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Structure of the Ribosome

Gregor Blaha and Pavel lvanov

Protein synthesis is a complex process with the ribosome as a central player. Its task
is to decode the mRNA into the corresponding sequence of amino acids with the aid
of amino-acylated tRNAs. We will follow the history of ribosome structure starting
with the low-resolution images of the ribosome to arrive at the recent high-resolu-
tion, atomic structures for each of the ribosomal subunits, where we will focus on
the structural elements that shape them. We will not include detailed structural
discussion of 5.5 A resolution structure of Thermus thermophilus 70S [1], since, as
Ramakrishnan and Moore [2] emphasized, it is not possible to build a structure de
novo from a 5.5 A electron density map. Thus, for example, the structure of the 308
ribosomal proteins in the 70S structure was built by placing those from the 30S sub-
unit structure [3] as rigid bodies into the electron density maps of 70S ribosome [4].
Also the 50S ribosomal subunit of the 70S ribosome structure seems to include
some misinterpreted electron density regions. The trace of protein L1 C alpha atoms
is partly overlapping with the trace of 23S rRNA phosphorus atoms (PDB code 1
giy) [5, 6] and the orientation of the two domains of L1 deviates from the one
observed in L1 [7, 8] or in its complex with rRNA [6].

2.1
General Features of the Ribosome and Ribosomal Subunits

With an approximate mass of 2.6-2.8 MDa the bacterial ribosome has a diameter of
200-250 A and a sedimentation coefficient of 70S. The 70S ribosome consists of two
unequal subunits: a large 50S subunit and a small 30S subunit. Each subunit is a ribo-
nucleoprotein particle with one-third of the mass consisting of protein and the other
two-thirds of RNA: a single 16S rRNA (~1500 nt) in the 30S subunit and a 5S (~120 nt)
and 23S rRNA (~2900 nt) in the large subunit. The protein fraction consists of approx-
imately 20 different proteins in the small and 33 proteins in the large subunit.

The general outline of the 70S and its component subunits was characterized by a
variety of electron microscopic techniques during the 1980s. The 30S was described
anthropomorphically with a head, connected by a neck to a body with a shoulder and
a so-called platform (Fig. 2-1A). A more compact structure for the 50S was defined,
consisting of a rounded base with three almost cylindrical extensions. The three pro-
tuberances seen from the 508 side are called from left to right, the L1 protuberance,
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2 Structure of the Ribosome

the central protuberance, and the L7/L12 stalk (Fig. 2-1B). Both subunits form a 70S
ribosome as shown in Fig. 2-1(C). A leap in resolution was achieved by the intro-
duction of single-particle reconstruction of cryo-electron microscopic images [9, 10].
As the resolution improved, the general structural features of the ribosome
remained, but more detailed structural features appeared, such as the beak and toe
or spur on the 30S (Fig. 2-1A) and a tunnel through the 50S (Fig. 2-1D).

2.2
A Special Feature of the 50S Subunit: The Tunnel

A tunnel transverses the 50S subunit, running from the peptidyl-transferase (PTF)
center at the foot of the central protuberance up to the base at the cytoplasmic side of
the large subunit with a length of about 100 A and a width of 10-20 A (Fig. 2-1D; [11,
10)). The first hint that this tunnel existed was provided by electron microscopy (EM)
of two-dimensional (2D) crystals of 80S isolated from chicken embryos [12] and 50S
subunits from Bacillus stearothermophilus [13]. By that time it had already been shown
by immuno-EM that the relative orientation of the exit site of the nascent chain in
prokaryotic and eukaryotic ribosomes was identical, located at the lower back (cyto-
plasmic side) of the large subunit [14]. Moreover, the alignment of cryo-EM struc-
tures from rat liver ribosomes with those of Escherichia coli proved that not only the
central structural features of the ribosome, i.e., L1, L7/L12 and central protuberance,
can be superimposed but also the tunnel, suggesting that the tunnel is another uni-
versally conserved feature of the ribosome and probably of high functional impor-
tance (Fig. 2-1E; [15]). This was subsequently confirmed by the cryo-EM
investigations of ribosome—Sec61 complexes from yeast, where the trimeric Sec61
complex, the major component of the endoplasmic pores which conducts the grow-
ing nascent peptide chain into the endoplasmic reticulum (ER), was positioned over
the exit of the tunnel (Fig. 2-1F; [16]). Recent studies demonstrated that proteins,
which are translocated through the ER membrane, indeed exit the ribosome from the
ribosomal tunnel [17, 18].

Figure 2-1  Features of the ribosomes.
Comparison of ribosomal 30S (A) and 50S

polypeptide passing through the tunnel is
shown as a white ribbon. PT, peptidyl-

subunits (B) and the 70S ribosome (C) from
early EM pictures (top row; [104] with the
corresponding views obtained by recent cryo-EM
reconstructions (bottom row; according to Frank
and Agarwal [105]. (D) A cut through the 50S
subunit which bisects the central protuberance
and the tunnel along the entire length. All
ribosome atoms are shown in spacefilling
representation, with all RNA atoms that do not
contact solvent shown in white and all protein
atoms that do not contact solvent shown in
green. Surface atoms of both protein and RNA
are color-coded: yellow, carbon; red, oxygen; and
blue, nitrogen. A possible trajectory for a

transferase site [20]. (E) Both the mammalian
and the bacterial large subunits have been
superimposed. Wherever the bacterial contour
lies outside the mammalian one, the resulting
surface is gold; wherever the mammalian
contour lies outside the bacterial one, the
resulting surface is blue. The views are from the
30S subunit side (left) and from the tunnel exit
(right). From Ref. [15] with permission.

(F) Three-dimensional reconstruction of the
ribosome—Sec61 complex with Sec61 oligomer
shown in red. Right panel: a cut along a plane
that cross sections the pore of the Sec61
oligomer and the ribosome tunnel is shown.
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The arrow indicates the stem connecting the
ribosome with the Sec61 oligomer; the
ribosomal tunnel and its alignment with the
Sec61 pore is indicated by a broken yellow line.
From Ref. [16], with permission. (G) Distribution
of r-proteins in 30S: left seen form the 50S and
right the cytosolic side of the 30S. Grey, RNA;
blue, proteins. From Ref. [3] with permission.
(H) Proteins that appear on the surface of the
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large ribosomal subunit. The RNA of the subunit
is shown in gray and protein backbones are
shown in gold. Left panel: the crown view facing
the small subunit ; right panel, back side of the
subunit (solvent side) in the 180° rotated crown
view orientation; bottom right, view from the
bottom of the 50S subunit; bottom left, key for
the ribosomal proteins. From Ref. [11] with
permission.
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2 Structure of the Ribosome

The 508 crystal structure of Deinococcus radiodurans [19] and Haloarcula marismor-
tui [11] has now revealed the tunnel at high resolution and confirmed the previously
determined dimensions and, furthermore, show that the wall of the tunnel is com-
posed of nucleotides from domains I through V of the 23S rRNA, as well as of the
non-globular parts of ribosomal proteins L4 and L22. The narrowest part of the tun-
nel is formed mainly by ribosomal proteins L4 and L22, where the, £-hairpin of 122
intercalates between rRNA segments of the 23S rRNA. The tunnel surface should
minimize unfavorable interactions with growing nascent chains and accordingly no
large hydrophobic patches have been observed lining the wall; instead the lining of
the tunnel wall is made up of large hydrophilic non-charged groups, thereby facilitat-
ing the passage of all kinds of peptide sequences [20]. There seems to exist a system
of tunnels, the main tunnel of which represents the shortest route from the entrance
to the exterior surface of the ribosome that binds to the bacterial membrane (exit 1),
whereas three additional tunnels might communicate with the solvent.

One of these additional routes, which branches off the main tunnel in the seg-
ment formed by domains I and III of 23S RNA close to the main exit, was originally
discovered at the 25 A resolution [21]; the branching point is 70 A away from the
tunnel entrance. H. marismortui proteins L15 and L29 are closest to the end of this
second branch (exit 2; [11]), whose length is 50 A. Two other branches that start
approximately in the same region, which is in fact the widest (20 A) segment of the
main tunnel, partially follow the extensions of proteins L4 (exit 3) and L22 (exit 4).
The lengths of these branches from the common branching point to the corre-
sponding exits are approximately 100 and 40 A, respectively [22, 23]. A similar
network of tunnels was also found in E. coli ribosomes [22, 23], within the 50S
crystal structure of D. radiodurans (eubacteria, [19]) and H. marismortui (archea,
[11]), and in cryo-EM reconstruction of yeast 80S ribosome (eukaryotes, [22, 24])
suggesting that the nascent peptide could in theory emerge into the cytoplasm via
one these sub-braches, and thus alternative routes for the nascent peptide chain
might be a universal feature of ribosomes.

If the main tunnel is the shortest route and most simple way out of the ribosome,
why then does the ribosome need these additional routes branching off the main
pathway near the main exit? One possibility is that these openings could maintain
the necessary chemical equilibrium in the tunnel system, providing access for water
and ion molecules. Another is that they could be used for a more complex regulation
of peptide translocation and modification, i.e., the idea being that different polypep-
tides would utilize different pathways depending on (i) their subcellular destination,
(ii) co-factors, e.g., chaperones, which they need for folding or (iii) whether they
require post-translational modifications such as methylations, acetylations, or phos-
phorolations. The implication of this latter view is that the ribosome tunnel would
need to play some active role in directing the native peptides in the correct direction.
The corollary of this is that there should in fact be specific interactions between the
polypeptide and ribosomal components.

This is exactly what a number of recent experiments are clearly indicating: specific
peptide sequences have been shown to interact with the interior of the tunnel and

0 PUE SWB L 341395 *[1202/0T/0] U0 ARIGITAUIUO ABIIM * A1 PUEEI 3P0 JO AISIBAIIN - 100 UILEIUSE AQ 240" EEVE09LZSE/200T OT/IOPALIOY A3 1M ARG IIBUINUO//SURY W01} PPEOIUMOQ ‘240 EEVE09LZSE/Z00T 0T

Ao

HPUOD-p

25L801] SUOWILIOD SAIES.0 3[Geatfdde Uy Aq PoUBAB .2 SSPILE YO SN J0 SN 10§ AIGIT SUIUO A1 U



2.2 A Special Feature of the 50S Subunit: The Tunnel | 57

thereby affect protein synthesis on the ribosome. Such sequence-specific inter-
actions between the exit tunnel and nascent peptides suggest that the ribosome,
similar to the RNA polymerases [25], can recognize cis-acting signals in the synthe-
sized heteropolymeric chain and use them in possibly important intracellular con-
trol systems. Nascent peptides in prokaryotes and eukaryotes contain special
sequence motifs, and when these effector sequences are situated in the exit tunnel
of translating ribosomes, they can significantly affect both protein elongation and
peptide termination (Table 2-1) [26, 27]. In all known cases, the peptides with effector
motifs act only in cis and thus only affect the ribosome on which they are synthesized.
Secondly, most effector sequences give rise to ribosomal complexes that are stalled
either in the elongation or termination phase of protein synthesis. Thirdly, several of
the active peptides have a co-effector and the interplay between an effector motif and
a co-effector is key to several intracellular control systems. The co-effector can, for
example, be an antibiotic (leading to expression of resistance genes), an amino acid
(leading to induction of an amino acid degradation operon), or a polyamine (leading
to repression of polyamine synthesis; summarized in Ref. [23]).

An interesting and surprising involvement for the tunnel is in the regulation of a
tryptophan catabolite pathway is seen in the expression of the tryptophanase (tna)
operon in E. coli [28]. Tna is a catabolic enzyme that degrades tryptophan to indole,
pyruvate, and ammonia, allowing tryptophan to serve as a carbon or nitrogen source
[29]. The tna operon begins with a tnaC gene coding for a 24-amino-acid-long oli-
gopeptide (leader peptide) followed by the structural genes tnaA and tnaB coding for
a the tryptophanase and tryptophan permease, respectively [30]. The regulation is
orchestrated by the following elements: The 12th and the 24th (last) position of the
leader peptide are tryptophan and proline, respectively, followed by the RF2-depen-
dent UGA stop codon. Another set of essential elements include transcriptional
pause sites located immediately after the tnaC gene, where Rho-factor-mediated
transcription termination can occur and thus prevent synthesis of tryptophanase.
First analyses have demonstrated that high tryptophan concentration prevents Rho
action [31] and interferes with RF2-dependent hydrolysis [32].

The following mechanism has emerged: The ribosome pursuing the transcriptase
during translation of the leader peptide will carry an aas3-Pro-tRNAPro at its P-site
with the 12th Trp residue in the tunnel just where L4/L22 form the kink of the tunnel
(see Fig. 2-1D). This constellation with the prolyl residue at the P-site next to the
UGA and the tryptophanyl residue at the tunnel kink provokes a stalling of the ribo-
some and a retardation of the RF2-dependent hydrolysis. At this moment, obviously,
the amino acid Trp (not Trp-tRNA!) at high Trp concentration binds to ribosome
(possibly to the A-site region of the PTC) thus preventing the hydrolysis of the pp-
tRNA and blocking the ribosome on a transcript site of the mRNA required for Rho
factor binding. The result is a continuation of transcription into the structural genes
tnaA and tnaB fostering the degradation of tryptophan [28].

Another example of a peptide with an effector sequence is the secM (secretion
monitor) gene of E. coli encoding a unique secretory protein that monitors cellular
activity for protein export and accordingly regulates translation of the downstream

1pUOD PUe SWLB L U} 885 *[7202/0T/70] U0 ARIqIT 8UNUO ABIIM * Q1T PURES| 3poUY JO AISIBAIUN - 8100\ Uleuag Ag ZU0'EEFE09.2SE/Z00T OT/I0PALIY B 1M AR.d 1 BUIIUO//SUNY LLOJ) PAPROUMOQ ‘2Y0"EEVENILZSEIZ00T 0T

1pU0o-p!

25L801] SUOWILIOD SATIS.0 3[Ged1fdde ) Aq PouBAB .12 SSPILE WO 8N J0 SN 10§ AIRIGIT UIIUO 31 U



10.1002/3527603433.ch2, D from y.wiley.com/doi/10.1002/3527603433.ch2 by Benjamin Moore - University Of Rhode Island Lib , Wiley Online Library on [04/10/2024]. See the Terms and Cx iley. te d-conditi on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License
¥in snia
01| ddI DIDITISSIVSTATdION AWD| UEIBWUWEN
AIOMIODLIOOMIAMDIIN o -1y
YIDATAAVVIATIADIDIN|  2UPY-Y
surwzads oda
‘ourpruzedg 101-86 SIAOVIN PNOPY S[EWWEN
sutuidry L6 XVXMTHASXAADSLIXSd Sre 1Bunyg
UOTJRUTWLIS) JIQIYUL Ued 4T AIND PUE DAIRINOPY SIUIOSOqLI
Suneduopd 10 SuneUIULId) IS UO 108 UEd 318 pue [JVD
UTEY JUIDSBU J[qISU0dsaI-81y o], “UWIEdT)SUMOp YO UTEW 3}
0} saxadurod uonenIur 9y} Jo SUTUUEDS SHAIYUI STY[T, *9UIOSOqLT
o jo Surffes Isned SYNYUW JHOKIEIND 3Y} UL SIYON [[BUS suruidry 9 SDIMIHASIAAODLAOSN IVdD LD
uonIqyut (v29s)
SOAST[21 UTEYD JUSDSEU [} JO UOT}EDO[SUEI} ‘QWOSOqLI SUne[SUeI} UOT}EdO[SUET}
SYqQIYUT ‘SOUBIQUISW JU} SSOIDE UOIed0[SUE} Ur}01d JO I0SUa§ QUBIqUIDIN ¢ IOVIOXXXXIMXXXXA JARES eLRRqNy
uoneurId) jo a9e1s o 1e
PRMqIYUI ST SW0soqL ‘uondLIdSUue} Jo UOHENUd}E 10] [eUSSD
ST YON [[EWS E JO PUD 313 18 Sul[[ess swosoqu paonput-diy, ueydoid4iy, 87 ‘T¢ AINIA DEUL|  EMRRqNY
V
g 9DUE}SISAI dIOIqIIUE 10] d[qIsuodsar swkzus ue 10§ SUIpod YO UDAWOIY AT S6 IAAIS Duug BLIDBqNT
.:.m WESIISUMOP € Jo uorSar uoneniur-uone[suen; padden astmIayio
npnv a1} Sursea[ar a1ndONIS A1EPU03s YN YW JO JUSWFURIIED]
rhtJ 9I0J2131]) PUE SUWIOSOQLI T} JO SUIY[LIS ISNED SONOIqIIUE AVNISLSIN Vo
m JO UOBIIUIDUOD MO IO [[EWS € JO S[PPIWLL Y} UT Juasaiy | [odruaydurero[yd 97 ADIAW ‘4ed erIaeqNy
m sajoN J10129y3-0) | U4y asuanbas aAipy auan wsiuesio
i
&
~ ([£Z] "Jo8 woay uayey eyep) Suijjels sawosoqii Suisned sapidad jusdseN L-Z d|qeL
©Q
wn



2.3 Features of the Ribosomal Subunits at Atomic Resolution

secA gene [33]. SecM is exported to the periplasm, where it is rapidly degraded by a
tail-specific protease [34]. The regulation works again via a translational arrest, and,
interestingly, with a similar sequence signature as in the previous example: the
motif critical for the arrest is FXXXXWIXXXXGIRAGP with a polypeptide Pro-
tRNAPro at the P-site and a Trp residue located 12 aa residues (towards the N-termi-
nal; [35]). This arrest will be only relieved if the ribosomal complex can contact
SRP-SecA, thus triggering the export of nascent SecM. Only the stalled ribosome
allows the display of the ribosomal binding site for the translation of SecA, whereas
relief of the blocked SecM translation allows folding of the secM-secA mRNA, which
hides the translational-initiation site of SecA-mRNA region. It follows that a lack of
SecA induces synthesis of SecA.

This arrest can be suppressed by each of three amino acid mutations in L22, namely
Gly91 to Ser, Ala93 to Thr, and Ala93 to Val. The two residues, 91 and 93, are located
on the segment of L22 that protrudes into the exit tunnel at the constricted region. We
also see in this example that the regions of L4 and 122 at the tunnel kink (and proba-
bly influencing the tunnel shape at this point) might sense the nascent chain in an
unknown way, thus influencing essential ribosomal functions occurring not in the
adjacent neighborhood such as peptide-bond formation and tRNA translocation.

Modeling of this polypeptide in the tunnel revealed that the conserved Trp-Ile (WI)
of the motif would be placed within the most constricted region of the tunnel in close
proximity to the tip of the fhairpin of L22 [36]. Furthermore, the binding of the mac-
rolide troleandomycin with the D. radiodurans 50S subunit coincided with this hair-
pin such that the hairpin was pushed across the tunnel lumen to contact the wall on
the other side of the tunnel [36]. This led Yonath and co-workers to suggest that this
swung conformation is related to the gating mechanism that is involved in secM-
induced translational stalling, i.e., the interaction of the Trp-Ile (both relatively bulky
residues) may also induce similar structural rearrangements in 122 such that the tun-
nel is temporarily closed and therefore translation blocked [36]. Further speculations
are that the known ribosomal arrest suppression mutations of 122 (G91S, A93T, and
A93V) may stabilize the swung conformation [36]. However, confirmation of this
mechanism will require structures of nascent chain-ribosome complexes.

2.3
Features of the Ribosomal Subunits at Atomic Resolution

The first attempts to crystallize the ribosome were undertaken in the 1980s with the
first 3D crystals obtained from B. stearothermophilus [37]. Owing to continual improve-
ments in the quality of the crystals and in sampling techniques of diffraction pat-
terns (discussed in Ref. [38]), the structure of both subunits at atomic resolution was
revealed in the past few years [11, 19, 39, 3].

Although it may not be obvious at first glance, but both large and small subunits
have structural features in common at a global as well as at an atomic level. The
overall shapes of the atomic resolution structures are in good agreement with those
derived from cryo-EM (see Refs. [40, 41] for comparison). The interfaces of both sub-
units, with the exception of S12 in the small subunit, are essentially protein-free [2],
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2 Structure of the Ribosome

which had been predicted by neutron scattering [42]. This was later on confirmed by
cryo-EM not only for ribosomes from bacteria but also for yeast ribosomes ([43]; see
also Fig. 2-1G). In the 50S subunit, the proteins are evenly scattered over the cytoso-
lic surface (Fig. 2-1H), whereas in the 30S they are concentrated mainly in the head
and shoulder and platform regions of the body (Fig. 2-1G).

The ribosomal proteins are often bound to junctions between helices, thereby
often connecting separate domains, for example S17, which simultaneously contacts
helix 7 (h7), h11 of 5" domain and h21 in the central domain, and L18 which links
the helical regions 1 and 2/3 of the 5S rRNA with H87 (note the helices of the rRNA
of small ribosomal subunit are denoted with a lower-case letter “h”, those of the
large subunit with upper-case letter “H” and are counted in the phylogenetically
derived secondary structure from the 5’ to 3’ as they occur; see also Sect. 1.4 and
Ref. [44]) of 23S rRNA (for helix numbering see below Figs. 2-4A and C; [39, 10, 3)).
Many proteins in both subunits have globular domains, generally found on the sur-
face of the subunits, with long extensions that reach far into the RNA core, where
they make intimate contacts with the rRNA. These extensions lack tertiary structure
and in many regions, even secondary structure, as exemplified by the proteins that
neighbor the PTF center (PTC) of the large subunit (Fig. 2-2, [20]). These long exten-
sions from a globular domain represent a new and typical feature of ribosomal pro-
teins and explain the numerous painful and unsuccessful attempts to crystallize
many of the ribosomal proteins. A classic example being L2, where only fragments
could be crystallized [45], and L4, where crystals were obtained only from a thermo-
philic bacterium and a halophilic archeon [46]. Almost half of the 30S proteins
belong to the category of “globular domain plus long extensions” (such as S2, S6, S9,
S11, S12, S14, S16, S17, and protein Thx specifically found in T. thermophilus) as
well as many of the large subunit proteins (in H. marismortui: L2, L3, L4, L15, L18,
L19, 122, 124, L37e, L44e, L15e, L37ae and in D. radiodurans: L3, L4, L5, L13, 124,
L31 (counterpart L15e), L35 (no counterpart in H. marismortui)).

Figure 22 A view of the active PTF site with the RNA removed.
The proteins with closest extensions to the entrance of the tunnel
(pink) through the 50S subunit are shown as ribbons with their
closest side chains in all-atom representation. From Ref. [20]
with permission.
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2.3 Features of the Ribosomal Subunits at Atomic Resolution | 61

In the 30S at least, the feature of protein extensions is found only with late-assem-
bly proteins. The large extensions that are rich in basic amino acids (to mask the
negative charges of the phosphates in the rRNA backbone) obviously fix the fold of
the rRNAs at a late-assembly stage and stabilize the 3D fold of both proteins and
rRNAs. In the 50S subunit, the proteins L3, L4, L22, and L25 belong to the proteins
that determine a fold of the 23S rRNA essential for the early assembly [47]; in this
case they could act initially to connect two distant domains and facilitate their com-
ing together [4].

Even though the general microscopic features, such as the RNA fold or the protein
distribution of the different 50S structures, are similar there are some significant
differences [19]. For example, the entire L1 stalk in the unbound D. radiodurans 50S
is tilted by about 30° away from its position in the T. thermophilus 70S ribosome
yielding a maximum distance of over 30 A of the outermost points (Fig. 2-3A) [19, 48].

H50S c2603 g
D50S
UZS06

HZS[HS0S
w2505 bt

AZEDZ

Figure 2-3  Specific features and differences of ~ 50S with the corresponding ones from

D. radiodurans 50S compared with 50S from H. marismortui 50S. Inset: the overall fold of
T. thermophilus 70S and H. marsimortui 50S. the peptidyl-transferase center to emphasize
(A) Movement of L1 stalk. The D. radiodurans the back-bone similarity within D. radiodurans
50S structure is displayed as gray ribbons with  and H. marismortui 50S. (C) Overlay of H25

the L1-arm highlighted in gold. The over-laid in D. radiodurans and H. marismortui (for details
L1-stalk of T70S is displayed in green. see text). Inset displays proteins L21 and L23e,
(B) Comparison of the nucleotides within the which are related by an approximate 2-fold.
peptidyl-transferase center of D. radiodurans From Ref. [19] with permission.

Q ‘ZUOEEVED:

wouy

1PUOD PUE SLL L 34} 38S *[7202/0T/70] U0 ARIGIT8UIIUO AB1IM * 411 PUBIST 3POUY JO AISIBAIUN - 9100 A UL lusg Aq 240 EEE09/25E/200T OT/I0pAL0D A |1 Ateid!

Ipu

85U8017 SUOWILIOD aAIER.D) 3|qedjdde ay Ag pausenob afe sapie O ‘8sn Jo sajni 10} AReiqi auljuo As|im uo



62

2 Structure of the Ribosome

Also the L7/L12 stalk and the GTPase-associated center consisting of H42-H44 and
proteins L7/L12 and L10 are shifted (by 3-4 A) between D. radiodurans 50S and
T. thermophilus 70S ribosome [1]. The helices H42-H44 show a rotation of about 12°
in the case of the H. marismortui 50S (PDB 1]]J2) from its position in D. radiodurans
50S [19, 48]. These observed flexibilities of the stalks are in line with cryo-EM studies
of ribosome complexes in different functional states [49, 50, 24, 51]

H. marismortui 50S crystals derived according to Ban et al. [11] were used in
kinetic and crystallographic studies of the PTF reaction. The appearance of peptide
product, bound to the PTF ring in the electron density maps of 50S crystal soaked
with substrate and the strict dependence of the peptide formation on the presence of
50S crystals clearly demonstrates the catalytic activity of 50S in the disputed crystal
form (Refs. [52, 53]; see also Chap. 8.4 on the peptidyl-transferase reaction).

L27, which is located at the base of the central protuberance of D. radiodurans and
has no homolog in H. marsimortui, is proposed to be involved in the proper place-
ment of the 3’-end of the A-site tRNA at the PTC during the PTF reaction [54]. In
H. marismortui, the non-homologous L21e replaces L27; however, the tail of L21e
folds back towards the interior of the subunit and therefore cannot make contact
with the P-site tRNA [19].

Other D. radiodurans-specific large ribosomal proteins are the L25 analog CTC,
which fills the gap between the central protuberance and L7/L12 stalk; the extended
orhelical protein 120, which is replaced by 47 n extension in H25 of domain II in
H. marismortui (see Fig. 2-3C); and the two Zn-finger proteins L32 and L36 [19].

2.4
The Domain Structure of the Ribosomal Subunits

The shear complexity of protein synthesis forces any participating component to
maintain their structure and function through evolution. This principle justifies the
assumption that not only all tRNAs, but also all 16S (and 16S-like) and 23S (and 23S-
like) rRNAs have the same general secondary and tertiary structures [55]. Therefore,
the secondary structures of 16S, 23S, and 5S rRNA could be derived by analyzing the
pattern of variation within aligned rRNA sequences from different species (see Figs.
2-4A and C; [56]). The resulting secondary-structure diagrams consist of a complex
arrangement of A-form helices and non-helical regions (loops or bulges) [55]

In the 16S rRNA the different domains branch from a central pseudo-knot and,
beginning from the 5’-end, are termed the 5', central, 3’-major and 3’-minor
domains (see Fig. 2-4A). In striking contrast to the 50S subunit (see following), the
domains are not interwoven in the tertiary fold and can be assigned easily to the
structural landmarks of the 30S subunit (Fig. 2-4B). The 5’-domain forms the 30S
body, starting from the neck of 30S subunit it goes down to the toe and finally turns
back to form the shoulder. The central domain constitutes the platform, the 3'-major
domain the head. The 3'-minor domain consists of h44 and h45; h44 runs down the
30S along the inter-subunit surface and returns back to the neck, followed by h45
and a single-stranded 3'-end containing the anti-Shine-Dalgarno sequence.
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2.4 The Domain Structure of the Ribosomal Subunits

In the 23S rRNA secondary structure the 5'- and 3'-terminal ends are brought
together to form a helix (H1 in Fig. 2-4D). Radiating from the loop of this helix are 11
stem-loop structures of differing degrees of complexity. These stem-loop structures
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Figure 2-4  Secondary structures of 16S, 23S, and 5S rRNAs.
(A) Secondary structure of T. thermophilus 16S rRNA, with its 5,
central, 3'-major, and 3'-minor domains shaded in blue,
magenta, red, and yellow, respectively. (B) Three-dimensional
fold of 16S rRNA in 70S ribosomes, with its domains colored

as in (A). (C) Secondary structures of T. thermophilus 23S and
5S rRNAs, indicating domains | (blue), Il (cyan), |1l (green),

IV (yellow), V (red), and VI (magenta) of 23S rRNA. The rRNAs
are numbered according to E. coli. (D) Three-dimensional folds
of 23S and 5S rRNAs, with their domains colored as in (C).
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are bundled into six different domains and, in analogous fashion to the helices, are
numbered from the 5'- to 3’-end. The last change in the assignment of the secondary
structure to the various domains was contributed by crystallography. Helix 25, which
was originally considered as being part of domain I, was reassigned to domain II,
because it exhibits stronger interactions with this domain than with the elements of
domain I [11]. The six domains of 23S and 5S rRNA all have compact shapes, which
are intertwined (Fig. 2-4D). The domains form structural units, as the vast majority of

Figure 2-4  From Ref. [1] with permission. (E, F) Comparison of
the current comparative structure models for the 16S and 23S
rRNAs with the corresponding ribosomal subunit crystal
structures. (E) 16S rRNA versus the T. thermophilus structure
(GenBank accession no. M26923; PDB code 1FJF). (F) 23S rRNA,
5’-half and 3'-half versus the H. marismortui structure (GenBank
accession no. AF034620; PDB code 1))2). Nucleotides are replaced
with colored dots that show the sources of the interactions: red,
present in both the covariation-based structure model and the
crystal structure; green, present in the comparative structure and
not present in the crystal structure; blue, not present in the
comparative structure and present in thel crystal structure;
purple, positions that are unresolved in the crystal structure.
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2.5 Interactions of RNA with RNA or Struts and Bolis | 65

interactions involving two or more hydrogen bonds occur within domains, rather
than between them. This is also the reason for that the interchange of the domain V
from E. coli against Staphylococcus aureus in the 23S rRNA of E. coli was possible, even
though it introduces 132 changes into the E. coli rRNA sequence, only one additional
mutation of U1782C for was necessary for viability [57].

Nearly all of the secondary-structure base pairings and a few of the tertiary base
pairs observed in the crystal structure had already been predicted by comparative
structure models. Specifically, more than 1250 base pairs predicted were indeed
present in the 16S and 23S rRNA crystal structures. The ~35 predicted base pairs,
which were not found in the crystal structures, could simply not occur at all or possi-
bly only at certain stages of protein synthesis, for example, in the 30S subunit, the
A+A base pair between positions 1408 and 1493 is broken upon binding of tRNA and
mRNA (cf. 1FJF and 1IBM) [58, 59]. The crystal structures of small and large sub-
units enriched the secondary-structure diagrams by ~170 base pairs in 16S and ~415
in 23S rRNA, i.e., these were not predicted by comparative methods. Essentially, all
the “mis-assigned” base pairs have no significant amount of variation (Ref. [55], see
Figs. 2-4E and F).

The fact that the domain secondary structures form well-defined structural
domains of quaternary structure in the small subunit, but not in the large subunit,
may result from two reasons that need not be mutually exclusive: (i) the small sub-
unit might require larger flexibility for ribosomal functions [2], and the difference in
the organization of the secondary structures might indicate that (ii) the 50S subunit
is older in evolutionary terms, because more time would be required to evolve such a
complicated interwoven structure similar to that of the 50S subunit. As Schimmel
and Henderson [60] noted, three elements of protein synthesis, viz. tRNA, syn-
thetases and the ribosome, separate into two domains of different evolutionary ages
that have probably co-evolved. The “old” domain of the tRNA is the aminoacyl stem
(the short arm of the L-shaped tRNAs or mini-helix), which corresponds to the cata-
lytic domain of synthetases in charging the tRNAs and to the large ribosomal sub-
unit involved in peptide-bond formation. The “young” domains are represented by
the long arm of tRNAs bearing the anticodon loop, the recognition domain of the
synthetases, and the small ribosomal subunit that interacts with the anticodon loop
and some of the stem base-pairs [61, 1].

25

Interactions of RNA with RNA or Struts and Bolts in the
Three-dimensional Fold of rRNA: Coaxial Stacking and
A-minor Motifs

Upon the publication of the structures of the two ribosomal subunits the amount of
RNA structure known at atomic resolution increased about 8-fold [62, 2]. However,
most of the structure motifs had been seen before, suggesting that the possible
number of RNA structure motifs is limited [2]. In this and the following section
(2.6), we will restrict our analysis to a specific subsection of structural elements,
since tetraloops, tetraloop receptors, adenosine platforms, U-turns, E-loops, sarcin/
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Figure 2-4  (contd.)

ricin motif, and cross-strand purine stacks have been extensively discussed else-
where [63-66]. In the crystal structure, many of the single-stranded loop regions in
the secondary structure turned out to be slightly irregular double-stranded exten-
sions of neighboring regular helices. Thus, most rRNA may be described as helical
or approximately helical [3]. These helical elements are organized via vertical co-axial
stacking of helices, by A minor interactions and ribose zippers.

2.5.1
Coaxial Stacking

Coaxial stacking is the end-to-end stacking of separate helical RNA parts to form long
quasi-continuous helical structures (see as example h16/h17 in 30S or H34/H35 in
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domain IT of 50S in H. marismortui [64, 67]). Stacking of nucleic acids is driven by the
highly energetically favored stacking interactions between the zelectron system of
the nucleic acid bases [68]. The free energy from coaxial stacking of helices ending
with Watson—Crick base pairs yields a 44G° of —1.0 to —4.5 kcal mol-!, depending on
the context. This is in the range of the contribution of next-neighbor interaction to
the free energy of an intact helix (2.0 and -3.4 kcal mol-1) [69, 70]. Also in the same
range of free energy is the contribution from coaxial stacking with a single G.A base
pair at the interface of the stacking helices (about -2 kcal mol-1, [71]). Therefore, 92%
(11/12) of the potential coaxial stacking in the 16S rRNA and 50% (11/22) in the 23S
rRNA are observed in the crystal structure. Potential coaxial helix stacking is defined
by two helices with an A+G or A.A base-pair at their interface and no unpaired nucle-
otides in the strand connecting them [58]. Often the A.A and A.G, with the G 3’ to
the helix, at the end of helices are inter-convertible.

A good example of a coaxially stacked helix is seen in a classic pseudoknot. This
motif consists of a hairpin loop, which base pairs with a complementary single-
stranded sequence adjacent to the hairpin stem, to form a contiguous helical struc-
ture. Similar to junctions, the coaxial stacking observed in the pseudoknot requires
either Mg2+ ions or a high concentration of Na+ ions for stabilization [63]. Sequence-
independent packing of ordinary helices is very seldom seen. It consists of an inser-
tion of a phosphate ridge of one helix into a minor groove of the other at a fixed
inter-helical angle of about 80° (e.g., in the 30S subunit for helices h7 and h21 with
an angle of 93°). This kind of interaction is already known from the crystal structure
of the 59-GGCGCUUGCGUC-39 RNA duplex. In this structure, the duplex forms
quasi-continuous helices that pack against each other, with the backbone of one
helix in the minor groove of a perpendicular helix [72].

Owing to the limitation to four principal nucleotides, the primary RNA sequence
is by itself not enough to define a motif. Moore [66] suggested classifying only struc-
tural elements as motifs if they have a defined sequence length or specific loop sizes.
This definition would exclude pseudoknots as motifs, as the sequence length and
the loop size are unrestricted. Westhof tried to define an RNA motif as an ordered
array of stacked non-Watson—Crick base-pairs and thereby focusing plainly on the
3D aspect of a motif. This is well exemplified by the complex topology around G911
in 23S rRNA. The 3D structure of this G911 topology (consisting of nucleotides
1068-1071 and 1292-1295 in one strand and nucleotides 910-914 in the base-pair-
ing strand, shown in red in Fig. 2-5) superimposes well onto the sarcin/ricin motif,
as seen in the internal-loop motif G225 in 23S rRNA (shown in blue in Fig. 2-4). The
only parts of the motifs that do not superimpose well belong to the backbone, which
in the composite motif connects to other parts of 23S RNA [65]. Although this defini-
tion of an RNA motif is quite successful, it does not encompasses the K-turn motif,
where the array of stacked base pairs is interrupted by a triple loop to introduce a
~120° kink (see below).

As seen above, both secondary- and tertiary-structural aspects must be considered
to provide an accurate definition of an RNA motif. In spite of these complications,
evidence is accumulating that the modular structure of RNA motifs, which mediate

0 PUE SWB L 341395 *[1202/0T/0] U0 ARIGITAUIUO ABIIM * A1 PUEEI 3P0 JO AISIBAIIN - 100 UILEIUSE AQ 240" EEVE09LZSE/200T OT/IOPALIOY A3 1M ARG IIBUINUO//SURY W01} PPEOIUMOQ ‘240 EEVE09LZSE/Z00T 0T

Ao

HPUOD-p

25L801] SUOWILIOD SAIES.0 3[Geatfdde Uy Aq PoUBAB .2 SSPILE YO SN J0 SN 10§ AIGIT SUIUO A1 U
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RNA-RNA (e.g., sarcin/ricin motif [65]) and RNA—protein interactions (e.g., K-turn,
see later), are recurrent and are also found in the high-resolution structures of the
ribosomal subunits.

2.5.2
A-minor Motifs

From the crystal structure of the H. marismortui 50S, the importance of the so-called
A-minor motifs for stabilization of the 3D fold of large RNA became evident [73]. Phy-
logenetic co-variation analysis had already revealed a very strong bias for adenine (A)
in single-stranded regions as compared with helical ones, hinting at the important
structural or functional role of these adenines (see Table 2-2). One reason for this bias
is the crucial importance of A-minor motifs in helix-helix packing, in helix-loop
interactions and at helix junctions [73]. In the type-I A-minor motif, the N1-C2-N3
edge of a purine, preferentially a highly conserved A, interacts with the minor groove
face of another helix (see Fig. 2-5). The A-minor motif was originally observed in the
P4-P6 domain of group I ribozymes, where it was part of the ribose zipper [74], and
was subsequently seen in the L11-protein-binding domain of 23S rRNA [75, 76].

Nissen et al. [73] distinguish between four variations in the A-minor motif (types
O, I, II and III); however, we will focus primarily on types I and II, as they seem to
be the most essential for ribosome function. Examples include the fixation of the
CCA end of the tRNA at the PTC [20, 73], A-site recognition of the correct codon—
anticodon interaction during the selection of the correct aminoacyl-tRNAs (Fig. 2-6B
[59, 77], see also Chaps. 8.2 and 8.4) and subunit association (A702 of 16S rRNA
with the minor groove of H68 of 23S rRNA; [1]).
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Figure 2-5  Superposition of crystal structures of composite
sarcin motif, 23S G911 (red), and internal loop sarcin motif,
23S G225 (blue). From Ref. [65] with permission.
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In all A-minor motifs, the ribose-phosphate backbone of the interacting adenosine
is closer to one of the strands of the receptor helix. The orientation of the receptor
helix strand closest to the adenosine is anti-parallel to the orientation of the adenos-
ine of the donor strand. Type I and II A-minor motifs are different with respect to the
position of the 2'-OH and N3 atoms of the adenosine residue relative to the closer
strand of the receptor helix (Fig. 2-6; [73]). In type I, both the 2'-OH and the N3 of the
adenosine residue are within the minor groove of the receptor helix (Fig. 2-6A),
thereby maximizing the number of possible hydrogen bonds to the inserting ade-
nosine. In type II, the N1, C2, N3, and 2’-OH of the adenosine contact approxi-
mately half of the minor groove. The 2'-OH of the inserting adenosine is positioned
outside of the minor groove with respect to the 2’-OH of the closer strand of the
receptor helix, whereas the N3 of the A is inside the minor groove (Fig. 2-6A; [73]).
Both types of A-minor motifs are highly specific for adenine bases and show a
strong preference for C-G receptor base pairs (Table 2-2; note the preference of ade-
nosine in unpaired regions and the preference of G:C pairs in helices; Fig. 2-6; [73]).

A520

G1363 (f»éé‘i’. .
HEE

850 (812) Ar482

Figure 2-6  A-minor types | and Il. (A) Riboso-  of the two 2'-OH groups of the receptor base pair
mal examples of A-minor type | and Il. Each type  (see text for details). From Ref. [73] with permis-
is defined by the position of the 2'-OH group of ~ sion. (B) Principles of decoding according to Ref.
the interacting adenosine relative to the positions  [59], with permission. For details see text.

Table2-2  Frequency and distribution % of single nucleotides in bacterial 16S
and 23S rRNAs comparative structure models [103]

Nucleotides G C A u
Overall 314 22.4 25.7 20.5
In helices 36.6 28.8 14.8 19.8
In unpaired regions 23.6 12.5 42.6 21.3
Unpaired / total number

of pisiton/o ot 30.1 223 66.2 415

0 PUB W L 34} 885 *[7202/0T/70] Uo Ariqiaulluo A81IM * G171 PUBS| 8PouY JO AVSIBAIIN - 3100\ UlLefuag AQ 2Uo"EErE09.2SE/200T OT/I0p/o0 A8 1M AReiqijeul|uo//Sdiy Wwoly papeojumoq ‘240 EEvE09.2SERO0T 0T

HPUOD-p

35U8017 SUOWILLOD BAIER.1D) 3|qedjdde ay Aq pauseAoh a1e 3R WO ‘8sn JO Sajn. 10§ ARiqiT auljuo A3|IM uo



2.5 Interactions of RNA with RNA or Struts and Bolts | 71

253
Ribose Zippers and Patches of A-minor Motifs

A ribose zipper is defined as two consecutive hydrogen-bonding interactions
between ribose 2’-OH from two different RNA segements. The orientation of the
two chains linked by ribose zipper is always antiparallel. A total of 97 ribose zippers
are present in the ribosomal subunit crystal structures: 20 in the T. thermophilus 16S
rRNA, 44 in H. marismortui 23S rRNA (plus two ribose zippers bridging 5S rRNA
loop E with H38 and the internal loop of H38 and the 5S rRNA helix 4) and 30 in
D. radiodurans 23S rRNA (plus one bridging 5S and 23S rRNAs) [78]. Out of the 11
possible types of ribose zipper, seven are found in 23S and 16S rRNAs. From these
only the canonical and single-base ribose zipper occur more than once in 23S and
16S rRNA [78].

2.5.3.1 Canonical Ribose Zipper

In this type of zipper, the 2’-OH hydrogen bonds are supported by additional hydro-
gen-bond interactions between the base at the 5’-end and the ribose 2’-OH of the 3'-
end on the opposite zipper strand (see Fig. 2-7A). On the base side, the purine N3 or
the pyrimidine O2 functions as a hydrogen acceptor. The ribose zipper formed by
C376, C377 and A243, A242 in 23S rRNA of H. marismortui, has a prototypical topol-
ogy for the 40 canonical ribose zippers found in the 16S and 23S rRNAs. A243 is
inserted into the minor groove of the C376:G274 base-pair forming a type I A-minor
motif. A242 interacts via a type II A-minor motif with C377:G273 base pair and is
stacked onto A243 (Fig. 2-7B). This tandem A-minor motif seen in 31 instances of
the 40 canonical ribose zipper in T. Thermophilus 30S and H. marismortui 50S had
been noticed earlier by Nissen et al. [73], where it was referred to as an “A patch’.

The adenosine in the type I A-minor motif, which exhibits stronger conservation
than the type II, shows a CG>GC>UA=AU order of preference with regard to the
Watson—Crick pairs it interacts with. In contrast, no base-pair preference was
detected for the type II A-minor motif [78]. This is in line with experimental and
phylogenetic covariation analysis on group I introns [79]. Moreover, with the A-
minor patches found in group I introns, the average contribution of the ribose
hydrogen bond to the tertiary fold was determined to a AAG® of —0.4 to —0.5 [80] and
—6.6 kcal/mol-! for type I A-minor motif [79].

2.5.3.2 Single-base Ribose Zipper

The single-base ribose zipper is a canonical ribose zipper with one obstructed base
2'-OH interaction. Two possible types of single-base ribose zippers can be distin-
guished: types A and B; the definition depending on which base ribose interaction is
interrupted, i.e., in either the type I or type II A-minor position, respectively. Conse-
quently, the 15 single-base ribose zippers identified within the T. thermophilus 30S
and H. marismortui 50S can be separated into 10 type A and 5 type B. Almost all sin-
gle-base ribose zippers have adenine in the type I A-minor position, which is, in the
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Figure 2-7  Ribose zipper. (A) Schematic belong to the bottom layer (slate) (top left
representation of canonical and single-base panel) viewed perpendicular to the back-
ribose zippers type A. Light blue colored bone, showing the ribose-ribose inter-actions
broken lines represent hydrogen bonds. and (top right panel) from above the upper
(B) Stick diagrams of the canonical ribose layer. Lower panels: hydrogen-bond network
zipper. Top panels: canonical ribose zipper in the lower layer (to the right) and the upper
where C377 and A242 belong to the upper layer (to the left). From Ref. [78] with
layer (blue green) and C376 and A243 permission.

case of type A, rotated away from the “acceptor base pair”. In the type B single-base
ribose zipper the type II A-minor position is a G in all instances [78]. Comparison of
the two available 508 structures revealed that 10 of the canonical ribose zippers that
are present in H. marismortui are also found in D. radiodurans, although two canoni-
cal ribose zippers in H. marismortui are single-base ribose zippers in D. radiodurans.

All ribose zippers of H. marismortui 50S structure are either conserved or their
composing bases are in close proximity to each other in D. radiodurans structure.
For example, 10 canonical ribose zippers found specifically in H. marismortui have
similar positions in D. radiodurans; however, the bases are too far apart from each

other to form hydrogen bonds.

2.6
Progress and New Developments in Understanding rRNA Structures

To finalize the overview of motifs recognized in the ribosomal subunit, the K-turn
and lonepair triloop will be reviewed as well as the attempts that have been made to

categorize non-Watson-Crick base interactions and RNA motifs in databases.
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2.6 Progress and New Developments in Understanding rRNA Structures

2.6.1
K-turn

After careful analysis of crystal structure of the large subunit, Klein et al. [62] recog-
nized a new motif, consisting of a helix—internal loop-helix. A kink in the phosphod-
iester backbone of the internal loop bends the RNA helix axis by ~120° and also gives
the motif its name ‘Kink-turn’ or ‘K-turr’.

The first helical stem termed ‘canonical stem? (C-stem) ends at the internal loop
with two Watson—Crick base pairs, typically C:Gs. The second helical stem termed
‘non-canonical stem’ (NC-stem) follows the internal loop and starts with two non-
Watson—Crick base pairs, typically sheared Ge.A base pairs. The internal loop
between the helical stems is always asymmetrical and usually contains three
unpaired nucleotides in one strand but none in the other (Fig. 2-8A). The close heli-
cal packing between the helical stems is stabilized by a type I A-minor interaction
[73] between the last C:G of the C-stem and the A of the G.A base pair in the NC-
stem (Fig. 2-8B). The requirement for a type I A-minor interaction may account for
the conservation of C:G in the C-stem and A.G in the NC-stem and also the high
conservation with the consensus secondary structure for the K-turn, which includes
10 consensus nucleotides out of the possible 15 [62]. Although the eight K-turns
identified in the H. marismortui 23S and T. thermophilus 16S rRNA vary somewhat
in sequence, each has essentially the same distinctive 3D structure. The six K-turns
in H. marismortui 23S TRNA superimpose with an r.m.s.d. of 1.7 A (rm.s.d.: root-
mean-square deviation). All six of these K-turn motifs appear at or near the surface
of the 50S particle, in regions that are less well conserved among the three king-
doms (Fig. 2-8C). The two K-turns identified in the structure of T. thermophilus 30S
are localized in the intersubunit surface and probably play a structural role in the
association of the subunits.

2.6.2
Lonepair Triloop

As implied in the name, the lonepair triloop (LPTL) consists of a lone base pair
capped with a loop of three nucleotides. The nucleotide sequence within LPTLs can
be described as 5'-FXYZL-3’, where the underlined nucleotides F and L form the
lonepair and the three nucleotides, X, Y and Z, the triloop [81]. Twenty-three LPTLs
occur in the ribosomal RNAs, of which seven are in 16S rRNA of T. thermophilus
30S, 15 in the 23S and one in 5S rRNA of the H. marismortui 50S. The LPTLs in
D. radiodurans 508 are at the corresponding positions of 23S RNA of H. marismortui
and are structurally equivalent. In addition to the LPTLs recognized in the ribosomal
RNA an additional one was found in the T-loop of tRNAs [81]. Nearly all of the LPTL
sites in TRNAs are conserved and most of them contribute to rRNA packing via ter-
tiary interactions with RNA segments that are distant in terms of the secondary
structure [81].
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Figure 2-8  K-turn motif. (A) Secondary-structure diagrams of the
eight K-turns found in the H. marismortui 50S and T. thermophilus
30S subunit structures and a derived consensus sequence.

(B) Three-dimensional representation of KT-7 with the phosphate
backbone of the kinked strand in orange and the unkinked strand
in yellow (upper panel). Lower panels displays atomic details of
individual base-base and base-backbone hydrogen bonds.

(C) Location of the K-turns in the H. marismortui 50S structure.
K-turns in blue are shown in the 3D structure: crown view from the
interface (top left panel), cytosolic face (top right panel) and in the
secondary structure (lower panel). From Ref. [62] with permission.
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2.6 Progress and New Developments in Understanding rRNA Structures

Figure 2-8  cond.

2.6.2.1 Classification of Lonepair Triloops

All but one of the LPTLs are coaxially stacked on the nearest 5'-helix. The LPTLs can
be classified as directly (class I) or indirectly (mediated by a short helical region
(class II)), coaxially stacking LPTLs. In both classes, the 5'-base of the lonepair (F) is
stacked onto the first nucleotide of the triloop (X), which is connected to the second
nucleotide of the triloop (Y) by a 220-230° U-turn. The second and third nucleotides
are facing into the minor groove, with the third base forming hydrogen bonds to the
first nucleotide of the triloop (see Figs. 2-9A and B).

In a subpopulation of type I and II LPTLs, a tertiary base is recruited by the triloop
by forming a base pair to the first base of the triloop (X). This recruited tertiary base
stacks between the third base (Z) and the 3'-base in the lonepair (L) and yields a struc-
tural conformation resembling that of the tetraloop motif. In contrast to the above-
described type A LPTLs, no tertiary base is recruited by type B LPTLs [81]. A third
class of LPTLs includes all LPTLs within a helical region. This category of LPTLs is
structurally distinct from the first two classes in having at least two of the triloop
bases base-pairing to form part of a regular helical stem and in missing the U-turn
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Figure 2-9  Lonepair triloop. (A) Schematic representation of 1A,
IB, IIA, 11B, and 1l LPTLs. The lonepair F:L is appended either
directly (class 1) or indirectly (class Il) through the intervening
base-pair(s) M:N to its 5'-helix, which is shown with lines (see text
for details). (B) Three-dimensional structure of representatives of
type IA, IB, and IIA LPTLs. Nucleotides are numbered in black give
T. thermophilus numbers for 16 S rRNA and H. marismortui numbers
for 23 S rRNA and in red E. coli numbers. From Ref. [81] with
permission.

in the triloop [81]. The LPTLs reviewed here include the earlier reported T-loop
RNA fold as a type I LPTL [82].

2.6.3
Systemizing Base Pairs

To facilitate the understanding of non-canonical base interactions, which have
proven to stabilize secondary and tertiary structures, different groups have put
together compilations of non-Watson—Crick interactions. Westhof and colleagues
have sorted the base-base interaction by the C1’-C1’ distance and the orientation of
the glycosidic bonds. Two base pairs with nearly the same C1'-C1’ distance and
same glycosidic bond orientation can replace each other without drastically chang-
ing the 3D path and relative geometric orientations of the phosphate-sugar back-
bones. These base pairs are called isosteric, although they will not always occupy the
same volume of space. This collection of isosteric base-pair interactions will be use-
ful in the development of more accurate 3D RNA models.

In the course of this work, Leontis and Westhof [83] systemized the nomenclature
of base pairs, based on the three potential hydrogen bond forming edges of a base.
These are the Watson—Crick, the Hoogsteen edge for purines and the CH edge for
pyrimidines, and the sugar or the shallow groove edge (Fig. 2-10).

0 PUE SWB L 341395 *[1202/0T/0] U0 ARIGITAUIUO ABIIM * A1 PUEEI 3P0 JO AISIBAIIN - 100 UILEIUSE AQ 240" EEVE09LZSE/200T OT/IOPALIOY A3 1M ARG IIBUINUO//SURY W01} PPEOIUMOQ ‘240 EEVE09LZSE/Z00T 0T

Ao

85UB01] SUOWILIOD BAIES.D 3[Rt dde U Aq PeuieA0B 812 SBILE VO 85N JO SaINI 0} ARIIT BUIIUO AB]IAN UO (SUORIPUCD-pI
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Figure 229  (cond.)
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78 ‘ 2 Structure of the Ribosome

Interacting Edges Glycosidic Bond Orientations

Cis grientation of the Glycosidic Bonds.

Trans orienstation of the Glycosidic Bonds

Figure 210 Proposed nomenclature for base pairs by Leontis
and Westhof. Left panel: purine (A or G, indicated by “R”) and
pyrimidine (C or U, indicated by “Y”) bases provide three edges
for interaction, as shown for adenosine and cytosine. Right panel:
the cis and trans orientations are defined relative to a line drawn
parallel to and between the base-to-base hydrogen bonds in the
case of two hydrogen bonds or, in the case of three hydrogen
bonds, along the middle hydrogen bonds. From Ref. [83] with
permission.

In the NCIR (non-canonical interactions in known RNA structures) database, Fox
and colleagues [84] compiled all the RNA structures that contain non-Watson—Crick
base-base interactions. In addition, this database provides a summary of the known
properties of the base-base interaction (http://prion.bchs.uh.edu/bp_type/).

2.6.4
Systemizing RNA Structural Elements

In their structural classification of RNA (SCOR) database (http://scor.lbl.gov), Fox
and colleagues categorized RNA motifs either as an external or internal loop. To
define loops, they applied a strict definition for each loop; external loops being a
covalently connected series of residues non-Watson—Crick-paired to each other,
which are closed on one side by a Watson—Crick base pair, whereas internal loops
consist of one (for bulge loops) or two non-Watson—Crick paired residues, closed on
both sides by Watson—Crick base pairs. Using their definitions, bulged loops or G.U
base pairs within a standard helix are considered internal loops [85]. Two hundred
and twenty-three internal and 203 external loops extracted from the 259 NMR and
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2.7 RNA-protein Interactions

X-ray structures are complied in the SCOR database. The internal loops are further
divided into nine subclasses. The external loops are categorized by size and stacking
pattern within the loop. Examples of RNA tertiary interactions are also included in
the SCOR database, such as coaxial helical stacking, ribose zippers, A-minor interac-
tions or pseudoknots [85].

2.7
RNA-protein Interactions

The ribosome consists of approximate 53 ribosomal proteins, which are crucial for
the smooth functioning of protein synthesis. Therefore, we will turn our attention
now to principles governing RNA—protein interaction. We will start by explaining
the differences between RNA and DNA and the implication this has for binding pro-
tein, which will lead us to the principal modes of interaction between protein and
RNA, and ending in the specifics of ribosomal protein interaction with rRNA.

2.7.1
Problem of RNA Recognition

The A-form helix accounts for as much as 50% of the residues in an average non-
messenger RNA, which includes the bases of Watson—Crick base pairs as well as
G.U wobble base pairs in the runs of Watson—Crick base pairs [66]. In the A-form,
the minor groove is shallow and broad (10-11 A in width and 2.8 A in depth)
whereas the major groove is deep and narrow (4-5 A in width and 13.5 A in depth),
when compared with B-form helix of DNA (major groove: 12 A in width and 8.5 A in
depth, minor groove: 5.8 A in width, 7.5 A in depth). This allows functional groups
of the ribose sugar, in particular the 2'-OH, to participate in interactions. The 2'-OH
group can act as a hydrogen bond donor and/or acceptor, making it versatile when it
comes to interaction with both RNA and protein. The functional importance of 2'-OH
group for protein synthesis was experimentally reinforced in many instances, such
as decoding [86], for which the involvement of 2'-OH of the mRNA was structurally
rationalized [59], translocation of tRNA(Met) from P-site to the E-site, which is
dependent on 2'-OH groups at positions 71 and 76 in the 3'-acceptor arm of the
tRNA [87], or tRNA binding to EF-Tu or to aminoacyl-tRNA synthetases [88, 89]
Sequence-specific interactions with regular A-form RNA helices via direct H-
bonding and van der Waals interactions cannot distinguish, in the minor groove, a
G:C from C:G or an A:U from a U:A base pair, but can distinguish G:C from A:U
types [90]. This fact degenerates the recognition of base pairs from a quaternary
mode (four base pairs) to a binary mode (two kinds of base pairs). This contrasts
with the recognition, in the major groove, of B-form DNA where discrimination of
all four Watson—Crick base pairs (GC, CG, AT, and TA) is possible (Fig. 2-11; [90]).
This difference in discrimination is reflected in the different mode of sequence-spe-
cific recognition of DNA and RNA. DNA recognition is typically accomplished
through the recognition of a particular nucleotide sequence in double-stranded DNA
(dsDNA). However, the sequence-specific RNA recognition results largely through
single-stranded regions, bulges, or internal and terminal loops [91, 92]. The complex
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80 ‘ 2 Structure of the Ribosome

Major groove

Minor groove

Figure 2-11 A schematic representation of the different patterns
of hydrogen-bond donors (two triangles connected on one tip) and
acceptors (diamonds) presented by Watson—Crick pairs to the
major and the minor grooves. A varied pattern of hydrogen donors
and acceptors in the major groove allows easy discrimination of
AT, TA, GC, and CG, whereas in the minor groove only the
discrimination between AT and GC base pairs is possible due to
the symmetric distribution of the donors and acceptors. Adapted
From Ref. [90].

structure of the RNA moiety within the protein-RNA complex hampers tight packing
at the protein—-RNA interface. Therefore, the protein—-RNA interface is less well packed
in comparison with protein-dsDNA or protein—ssDNA (single-stranded DNA) com-
plexes. Within the protein-RNA complexes, the sequence-specific complexes achieve
the best packing with, surprisingly, the least polar protein interface [92].

The difference in sequence-specific recognition of dsDNA and ssRNA also reso-
nates in the hydrogen-bond pattern between amino acids and bases. In dsDNA—pro-
tein complexes the functional groups of amino acid side-chains interact with the
nucleotide bases in the accessible major groove. In RNA-protein complexes the
amide backbone is frequently used for specific base interactions, especially the car-
bonyl group of the amide group as a proton acceptor. A duplex helix hampers close
contact of a peptide backbone with a nucleotide base to a larger extent than ssSRNA
does. Interestingly, the extent to which an amide group is used for phosphodiester
backbone contacts is approximately the same in RNA and DNA complexes [91].

2.7.2
Chemistry of RNA-protein Interactions

In most of the recently published studies on protein—-RNA interaction, the structure
of H. marsimortui 508 is excluded because the constrains of protein—-RNA interac-
tion is compounded by the problem of counteracting the high-salt conditions found
in H. marsimortui cells. A statistical analysis of protein—-RNA interactions of the 30S
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2.7 RNA-protein Interactions

subunit, synthetasetRNA complexes and other RNA-protein complexes revealed
that 22% of the amino acids in the RNA-protein interface are hydrophobic, 40%
charged (positive 32%, negative 8%), 30% polar and 8% glycine. The preferred
amino acids at the RNA-protein interface are Arg, Ser, His, Ty, Lys, with the under-
represented ones being Ala, Val, Glu, Met, Leu, Ile [93]. Statistical analysis has also
established that some amino acids have preferences for interacting with either the
phosphate group, the ribose moiety or the nucleotide base of the RNA; Arg prefers
to interact with the phosphate backbone; Met, Phe and Tyr favor the ribose; Pro and
Asn display stronger affinity for bases over ribose or phosphate groups. Additionally,
the four bases have individual preferences, such that adenosine favors Ile, Pro, Ser;
cytosine, Leu; guanosine, Asp and Gly, and uracil, Asn [93].

2.7.3
rRNA-protein Interaction

Ribosomal proteins make more extensive use of contacts to the sugar-phosphate
backbone, which is reflected in the preference for hydrogen bonds to phosphate
groups, over ribose, followed by bases. Whereas proteins with sequence-specific
binding to ssRNA-like structures make a surprisingly small number of contacts to
the RNA backbone and prefer, by far, hydrogen bonds to the base. In-between these
two extremes is the tRNA synthetase family, using phosphate, ribose and bases
equally for hydrogen-bond contacts [91, 93].

Based on the hypothesis that the ribosome is evolutionary older than tRNA syn-
thetases, which are older than ssRNA—protein complexes, Allers and Shamoo [91]
put forward an intriguing idea: They proposed that in the earliest interaction of an
“RNA world” RNA-like molecules had only the minimalist chemical interactions
with amino acids and therefore would have only take advantage of the abundant pep-
tide backbone amide and carbonyl groups.

The preference of ribosomal proteins to interact with the RNA backbone led to the
hypothesis that shape and charge complementarity, rather than specific sequences,
are responsible for the specificity observed in ribosomal protein—-RNA interactions
[75, 76]. This hypothesis is in agreement with co-variation sequence analysis and can
also explain the latter’s inefficiency in recognizing r-protein binding sites.

As explained above, some of the forces within an RNA—protein complex are
understood; however, the understanding of RNA-protein recognition and the
mutual interplay between protein and RNA, as seen in the ribosome assembly, is
still a long way off [91, 94].
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