all of the
PRE-A complexes in Chapter 2. The corresponding averages are as follows: L1o_high =
0.60; L1o_low = 0.48; L1c_high = 0.39; L1c_low = 0.28. Using these values, KL1, GL1,
and GL1 were calculated for each vacant 70S ribosome dataset as described in Section
5.5.4.1.
Because the L1o conformation is highly stable in vacant 70S ribosomes, L1o→L1c
transitions seldom occur prior to photobleaching of the Cy5 fluorophore in those
complexes. As a result, vacant 70S ribosomes rarely sample L1c and infrequently
undergo L1c→L1o transitions. Therefore, it is difficult to generate a statistically relevant
survival probability plots in step 6 in Section 5.5.4.2 due to limited transitions, thereby
limiting the accuracy of tL1o and tL1c and, consequently kL1o→L1c and kL1c→L1o obtained for
the analysis. In order to avoid such problem, kL1o→L1c and kL1c→L1o for vacant 70S
ribosomes were to determined using a transition probability matrix approach (15). Briefly,
each time point prior to photobleaching in each idealized smFRET trajectory was first
assigned to either L1o (0.48 ≤ EFRET ≤ 0.60) or L1c (0.28 ≤ EFRET ≤ 0.39). Secondly, a 2 
2 counting matrix was constructed using these idealized smFRET trajectories:

é c
cL1o®L1c
L1o®L1o
Counting Matrix = C = ê
êë cL1c®L1o cL1c®L1c

ù
ú,
úû
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where cij is the total number of times the smFRET signal is observed in state i at time t
and state j at time t+Δt (Δt is 0.1 sec) in the entire set of idealized smFRET trajectories
recorded for each vacant 70S ribosome. Then, A transition probability matrix was
generated through row normalization of the counting matrix (aij = cij / Σj cij) containing a
set of transition probabilities which sum to 1 for each state row i:

a
Transition Probability Matrix  A  L1oL1o
aL1cL1o

aL1oL1c 
,
aL1cL1c 

where aij denotes the probability of transitioning to the jth state at time t+Δt when the
complex is in the ith state at time t. The kinetic rates (kij) are calculated by a system of
linear, first-order differential equations of the form:

di (t )
  kij  j (t ),
dt
j
where ρi is the number of complexes in the ith state at time t. The matrix of rates (K) is
related to the transition probability matrix (A) via the matrix exponential:

A=e

KDt

(KDt)n
=å
.
n!
n

Expansion of the above equation to first order leads to:

A = I + KDt +O((KDt)2 ),
where I is the identity matrix. Therefore, the rate matrix can be defined as:

k
Rate Matrix  K   L1oL1o
k L1cL1o

k L1oL1c  (aL1oL1o  1) / t
aL1oL1c / t 

.

k L1cL1c   aL1cL1o / t
(aL1cL1c  1) / t 
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Thus, kL1o→L1c and kL1c→L1o were obtained as k L1oL1c 

aL1oL1c
aL1cL1o
and k L1cL1o 
,
t
t

respectively.

5.6.

Phylogenetic analyses of ribosomal proteins S7, S13, and L5
The sequences of ribosomal proteins S7, S13, and L5 were extracted from 971

fully sequenced genomes of phylogenetically diverse eubacterial and archaebacterial
species as previously described (16). The sequences for each protein were aligned using
Clustal Omega (17) and the alignments were visualized and analyzed using Jalview (18).
The sequences of ribosomal proteins S7, S13, and L5 from Escherichia coli K12
MG1655 were used as the reference sequences for the corresponding alignments. To
extend our analysis, we compared the alignment of the 971 bacterial sequences described
above to the alignment of the prokaryotic and eukaryotic sequences of the PFAM family
members of ribosomal proteins S7- (PF00177, 5281 sequences), S13- (PF00416, 4002
sequences), and L5 (PF00673, 3719 sequences) (19). Percentage of identity (PID) values
for several amino acids in these proteins are shown in Table 2.1.
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Appendix A - mRNA sequences
Table A.1 mRNA sequences used in smFRET and biochemical experiments. All mRNAs
listed here were derived from the sequence of the bacteriophage T4 gene product 32. In the
mRNAs, the Shine-Dalgarno (SD) sequence is underlined, the start codon is bold and underlined,
and the spacer region between the SD sequence and the start codon is italicized. mRNA (i)-(iv),
containing a 5’-biotin modification, were used for smFRET experiments. mRNA (i) was used to
prepare PRE–A complexes and vacant 70S ribosomes in Chapter 2. The start codon of this mRNA
was mutagenized to a UUC codon, allowing the deacylated tRNAPhe, enabling the deacylated
tRNAPhe to be non-enzymatically loaded into the P-site during preparation of PRE–A complexes,
as described in Section 5.2.3. mRNA (ii) was used to prepare 70S IC and PRE–A complexes in
Chapter 3. mRNA (iv) was prepared by inserting a C after the second codon, CCC, of mRNA
(iii). These two mRNAs were used to prepare PRE–A complexes in Chapter 4. mRNA (v) was
used in the EF-P-independent translocation assays in Chapter 2. mRNAs (i) and (v) were
generated by in vitro transcription. mRNA (ii) was chemically synthesized and purchased from
Dharmacon, Inc. mRNAs (iii) and (iv) were kindly provided by the laboratory of Professor YaMing Hou (Thomas Jefferson University).

#

mRNA nucleotide sequence

(i)

5’-Biotin.GCAACCUAAAACUUACACAGGGCCCUAAGGACAUAAAAUUCACACC
UAAUCCUCCUGCUGCACUCGCUGCACAAAUCFCUCAACGGCAAUUAAGGA-3’

(ii)

5’-Biotin.CAACCUAAAACUUACACAAAUUAAAAAGGAAAUAGACAUGUUCAA
AGUCGAAAAAUCUACUGCU-3’

(iii)

5’-Biotin.GCAACCUAAAACUUACACAGGGGGGAAGGAGGUAAAAAUGCCCGU
UCUAAGCACCACCACCACCACCACCAC-3’

(iv)

5’-Biotin.GCAACCUAAAACUUACACAGGGGGGAAGGAGGUAAAAAUGCCCCG
UUCUAAGCACCACCACCACCACCACCAC-3’

(v)

5’-GGCAACCUAAAACUUACACAGGGCCCUAAGGAAAUAAAAAUGUUUAAAGA
AGUAUACACUGCUGAACUCGCUGCACAAAUGGCUAAACUGAAUGGCAAU-3’
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Appendix B
Ribosomal complex collection for smFRET experiments
Table B.1 List of ribosomal complex
Complex a

Chapter

50S b
(Cy5)L1(Cy3)L9
(Cy5)L1(Cy3)L9

30S c

tRNA

mRNAd

70S IC

3

(BW25113)

P site: fMet-tRNAfMet

(ii)

POST1

3

POSTN_slip

4

(Cy5)L1(Cy3)L9

(BW25113)

POSTTr_slip

4

(Cy5)L1(Cy3)L9

(BW25113)

POSTM_slip

4

(Cy5)L1(Cy3)L9

(BW25113)

POSTN_non

4

(Cy5)L1(Cy3)L9

(BW25113)

POSTTr_non

4

(Cy5)L1(Cy3)L9

(BW25113)

POSTM_non

4

(Cy5)L1(Cy3)L9

(BW25113)

PRE–AfMet

3

PRE–APhe

3

PRE–AN_non

4

PRE–ATr_non

4

PRE–AM_non

4

PRE–AN_slip

4

PRE–ATr_ slip

4

PRE–AM_ slip

4

PRE–An
smFRETL1-L9

2

(Cy5)L1(Cy3)L9
(Cy5)L1(Cy3)L9
(Cy5)L1(Cy3)L9
(Cy5)L1(Cy3)L9
(Cy5)L1(Cy3)L9
(Cy5)L1(Cy3)L9
(Cy5)L1(Cy3)L9
(Cy5)L1(Cy3)L9
(Cy5)L1(Cy3)L9

(BW25113)

P site: fMet-Phe-tRNAPhe
E site: tRNAfMet
P site: fMet-ProtRNAProGGG(native)
E site: tRNAfMet
P site: fMet-ProtRNAProGGG(transcript)
E site: tRNAfMet
P site: fMet-ProtRNAProGGG(m1G37)
E site: tRNAfMet
P site: fMet-ProtRNAProGGG(native)
E site: tRNAfMet
P site: fMet-ProtRNAProGGG(transcript)
E site: tRNAfMet
P site: fMet-ProtRNAProGGG(m1G37)
E site: tRNAfMet

(ii)
(iv)

(iv)

(iv)

(iii)

(iii)

(iii)

(BW25113)

P site: tRNAfMet

(ii)

(BW25113)

P site: tRNAPhe

(ii)

(BW25113)
(BW25113)
(BW25113)
(BW25113)
(BW25113)
(BW25113)
Wt 30S (MG1655);
(–)S13 30S (MG1655dervived);
S13-reconstituted 30S

P site:
tRNAProGGG(native)
P site:
tRNAProGGG(transcript)
P site:
tRNAProGGG(m1G37)
P site:
tRNAProGGG(native)
P site:
tRNAProGGG(transcript)
P site:
tRNAProGGG(m1G37)
P site: tRNAPhe

(iii)
(iii)
(iii)
(iv)
(iv)
(iv)
(i)
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PRE–An
smFRETL1-tRNA

Vacant 70S
ribosomes

a

2

(Cy5)L1

2

(Cy5)L1(Cy3)L9

Wt 30S (MG1655);
(–)S13 30S (MG1655dervived);
S13-reconstituted 30S
Wt 30S (MG1655);
(–)S13 30S (MG1655dervived);
S13-reconstituted 30S

P site: (Cy3)-tRNAPhe

(i)

P site: tRNAPhe

(i)

[PRE–AfMet](70S IC); [PRE–APhe](POST1); [PRE–AN_non](POSTN_non); [PRE–ATr_non](POSTTr_non);
[PRE–AM_non](POSTM_non);
(POSTM_non).

[PRE–AN_slip](POSTN_slip);

[PRE–ATr_slip](POSTTr_slip);

[PRE–AM_slip]

The PRE–A complexes in [] were prepared by incubating 70S IC or POST complexes in () with
puromycin as described in Section 5.2.3.
b

(Cy5)L1-(Cy3)L9 and (Cy5)L1 50S subunits were prepared as described in Section 5.1.5.1.

c

The E.coli strain from which 30S subunits are purified is listed in the parenthesis.

d

The sequence of each mRNA can be found in Appendix A.

