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The key of true happiness is to make sure that regardless of where you end

up you are enjoying the spot where you currently are.

To the memory of my grandmother
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Abstract

Ribosomes are the universal ribonucleoprotein organelles that translate the genetic
message from mRNA to protein. In prokaryotes, the ribosomal subunits are 30S and
50S subunit, which bind together during the translation process forming 70S
ribosome. The ribosome is a highly dynamic structure, and acts as a working platform
for the different factors involved in the process of converting the genetic information
into protein.

Cryo-electron tomography (cryo-ET) is an emerging imaging technology that
combines the potential of three-dimensional (3D) reconstruction at molecular
resolution with a close-to-native preservation of the specimen. Here, we have applied
this method to reconstruct rifampicin-treated Escherichia coli individual 30S subunits
in vitro and in situ, and individual 50S subunits in situ. In the 30S subunit, the head,
the platform and the body show large conformational movements relative to each
other. The particles are grouped into three conformational groups according to the
width/height ratios. Also, an S15 fusion protein derivative has been used as a physical
reporter to localize S15 in the 30S subunit. In the 50S subunit, the L1 stalk, the
L7/L12 stalk, the central protuberance (CP), and the peptidyl transferase center (PTC)
cleft are the most dynamic and flexible parts in the reconstructed structures with clear
movements indicated. Different locations of the tunnel in the central cross-sections
through the in situ 50S subunits indicate a flexible pathway inside the large subunit.
In addition, gross morphological changes were also been observed in our
reconstructions. Our results demonstrate a considerable conformational flexibility
among individual ribosomal subunits, both in vitro and in situ.

Translation is an essential process for all cells and organisms. Translation
initiation is the rate-limiting step and the most highly regulated phase of translation
process. Several regions along the mRNA have been reported to influence translation
initiation. The Shine-Dalgarno (SD) sequence located 5-9 bases upstream of the
initiation codon supports translation initiation by complementary binding to the Anti-
Shine-Dalgarno (ASD) sequence on the 16S rRNA.

We have here compared how an SD+ sequence influences gene expression, if
located upstream or downstream of an initiation codon. The positive effect of an
upstream SD+ is confirmed. A downstream SD+ gives decreased gene expression. If an
SD+ is placed between two potential initiation codons, initiation takes place
predominantly at the second start site. The first start site is activated if the distance
between this site and the downstream SD+ is enlarged and/or if the second start site is
weakened. Upstream initiation is eliminated if a stable stem-loop structure is placed
between this SD+ and the upstream start site. The results suggest that the two start
sites compete for ribosomes that bind to an SD+ located between them. A minor
positive contribution to upstream initiation resulting from 3’ to 5’ ribosomal diffusion
along the mRNA is suggested. Since the location of SD+ or SD-like sequences can
strongly influence gene expression, this should be of significant evolutionary
importance.
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1. Introduction

The central dogma of molecular biology includes DNA replication, DNA
transcription into mRNA and mRNA translation into protein. Ribosomes are the
universal ribonucleoprotein organelles that translate the genetic message from mRNA
to protein. Each ribosome is constructed of two subunits. In prokaryotes, the
ribosomal subunits are 30S and 50S. The 30S small subunit contains 16S rRNA and
about 21 proteins (S1-21), while the 50S large subunit contains 5S and 23S rRNA and
about 34 proteins (L1-34). The primary role of 30S subunit is to bind the mRNA and
the anticodon stem-loops of tRNA, and contribute to the fidelity of translation by
monitoring base pairing between codon and anticodon in the decoding process. The
central function of 50S subunit is to bind to the acceptor arms of tRNA and catalyse
peptide bond formation. Both subunits are involved in translocation, in which the
tRNAs and mRNA move precisely through the ribosome, one codon at a time (see
review Ramakrishnan, 2002). The two subunits bind together during the translation
process, forming 70S ribosome, which is the central point in the protein synthesis. It
acts as a working platform for the different factors involved in the process of
converting the genetic information into proteins.

Protein synthesis is a very complicated process, and the ribosome can be
understood as a complex enzyme. It was expected that the ribosomal proteins would
carry the main functions of the ribosome. However, many ribosomal functions have
been identified as depending on the rRNA. In addition, several key components in
translation are also RNA molecules, such as mRNA and tRNA. Biochemical evidence
(Noller et al., 1992) and crystallographic studies of ribosome (Ban et al., 2000;
Harms et al., 2001) come to the conclusion that the ribosome is actually a ribozyme.
Several of the ribosome functions are completely associated with the rRNA.
Ribosomal proteins serve to stabilize the rRNA and to organize its proper functional
3D structure. Fundamentally, the function of translation is determined by the
functions of the three different RNAs (rRNA, tRNA and mRNA). Different
approaches are employed in order to understand the function of these key
components involved in translation machinery. This thesis will focus on the
biophysical studies of morphology of ribosomal subunits and genetic studies of
influence of translation initiation efficiency by mRNA sequences in the early coding
region.

Translation involves numerous RNA and protein molecules that bind to and
dissociate from the ribosome. In addition to these dynamic interactions, the ribosome
itself is a dynamic enzyme. The 30S subunit is built from three domains that can
move regarding to each other. The 50S subunit has two dynamic stalks on each side
of the subunit, which is related to the entry and exit of the tRNA. The two subunits
can move relative to each other as well during the translation process. This thesis will
show the large conformational movements of the 30S and 50S subunits, and discuss
the morphological heterogeneity and structural variability of them.

There are three binding sites for tRNA in ribosome, designated as the A-site
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which accepts the incoming aminoacylated tRNA; P-site which holds the tRNA with
the nascent peptide chain; and the E-site, which holds the deacylated tRNA before it
leaves the ribosome (see review Ramakrishnan, 2002). Base pairing between the
codon in mRNA and the anticodon in tRNA, and the movement of mRNA and tRNA
through the ribosome is a complicated process that combines high speed with high
accuracy (Green and Noller, 1997).

Gene expression in E. coli can be controlled at both transcriptional level and
translational level. Several mechanisms, such as promoter strength, transcription
inducers or repressors, factors influencing transcription processivity and mRNA
stability contribute to the concentration of the mRNA pool. Among them, promoter
strength and mRNA stability are the rate-controlling steps (Swartz, 2001). The next
step of gene control is by the sequence and structure of mRNA itself, which means
that certain regions in mRNA could influence translation efficiency. Translation
initiation is the rate-limiting step (see review Kozak, 1999) and the most highly
regulated phase of the translation process (see review Laursen et al., 2005). This
thesis will discuss the different determinants that are involved in this phase.

2. Structural Studies of Ribosome by Different Methods

The elucidation of the structure of ribosome and its subunits is formidable. It is not
only because of its complicated nature of the tangle of large number of proteins and
three kinds of rRNA, but also because of its heterogeneity and irregular shape.
However, after four decades of constant effort, remarkable achievements of ribosome
structure have been obtained through application of a wide variety of methods.

2.1 X-ray Crystallography

X-ray crystallography is so far the most powerful method in structural determination
of proteins and macromolecules because it is capable of providing atomic resolution.
However, it took people several decades in order to solve the structure of the
ribosomal subunits as well as the whole ribosome. The huge size, complexity,
flexibility and total lack of symmetry of the ribosome make it immensely difficult to
solve the structure at atomic resolution. Great progress has been made in the recent
five years. The crystal structure of Thermus thermophilus 30S subunit (T30S) at 3
and 3.3Å (Schluenzen et al., 2000; Wimberly et al., 2000), Haloarcula morismortui
50S subunit (H50S) at 2.4 Å (Ban et al., 2000), Deinococcus radiodurans 50S
subunit (D50S) at 3.1Å (Harms et al., 2001), the Thermus thermophilus 70S
ribosome (T70S) at 5.5Å (Yusupov et al., 2001) and the Escherichia coli 70S
ribosome at 10Å (Vila-Sanjurjo et al., 2003) have taken us to the new level of
understanding the mechanism of the ribosome function.

2.2 Nuclear Magnetic Resonance
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NMR also provides atomic resolution to the structure, and it solves the structure of
objects in solution. However, the size of the ribosome is the major limitation of this
application. This method is suitable to study the dynamics of ribosomal proteins or
rRNA fragments. Some studies of well-chosen fragments of rRNA give very good
insights into ribosomal structure and function (Fourmy et al., 1996).

2.3 Cryo-electron microscopy Using Single Particle Reconstruction

Cryo-electron microscopy using single particle reconstruction is nowadays routinely
used to generate 3D structural information of ribosomal complexes. Thousands of
projection images of randomly oriented molecules in vitreous ice can be combined
into 3D reconstruction by backprojection algorithms and an average 3D tomogram
can be obtained. Medium resolution (10-20Å) can be achieved by this method. This
averaging is even more powerful when the objects display intrinsic icosahedral
(Bottcher et al., 1997), helical (Henderson et al., 1990), or crystalline order
(Miyazawa et al., 2003), and it provides atomic resolution in some instances. After
the breakthrough of the first two single particle cryo-EM structures of E. coli 70S
ribosome at 25Å (Frank et al., 1995) and 23Å (Stark et al., 1995), a rapidly growing
number of complexes of ribosomes with tRNAs and factor proteins are solved using
this technique (Agrawal et al., 1996; Stark et al., 1997; Stark et al., 2000). The first
low-resolution 3D reconstructions have been used to solve the initial phasing
problems in X-ray crystallographic studies of the ribosomal subunits. In turn, the
knowledge obtained from the atomic structure of the ribosome helps the
interpretation of the cryo-EM density maps at medium resolution.

2.4 Cryo-electron tomography

Electron tomography (ET) is an emerging imaging technology that reconstructs 3D
tomogram based on 2D projection views generated by tilting biological samples over
a range of angles, typically +/-60°. The cryo technique has been developed since
1980s (Adrian et al., 1984), which ensures that the macromolecules are preserved in
close to native state. Before that, chemical fixation, plastic embedding and negative
staining technique were used for sample preparation in conventional TEM. Although
ET provides rather low resolution (20-50Å), it is the only technique available that
allows us to visualize the flexible conformation of individual particles in vitreous ice
and the molecular assemblies in their biological surroundings. Electron tomography
has been applied on the aminoacyl-tRNA starved 70S ribosome in situ (Öfverstedt et
al., 1994), 70S ribosome in E. coli cells treated with kirromycin (Zhang et al.,
1998b). A physiological dependent appearance of the tunnel through the 50S part of
the 70S ribosome has been demonstrated using this technique (Zhang et al., 1998a).
This technique will be described in greater detail in the next section, and its
application on morphological studies of the 30S ribosomal subunit in vitro and in situ
(Zhao et al., 2004a), and the 50S ribosomal subunit in situ (Zhao et al., 2004b) will
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be discussed in this thesis.

3. Methodology of Cryo-electron tomography

3D reconstruction with ET followed by refinement with COMET (Constrained
maximum entropy tomography) has been applied on the structurally well-defined
adenovirus (Skoglund et al., 1996), the in situ structure of the active Balbiani ring 3
genes from the dipteran Chironomus tentans (Wetterberg et al., 2001), individual
immunoglobulin G molecules in solution (Sandin et al., 2004). This method is
suitable for in situ specimens as well as isolated particles. It provides opportunities to
study the structures that are either too large or too heterogeneous to be investigated
by the other structural determination methods, and it enables morphological analysis
of individual particles. Thus, it offers new insights to complement the results from
other structural studies.

3.1 Cryo Sample Preparations and Low Dose Data Collection by Cryo
Transmission Electron Microscopy

The basic problem in electron imaging is the radiation damage caused by interaction
of electrons with organic matter leading to the breaking of chemical bonds and the
creation of free radicals, which in turn cause secondary damage (Glaeser, 1971;
Taylor and Glaeser, 1974). The use of heavy metal stains provides a substantial
amount of radiation protection and has been a common method for specimen
preparation for many decades in conventional TEM. The limitation of this approach
is that internal structural information is lost sometimes due to the spreading of the
stain on the surface of the biological sample. The use of low electron dose during the
imaging is also able to protect sample from radiation damage. However, it leads to a
poor signal-to-noise ratio, which may be too noisy for a useful 3D reconstruction.

One approach in ET to minimize the radiation damage is to plunge the ultrathin
film of the sample into liquid ethane, at -175°C. This rapid-freezing step preserves
the conformation of the structure, and the molecules are captured in a close-to-native
state. Imaging by TEM can also be performed at liquid nitrogen temperature.
Cryogenic temperature reduces the extent of radiation damage by as much as an order
of magnitude more than room temperature (Fujiyoshi, 1998). The total dose for a full
tilt series is controlled to be lower than 30 electrons/Å2. No shrinkage or apparent
mass loss can be detected under these conditions. Besides, operating microscope at
high accelerate voltage (200 kV) also minimizes the radiation damage.

Cryo sectioning of E. coli cell pellets are made essentially according to the
Tokuyasu method (Tokuyasu, 1986) with gentle chemical fixation followed by cryo
sectioning. Ultrathin sections are stained with 2% uranyl acetate in order to give an
appropriate contrast inside the crowded prokaryotic cell, and embedded using 4%
polyvinylalcohol (PVA) in order to give a good flatness of the sections. At the range
of resolution (20-30Å) used in this study, restriction of the resolution by the
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properties of heavy metal staining is not considered to be severe.

3.2 3D Reconstruction and COMET Refinement

The tilt series of 60 to 120 micrographs are collected with a 200kV transmission
electron microscope (TEM) equipped with a liquid nitrogen cooling system, and the
total dose is controlled to be under 30e/Å2. Radiation damage is therefore minimized.
However, the signal-to-noise ratio is very low because of low dose, low contrast and
a limited number of projections. How to extract meaningful information from noisy
and limiting primary data becomes a major concern. In our laboratory, we employ an
imaging process technique COMET to improve the signal-to-noise ratio (Skoglund et
al., 1996). The initial 3D tomogram is reconstructed using the principle of filtered
backprojection (Klug and De Rosier, 1966). COMET is applied on the initial
tomogram to generate the most featureless 3D tomogram with the calculated
projections still fitting the observed projections with their variance. The refinement
results in an improved signal-to-noise ratio, and molecular features become visible in
the tomograms.

4. Ribosome

The ribosome, which is composed of two subunits, is the macromolecular catalyst of
protein synthesis. Bacterial ribosomes have a relative sedimentation rate of 70S and a
mass of 2.4 MDa. The large subunit has a relative sedimentation rate of 50S and a
mass of 1.5 MDa, whereas the small subunit has a relative sedimentation rate of 30S
and a mass of 0.8 MDa. Approximately two-thirds of the ribosome consists of RNA
and one-third consists of proteins (Steitz and Moore, 2003). The majority of
ribosomal proteins have less than 20 KDa in molecular weight and a highly elongated
shape.

The first determination of shapes came in the early 1970s (Lake, 1976). Today
the resolution of structures of ribosomal particles made by cryo-EM using single
particle reconstruction has increased to 7Å for the best reconstructions (Frank, 2003).
However, atomic resolution structures of ribosomes can only be obtained by X-ray
crystallography. To crystallize whole ribosomes or even subunits seemed impossible
for a long time due to the heterogeneity of the material. Yonath started to explore the
possibility of obtaining crystals of ribosomes or ribosomal subunits from a number of
thermophilic bacterial species like Thermus thermophilus  and Bacillus
stearo thermophi lus  and the halophilic Achaean Haloarcula marismortui.
Improvements in ribosome treatment, crystal growth conditions and handling (Ban et
al., 1998; Clemons et al., 2001; Gluehmann et al., 2001), crystal freezing (Hope et
al., 1989), synchrotron equipment and methods (Helliwell, 1998; Hendrickson, 1991)
have finally led to the success today. High-resolution structure of the intact 70S
ribosome (Vila-Sanjurjo et al., 2003; Yusupov et al., 2001), the 50S ribosomal
subunit (Ban et al., 2000; Harms et al., 2001), and the 30S ribosomal subunit
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(Schluenzen et al., 2000; Wimberly et al., 2000) now exist. Moreover, the structures
of several ribosomal complexes, including different factors, RNAs and antibiotics
have recently been solved (see review Ramakrishnan, 2002). Elucidation of the
crystal structures of ribosomes and ribosomal subunits has indeed been highly
rewarding and has opened a new era for all future work on translation.

4.1 The Small Subunit

The small ribosomal subunit is composed of 21 proteins and an RNA of
approximately 1,500 nucleotides sedimenting at 16S. Two individual research groups
determined the structure of the Thermus thermophilus subunit at 3 and 3.3Å
resolution (Schluenzen et al., 2000; Wimberly et al., 2000). The shape of the subunit
is determined largely by the RNA component, which forms four secondary structure
domains. The 5' domain of the 16S RNA is located in the body of the subunit; the
central domain is located in the platform; and the 3'-major domain is located in the
head of the subunit. The 3'-minor domain runs as a long helix (h44) from the region
between the head and the body down to the bottom of the subunit. The domains of the
16S RNA are separated and are more or less globular. In addition, a single helix (h28)
connects the head to the body of the subunit. This leads to a significant flexibility
between the domains as can be seen by cryo-EM using single particle reconstitution
method (Gabashvili et al., 1999) and cryo-ET method (Zhao et al., 2004a). This
flexibility is essential for the function of the 30S subunit. An interaction that is
important for translation initiation occurs at the 3' end of the 16S rRNA (known as
anti-SD sequence) base-pairing with the SD sequence of the mRNA (see below).

The ribosomal proteins are concentrated in the top, sides and back part of the
30S subunit. None of the proteins binds entirely inside an RNA domain. The interface
side is largely free of protein, with the exception of S12 that lies near the decoding
site at the top of the long H44 that runs down the interface. Other proteins lie at the
periphery of the subunit interface, allowing them to make contact with the 50S
subunit (Wimberly et al., 2000). The S15 protein, which we used to make a fusion
with the 6A' protein in this study, is well exposed at the ribosome interface, located
on the edge between the side and the interface of the 30S subunit, below the platform
(Clemons et al., 1999).

The primary role of the 30S subunit is to bind the mRNA and to engage in the
decoding of the message. Crystal structures of the 30S ribosomal subunit in complex
with mRNA and cognate tRNA in the A site (Ogle et al., 2001), and the 30S subunit
complexed with several antibiotics (Carter et al., 2000) reveal that binding of cognate
tRNA induces global domain movements of the 30S subunit and changes in the
conformation of the universally conserved and essential bases A1492, A1493, G530
of 16S rRNA. The changes involve a rotation of the head of the 30S subunit towards
the shoulder and subunit interface. The shoulder (S4, the G530 loop and S12) moves
towards the subunit interface and h44. With near-cognate codons, the conformational
changes are not induced unless the antibiotic paramomycin is present (Ogle et al.,
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2002). Thus, ribosomes play an active role in tRNA selection by direct recognition of
the codon-anticodon base pairing. An extensive review of decoding is available (Ogle
et al., 2003).

4.2 The Large Subunit

The large ribosomal subunit is composed of 34 proteins and two RNAs sedimenting
at 5S and 23S, containing about 120 and 2,900 nucleotides, respectively. The six
secondary structure domains of 23S rRNA and 5S rRNA all have complicated and
convoluted shapes that fit together to produce a compact, monolithic RNA mass.  The
5S rRNA is located in the central protuberance, and 5S and 23S rRNA do not interact
extensively with each other (Ban et al., 2000; Harms et al., 2001). The 50S subunit
consists of a rounded base with three protuberances called the L1 stalk, the central
protuberance and the L7/L12 stalk. A tunnel starts at the peptidyltransferase center
(PTC), where the formation of peptide bonds occurs (Nissen et al., 2000). These
regions of the 50S subunit are functionally important. As long as they are not
properly engaged in function, they remain flexible (Yonath, 2002), as can also be
seen by cryo-ET method (Zhao et al., 2004b). Evidently, the two ribosomal subunits
have different types of flexibility. The small subunit has domain flexibility, while in
the large subunit the protuberances are mobile.

As for the small subunit, most ribosomal proteins are located on the external
surface of the 50S subunit, the interior is not protein-free, but it is protein-poor
compared with the surface of the particle (Ban et al., 2000; Harms et al., 2001).  A
significant number of proteins have multiple domains or long extensions at their N-
or C-termini or sometimes long internal loops (Ban et al., 2000; Harms et al., 2001).
The function of the 50S subunit proteins is to stabilize inter-domain interactions that
are necessary to maintain the subunit's structural integrity (Klein et al., 2004). There
are two regions of the large subunit that are particularly rich in proteins: the region
binding the translational GTPase factors and the external side of the polypeptide exit
tunnel (Klein et al., 2004).

The central function of the large subunit is to perform peptidyl transfer. The
function is carried out in the peptidyl transfer centre (PTC). Crystallographic
investigations of bound antibiotics or different types of tRNA fragments or inhibitors
have led to the identification of the PTC. The 50S subunit is completely devoid of
protein within 18Å of the PTC, and thus the ribosome is a ribozyme (Nissen et al.,
2000). In addition, the tunnel from the PTC at the subunit interface side to the
external side became evident. The tunnel is wide enough along its length to allow a
peptide to migrate through. A recent crystal structure of the D50S in complex with
the macrolide antibiotic troleandomycin (TAO) shows one case of an antibiotic
blocking the tunnel by inducing conformational alteractions in the ribosomal protein
L22 (Berisio et al., 2003).

4.3 The 70S Ribosome
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Elucidation of the complete ribosome structure is an extraordinary step forward (Cate
et al., 1999; Yusupov et al., 2001). At 5.5Å resolution, the detail interpretation
depends on a large number of information from the 30S and 50S subunits. All the
16S, 23S and 5S rRNA chains, the A-, P-, and E-site tRNAs and most of the
ribosomal proteins can be fitted into the electron density map. The core of the
interface between the 30S subunit and the 50S subunit, where the tRNA substrates are
bound, is dominated by RNA, with proteins located mainly at the periphery,
consistent with ribosomal function being based on rRNA. The shape and length of the
tRNA molecule correlate well with the location of the decoding site on the small
subunit and the PTC on the large subunit. All the main activities of the ribosome
occur at the subunit interface. Inter-subunit bridges hold the subunits together. One
main component at the subunit interface is helix 44 (H44). It runs along the length of
the body of the small subunit and makes several contacts with the large subunit. The
high degree of conservation of the set of bridges in different species emphasizes that
these bridges are of functional importance (Gao et al., 2003).

4.4 Morphological Studies of Ribosomal subunits by Cryo-ET (Papers I and II)

Although atomic resolution structures of ribosomal subunits and whole ribosome
have been established, major information on morphological features inside the cell is
still missing, even at a relatively low resolution. In addition, the structure obtained by
crystallographic method represents the only conformation that can form crystals. Its
generality and biological implication is far from clear. The structure obtained by
cryo-EM using single particle reconstruction is an average structure, flexible region
of proteins and macromolecules are missing to a certain extent. A high proportion of
particles that are not enough close to the most abundant average structure are
excluded from the reconstruction. Here, we have applied cryo-ET to reconstruct
rifampicin-treated Escherichia coli individual 30S subunits in vitro and in situ, and
individual 50S subunits in situ. Rifampicin inhibits transcription initiation. As a
result, rapid degradation of preformed mRNA and dissociation of 70S ribosomes give
accumulation of free subunits. Several morphological features that have been
previously reported can be identified in the structures. Furthermore, our results
demonstrate a considerable conformational flexibility among individual ribosomal
subunits, both in vitro and in situ. This conformational heterogeneity cannot be
analysed by the crystallographic and single particle reconstruction methods.

The conformational changes of the individual 30S subunits both in vitro and in
situ are mainly localized in the head-neck-platform region, which is functionally the
most important region near the decoding centre. The structures suggest movements
including bending of the head, as well as rising, descending or curling of the
platform. The relative locations of the head and the platform make it possible to
group different particles according to their width/height ratios. Large conformational
changes also seem to occur inside the domains of the head, the platform and the body,
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in addition to relative movements of the entire domains. Also, an S15 fusion protein
derivative, which is about 140 Å long and 30 Å in diameter, has been used as a
physical reporter to localize S15 in the 30S subunit (Zhao et al., 2004a).

The L1 stalk, the L7/L12 stalk, the central protuberance (CP), the PTC cleft and
the tunnel are the most dynamic and flexible parts in the morphological study of
individual 50S subunits in situ. The L1 stalk is able to move up towards the CP, or
move down away from the CP, or bend inward. The L7/L12 stalk is able to move
downward away from the CP and bend inward. The flexibility of the CP is connected
with the middle of the upper part of the 50S subunit in most cases and the CP is able
to bend to the side of the L7/L12 stalk. The PTC cleft can be deep or shallow, and in
one case it has moved up toward the CP several pixels. The different locations of the
tunnel in central cross-sections of the in situ 50S subunits indicate a flexible pathway
inside the large subunit. In addition, gross morphological changes that affect the
entire 50S subunit were also observed in our reconstructions. Such changes include
the flattening of the solvent side of the 50S subunit and the convex subunit interface
side (Zhao et al., 2004b).

The ribosome is a highly dynamic structure and the pictures presented in these
two articles represent a few snapshots of the whole dynamic system. Because cryo-
ET makes it possible to study the morphologies of individual macromolecules in their
biological surroundings, and to visualize the flexible conformations of individual
particles in solution, this method should be a valuable complement to previous
structural results obtained by X-ray crystallography, electron microscopy, and
biochemical experiments.

4.5 Further Work

This thesis has laid the foundation for further detailed analysis of the ribosome
structure by cryo-electron tomography. Two aspects are especially important to
pursue: (1) technological developments to improve the refinement and resolution of
3D tomogram. (2) more information regarding the dynamics of the functional
ribosomes (i.e polysome or ribosome in complex with different ligands).

5. Translation

Translation is the process whereby the inherited genomic information in mRNA is
translated into functional proteins, a process that is essential for all cells and
organisms. Bacterial translation takes place on the ribosome in the cytoplasm, and
ribosomes initiate translation already during transcription. Hence, transcription and
translation are tightly coupled. Translation is conceptually divided into four phases:
initiation, elongation, termination, and ribosome recycling.

5.1 Translation Initiation
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Initiation in bacteria involves the interaction of the 30S subunit with the Shine-
Dalgarno sequence on mRNA that is complementary to the 3' end of 16S rRNA. The
process involves three initiation factors, IF1, IF2, IF3 (Gualerzi and Pon, 1990).
Binding of IF3 to the 30S subunit promotes dissociation of the ribosome into two
subunits and thus couples ribosome recycling and translation initiation (Petrelli et al.,
2001). IF1 binds specifically to A-site of the 30S subunit and is thought to direct the
initiator tRNA to the ribosomal P-site by blocking the A-site (Carter et al., 2001;
Dahlquist and Puglisi, 2000). IF1 stimulates the activities of IF3 and hence also the
dissociation of the ribosomal subunits (Gualerzi and Pon, 1990).

Following the subunit dissociation, IF2, mRNA and fMet-tRNAfMet associate
with the 30S subunit in an unknown and possibly random order. The Shine-Dalgarno
(SD) sequence of canonical mRNAs interacts with the anti-SD sequence of the 16S
rRNA (Yusupova et al., 2001), and the initiation codon is adjusted in the P-site of the
ribosome. The 30S preinitiation complex consists of the 30S subunit, the three
initiation factors, and mRNA in a standby position. This relatively unstable complex
undergoes a conformational change that promotes the codon-anticodon interaction
and forms the more stable 30S initiation complex (Pon and Gualerzi, 1984). IF1 and
IF3 are ejected, while IF2 stimulates association of the 50S ribosomal subunit to the
complex. Initiator fMet-tRNAfMet is adjusted to the correct position in the P-site, and
IF2 is released from the complex. During this process, GTP bound to IF2 is
hydrolysed to GDP. The newly formed 70S initiation complex holding fMet-tRNAfMet

as a substrate for the peptidyltransferase centre of the 50S ribosomal subunit is ready
to enter the elongation phase of translation.

5.2 Translation Elongation

The end of the initiation process leaves an aminoacylated initiator tRNA in the P-site
of the ribosome and an empty A site, which serves to start the elongation cycle. An
aminoacylated tRNA is brought into the A site as a ternary complex with EF-Tu and
GTP. Correct codon-anticodon interactions result in conformational changes in the
ribosome that stabilize tRNA binding and trigger GTP hydrolysis by EF-Tu. The
tRNA then swings into the peptidyl transferase site of the 50S subunit in a process
called accommodation. Peptide bond is formed, which involves the transfer of the
peptide chain to A-site tRNA giving the deacylation of P-site tRNA. Following
peptidyl transfer, the ribosome is in a hybrid conformation with a deacylated tRNA in
the P-site and peptidyl tRNA in the A site. Translocation of the tRNAs and mRNA is
facilitated by EF-G, which is also a GTPase. After translocation the ribosome is ready
for the next round of elongation, having deacylated tRNA in the E-site, peptidyl
tRNA in the P-site, and an empty A-site that is ready to receive the next cognate
ternary complex (see review Ramakrishnan, 2002).

5.3 Translation Termination and Recycling
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The process of termination begins when a stop codon on mRNA is encountered in the
A-site. In bacteria, recognition of the stop codon involves three release factors, RF1,
RF2 and RF3. RF1 recognizes UAA and UAG, while RF2 recognizes UAA and
UGA. RF3 is a GTPase and binds to the complex of RF1/2 with the ribosome
(Kisselev and Buckingham, 2000). The binding of RF1/2 to a ribosome with the
appropriate stop codon in the A site triggers the hydrolysis and release of the peptide
chain from tRNA in the P-site. RF3 promotes rapid dissociation of RF1 and RF2
(Zavialov et al., 2001). The hydrolysis of GTP is required for subsequent dissociation
of RF3. Surprisingly, RF3 is not essential in bacteria, and does not bind RF1/2
outside the ribosome (Kisselev and Buckingham, 2000).

After release of the peptide chain, the ribosome is left with mRNA and a
deacylated tRNA in the P-site. This complex needs to be dissembled to prepare the
ribosome for a new round of protein synthesis. Ribosome recycling factor (RRF) with
EF-G and GTP hydrolysis are required for this process (Janosi et al., 1996).
Subsequently, initiation factor IF3 is required for removal of the deacylated tRNA
from the 30S subunit.

6. Machinery of Translation Initiation

The initiation phase of protein synthesis does more than assemble the components
that will polymerize amino acids. Selection of the start codon sets the reading frame
that is maintained normally throughout all subsequent steps in the translation process.
Protein synthesis is often regulated at the level of initiation, which adds the
importance of this step (see review Kozak, 1999). Here we provide some detailed
functional and structural descriptions of the individual particles involved in this
process.

6.1 30S and 50S ribosomal Subunits

Since I already described the 30S and 50S ribosomal subunits in detail in previous
sections, I will only mention them briefly here. During translation initiation, a purine
rich SD sequence of an mRNA anchors itself to a 30S subunit by complementary
binding to a sequence close to the 3´ end of the 16S rRNA in this subunit. Together
with fMet-tRMAfMet and the participation of initiation factors, an unstable pre-
initiation complex 30S-mRNA-fMet tRNAfMet is formed(Grill et al., 2000; Hartz et
al., 1991; Romby et al., 1990). This pre-initiation complex is later joined by a 50S
ribosomal subunit to form the initiation complex with the fMet-tRNAfMet located at the
ribosomal P-site and the +2 codon in the mRNA exposed for decoding at the
ribosomal A-site.

6.2 mRNA

mRNA interacts specifically with tRNA as well as the 30S ribosomal subunit during
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translation initiation. Bacterial mRNAs are normally polycistronic and possess
multiple signals for initiation and termination of protein synthesis.

AUG is the most common initiation codon because it forms the most stable
interaction with the CAU anticodon in fMet-tRNAfMet, but GUG and UUG are used
as start codons in 8% and 1% of bacterial genes, respectively (Blattner et al., 1997;
Cole et al., 1998; Kunst et al., 1997). AUU as an initiation codon has been found
only in the cases of the infC (Sacerdot et al., 1996; Sussman et al., 1996) and the
pcnB genes (Binns and Masters, 2002). Given that excess IF3 protein disfavours
initiation at weak sites, the use of a non-standard codon to initiate translation of IF3
allows autoregulation (Butler et al., 1987; La Teana et al., 1993). It is striking that a
weak non-AUG codon is used to initiate translation of IF3 throughout the prokaryotic
kingdom (Blattner et al., 1997; Cole et al., 1998; Kunst et al., 1997), suggesting that
close regulation of IF3 levels is important.

Since AUG codons also encode internal methionines of a protein, start codons in
bacterial mRNAs are distinguished by an upstream purine-rich sequence that base
pairs to the 16S rRNA in the small subunit. The SD sequence consists of three to nine
continuous bases in the mRNA that form standard base pairs with some or all of bases
1534 to 1542 (ACCUCCUUA) at the 3' end of 16S rRNA. The data from X-ray
crystallographic studies shows that the interaction between the SD and ASD
sequences is located at a large cleft between the head and the back of the platform on
the 30S ribosomal subunit (Ogle et al., 2001; Yusupova et al., 2001). The mRNA
wraps around the neck region of the 30S subunit while it passes through the up- and
downstream tunnels (Culver, 2001). The distance between the SD sequence and the
initiation codon, which varies between 3 and 12 nucleotides with an optimal spacing
of 7-9 nucleotides, has been shown to be crucial for initiation efficiency. The
ribosomal machinery does not require a perfect spacing, but when it drops below 4 or
is longer than 14 nucleotides, the expression decreases more than 10-fold (Gold,
1988; Ringquist et al., 1992).

The base sequence comprising the 5-10 codons immediately following the
initiation codon can have a strong influence on gene expression. This region has been
referred to as the Downstream Box (DB) (Sprengart et al., 1996) or the Downstream
Region (DR) (Stenström et al., 2001). Several suggestions have been presented as
explanations to effects by this region, such as codon usage (Bulmer, 1988; Robinson
et al., 1984; Sorensen et al., 1989), involvement in secondary structures (de Smit and
van Duin, 1994), mRNA stability (Kuroda and Maliga, 2001), peptidyl-tRNA drop-off
(Dincbas et al., 1999; Karimi and Ehrenberg, 1994) or complementary binding to the
16S rRNA (Etchegaray and Inouye, 1999; Faxen et al., 1991; Hartz et al., 1991;
Sanchez et al., 2000; Sprengart et al., 1990). However, the last suggestion appears to
be experimentally refuted (Blasi et al., 1999; La Teana et al., 2000; O'Connor et al.,
1999; Resch et al., 1996).

Bacterial mRNAs normally have an untranslated region upstream of the
initiation codon. There are leaderless mRNAs in bacteria with no more than 40
identified cases (Moll et al., 2002). Binding of leaderless mRNAs to the ribosome
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involves a mechanism that is somewhat different from binding of canonical mRNAs.
The binding is dependent on the presence of the initiator tRNA, whereas canonical
mRNAs bind independently of the initiator tRNA (Benelli et al., 2003). An increase
in the concentration of IF2 enhances the efficiency of leaderless mRNA translation,
possibly by recruitment of initiator tRNA to 30S subunits, thus enable codon-
anticodon interaction (Grill et al., 2000; Grill et al., 2001; Tedin et al., 1999).
Recently, a cell-free translation system was used to show that leaderless mRNAs
preferentially interact with 70S ribosomes and are able to proceed from the initiation
to the elongation phase without initiation factors (Udagawa et al., 2004).

6.3 Initiator tRNA

The first amino acid of a polypeptide chain is always a methionine that enters the
ribosome bound to the initiator tRNAfMet. Methionine incorporated internally in the
polypeptide is bound to elongator tRNAMet. In bacteria the methionine bound to the
tRNAfMet is N-formylated, which selectively excludes the fMet-tRNAfMet from the
elongation phase of translation (see review Kozak, 1999; RajBhandary, 1994). All
alternative initiation codons are decoded by the initiator fMet-tRNAfMet and translated
as formylmethionine (see review (see review Laursen et al., 2005).

Two genes in E. coli genome encode tRNAfMet: metZ gene and metY gene
(Ikemura and Ozeki, 1977). Three identical copies of the metZ gene, in tandem
repeats in the metZ operon, encode the major fraction of cellular initiator tRNA
(tRNAf1Met) (Kenri et al., 1994). The metY gene located at the beginning of the
nusA/infB operon encodes a relatively small fraction of initiator tRNA (tRNAf2Met)
(Ikemura and Ozeki, 1977). The presence of adenosine instead of 7-methylguanosine
at position 46 is the only difference between these two initiator tRNAs (Ishii et al.,
1984).

Initiator tRNAs bind directly to the P-site of the small subunit of the ribosome,
whereas elongator tRNAs enter the ribosome at the A-site and subsequently
translocate to the P-site. Binding of tRNAs to the P-site and the A-site is controlled
by the initiation and elongation factors, respectively. Therefore, the initiator tRNAs
have several structural features that are recognized by initiation factors and
discriminated against by elongation factors. The significant features include (i)
absence of a Watson-Crick base pair between positions 1 and 72 in the acceptor stem,
and (ii) three conserved consecutive GC base pairs in the anticodon stem, and (iii) the
presence of a purine-11-pyrimidine-24 in contrast to the pyrimidine-11-purine-24
base pair found in other tRNAs (Varshney et al., 1993).

Methionine-isoaccepting initiator and elongator tRNAs are both aminoacylated
by methionyl tRNA synthetase (Mechulam et al., 1999). Aminoacylated initiator
tRNA is formylated by methionyl-tRNA transformylase (MTF). The most important
determinant for formylation of the initiator tRNA is the absence of a 1:72 base pair,
which is the feature of the initiator tRNA (Schmitt et al., 1998). This feature also
protects fMet-tRNAfMet against hydrolytic cleavage by peptidyl-tRNA hydrolase
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(PTH), which is a 21 KDa enzyme that recycles all N-blocked aminoacyl-tRNA
molecules accumulating from abortive translation (Thanedar et al., 2000).
Formylation of Met-tRNAfMet is important for protein synthesis in E. coli.
Formylation favors selection of the fMet-tRNAfMet by IF2 (Sundari et al., 1976).
Most evidence suggests that IF2 performs its interactions with fMet-tRNAfMet on the
30S ribosomal subunit (Wu and RajBhandary, 1997). IF3 appears to inspect the
anticodon stem of the P-site bound tRNA through indirect interactions (Hartz et al.,
1990). The consecutive GC base pairs in the anticodon stem influence the unique
conformation of fMet-tRNAfMet for ribosomal P-site binding (Seong and
RajBhandary, 1987). The ribosome itself does not seem to perform a stringent
proofreading of the codon-anticodon interaction in the P-site as in the A-site. Instead,
the initiation factors play a key role in the selection and adjustment of the initiator
tRNA in the P-site.

6.4 Initiation factor IF1

Initiation factor IF1 is the smallest of the three bacterial translation initiation factors
with a molecular mass of 8.2 kDa in E. coli. IF1 is encoded by the infA gene. Proteins
with IF1-like structure and function are present in archaeabacteria and eukaryotes,
where the factor is referred to as aIF1A and eIF1A, respectively (Kyrpides and
Woese, 1998). The structure of IF1 in solution has been determined by NMR
spectroscopy (Sette et al., 1997). It consists of a five-strand beta barrel with the loop
between strands 3 and 4, capping one end of the barrel. The crystal structure of the
30S-IF1 complex shows that IF1 binds to the A site of the 30S ribosomal subunit
(Carter et al., 2001), consistent with the previous biochemical data. In doing so, it
prevents tRNA binding in the A-site. It also enhances the association and dissociation
rates for 70S ribosomes (Dottavio-Martin et al., 1979), primarily through the
stimulating effect on the activity of IF2 and IF3 (Pon and Gualerzi, 1984). In vivo
studies have shown that IF1-depleted cells have low growth rates and short
polysomes (Cummings and Hershey, 1994). These data demonstrate that IF1 is
essential for cell viability. However, no clear function has been assigned to the
initiation factor yet (Croitoru et al., 2004).

6.5 Initiation factor IF2

IF2 is the largest of the initiation factors encoded by the infB gene. Three isoforms of
the initiation factor, named IF2-1(97.3 KDa), IF2-2(79.7 kDa), and IF2-3 (78.8 kDa),
exist in E. coli and other members of the family Enterobacteriaceae (Laursen et al.,
2002). The three isoforms are translated from three independent but in-frame
translational start sites of the infB mRNA. This feature has been referred to as tandem
translation. Hence, IF2-2 and IF2-3 differ from IF2-1 only by absence of the first 157
and 164 amino acid residues, respectively (Mortensen et al., 1995). The presence of
both the large and smaller isoforms is required for optimal growth in E. coli (Howe
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and Hershey, 1983; Sacerdot et al., 1992). The factor can be divided into a conserved
C-terminal region and a less conserved N-terminal region (Sorensen et al., 2001;
Steffensen et al., 1997). Homologues of IF2 have been found in archaeabacteria and
eukaryotes, where the factor is referred to as aIF5B and eIF5B, respectively
(Kyrpides and Woese, 1998).

No direct location of IF2 has been determined, but since it is known to bind the
aminoacyl end of initiator tRNA in the P site, as well as interact with IF1, a model
could be proposed in which it binds over IF1 in the A-site (Roll-Mecak et al., 2000).
In addition, presumably its GTPase domain binds in the vicinity of the factor binding
site of the 50S subunit where the corresponding domains of elongation factor G and
Tu (EF-G and EF-Tu) also bind, since it is known by footprinting to bind to some of
the same residues in 23S rRNA (La Teana et al., 2001). The function of IF2 in
bacteria is to stabilize the bound initiator tRNA and catalyze the joining of the 30S
with the 50S subunit (Pestova et al., 2000). IF2 is the only one of the three initiation
factors that displays a relatively high and specific affinity for both ribosomal
subunits. Besides the function as a translation factor, IF2 acts as a chaperone. It
promotes functional folding of proteins and forms stable complexes with unfolded
proteins (Caldas et al., 2000). Furthermore, the factor is important for the translation
of leaderless transcripts (Grill et al., 2000).

6.6 Initiation factor IF3

E. coli IF3 is a 20.4 kDa protein composed of 180 amino acids encoded by the
essential infC gene (Olsson et al., 1996; Sacerdot et al., 1982). IF3 is composed of
two structural domains of approximately equal size (Fortier et al., 1994; Kycia et al.,
1995). They are called IF3N and IF3C and are connected by a lysine rich flexible
linker (Hua and Raleigh, 1998). The linker is essential for IF3 function, but variation
of its length and composition does not considerably change the activity (de Cock et
al., 1999). All functions of the native IF3 can be accomplished by the isolated IF3C
domain in vitro, while the IF3N domain probably serves the purpose of modulating
the thermodynamic stability of the IF3-30S complexes (Petrelli et al., 2001). The
localization of IF3 on the 30S subunit has been studied by various methods, with
conflicting results. Cryo-EM using single particle reconstruction located the IF3C
domain to the interface side of the small subunit (McCutcheon et al., 1999), while X-
ray diffraction of 30S ribosomal subunit crystals soaked with IF3C places the domain
at the solvent side of the platform (Pioletti et al., 2001). The co-crystallization of a
complex of IF3 with the 30S subunit needs to be done to solve this question
unambiguously.

Among all the initiation factors, the binding of IF3 is probably the initial step of
the initiation since it is known to bind strongly to the 30S subunit and prevent its
association with the 50S subunit (Grunberg-Manago et al., 1975). It also helps in the
selection of initiator tRNA (fMet-tRNAfMet) by destabilizing the binding of other
tRNAs in the P site of the ribosome (Hartz et al., 1990), and stimulate rapid
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formation of the codon-anticodon interaction at the ribosomal P-site (Gualerzi et al.,
1977; Wintermeyer and Gualerzi, 1983). It can assist in the removal of the deacylated
tRNA from the 30S subunit in the last step of termination before it is recycled in a
new round of protein synthesis (Karimi et al., 1999).

6.7 Regulation of Translation Initiation

Bacteria must be able to adjust to environmental changes. Although transcription
regulation is the primary mechanism in stress response, regulation of translation is
faster and consequently important. The efficiency of translation is often regulated at
the level of initiation, and here I discuss the responses involved in the translation
initiation phase.

In translation initiation the only variable component is the mRNA. The sequence
and structure of the mRNA determine its interaction with the translational machinery
and hence the efficiency of translation. A highly expressed mRNA contains some or
all of the following elements at the ribosomal binding site (RBS): (i) a cognate
initiation codon for interaction with initiator tRNA; (ii) an SD sequence
complementary to the ASD sequence of the 16S rRNA; (iii) base-specific enhancer
elements downstream of the initiation codon; (iv) a pyrimidine tract for interaction
with ribosomal protein S1. The interdependence and relative importance of these
mRNA elements are poorly understood.

Under normal conditions, translation elongation process proceeds at a rate of
~12 amino acid/s (Sorensen et al., 1989), while the average time for a ribosome to
load onto the same mRNA is ~3.2s (Kennell and Riezman, 1977). According to this it
takes same time for a ribosome to load onto an mRNA and start translation as it takes
to translate a 120 nt long gene. This indicates the importance for the ribosome to
perform a proper initiation of translation at the correct site along the mRNA.

Accessibility of the start site is very important for the formation of the initiation
complex. Both SD-ASD and codon-anti-codon interactions require single stranded
conformation of the mRNA to initiate translation. Secondary structures of the mRNA
in the translation initiation region can influence the rate of translation in vivo (de
Smit and van Duin, 1994; Hall et al., 1982). Structures with ∆G values higher than -6
kcal/mol do not show any reduction in translation efficiency. But below this
threshold, tenfold decrease in expression for every -1.4 kcal/mol is theoretically
predicted (de Smit and van Duin, 1994). The interactions involved in forming the
secondary structures of mRNA are sensitive to temperature. Structural changes of the
mRNA as a consequence of temperature changes may regulate the translation activity
of mRNAs. This is especially seen for the mRNAs involved in the expression of heat
shock genes (Schlax and Worhunsky, 2003). Regulation is also mediated by trans-
acting factors that stabilize or destabilize mRNA secondary structures. For example,
thiamine (vitamin B1) controls the expression of the genes involved in thiamine
biosynthesis via the thi box of the mRNA (Miranda-Rios et al., 2001), indicating that
regulation can be conferred not only by proteins but also by small molecules (Nahvi
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et al., 2002; Stormo and Ji, 2001). Intermolecular RNA interactions also play an
important regulatory role. For example, the translation initiation site of the mRNA of
outer membrane protein F (OmpF) in E. coli can be blocked by a natural antisense
RNA in response to changes in osmolarity (Nahvi et al., 2002; Stormo and Ji, 2001).

However, it is also noted that the ribosome binding sequence region usually has
a far larger influence on translation than the precise structure of the mRNA. A
possible explanation is that translation is initiated before transcription is completed,
and hence before the mRNA reaches a fully folded structure (Jacques and Dreyfus,
1990). The ribosome that closely follows the RNA polymerase can enter the RBS
while it is still unfolded, and RBS will then be available for the ribosomes following
the first one.

The cellular GTP level is directly coupled to the activity of IF2, which is active
only in the GTP-bound form (Boelens and Gualerzi, 2002). It is an indicator of the
overall nutritional conditions, and is able to regulate translation initiation efficiency.
The relative levels of the initiation factors may also play a role in regulation. For
example, expression from leaderless mRNAs is suppressed by IF3 and stimulated by
IF2 (Grill et al., 2001).

Bacterial translation initiation can occur at multiple sites on a polycistronic
mRNA. Translation of a given cistron is often affected by its neighbors. Translation is
often regulated ('coupled') by base pairing between the SD/AUG domain of a
downstream cistron and part of the preceding coding sequence. The base pairing is
disrupted as ribosomes advance through the upstream cistron, thus activating the
downstream start site (Lesage et al., 1992; van Himbergen et al., 1993). Translation
coupling also occurs by a reinitiation mechanism in which a ribosome translating a
cistron reinitiates at the next cistron when a stop codon is reached (Govantes et al.,
1998). Overlapping between the end of the first cistron and the beginning of the
second cistron is often involved in reinitiation (e.g. AUGA). When the terminating
ribosome loosens, it may slip forward or backward to locate a reinitiation site (Adhin
and van Duin, 1990). Recent studies call attention to the potential role of termination
factors in modulating reinitiation (Crawford et al., 1999; Janosi et al., 1998).

Other features including the initiation and even termination codons are involved
in translational control. For example, the initiation codon on the infC mRNA is AUU
codon. IF3 discriminates against non-cognate initiation codons and hence represses
the expression of its own gene (Butler et al., 1986). A recent research suggests that an
inefficient termination codon cause ribosomal pausing and queuing along the
upstream mRNA region, thus blocking the translation initiation of short genes (Jin et
al., 2002).

The codon usage in the early coding region of mRNA is often different from the
rest of the gene sequence(Bulmer, 1988), and could influence translation initiation
efficiency. For the +2 codon, a bias in codon usage can be correlated with the level of
gene expression at the translational level. In particular, G-rich codons at this position
cause low expression and they are under-represented in natural genes (Looman et al.,
1987; Stenström et al., 2001). Rare codons, such as AGA and AGG, are
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overexpressed among the first 25 codons of genes (Chen and Inouye, 1994). These
codons can form an SD-like sequence located downstream of an initiation codon, thus
giving negative effect of upstream initiation (Paper III, accepted after revision by
Molecular Microbiology) (more details in the following section). The SD sequence
can also be active at a later stage during translation of an mRNA, signalling for a
frameshifting event. In the case of the prfB (RF2) gene from most bacteria, the stop
codon (UGA) that is uniquely identified by RF2 occurs early in the gene and in the
correct reading frame. Thus, if there is enough RF2, further synthesis will be stopped.
If there is a shortage of RF2, an internal SD-like sequence will assist in a +1
frameshifting, giving a functional RF2 protein (Baranov et al., 2002; Craigen et al.,
1985; Weiss et al., 1988). A recent study shows that NGG codons at codon locations
2-5 strongly decrease gene expression (Gonzalez de Valdivia and Isaksson, 2004). A
possible reason for this is that NGG codons in the early coding region cause peptidyl-
tRNA drop-off (Gonzalez de Valdivia and Isaksson, manuscript).

6.8 Genetic Studies of Translation Initiation Efficiency (Paper III)

From the previous study, we found that the +2 codon can affect gene expression by
almost 20-fold. For example, the lysine codon AAA gives the highest expression
(relative expression value of 1.0), and other +2 codons i.e. AGU (0.5), AAU (0.7) and
ACC (0.3), in an otherwise identical DR, are associated with lower expression values
than AAA (Stenström et al., 2001). When we tried to analyze the influences on gene
expression by codons at various positions in the DR region, we found that there are
other determinants involved in addition to the known effects by the +2 codon. It was
observed that the DRs that gave the lowest expression values contain several bases
that could form an SD-like sequence. This observation prompted us to analyze the
effects of a downstream SD sequence on upstream translation initiation.

The results confirm the positive effect of an upstream SD+, and a downstream
SD+ gives apparent inhibition of upstream initiation. This negative effect is not due to
the frameshifting, mRNA degradation, peptidyl-tRNA drop-off or the different
secondary structure of the initiation region. If an SD+ is placed between two potential
initiation codons, initiation takes place predominantly at the second start site. The first
start site is activated if the distance between this site and the downstream SD+ is
enlarged and/or if the second start site is weakened. The results suggest that the two
start sites compete for ribosomes that bind to an SD+ located between them. Almost
total inhibition of upstream initiation is observed when a very stable stem-loop
structure is introduced between the first start site and a downstream SD+. This
suggests that some additional constraint is associated with the stem-loop. We favor a
model that ribosomes bind to the SD+, thereby promoting initiation at a downstream
initiation codon, but blocking initiation by some other ribosome at an upstream start
site. Under certain conditions, such as a less efficient second start site, such ribosomes
can initiate at the first start site, most likely by diffusion in the 3´to 5´direction. The
model implies that the postulated upstream diffusion is prevented by the introduced
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stem-loop structure.
In summary, our data suggest that ribosomes anchor to the SD+ sequence

irrespective of its location relative to the initiation codon. If this SD+ is located
upstream of an initiation codon at an appropriate distance, initiation takes place. If the
SD+ is located downstream not too far away from a potential initiation codon, binding
still occurs, but in this case blockage of upstream binding of another ribosome takes
place, thus counteracting such upstream initiation. At a certain probability, especially
in the absence of a strong downstream start site, the SD+ anchored ribosome can
initiate at an upstream start site, most likely as the result of upstream diffusion.
Therefore, the location of SD+ or SD-like sequences can strongly influence gene
expression at the translational level. This should provide a strong evolutionary
constraint for codon usage, especially in the early coding region of mRNA.
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