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Introduction.
The cellular particle central to protein synthesis is the 

ribosome. The prokaryotic ribosome of Escherichia coli can be 
dissociated into 3 OS and 5 OS subunits. The 50S subunit 
contains 23S ribosomal RNA (rRNA) 2904 nucleotides in length, 
5S rRNA 120 nucleotidase in length, and 32 different proteins 
designated L1-L32. The 30S subunit contains 16S rRNA 1542 
nucleotides in length and 21 proteins designated S1-S21. 
(Figure 1) . Current interest in the ribosome has been spurred 
on by the discovery of catalytic RNA and it is now believed 
that rRNA plays an important role in protein synthesis.

1.0 Ribosome Structure and Function.
1.1.0 Ribosomal RNA Processing, Structure, and Function.
1.1.1 Ribosomal RNA Processing.

Although the primary structure of the rRNAs is extremely 
variable between organisms, there exist regions of primary 
sequence which are highly conserved phylogenetically. These 
sequences were the first to be extensively studied for their 

involvement in translation and are often implicated in the 
fundamental processes of the ribosome.

As stated above, the E, coli ribosome contains three 

different RNA molecules; the 23S rRNA and 5S rRNA found in the 
SOS subunit, and the 16S rRNA found in the 3OS subunit. The 
complete sequences of these RNAs were of the first ribosomal 

RNAs to be elucidated.
The processing of the prokaryotic RNAs involves the



action of multiple ribonuclease enzymes which specifically 
cleave the 165 and 235 pre-rRNA to form the mature rRNAs. Of 
those enzymes, ribonuclease III and ribonuclease M16 and M23 
are the most important. Ribonuclease III recognizes large 
stem structures formed by the flanking regions of the 165 and 
235 rRNA transcripts and produces specific cleavage sites 
along this stem. This leaves the mature 165 or 235 rRNA 
attached to a smaller stem structure which is then cleaved off 
by the action of either ribonuclease Ml6 or M23 respectively 
to form the mature rRNA.^

The processing of 55 rRNA involves three different 
ribonuclease enzymes, RNase III, RNAse E, and RNase MS. 
Ribonuclease III cleaves the 235 pre-rRNA in the flanking stem 
region as discussed above and thus releases the pre-5S rRNA 
for the action of RNase E. RNase E cleaves the 55 rRNA at 
specific sites leaving about three nucleotides on both the 3 * 
and 5* end. These nucleotides are the recognized and trimmed 
off of the mature 55 transcript by RNase MS

The list of sequenced rRNAs is continuing to grow and now 

there are several thousand rRNAs from both eukaryotes, and 
prokaryotes for which sequences are known. By comparing the 
sequences between organisms, it now appears that other than 

the highly conserved nucleotides, the primary sequence has 
little to do with the overall function of the ribosome, and 
that the overall structure of the rRNAs within the ribosome is 

what is conserved in evolution.
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Figure 1. Model of the 3OS subunit, 5OS subunit, 
and 70S ribosome adapted from electron 
microscopy.



1.1.2 Ribosomal rRNA Secondary Structure.
The secondary structure of rRNA is determined by base 

pairing of the primary sequence to form single-, double-, and 
triple- stranded structures. The secondary structures of the 
E,coll rRNAs are divided into functional domains designated I- 

III and 3* minor domain for the 16S rRNA, (Figure 2) and I-V 
for the 23S rRNA. (Figure 3-4). These domains contain both 
core, and variable regions. The core regions appear to have 
similar structures in all rRNAs, even though the primary 
sequences may be vastly different. Phylogenetic comparisons 
have been the most fruitful technique in determining the 
secondary structures of the rRNA molecules. By comparing the 
sequences of the rRNA over a broad range of organisms, a 
sequence conservation plot is constructed which displays 

secondary structure and suggests universally conserved 
sequences which may have functional roles.

By combining phylogenetic analysis with experimental 

probing, the secondary structure of the rRNA is further 

resolved. In this case, single or double-strand specific 

nucleases, chemical probes, or other nulceic acid modifiers 
are used to either digest or modify the rRNA. Because the 
modifiers are single-strand specific, double- stranded helices 

which are suggested by the phylogenetic analysis are immune to 
digestion or modification and the data can be used to support 
the phylogenetic findings. The secondary structures of the 

rRNAs from several organisms are now well characterized using



phylogenetic and experimental approaches.

1.1.3 Ribosomal rRNA Tertiary Structure.
The tertiary structure of the rRNA is formed by the 

folding of the secondary structure into a three dimensional 
structure through base pairing, hydrogen bonding, and coaxial 
stacking. These interactions are further stabilized by 
interactions with metal ions, and ribosomal proteins. Without 

crystallographic data the tertiary structure of large RNA 
molecules is very difficult to determine. Many of the 
nucleotides involved in tertiary structure are likely to be 

highly conserved and are difficult to find using a 
phylogenetic approach. Additionally, intra-rRNA nucleotide 
interactions are much less common than secondary base pairing, 

and the interactions between those bases are likely not 
constrained by classical Watson-Crick base pairing. In fact, 
in the smaller RNA molecules such as tRNA and several stable 

RNA hairpin structures in which the three dimensional 

structure has been deduced by NMR or crystallography, there 

are a plethora of bizarre intra-RNA interactions including 

Hoogsteen base pairing and bonding between the bases and the 

sugar phosphate backbone.̂  In large rRNAs there are probably 

many of these un-classical bonding patterns which makes 
solving the tertiary structure much more difficult.

Regardless of those difficulties, several research groups 
have begun modelling the tertiary folding of the E. coli 5S,



16S, and 23S using data from many different sources.*’’ 

Modelling of the 16S rRNA has received the most attention due 
to the large amount of data already produced on this molecule, 
and the 3OS subunit. Basically the researchers constrain the 
structure of the 16S rRNA based on the secondary structure, 
the proximity to ribosomal proteins, interaction with 

ribosomal proteins, and RNA-RNA crosslinks. Using these 
constraints, the general path of the 165 rRNA is traced 

through the 305 subunit, and the general location of the 

major domains and helices are known. The efforts of these 
laboratories have yielded several models of the tertiary 
folding of the 165 rRNA, but the models are still very 

general, and far from an atomic picture of the actual 
structure.

1.2 Ribosomal Protein Structure and Function.
The E,coll ribosome contains 55 proteins. The 305 

subunit includes 21 proteins designated 51-521, and the 505 
subunit contains 34 proteins designated L1-L34. Except for 

four proteins, 51, 56, L7, and L12, all the ribosomal proteins 
are basic and range in size from 9000 to 35000 Da.^°

Initially, considerable effort in ribosomal research was 

devoted to the study of the r-proteins. This was largely due 
to the fact that the techniques for studying proteins at the 

time were far more advanced than the techniques to study 

nucleic acids. In addition, catalytic RNA had not been
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lî o -u u
3Î§u . @c

CO o'_g-c
lEë0 • c 

o • u •Q
j-a'*-c-oC —or U - AO-C —750

“I.

t 650
.  A * C  \ U A  \ U

A ^ C C U O O O  U O C A U C U O A  C U O O C A A O C  
- C  Mill I I I I I I I I I . I I I - I .

W g O O O C C C  O U O U A O A C U  O A U U O U U U O  < / '  
S j ^ A *  ' A 1 - C600

UA
Uq!K

u
1-1A " o-aooA U -A Aoc- a “So - u
!E;_g:&(̂J ̂ CC

-*ou®

u""=o
I nU — A

aACOAOCI I I I I IaUQcuco
®**c I rCCUUA UCCUUU@Uu"cC coouc! 1 ! I I 11 I « I I Ml - c

1150
A  ̂A

- s : à  ,'»> V A

. A  U Q A Q A A U O“ I M • II • 
o A C U U u u a^^

N. C*Ju 
#■'
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16S rRNA from E. coli.
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discovered and it was therefore thought that the enzymatic 
activities of the ribosome must be carried out by the 
proteins. Since that time all of the primary sequences of the 
E. coli r-proteinsroughly half of the r-proteins in S, 

c e r v e s i a e and many of the rat-liver r-proteins^^ have been 

determined. Phylogenetic comparison between the E. coli 

sequences and eukaryotic r-protein sequences has revealed few 
statistically significant correlations. Only eight proteins 
of E. coli appear to be related to the eukaryotic r-proteins.

The secondary and tertiary structure of some of the 
ribosomal proteins has been worked on as well, but only two, 
L6, and L30, have been completely crystallized and the atomic 

structure determined. The structure of the C-terminal end 

of L7-L12 has also been determined through crystallography. 

In general, other than the sites of interaction with the rRNA 
the secondary and tertiary structures of the ribosomal 
proteins have not been very informative.

As stated above, with a few exceptions, the r-proteins 
which were once thought to the supply the enzymatic activities 
of the ribosome have not been found to have many important 

functional aspects in translation, other than creating the 
overall structure of the rRNA. Individual functions of some 
of the r-proteins have been found for only a handful of 
p r o t e i n s . ( T a b l e  1) . The lack of functional significance 

of the r-proteins, however, is also probably a reflection of 

a lack of study on their structures and functions, and they

10



are inherently difficult to isolate and characterize.
Although ribosomal research was initiated in the protein 

field, almost all of the study devoted to ribosomes today is 
now focused on the rRNAs. The present knowledge of the r- 
proteins is far from complete and needs much more in depth 
study to reveal what will most likely be many important 
functions.

1.3 Ribosome Structure.
Having the ribosomal RNA and ribosomal protein identities 

fairly well characterized has allowed ribosomal investigators 
to start modelling the ribosome. The ribosome has been 

visualized by electron microscopy and the locations of the 
ribosomal proteins within the ribosome structure have been 

well studied. Ribosomal proteins have been positioned 
relative to each other using several techniques. Digestion of 
the ribosomal subunits with nucleases yield ribonucleoprotein 

complexes containing several r-proteins. These complexes 

serve as protein neighborhoods to which data produced by 

chemical crosslinking can be compared.

Another technique used to position the r-proteins 

relative to each other is immune-electron microscopy.Using 

specific antibodies raised to the individual proteins, the 
localization of most of the E. coli ribosomal proteins on the 
subunit or ribosome has been directly visualized. In addition, 

the antibodies can be used in fluorescent energy transfer

11



Table 1. Ribosomal Proteins & Functions 
Small Subunit Proteins
SI: Interacts with Initiation Factor 3 (IF3) .
S4: Affects decoding of mRNA; may bind Release Factor 2

(RF2).
S5: Affects decoding of mRNA; may bind RF2.
S6: May interact with termination codons.
S7: May interact with mRNA.
SIO: May bind RF2.
S12: Affects decoding of mRNA; Interacts with streptomycin.
S18: May interact with termination codons.
521: Affects mRNA binding.
Large Subunit Proteins

LI: Affects tRNA binding in the Exit-site (E-site).
L2: May interact with termination codons; may be involved

with petidyl transfer.
L7/L12: May affect GTP hydrolysis rates; binds RF2; interacts 

with tRNA during elongation.

LIO: May interact with termination codons; affcts
elongation.

Lll: May bind RF2; affects thiostrepton binding.
L16: May be involved with peptidy1 transfer.
L27: May be involved with peptidy1 transfer.

12



studies to measure the distances between the proteins. But, 
the most accurate method in determining protein distances has 

been neutron scattering.^^ This technique uses reconstituted 
ribosomes in which two of the proteins isolated from E, coli 
grown in media containing deuterium. By analyzing the 
diffraction pattern of the ribosomes containing the deuterated 
proteins, the relative positions of the proteins to each other 
can be determined. The protein locations determined by 
neutron scattering have been the backbone of all the 3OS 
subunit model building to date. Combining the data produced 
by these techniques has produced models of the topography of 
the r-proteins in the ribosome.

1.3.1 Small Subunit Structure and Function.
As stated above the E, coli 3OS subunit contains a 16S 

rRNA species and 21 different proteins. Once fully assembled 
the subunit has the dimensions of approximately 

220Âx220Ax100Â.^^ From electron microscopic observation it 

appears that the 3OS subunit has distinct head, cleft and 
platform regions. As discussed above, several research groups 
have begun modeling the structure of the 3OS subunit using 
data obtained from a variety of sources. There are now 
several working models of the 3OS subunit which are constantly 

undergoing revision.®’

Within the 3OS subunit the most important structural area 

appears to be the decoding domain which has been located in

13



the cleft region as visualized by electron microscopy. This 
domain contains the last 140 nucleotides of the 3* end of the 
16S rRNA as well as proteins SI and S21. This region of the 
163 rRNA has been shown to interact both with the anticodon of 
tRNA, and with the mRNA through the Shine-Delgarno sequence. 
Proteins SI and S21 have also been implicated in IF-3 binding 
and interaction with the mRNA. It is now theorized that the 
path of the mRNA may be through the cleft of the 3OS subunit 
where the codon anti-codon interaction between the mRNA and 
the tRNA takes place. Again, as more data are added to the 
growing understanding of the ribosome, the models will be 
progressively more accurate.

1.3.2 Large Subunit Structure and Function.
The B. coli 50S subunit contains 34 proteins, 23S rRNA, 

and 5S rRNA. It has the overall dimensions of approximately 

250Âx25OÂxlS0Â.̂  Electron microscopy reveals three major

features of the subunit including the L7/L12 stalk, the LI 

ridge, and the central protuberance.̂  In addition, there now 

appears to exist a large tunnel through the center of the 503 

subunit, which may act as a channel for the nascent peptide 
chain to pass through during translation. The existence of 

this tunnel, however, is still debated. As with the 303 
subunit, the positions of the 503 r-proteins have been 
established relative to each other, and the folding of the 233 

and 53 within the subunit is starting to take shape. The

14



positioning of the proteins, however, has not been completed 
by neutron scattering, but through cross-linking and immune 

electron microscopy. Therefore, the 50S subunit r-protein 
positions are much less accurate and the working models of the 
5OS subunit are far behind the resolution of the 3OS subunit.

Within the 60S subunit, there appear to be three 
important structural domains; the GTPase domain, the 
elongation factor domain, and the peptidyltransferase domain. 

The GTPase domain is located in the stalk region of the 
subunit and is associated with nucleotides 1040 through 1100 
of the 23S rRNA and proteins Lll, and L7/L12. This region is 

important in binding Elongation Factor-G (EF-G) and is 
associated with the modulation of the rate of GTP hydrolysis. 
In addition the nucleotides in the vicinity of 1066 appear to 
be the site of action for the antibiotic thiostrepton, which 
acts by inhibiting the binding of EF-G.^

The other elongation factor domain is associated with 

nucleotides 2650 through 2680 of the 23S rRNA and proteins L3 

and L6. This region is placed approximately at the base of 
the stalk within the body of the 50S subunit. This domain is 

associated with the binding of elongation factor Tu (EF-Tu) 

and EF-G. Much study has been focused on this area since it 
is the site of action for the cytotoxins a-sarcin and ricin.

Perhaps the most important domain of the entire ribosome 

is the peptidyltransf erase domain. This domain is

associated with nucleotides around 2060, 2450, 2500, and 2600

15



as well as proteins L2, L16, and L27. This domain is
approximately located at the base of the central protuberance 
within the body of the 50S subunit. Within this region lies 
the putative peptidyltransferase center (PT) where the amino- 
acyl bonds are formed during protein synthesis. There is 
growing evidence implicating this region as the catalytic core 
of the ribosome, including crosslinks between the rRNA and 5* 
end of tRNA,^° crosslinks between rRNA and the aminoacyl moiety 

of tRNA,^^ and crosslinks between the rRNA and the antibiotic 

puromycin^^ which acts by stopping the formation of the growing 

amino acid chain. This area of rRNA has probably received 
more attention in structure and function studies of ribosomes 
than any other, but the actual mechanism in which the peptide 
bonds are catalyzed by the ribosome is still a mystery.

1.3.3 70S Ribosome Structure.
When the 3OS and 50S subunits associate during initiation 

the 70S ribosome is formed. The E* coli 70S ribosome has the 
approximate dimensions of 170Âx230Âx250Â.^^ During association 
the 3OS and 50S subunits both undergo conformational changes 

and contact is made at a specific single region. Above this 
contact region there now appears to exist a large open area 
between the subunits in which the components of translation 
such as mRNA, and tRNA molecules can fit.* This area has been 

dubbed the interface canyon and is visible in high resolution 

electron micrographs. Researchers speculate that it is within

16



this interface canyon that the work of the ribosome is 
performed. The path of the mRNA and tRNAs during decoding and 

peptide linkage is presumed to flow through the canyon and 
through the cleft of the 3OS subunit during which time the 
nascent peptide chain is shunted through the proposed tunnel 
in the 50S subunit to the cytosolic side of the ribosome. 
While these images may be very attractive and make common 

sense, there is little experimental evidence for the path of 
the translational components during protein synthesis, so most 
of these suggestions remain in the realm of theory.

It should be noted, however, that since the ribosome is a 
dynamic particle, the conformation of the rRNA and the 
proteins is certainly changing during protein synthesis, so 
many intermediate or transition structures exist. This 
statement also holds true for the tertiary structure and, to 

a lesser extent, the secondary structure.

1.4 Translation.

Translation involves the interaction of many cellular 
components with the ribosome. These include mRNA, tRNA,

initiation factors, elongation factors, release factors, GTP, 

and other many other molecules. The sites of interaction of 
these components with the ribosome have been investigated 
using a variety of techniques and the basic stages of protein 
synthesis have been described, which include initiation, 
elongation, and termination.

17



1.4.1 Initiation.
Initiation begins by forming a complex between the 3OS 

subunit, initiation factor-1 (IF-1) and initiation factor-3 
(IF-3). (Figure 5) . At this point the mRNA is aligned on the 
ribosome, in part through an interaction between the Shine- 
Delgarno region of the mRNA and the anti-Shine-Delgarno region 
of the 16S rRNA, and by interactions with IF-1 and IF-3. A 
ternary complex of fMet-tRNA/1F-2/GTP then binds to the 3OS 
subunit releasing IF-3. Initiation is completed when the 60S 
subunit binds, IF-1 and IF-2 are released, and the GTP 

molecule is hydrolyzed. The initiation complex at this stage 
contains an interaction of the anticodon of the fMet-tRNA with 
the AUG start codon of the mRNA in the peptidyl-tRNA binding 

site (P-site) of the 70S ribosome. (Figure 5)

1.4.2 Elongation.

Elongation begins with the addition of a tRNA coding for 
the next codon. This step starts with the association of an 

elongation factor-Tu (EF-Tu)/GTP/aminoacy1-tRNA (aatRNA) 
complex with the ribosome. The tRNA is checked for fidelity 

by the ribosome, with non-cognate tRNA molecules being 

rejected, and the proper tRNA accepted with the release of EF- 
Tu/GDP. The ribosome now contains an initiator tRNA in the P- 

site, and an elongator tRNA in the acceptor tRNA site (A- 
site) . The amino group of the A-site amino acid is then 
presumably used in a nucleophilic attack on the carbonyl

18



carbon of the P-site amino acid. The peptide bond is formed, 
with the subsequent movement of the deacylated tRNA from the 
P-site to the exit site (E-site) and the elongated peptide 
covalently attached to the tRNA which is translocated to the 
P-site.

This translocation of the mRNA and tRNA takes place with 
the interaction of elongation factor-G (EF-G) and the
hydrolysis of GTP. EF-G is then removed leaving the A-site 
empty and ready for another round of elongation. (Figure 6 ). 

The nascent peptide chain is terminated when a stop codon on

the mRNA is read. (Figure 6 )

1.4.3 Termination
Termination is performed by release factor-1 (RF-1) or 

release factor-2 (RF-2) depending on the termination codon and 

ends in the hydrolysis of the peptidyl-tRNA bond and the 
release of the peptide from the ribosome. The release of the 
nascent peptide chain from the ribosome involves the

interaction of EF-G and a ribosome release factor (RRF)
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tRNA-phenanthrol ine complex to specific sites on the ribosome, 
the position of the entire tRNA molecule when bound to all the
binding sites could be mapped.
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Figure 16. Most probable orientation of the phenanthroline 
group in the tRNA-OP molecule.
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