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Biological Implications of the Ribosome’s Stunning

Stereochemistry

Ella Zimmerman and Ada Yonath*?

The ribosome’s striking architecture is ingeniously designed for its
efficient polymerase activity in the biosynthesis of proteins, which
is a prerequisite for cell vitality. This elaborate architecture is
comprised of a universal symmetrical region that connects all of
the ribosomal functional centers involved in protein biosynthesis.
Assisted by the mobility of selected ribosomal nucleotides, the
symmetrical region provides the structural tools that are required
not only for peptide bond formation, but also for fast and

Introduction

Gene expression requires machinery for the translation of
linear DNA sequences into the corresponding linear sequences
of amino acids that will eventually become proteins. The com-
plex apparatus responsible for this process is comprised of
over 100 cellular components, among them RNA-rich particles,
associated with the endoplasmic reticulum, that were detected
in the middle of the 20th century and have been suggested to
provide sites for gene expression.? These particles, which
were initially called “Palade Particles” and later “ribosomes,”
are the main players of this process. They act as the largest
known macromolecular enzymes and provide the machinery
for this process. Constant programmed cell death (correspond-
ing with constant protein degradation) requires the simultane-
ous production of proteins. Hundreds of thousands of ribo-
somes are present in typical mammalian cells. Quickly replicat-
ing cells, for example hepatocytes, can contain a few million
ribosomes, even bacterial cells can contain up to 100000 ribo-
somes during their logarithmic growth period.

Ribosomes act as polymerases that synthesize proteins by
adding one amino acid at a time to a growing peptide chain,
while translocating along the messenger RNA (mRNA) tem-
plate. They produce nascent proteins on a continuous basis at
an incredible speed of about 20 peptide bonds per second,
and the entire process is highly regulated by various transla-
tion factors. Intensive biochemical research over the last half
century has resulted in a fairly detailed description of various
ribosomal functions, as well as in the physicochemical charac-
terization of the ribosome’s numerous components. These
studies showed that in all species ribosomes are built of two
unequal subunits that associate to perform protein biosynthe-
sis. Each subunit is a giant assembly of long chains of riboso-
mal RNA (rRNA), in which many ribosomal proteins (r-proteins)
are entangled. The ratio of rRNA to r-proteins (~2:1) is main-
tained throughout evolution, with the exception of mammali-
an mitochondrial ribosome, in which almost half of the bacteri-
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smooth successive elongation of nascent proteins. It confines the
path along which the A-tRNA 3'-end is rotated into the P-site in
concert with the overall tRNA/mRNA sideways movement, thus
providing the required stereochemistry for peptide bond forma-
tion and substrate-mediated catalysis. The extreme flexibility of
the nucleotides that facilitate peptide bond formation is being
exploited to promote antibiotic selectivity and synergism, as well
as to combat antibiotic resistance.

al rRNA is replaced by r-proteins. Within the assembled func-
tional ribosome (Figure 1A), the small subunit provides the
path along which the mRNA progresses, the decoding center,
and the mechanism that controls translation fidelity. The large
subunit contains the catalytic site, where the polymerization of
amino acids occurs, and the protein exit tunnel, along which
nascent proteins progress until they emerge out of the ribo-
some.

The tRNA molecules that carry the amino acids to be incor-
porated into the growing nascent chains are double-helical,
L-shaped molecules that contain an anticodon loop, which
matches its complementary three-nucleotide codes on the
mRNA, and a 3’-end, which is a single strand with the universal
sequence CCA, to which the cognate amino acid is bound co-
valently. The tRNA molecules are the non-ribosomal entities
that combine the two subunits as their three binding sites, A-
(aminoacyl), P- (peptidyl), and E- (exit) sites, reside on both
subunits of the ribosome. At the A- and P-sites, the tRNA anti-
codon loops interact with the mRNA on the small subunit, and
their acceptor stems with the aminoacylated or peptidylated
3’-end are located on the large subunit.

Efforts initiated at the beginning of the 1980s® and followed
by two decades of progressive methodical developments,
yielded high-resolution three-dimensional structures of riboso-
mal particles and their complexes with substrate analogues, in-
hibitors, antibiotics, and non-ribosomal factors, which facilitate
the translation process and initial nascent protein folding.
These structures revealed that the ribosome’s architecture and
its inherent mobility provide the machinery for all stages of
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Figure 1. Functional mobility of the small subunit. A) The assembled 70S ribosome (obtained by docking the two ribosomal subunits, T30S® and D50S"""
based on the available structures of the entire ribosome®®'%'?): the approximate position of the decoding center (the yellow circle) is indicated. B) Superposi-
tion of all known structures of the small ribosomal subunit, showing the “front view” (namely, the intersubunit interface), represented as its rRNA backbone.
(Blue: T30S¥; pink and beige: two traceable folds among the ensemble of conformations that exist in T30S low resolution crystals;® cyan and green: the two
conformations that exist in the crystal structure of the entire ribosome from E. coli, E70S;® grey and purple: the conformation within the functional com-
plexes of the entire ribosome from T. thermophilus, T705">"®) The figure shows the main architectural features (head, platform, shoulder, and latch), the ap-
proximate positions of the mRNA channel (pink dots) and of the decoding center (D) and various folds of the “head” that indicate its functional flexibility. It
also hints at the feature that is supposed to enable the head mobility—the slender connection between it and the rest of the subunit. The directions of two
functional motions are indicated by arrows. The left arrow represents the latch-closing motion that creates a pore for the incoming mRNA. The right arrow
represents the coordinated platform-head motion. Together, these motions facilitate mRNA attachment and progression. Because the structure of the body is
almost identical in all known crystal structures, only that of T305® is shown (blue ribbons and cyan filling). C) Head mobility and its fixation by the heteropo-
lytungstate clusters. Most of the heteropolytungstate cluster molecules bound to T30S® are shown as blue balls. R-protein S2 of the two adjacent particles

(shown in purple) intertwine and provide the forces that stabilize the “head” conformation.

protein biosynthesis and enable its active involvement in the
process (reviewed in ref. [5]). Comparative analysis of these
structures, and their integration with structural observations
obtained by other methods, such as cryo-electron microscopy
(EM) and single-molecule fluorescence spectroscopy, confirmed
that while elongation proceeds, the two subunits perform co-
operatively, and all of the functional tasks that comprise trans-
lation are performed mainly, albeit not exclusively, by riboso-
mal RNA. This analysis also showed that the ribosome is a
dynamic molecular machine that utilizes conformational re-
arrangements as an integral part of the translation machinery.
Interpolations between crystal structures that represent the
various functional states enabled the dynamic description of
several key components of ribosomal function.

This article focuses on the biological implications of the crys-
tallographic findings, with an emphasis on the chemical as-
pects of the translation process. It highlights the link between
ribosomal architecture, its significant conformational mobility,
and the reactions that it catalyzes, including successive pep-
tide bond formation and tRNA release. It also addresses issues
such as chirality discrimination, the universality of the tRNA
CCA end, and the possible chaperone activity of the ribosome.
It also shed light on the chemical characterization of the action
of ribosomal antibiotics, their selectivity, synergism, and mech-
anisms for acquiring resistance to antibiotics. These target ri-
bosomes because of their key contribution to a fundamental
life process.
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Initiation and Decoding: Architectural
Considerations

The initiation of protein biosynthesis is an incredibly intricate
process.”” This dynamic step is triggered by initiation factors
and the construction of the initiation complex, which is com-
posed of the small ribosomal subunit, mRNA, and an initiator
tRNA. It hinges on the accurate positioning of mRNA on the
small ribosomal subunit, which is a prerequisite for correct
translation. As is the case for all other main ribosomal tasks,
mMRNA positioning is guided and controlled by the elaborate
ribosomal architecture, which contains a purine-rich sequence
made of a few nucleotides, called the “Shine-Dalgarno se-
quence” in prokaryotes. This sticky sequence anchors the 5'-
end of the mRNA onto the small ribosomal subunit through
the formation of numerous interactions, including base pair-
ing.”!

mMRNA binding involves a latch-like closing-opening mecha-
nism® that is performed by the small subunit by coordinated
“head"-“shoulder” and “head”-"platform” motions (Figure 1B).
These movements can be minimized either naturally, through
the entrance of mRNA into its groove on the small subunit, or
chemically, by post crystallization chemical treatment with
minute amounts of the heteropolytungstate [(NH,)¢(P,W,305,)
14H,0]. This tungstate cluster played a dual role in the deter-
mination of the structure of the small ribosomal subunit. In ad-
dition to providing anomalous phasing power, it dramatically
increased the resolution of the X-ray diffraction from the initial
7-9 A to 3 A. Further analysis showed that the tungstate clus-
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ter was securely and quantitatively attached to well-defined lo-
cations of the small subunit, thus stabilizing a selected func-
tional conformation (the “open latch”) within crystals contain-
ing more than two different head conformations (Figure 1B).
Fourteen cluster molecules bind to each of the crystallized
small ribosomal subunits through interactions with positively
charged side chains of the extended loops or with the termini
of r-proteins exposed on the ribosome surface. Among those,
four are attached to the r-protein S2, which possesses extreme-
ly flexible, long, and positively charged C and N termini (Fig-
ure 1C), in a manner that consequently influences the rigidity
of the subunit by controlling the internal flexibility of the
region surrounding the mRNA chain, and by gluing together
proximal pairs of crystallized particles.'”

Once the initiator tRNA binds to the start codon (AUG) at
the P-site, which is downstream of the sticky sequence that an-
chors and direct the mRNA binding, the construction of the ini-
tiation complex is completed. The two subunits associate, and
intersubunit bridges are formed by conformational rearrange-
ments."'¥ Local ribosome mobility also plays a major role in
the selection of the incoming aminoacylated tRNAs (aa-tRNAS)
and in proofreading translation;"*”! the inherent flexibility of
the decoding center for monitoring base pairing at the first
two positions of each codon is exploited. Noncanonical base
pairs at the third position are tolerated by the ribosome.

Among the newly formed intersubunit bridges, Bla (the A-
finger; Figure 2A and B) and B2a (the connecting element
between the peptidyl-transferase-center (PTC) environs in the
large subunit with the decoding center in the small subunit)
play key roles in substrate accommodation and positioning.
Located at the heart of the ribosome, B2a (helix H69 of the
large subunit) is a highly flexible, multifunctional feature. In
the assembled ribosome, regardless of its source (Thermus ther-
mophilus or E. coli, T70S and E70S, respectively) and/or its func-
tional state, B2a stretches out towards the small subunit and
interacts with both the A-site and the P-site tRNA mole-
cules.” ' However, in the unbound large subunit of Deino-
coccus radiodurans, D50S, it is positioned at the subunit inter-
face with a distinctly different conformation."” The significant
flexibility of the bridges that allow their conformational rear-
rangements also seems to facilitate the deactivation of ribo-
somes under unfavorable conditions. Thus, these bridges can
become readily disordered under conditions that are far from
physiological, as was observed in crystal structures of the large
ribosomal subunit from Haloarcula marismortui, H505.'®

The motions of bridge B1a, which appears to also act as a
guide for the entrance of A-site tRNA, are limited by a particu-
lar r-protein called L25, TL5, and CTC in E. coli, T. thermophilus
and D. radiodurans, respectively. This protein seems to have
evolved according to environmental conditions. In the meso-
phile E. coli, the single domain ribosomal protein (r-protein)
L25 is located on the solvent side of this bridge in a position
that prevents slippage of this bridge away from the core parti-
cle. In the thermophile T. thermophilus, one of the two domains
of r-protein TL5 is replaced by L25, and its second domain
interacts with Bla from its other solvent side so that the two
domains can hinder almost all uncontrolled motions of this
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bridge towards the ribosome periphery; this provides addition-
al stability at high temperature. In D. radiodurans, which is a
remarkably robust organism that can survive under extreme
stress conditions including starvation, irradiation, and in high
as well as low temperatures, this protein (called CTC, after a
general shock protein) replaces the E. coli r-proteins L25 and
its homologue TL5 in T50S (Figures 2A and B). Within the
known members of the CTC protein family, the CTC protein
from D. radiodurans is the longest. It contains 253 residues,
which makes it about 150 residues longer than L25 and 60 res-
idues longer than TL5. CTC contains three domains. The third
domain can reach the A-site and restrict the space that is avail-
able for the tRNA molecules. Because it is built of three long
o helices connected by a pointed slim end that can function as
a flexible hinge, CTC can control or even eliminate A-site tRNA
binding under unfavorable conditions. Hence, it might be part
of the mechanisms that D. radiodurans developed for survival
under extremely stressful conditions."

In prokaryotes, three non-ribosomal protein factors are in-
volved in initiation. Initiation factor 3 (IF3) binds to the small
subunit in proximity to the mRNA-progressing channel, and its
C-terminal domain interacts extensively with the flexible termi-
ni of r-protein $18, which protrudes into the solution. Interest-
ingly, one of the heteropolytungstate molecules that binds to
the small subunit stabilizes the conformation of the flexible
termini of r-protein S18, mimics the conformation required for
binding of the C-terminal domain of initiation factor IF3, and
competes with its binding.”>" In this position the C-terminal
domain of IF3 can interfere with subunit association and pro-
mote the fidelity of P-site codon-anticodon interactions by ex-
ploiting its inherent flexibility for positioning of its N terminus
domain. Once the initial P-site tRNA binds, the two subunits
associate to form the functional ribosome concomitantly with
IF3 dissociation.”? In eukaryotes, more regulatory factors are
involved; this increases the complexity of this step by an order
of magnitude.”

Is Substrate Positioning always Apt for Peptide
Bond Formation?

Progression of the mRNA by one codon at a time along its
defined path from the A- to the P-site in the 3'-to-5" direction
is guided by the ribosome’s architecture, which provides the
geometrical means for preventing backwards or sideways slip-
page of the mRNA, namely a kink in the mRNA path that sepa-
rates the A-site from the P-site in the decoding center.’'24
Large-scale lateral movements of two large subunit stalks,
which are called L7/L12 and L1 (Figure 2A) assist A-site tRNA
entrance and E-site tRNA exit, respectively.®'*'? A-toP-site
passage of the mRNA and the two tRNAs that are bound to it
that occurs in each elongation cycle is driven by the GTPase
activity of two elongation factors Tu (EF-Tu) and G (EF-G). The
peptide bond is formed in the large subunit simultaneously
with the advancement of the mRNA/tRNA along the mRNA
path in the small subunit. This process involves the transloca-
tion of the tRNA 3’-end from the A- to the P-site within the
PTC concurrently with mRNA progression, detachment of the
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Figure 2. Architectural elements that facilitate peptide bond formation and nascent chain elongation. The A-site tRNA (or its mimic) and the derived P-site
tRNA are shown in blue and green, respectively. A) The interface face of the large subunit, D50S,"" is shown as ribbons. The rRNA is grey, except for bridge
B1a (the A-finger), which is shown in yellow. The r-proteins are blue, green, and purple, except for CTC, which is shown in orange. The mobile structural fea-
tures that participate in the translation process (L1 and L7/12 stacks) are marked. B) Top: The location of the symmetrical region and its extensions within the
large subunit, indicating its central role in connecting all of the ribosomal functional regions that are involved in amino acid polymerization, including L7/L12,
which acts as the A-site tRNA entrance site, and L1, which serves as the E-tRNA exiting gate, both known to undergo a coordinated lateral movements during
elongation. Bridge B2a extends towards the decoding center in the small subunit (not shown). The two symmetrical subregions that contain the A- and the
P-sites are shown in blue and green, respectively, and the extensions, which comprise the L1 and L7/12 stalks are shown in gold. The red “snowflake” indi-
cates the position of protein CTC and of bridge B1a that is adjacent to it. Bottom: The PTC region is enlarged. The ribosomal RNA is shown in grey, except for
the two anchoring-propelling nucleotides, A2602 and U2585, which are shown in magenta and orange, respectively. The void that is available for the tRNA
3’-end translocation is in light blue (constructed by simulation of the rotatory motion). The approximate positions of the A and the P-sites as well as of the
quantum-mechanical-computed transition state of this reaction (TS) are indicated. C) The tRNA-synchronized motions are comprised of a sideways shift,
which is performed as a part of the overall mRNA/tRNA translocation, and the rotatory motion of the A-tRNA 3'-end along a path confined by the PTC walls.
The rRNA nucleotide comprises the PTC walls that confine the rotatory motion are shown in gray. The directions of the two components of the tRNA motions
are indicated by blue-green arrows, and the imaginary twofold symmetry axis is in red. D) The flexibility of nucleotide A2602. Two conformations of this nu-
cleotide, rotated 180° apart, as obtained in native D505""” and in its complex with sparsomycin® (called: SPAR). A-site tRNA mimic (ASM in ref. [8]) and the
derived P-site tRNA are shown in blue and green, for orientation.

P-site tRNA from the growing polypeptide chain, passage of At the early stages of ribosome research, ribosomal proteins
the deacylated tRNA molecule into the E-site and subsequent  were believed to perform most ribosomal functional tasks, in-
release of the tRNA molecule. cluding the catalysis of peptide bond formation. At that time
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ribosomal RNA was thought to provide the scaffold that holds
the numerous ribosomal proteins in an orientation that allows
them to perform their tasks.**?*! In the late 1980s the impor-
tance of ribosomal RNA (rRNA) became evident,” and in the
1990s the dominance of rRNA in ribosome functional activity
was proven biochemically.?” All available crystal structu-
res® "8 show that in the assembled bacterial ribosomes,
the intersubunit interface surfaces are rich in rRNA. Because
both the decoding center and the site of peptide bond forma-
tion (called the PTC) reside in proximity to the intersubunit in-
terface, they are located in rRNA-predominant environments.
Based on the high sequence conservation of the interfacing
ribosomal regions, it is conceivable that the intersubunit inter-
faces of all ribosomes throughout evolution, are rich in rRNA.
Hence, unlike typical polymerases, which are pure protein en-
zymes, the major, albeit not the only, player in the polymerase
activity of the ribosome is rRNA. Thus, although a single pep-
tide bond can be formed in a protein-free environment, a few
proteins (L2, L16, L27) seem to assist the subsequent steps like
the sequential repetition of this reaction, or, in other words,
amino acids polymerization (reviewed in refs.[10], [19] and
[28]).

Despite the extensive studies aimed at the identification of
the chemical nature of the initial step in protein biosynthesis
(namely the creation of the first peptide bond), the fine details
of this step and the precise contribution of the ribosome to it
have remained controversial, and are still not fully character-
ized (reviewed in ref.[29]). The initial suggestion that three
specific rRNA nucleotides catalyze peptide bond formation by
the general acid-base mechanism that was based on the crys-
tal structure of complexes of the large ribosomal subunit from
Haloarcula marismortui (H50S), which was detemined under far
from optimal functional conditions,"® was quickly challenged
by a battery of biochemical and mutational studies.**?

It appears that the choice of substrate analogues is partially
responsible for the misinterpretations. Thus, although amino-
acylated tRNA molecules are the natural substrates of ribo-
somes, “minimal substrates”, which are also called “fragment
reaction substrates” and are capable of producing only a
single peptide bond, are commonly used biochemically. Typical
“minimal substrates” are derivatives of puromycin (O-methyl
tyrosine that is linked to N6-dimethyl adenosine through an
amide bond). They resemble the tip of the aminoacylated-
tRNA CCA end, but lack the hydrolysable ester function. Their
small size leads one to the assumption that such substrates
can readily diffuse into the PTC in a more efficient fashion than
full-length tRNA molecules. However, biochemical and kinetic
studies indicate that the peptide bond formation by “minimal
substrates” is significantly slower than that of full-length ami-
noacylated-tRNAs. This unpredictable finding was one of the
intriguing issues to which no suitable explanation was avail-
able before the crystal structures of ribosomes in complex with
various substrate analogues were determined.

Architectural elements that contribute to peptide bond for-
mation were identified in the structures of a complex of D50S
with different-sized constructs that mimic specific parts of ami-
noacylated tRNA. One of those is an analogue of the tRNA ac-
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ceptor stem and its aminoacylated 3’-end (ASM), which is the
entire fraction of A-site tRNA that binds to the large subunit.
The other structure is a minimal substrate that mimics the ami-
noacylated tRNA CCA end.®*=% Although both complexes
were obtained under the same conditions, which were opti-
mized for efficient protein biosynthesis, these two substrate
analogous bind to the PTC in different orientations. Thus, ASM,
which resembles a full-length tRNA, is aligned by an extensive
net of interactions between its acceptor stem and the cavity
that leads to the PTC.®¥ These interactions govern its accurate
positioning in the PTC at the precise orientation that is re-
quired for efficient and smooth peptide bond formation. In
contrast, only a few interactions are created by the “minimal
substrate.” These few interactions enable the minimal sub-
strate to utilize the space of the A-site tRNA 3’-end, but at a
slightly different orientation; similar to those obtained for
H50S complexes with various minimal substrates, most of
which require additional positional rearrangements to reach
the precise orientation that is required for peptide bond for-
mation.®*3* Thus, the D505-ASM complex demonstrates the
significance of the interactions between the tRNA acceptor
stem and the walls of the cavity that leads to the PTC. Compar-
isons between the positioning of ASM and the “minimal sub-
strates” in complexes with D50S as well as with H50S shed
light on the PTC's ability to accommodate substrates at ap-
proximate orientations.*® Consistently, the overwhelming dif-
ferences in the duration of the formation of single peptide
bonds by “minimal substrates” and by full-length tRNAs are
rationalized by the requirement of the latter to undergo posi-
tional rearrangements due to their approximate position-
ing.[35'36]

Incorporating structural data that was obtained from addi-
tional ribosomal crystal forms highlights the PTC's remarkable
ability to rearrange itself upon substrate binding"** and veri-
fies the findings that the peptidyl transfer reaction is modulat-
ed by conformational changes at the active site.*”*” Notably,
the D505-ASM complex®® is so far the only complex with an
A-site tRNA mimic that extends beyond the tip of the tRNA 3'-
end, although crystals supposedly containing assembled ribo-
somes with two and/or three tRNA molecules have been sub-
jected to crystallographic analysis."*' The current conclu-
sions, which are based on comparing the structures of ribo-
somes with substrate analogues of various lengths, advanced
the comprehension of peptide bond formation significantly.
They indicate that rather than participating chemically in pep-
tide bond formation, the ribosomal architecture positions its
natural substrates in an orientation that is suitable for peptide
bond formation, thus providing positional catalysis.**>* Impor-
tantly, peptide bonds can be formed in a semiefficient manner
by compounds that possess various conformations, some of
which  mimic approximately parts of the tRNA sub-
strates,"®?353 47 and hence require ribosomal and/or sub-
strate rearrangements for proper substrate positioning™** and
for promoting substrate-mediated chemical acceleration of
peptide bond formation."**? This is in accord with the finding
that rapid and smooth peptide bond formation requires full-
length tRNA in both the A and P sites, as observed by chemi-

www.chembiochem.org 67


www.chembiochem.org

BIO

[40,42-43 [44

cal, 1 atomic,™” and molecular mutagenesis,“**® computa-
tional,”’* and kinetic®®***>*>" methods.

The currently accepted view of the mechanism of peptide
bond formation is consistent with ribosomal positional cataly-
sis that is accelerated and assisted by its P-site tRNA substrate.
However, despite intensive efforts to elucidate the details of
peptide bond formation by various noncrystallographic meth-
ods (review in ref. [52]) the detailed mechanism of peptide
bond formation is still a mystery, and may be revealed by X-
ray structures of ribosomes that contain both the aminoacylat-
ed and the peptidyl tRNAs in the PTC.

From Peptide Bond Formation to Amino Acid
Polymerization

If time is not an issue, single peptide bonds can be formed
with no assistance whatsoever, but the repetition of this re-
action requires elaborate architecture. As the ribosome’s main
task is amino acid polymerization; it provides the means not
only for the mere formation of peptide bonds, but also for the
progression of the reaction.

Both peptide bond formation and the ribosomal polymerase
activity are governed by the striking architecture of the ribo-
some. Although the ribosome is asymmetric, it contains a
highly conserved region of 180 nucleotides (Figure 2B), in
which the rRNA fold and the orientations of its nucleotides,
but not their sequences, are related by pseudo twofold sym-
metry.®>=% This sizable intraribosomal symmetrical region has
been identified in all known structures of large ribosomal sub-
units, regardless of their source (mesophilic, thermophilic, radi-
ophilic, and halophilic bacteria), their kingdom of life (eubacte-
ria and archaea), their functional state (assembled ribosome or
unbound subunit, and their complexes with substrate ana-
logues or inhibitors). Remarkably, despite the significant size
differences between ribsomes from various kingdoms of life,
the functional regions of the ribosomes are rather well con-
served, with the highest level of sequence conservation at
their central core, and the largest structural differences located
at the periphery. The core contains the symmetrical region in
which 98% of the nucleotides are found in >95% of sequen-
ces (from 930 different species from the three domains of life),
but, remarkably, only 36% of all E. coli nucleotides, excluding
the symmetrical region, can be categorized as such. Important-
ly, 75% of the 27 nucleotides that lie within 10 A of the sym-
metry axis are highly conserved. Among them, seven are com-
pletely conserved.®”

The universality of the symmetrical region and the high level
of sequence conservation that was detected even in mitochon-
drial ribosomes, in which half the ribosomal RNA is replaced
by proteins, and the ability of this region to provide all of the
structural elements required for performing polypeptide elon-
gation, suggest that the ribosome evolved by gene fusion or
duplication. Furthermore, the preservation of the three-dimen-
sional structure of the two halves of the ribosomal frame,
regardless of the sequence, demonstrates the rigorous stereo-
chemical requirements for accurate substrate positioning
during peptide bond formation. This, as well as the universality
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of the symmetrical region, led to the assumption that the an-
cient ribosome contained a similar pocket that was confined
by two RNA chains.

The symmetrical region is located in and around the PTC,
and connects, either directly or by is extensions, all ribosomal
functional regions that are involved in amino acid polymeri-
zation, including the tRNA entrance/exit dynamic stalks, the
PTC, and the bridge that connects the PTC cavity with the vi-
cinity of the decoding center in the small subunit and the nas-
cent protein exit tunnel (Figure 2B). Hence, it can serve as the
central feature for signaling between all the functional regions
that are involved in protein biosynthesis, that are located re-
motely from each other (up to 200 A away), but must “talk” to
each other during elongation,® thus guarantying smooth
succession of amino acid polymerization. A suitable example is
the direct connection between peptide bond formation in the
large subunit and the association of the mRNA with the small
subunit.?

The linkage between the elaborate PTC architecture and the
A-site tRNA position that was observed crystallographically®™
indicates that the translocation of the tRNA 3’-end is per-
formed by a combination of two independent, albeit synchron-
ized motions: a sideways shift, which is performed as part of
the overall mRNA/tRNA translocation, and a rotatory motion of
the A-tRNA 3’-end, around the bond connecting it with the
tRNA helical regions along a path that is confined by the PTC
walls (Figures 2B and C). This bond coincides with an imagina-
ry axis that passes through the symmetry-related region. The
rotary motion is guided by a rRNA scaffold along an exact pat-
tern (called the PTC “rear wall”) and results in stereochemistry
that is optimal for peptide bond formation, and in a geometry
that ensures the entrance of nascent proteins into their exit
tunnel. While the PTC rear wall confines and guides the rotato-
ry path, two universal nucleotides A2602 and U2585 (E. coli no-
menclature throughout) of the PTC “front wall”, which bulges
towards the twofold symmetry axis and do not obey the two-
fold symmetry, anchor this motion. Both nucleotides are highly
flexible (Figure 2D), and their mobility appears to play major
roles in the rotatory motion. The nucleotide A2602 seems to
propel the motion, and potential rearrangements of U2585
seem to facilitate chirality discrimination and ensure proper
chirality by prohibiting p-amino acid incorporation.””

The rotatory motion positions the proximal 2'-hydroxyl of
the P-site tRNA A76 in the same position and orientation that
is found in crystals of the entire ribosome with mRNA,"*"¥ and
allows for chemical catalysis of peptide bond formation by A76
of the P-site tRNA."? It therefore appears that the ribosomal
architecture and its mobility provides all of the structural ele-
ments that enable the ribosome to function as an amino acid
polymerase, including the formation of two symmetrical uni-
versal base pairs between the tRNAs and the PTC,**=% thus al-
lowing for a prerequisite for substrate-mediated acceleration™”
and for the direction of the nascent protein into the exit
tunnel.

Simulation studies indicated that during the rotatory
motion, the rotating moiety interacts with ribosomal nucleo-
tides and confines the rotatory path along the PTC “rear

ChemBioChem 2009, 10, 63-72


www.chembiochem.org

Ribosomal Stereochemistry

wall.”®% Some of those interactions are made with the bases of
these nucleotides. Other contact exploits the rRNA backbone,
and thus, despite the key contributions of these nucleotides to
smooth translocation and efficient amino acid polymerization,
their bases can be mutated, as found by comprehensive
mutagenesis.*® Consistently, quantum mechanical calculations
based on the D50S structural data and the quantification of
the interactions between the rotating moiety indicated that
the transition state (TS) is being formed during the rotatory
motion and is stabilized by hydrogen bonds with rRNA nucleo-
tides of the PTC “rear wall”."*!

This mode of operation allows the aminoacylated tRNA to
move into the P-site, while the deacylated former P-site tRNA
moves toward the E-site. Simultaneously, the PTC A-site is
gradually evacuated by its former occupant, and hence can
host the next substrate, which approaches as a result of the
global mRNA/tRNA progression along its path in the small sub-
unit. Importantly, the transition state (TS) found by quantum
mechanical computations is within the space available be-
tween the A and the P-sites, but closer to the latter (Fig-
ure 2B). This TS position and orientation are similar to the one
found experimentally in the crystal structure of a complex of
the large subunit from a ribosome from a different source,
H50S, with a transition state analogue that was designed
chemically.®” The correlation between the rotatory motion and
amino acid polymerization rationalize the apparent contradic-
tion that is associated with the location of the growing protein
chain. Thus, traditional biochemical methods for the detection
of ribosomal activity were based on the reaction between sub-
strate analogues, which were designed for producing a single
peptide bond, and do not involve an A-to-P-site translocation.
However, elongation requires substrates that are suitable to
perform the A-to-P-site passage and the entrance to the ribo-
some tunnel, near the location of the properly designed TS
analogues®™ as well as the calculated TS position.””

Mobility and Remote Networks Facilitate
Antibiotics Selectivity

As it is a key player in cell vitality, the ribosome is targeted by
many useful antibiotics. These hamper protein synthesis in
bacterial pathogens by diverse mechanisms (for review see
refs. [5], [20], [55] and [56]). Because no crystal structures of ri-
bosomes from genuine pathogens are available yet, the struc-
tures of ribosomes from D. radiodurans and T. thermophilus,
two eubacteria that have been proven to serve as suitable
pathogen models, have been investigated in complex with var-
ious antibiotics. These show that among the modes of action
of ribosomal antibiotics, the antibiotics cause miscoding, mini-
mize essential mobility, interfere with substrate binding at the
decoding center and at the PTC, and block the protein exit
tunnel. Binding sites that are composed primarily of rRNA and
coincide with functional centers of the ribosome are common
to ribosomal antibiotics.

Although prokaryotic and eukaryotic ribosomes differ in size
(~2.4 and 4 MDa, respectively), they are highly conserved func-
tionally. Therefore the imperative distinction between eubacte-
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rial pathogens and eukaryotes, the key for antibiotics useful-
ness, is achieved mainly, albeit not exclusively, by subtle struc-
tural differences within the antibiotic’s binding pockets. A strik-
ing example for subtle discrimination between eubacteria and
higher organisms is the minute difference between adenine
and guanine in position 2058, which was found to govern the
binding of macrolides. The macrolides are a prominent family
of antibiotics that obstruct the progression of the nascent pro-
teins along their tunnel.®” As this tunnel plays a multifunction-
al role, tunnel blocking might have more consequences than
the mere blockage of nascent proteins’ progression. The
tunnel provides co-translational protection to newly born pro-
teins, its dynamic properties facilitate its involvement in the
nascent chain’s sequence-specific gating, and may possess
chaperoning properties at a crevice for transient cotranslation-
al folding (review in ref. [5]). Comparisons of crystal structures
of the eubacterial large ribosomal subunit, D50S,°¢*" and
large subunits of the archaeon that share properties with eu-
karyotes, H50S, as well as of a H50S mutant, G2058A,"” verified
that the nucleotide at position 2058 is responsible for macro-
lide binding. These structures also showed, however, that mere
binding is not sufficient for clinical effectiveness, and indicated
the significance of additional structural elements®” that dictate
the level of inhibitory activity; this is consistent with A—G
mutagenesis in yeast at a position equivalent to E. coli A2058,
which do not confer erythromycin susceptibility.©"

The core catalytic center, and especially the PTC, of the ribo-
some is highly (or completely) conserved, the mechanisms for
acquiring selectivity are rather complex. Nevertheless, several
clinically useful antibiotics bind to the PTC of eubacterial ribo-
somes (Figure 3A) with high affinity and great specificity, with-
out significant effect on the eukaryotic host. Examples are
chloramphenicol, clindamycin, pleuromutilins, streptogramins,
oxazolidinones,?>*#2-%8 a5 well as potentially useful antibiotics
from the lankacidin family.® Crystal structures showed that al-
though almost all PTC antibiotics act by blocking a part or the
entire PTC, they use different binding modes, and consequent-
ly, they possess different inhibitory mechanisms. Chloramphe-
nicol hampers the binding of the A-site tRNA, pleuromutilins,
linezolid, and streptogramins, occupy both the A and P-site
tRNAs, and clindamycin interferes with peptide bond forma-
tion. Assuming that most PTC antibiotics use similar structural
principles for selectivity and resistance, comprehending the
factors that allow for selectivity provides powerful tools to
understand many of the mechanisms that are exploited for
acquiring resistance.

Among the PTC antibiotics, the streptogramins, (group A)
are of a special interest because they all exhibit rather weak
inhibitory effects if used alone, but can become very potent
when used together with their mates from the streptograminsg
(group B), which are also weakly active on their own. Group A
compounds (S,) are highly modified cyclopeptides with multi-
ple conjugated double bonds, whereas the group B (Sg) com-
pounds are cyclic hexadepsipeptides that act as low-affinity
macrolides. An impressive synergetic effect is demonstrated by
synercid®, a two-component drug (dalfopristin and quinupris-
tin). Crystal structures showed that the synergetic mechanism
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is based on a dramatic alteration in the orientation of the very
flexible PTC nucleotide, U2585, which plays a principal role in
the A-to-P-site rotatory motion. Thus, the binding of dalfopris-
tin, the S, component, to the PTC causes 180° rotation of
U2585. This motion seems to be reversible until quinupristin,
the Sz component, is added. This leads to the fixation of
U2585 at the altered conformation by hindering its motion as
well as by blocking the tunnel entrance and preventing the
escape of the S, component.’?*6¥

The contribution of the same flexible nucleotide, U2585, to
antibiotics that bind with clinical relevance has been observed
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by structural investigation of the mode of action of the pleuro-
mutilin family. This revealed a unique inhibitory mechanism
alongside a novel selectivity and resistance strategy. In particu-
lar, the elaborate binding mode of the pleuromutilins demon-
strates how selectivity and resistance are acquired despite
almost full conservation.®®”’ Because all nucleotides in the im-
mediate vicinity of the binding site are highly conserved, the
selectivity of the pleuromutilins is determined by nucleotides
that are located remotely from the antibiotic binding site,
hence are less conserved. Thus, pleuromutilins binding triggers
an induced-fit mechanism by exploiting the flexibility of the
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rRNA nucleotides that reside in and around the PTC, as well as
a network of interactions with less-conserved remote nucleo-
tides, hence allowing for drug selectivity.®”

In short, the pleuromutilins exploit the mobility of the ex-
tremely flexible nucleotides U2585 and U2506 that participate
in navigating and anchoring the rotatory motion. The coordi-
nated motions of these nucleotides evacuate the binding re-
gion, and, by triggering additional motions of remote nucleo-
tides they tighten the binding pocket on the bound antibiotic
molecule without interacting with it (Figure 3B). This remark-
able finding explains the similarity in the inhibitory pattern of
members of the pleuromutilin family that have a dramatically
different chemical nature, and has opened the way for the
design of a large number of new members.”® Furthermore, be-
cause most mutations within the PTC should be lethal, resist-
ance to pleuromutilins requires modifications of nucleotides
that can be selected from a rather limited pool of less-crucial
PTC nucleotides. Alternatively, resistance might be mediated
by nucleotides that reside at remote locations from the PTC,
but that nevertheless influence its shape by induced fit and/
or allosteric mechanisms;**¥”" Such allosteric motions could
be similar to the expected consequences of modification in
r-proteins L22 and L4, which cause resistance to macrolides
although they do not interact with them.”?

Conclusions and Future Prospects

Ribosomal crystal structures, in conjunction with numerous
biochemical, kinetic and genetic findings, show that the ribo-
some provides the framework for the proper positioning of
the participants of the biosynthetic process and is actively in-
volved in the translation process. Furthermore, the research on
ribosomal antibiotics revealed common traits, identified un-
expected binding features, led to new insights into ribosomal
functional flexibility, and indicated the existence of an allosteric
network around the PTC. The value of these findings is far
beyond their potential clinical usage, because they highlight
basic issues like reshaping of binding pockets by remote net-
works, and shed light on the fashion that ribosome inhibitors
benefit from ribosome functional flexibility. Finally, careful
cross-examination of the basic concepts in protein biosynthesis
in bacteria showed that they can be connected to properties
of higher organisms, like signal transduction and oncogene-
sis,” hence the value of these studies opened the path for
future studies on protein biosynthesis in the eukaryotic king-
dom.
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