


Studying the association of initiation factors with the small ribosomal subunit has identified

some significant conformational changes in ribosome structure. The binding of both IF1/

eIF1A and IF3/eIF1 to the small ribosomal subunit induces some substantial structural re-

arrangements, as observed directly by crystallography and cryo-EM (Carter et al. 2001; Passmore

et al. 2007). Originally, IF1 was localized near the A-site of the small ribosomal subunit by

chemical footprinting (Moazed et al. 1995). Details about the binding of IF1 to the bacterial

30S subunit have now been obtained at high resolution by soaking IF1 into a 30S subunit crystal.

The initiation factor clearly binds to the bottom of the A-site, interfering with tRNA binding

by flipping two essential bases A1492 and A1493 out of helix 44. IF1 also prevents the inter-

subunit bridge B2a from forming (Carter et al. 2001). eIF1A has also been suggested to function

in preventing subunit association, probably by interfering with the same bridge contact as that

found for its homolog IF1 (Goumans et al. 1980). The predicted position of eIF1A close to

the A-site is shown in Fig. 2. Interestingly, the association of IF1 with the 30S subunit results

in the tilting of the head and the platform regions towards the A-site. This appears to alter

the mRNA binding cleft, which is formed between the head and the body of the small

subunit (as indicated by the path of mRNA in Fig. 2). More recently, a cryo-EM recon-

struction of eIF1A bound to the 40S subunit also induces a small conformational change in

the 40S subunit around the mRNA binding cleft (Passmore et al. 2007). However, since the

resolution of this complex is currently 25 Å, it will be interesting to determine if eIF1A does in

fact induce the same detailed conformational changes in the 40S subunit as IF1 does in the 30S

subunit.

The conformational change induced by the association of IF3 and eIF1 with the small ribo-

somal subunit has also been studied by cryo-EM. While eIF1 on its own does not appear to

induce large changes in 40S subunit conformation (Passmore et al. 2007), IF3 appears to induce

significant changes in the 30S subunit (McCutcheon et al. 1999). Even though both reconstruc-

tions were determined at y25 Å resolution, IF3 is observed to induce specific conformational

changes in the 30S subunit that differ from the consequences of eIF1 binding to the 40S subunit.

Perhaps this is understandable since IF3 possesses an N-terminal domain that is not conserved in

eIF1, although at high concentrations the C-terminal domain of IF3 can function in place of full-

length IF3 (Lomakin et al. 2006).

Cryo-EM reconstructions of the yeast 40S subunit and 40S-eIF1-eIF1A complexes, refined to

y20 Å, clearly show significant conformational changes in the 40S subunit upon factor binding

(Passmore et al. 2007). The association of eIF1 and eIF1A together appears to stabilize a 40S

conformation that ‘opens ’ the mRNA binding cleft. This conformational change is observed as a

significant movement in the latch of the mRNA entry channel that has previously been proposed

to clamp around mRNA (Frank et al. 1995). This latch is formed by helix 18 and 34 of the 18S

rRNA and likely governs accessibility of mRNA to the binding cleft located between the head

and body of the 40S subunit. This latch region is indicated in Fig. 2, close to the mRNA entry

channel. In addition a new connection between the head and shoulder on the solvent exposed

surface of the 40S subunit is formed, perhaps between helix 16 and rpS3. This connection may

help to stabilize the conformation of the 40S subunit so that the open latch conformation is

maintained.

Interestingly, this ‘open’ conformation of the mRNA binding cleft was first observed in a

cryo-EM reconstruction that investigated the association of the hepatitis C virus (HCV) mRNA

with the 40S subunit (Spahn et al. 2001b). The mRNA of HCV contains a structure in its 5k UTR
known as an internal ribosome entry site (IRES). These IRESes are believed to directly recruit
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the ribosome independently of the 7-methyl guanosine cap at the 5k end of the mRNA. The HCV

IRES forms a tertiary structure that binds with high affinity to the 40S subunit and promotes

initiation of protein synthesis directly at the AUG codon (reviewed in Fraser & Doudna, 2007 ;

Pisarev et al. 2005). Importantly, only eIF2�GTP�Met-tRNA and eIF3 are required for initiation

by this IRES structure. The association of the IRES with the 40S subunit appears to promote the

opening of the mRNA binding cleft in a similar way to that induced by the association of eIF1

and eIF1A. This perhaps explains why these factors are not required for correct binding of this

mRNA to the 40S subunit (Pestova et al. 1998b).

4.5 Fluorescence techniques

Fluorescence spectroscopy is widely used to observe dynamics in macromolecular complexes. In

the ribosome field, fluorescence-based methods have been used to detect changes in confor-

mation during the individual stages of protein synthesis. These studies can be carried out using

relatively simple steady-state emission intensity that is routinely used to measure the formation of

complexes and conformational phenomena in biological molecules. In addition, including a

stopped flow apparatus allows for more complicated time-resolved studies to be made. The

appearance of modern fluorimeters has considerably simplified the effort needed to record and

interpret the data produced by these experiments. These methods can utilize intrinsic tryptophan

fluorescence of proteins or specific fluorescent tags that have been covalently attached to pro-

teins or RNA. Changes in fluorescence intensity upon binding of a ligand or the Förster reson-

ance energy transfer (FRET) between two fluorescent probes in close proximity can be used to

quantitatively study ribosome and ligand dynamics.

Not surprisingly, fluorescence-based studies have been used to determine thermodynamic and

kinetic parameters during stages of initiation, elongation, termination and recycling, particularly

on bacterial ribosomes. For example, studies have indicated that the association and movement

of mRNA on the ribosome can be detected by changes in fluorescence intensity of a probe

attached to the 3k end of the mRNA. During its association and movement through the ribo-

some’s decoding center, the mRNA fluorescence increases and thereby tracks its position (Studer

et al. 2003 ; Peske et al. 2005). The association and movement of tRNA on the ribosome during

elongation have been also determined by using fluorescently labeled tRNAs (Pan et al. 2007). In

addition, the association and movement between ribosomal subunits has been observed by

measuring FRET efficiency between dyes attached to the small and large subunits (Peske et al.

2005 ; Ermolenko et al. 2007). These fluorescent methods have the advantage of being carried out

in solution with relatively small amounts of material.

Affinities of purified cap-binding eukaryotic initiation factors and eIF3 for mRNA were deter-

mined using fluorescence intensity changes upon binding (Goss et al. 1990a, b, 1987). In addition,

the association of eIF3 with the 40S subunit was determined by laser light scattering, which is a

method that measures the change in size during the formation of a macromolecular complex

(Goss et al. 1988 ; Goss & Rounds, 1988). More recent studies have investigated the process of

AUG recognition during eukaryotic initiation using fluorescent techniques in a reconstituted

purified yeast system. eIF1 and eIF1A, two initiation factors involved in 40S subunit–mRNA

binding and AUG recognition, bind cooperatively to the 40S subunit as determined by a change

in the affinity of either initiation factor on the surface of the 40S subunit in the presence of the

other protein (Maag & Lorsch, 2003 ; Majumdar et al. 2003). This affinity change was detected

using fluorescence polarization, an approach used previously for bacterial initiation factor
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binding to the 30S subunit (Weiel & Hershey, 1981 ; Zucker & Hershey, 1986). Fluorescence

polarization, or fluorescence anisotropy, assays the rotational diffusion that occurs by Brownian

motion of a molecule over time. When excited by linearly polarized light, the

fluorophore attached to a macromolecule emits light and the degree of polarization of this

emitted light reflects the rotation of the macromolecule during the well-defined fluorescence

lifetime of the fluorophore. Experiments of this kind can determine the ligand dissociation

constant, because free ligands rotate much faster than ligands bound to a larger molecule. The

cooperative binding of eIF1A and eIF1 to the 40S subunit was found to be indirect, suggesting

that changes occur in the conformation of the 40S subunit upon binding of each initiation factor

(Maag & Lorsch, 2003). Notably, although each possesses a high affinity for the empty 40S

subunit, they dissociate rapidly as shown by sucrose gradient centrifugation (Majumdar et al.

2003). In addition, the affinity of IF1 for the 30S subunit is also enhanced by the presence of IF3,

indicating a likely conformational change in the 30S subunit upon binding of each initiation

factor (Zucker & Hershey, 1986).

A FRET assay has been utilized to measure the interaction between eIF1 and eIF1A on the

surface of the 40S subunit (Maag et al. 2005). While FRET is actually a radiationless dipole–dipole

transfer of energy, it is possible to think of the assay as monitoring overlap of emission and

excitation of the two dyes. In this sense, a donor fluorophore is excited with a specific wave-

length of light and emits light at a longer wavelength. The acceptor fluorophore is excited by the

wavelength of light emitted by the donor and then emits light at a specific wavelength. However,

this only occurs if the two fluorophores are in close proximity (0–10 nm). Conformational

changes are observed when the distance between the two fluorophores is altered, resulting in a

FRET change. Interestingly, in response to AUG codon recognition the distance between the

C-termini of eIF1 and eIF1A changes in the presence of the eIF2�GTP�Met-tRNAi complex,

indicating a conformational change on the surface of the 40S subunit. This was determined by

modifying the C-terminus of eIF1A with fluorescein (donor) and the C-terminus of eIF1A with

TAMRA (acceptor). The conformational change also reduces the affinity of eIF1 for the 40S

subunit, which likely results in its dissociation from the complex (Maag et al. 2005 ; Cheung et al.

2007).

In a separate fluorescence study, the association between mRNA and the 40S subunit was

investigated using purified human components. Interestingly, a fluorescently labeled short 20

nucleotide unstructured mRNA was shown to possess a high affinity for the 40S subunit in the

absence of other initiation factors (Fraser et al. 2007). This was determined by fluorescence

anisotropy and suggests that the 40S subunit has high affinity for mRNA in the absence of any

initiation factors. Interestingly, the association of eIF3j with the mRNA binding cleft of the 40S

subunit significantly reduces the affinity of mRNA to the 40S subunit, perhaps via a change in

conformation of the 40S subunit or physically blocking part of the mRNA binding cleft. High-

affinity mRNA binding in the presence of eIF3j is restored upon recruitment of the

eIF2�GTP�Met-tRNAi complex, even though eIF3j remains in the mRNA binding cleft (Fraser et

al. 2007).

Clearly, fluorescence techniques can provide a wealth of information regarding the association

of initiation factors with the 40S subunit and the dynamics that the components undergo during

steps in protein synthesis. Although to date these fluorescence methods have only been used to

study initiation complexes possessing a subset of initiation factors, the ability to reconstitute large

multi-component factors and ribosomal particles should enable further dissection of ribosome

dynamics during translation initiation. In addition, it will be important to determine the kinetics
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of initiation using these techniques to fully understand the sequence of events that must take

place.

4.6 Single-molecule analysis

Stalling and viewing the ribosome at specific intermediate states has provided molecular ‘ snap-

shots ’ of the stages of protein synthesis. However, it is unlikely that all intermediate states can be

captured in this system. Instead, a complete understanding of protein synthesis will require

determining the structural and energetic landscapes of ribosomal conformations that give rise to

thermodynamic and kinetic behaviors. Bulk studies measure macromolecular dynamics of a mix-

ture of molecules. Because the molecules cannot be distinguished, only their average behavior

can be determined. In contrast, single-molecule studies explore the properties of individual

molecules by isolating them via chemical tethering or photon traps. Single-molecule studies have

been useful in understanding many biological processes and have recently been the subject of

numerous reviews (Zhuang, 2005 ; Myong et al. 2006 ; Tinoco et al. 2006 ; Greenleaf et al. 2007). In

general, three methods for the isolation and characterization of single molecules have become

popular in these studies. Atomic force microscopy (AFM) has been applied to many biological

molecules to study dynamics and the forces required to carry them out. In particular, a recent

study determined the dynamics of unwinding of RNA structure by helicases involved in

eukaryotic protein synthesis using AFM (Marsden et al. 2006). Other studies immobilize

macromolecules on a surface such as a quartz cover slip and their identification is possible by the

attachment of a fluorescent marker and visualization using a fluorescence microscope.

Attachment of molecules to surfaces for single-molecule analysis often uses specific interactions

such as a biotin-streptavidin bridge (Ha et al. 1999). Alternatively, the use of optical tweezers

allows the attachment of a single molecule to a bead that is held in a tightly focused laser beam to

trap the particle. Force can be measured, or applied externally during an experiment.

Early work using single-molecule spectroscopy determined that bacterial ribosomes attached

to mica surfaces were functional in protein synthesis and allowed measurements of elongation

rates ( Jia et al. 1997 ; Sytnik et al. 1999). More recently, the attachment of mRNA to microscope

coverslips allowed for tRNA dynamics to be visualized on elongating bacterial ribosomes. These

studies used single-molecule FRET to determine the dynamics of tRNA as it binds and functions

on the ribosome (Blanchard et al. 2004a, b). tRNAs bound to the A- and P-sites of the ribosome

transitioned through different FRET states, indicating tRNA movements within the ribosome.

Previously unidentified dynamic hybrid intermediate states were revealed using this method, and

together with previous bulk kinetic analyses, have provided new insights into tRNA selection and

kinetic proofreading (Rodnina & Wintermeyer, 2001 ; Blanchard et al. 2004a, b ; Gromadski &

Rodnina, 2004 ; Myong et al. 2006 ; Munro et al. 2007).

An optical tweezer assay has been used to analyze the forces generated between the ribosome

and the mRNA during the formation of the first peptide bond (Uemura et al. 2007). The SD

sequence anchors the 30S subunit near the start codon, via direct base paring with the 16S rRNA.

This interaction is required for the stability of the initiation complex, but it must be broken as the

elongation of protein synthesis commences. Recently, X-ray structures have provided snapshots

of the conformational changes that occur during this event (Yusupova et al. 2006 ; Kaminishi et al.

2007). However, analysis by single-molecule techniques suggests that it is in fact the formation of

the first peptide bond that results in these conformational changes. An mRNA was attached to a

coverslip via a biotin tag while the 30S subunit was attached to a bead held in a laser trap. The

Quantitative studies of ribosome conformational dynamics 181



connection of the ribosome to the bead involved introduction of a stable RNA loop engineered

into the 16S rRNA, which is subsequently hybridized to a digoxigenin-modified oligonucleotide.

This study measured the force required to rupture the interaction between the mRNA and the

ribosome. Interestingly, upon formation of the first peptide bond, weakening of the interaction

between the SD sequence and the 30S subunit reduced the force needed to rupture it. This

provided evidence that a signal from the peptidyl transferase center on the 50S subunit somehow

disrupts the mRNA contacts with the 30S subunit (Uemura et al. 2007).

Although no single-molecule experiments have yet been carried out with the eukaryotic

ribosome, there is great potential to study the initiation of eukaryotic protein synthesis using

these methods. In particular, the potential of analyzing a scanning 40S subunit is an attractive

possibility.

5. Conclusions and future perspectives

Resolving the dynamic behavior of the ribosome during the stages of protein synthesis continues

to be a significant challenge. The initiation of eukaryotic protein synthesis is much more complex

than the initiation events observed in bacteria. The expanded set of initiation factors utilized by

the eukaryotic ribosome relative to bacterial systems reflects a more highly regulated initiation

process. Over the past decade, many structural details of eukaryotic initiation factors, or domains

of these factors have been revealed by the appearance of crystal or solution NMR structures.

However, these static structures may not indicate the conformation of the individual factors

when associated with the 40S subunit. The emergence of cryo-EM reconstructions of the 40S

subunit is also providing a structural framework for understanding ribosome function and dy-

namics at low resolution. However, high-resolution structures of initiation factor complexes and

the association of these factors with the 40S subunit are still lacking. It is hoped that these will

emerge in the coming years to enhance our understanding of their structure and function.

Many advances have been made in analyzing the 40S subunit conformation in stalled or

blocked complexes using a combination of the methods reviewed here. Chemical modification

techniques have enhanced our knowledge regarding rRNA nucleotides involved in promoting

functional complexes, but without higher resolution structures it is difficult to determine whether

these are direct or indirect effects. However, these data combined with data generated using site-

directed hydroxyl radical probing has allowed for modeling with some confidence the placement

of some factors on the 40S subunit. However, it should be remembered that such thermo-

dynamically stable complexes might not be true initiation intermediates. In addition, it is likely

that not all intermediate states may be visualized by using these techniques.

The use of fluorescent techniques is adding to our knowledge of ribosome dynamics. In

particular, the attachment of fluorescent probes to allow FRET studies is uncovering important

information regarding conformation changes during the stages of initiation. However, many of

the studies to date have only analyzed these events in a purified system that uses a subset of

initiation factors. Although a considerable challenge due to technical reasons, it is hoped that

such experiments will eventually be possible in a system that utilizes a full compliment of factors.

In addition, the emergence of time-resolved methods such as kinetic footprinting and single-

molecule analysis are likely to enhance our understanding of the conformational changes that

occur during eukaryotic protein synthesis initiation in real time.

In summary, the results obtained from the many different approaches discussed here have

begun to converge and promise to yield a more detailed view of the initiation of eukaryotic
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protein synthesis in the future. However, although the functions of many initiation factors are

now becoming clear, our molecular understanding of how eukaryotic ribosomes initiate protein

synthesis is still limited. In particular, the mechanism of how the 40S subunit once bound to an

mRNA migrates along the 5k UTR during scanning has not yet been elucidated and will clearly be

a significant challenge for the next decade.
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