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Abstract

The ribosome has been described as a ribozyme in which ribosomal RNA is responsible for
peptidyl-transferase reaction catalysis. The W255C mutation of the universally conserved
ribosomal protein uL3 has diverse effects on ribosome function (e.g., increased affinities for
transfer RNAs, decreased rates of peptidyl-transfer), and cells harboring this mutation are resistant
to peptidyl-transferase inhibitors (e.g., anisomycin). These observations beg the question of how a
single amino acid mutation may have such wide ranging consequences. Here, we report the
structure of the vacant yeast uL3 W255C mutant ribosome by X-ray crystallography, showing a
disruption of the A-site side of the peptidyl-transferase center (PTC). An additional X-ray
crystallographic structure of the anisomycin-containing mutant ribosome shows that high
concentrations of this inhibitor restore a “WT-like” configuration to this region of the PTC,
providing insight into the resistance mechanism of the mutant. Globally, our data demonstrate that
ribosomal protein uL3 is structurally essential to ensure an optimal and catalytically efficient
organization of the PTC, highlighting the importance of proteins in the RNA-centered ribosome.
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Introduction

The first high-resolution structures of the ribosome obtained by X-ray crystallography
demonstrated that catalysis of the peptidyl-transferase reaction is achieved exclusively by
ribosomal RNA (rRNA), thus identifying the ribosome as a ribozyme [1]. Structural
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comparison of ribosomes from various origins highlights a common organization around a
conserved rRNA core, with the gradual addition of layers of rRNA and proteins functioning
to increase complexity throughout evolution [2]. Although ribosomal proteins do not directly
participate in the catalytic activity of the ribosome, their contribution is essential for efficient
translation. In addition to their protective and structural role for rRNA, many ribosomal
proteins are essential for ribosome assembly, for the formation of the peptidyl-transferase
and the decoding centers, for binding of the different ribosomal ligands (MRNA, tRNAs,
translation factors), and for signal transduction [3,4].

Among all the ribosomal proteins, the universally conserved ribosomal protein L3 (uL3) is
the largest and is situated closest to the peptidyl-transferase center (PTC; see Fig. 1a). In the
context of the ribosome, uL3 folds as a globular domain which interfaces with the solvent
side of the large subunit (LSU) with three finger-like projections that extend into the central
core of the LSU: the N-terminal extension, the “tryptophan finger” (W finger) and the “basic
thumb” (the latter two both being part of the central loop) (Fig. 1b). These three “fingers”
are situated close to the PTC, and several studies have shown that mutations in these regions
are important for optimal ribosome functionality. Among these, the most well-characterized
is the tryptophan 255 to cysteine (W255C) mutant, located in the so-called “W finger”
(unless otherwise specified, Saccharomyces cerevisiae numbering is used throughout the text
and corresponding bases and residues from various organisms are listed in Supplementary
Table 1). This mutant was first identified as responsible for resistance to the peptidyl-
transferase inhibitors trichodermin and anisomycin in yeast [5-7] as well as for promoting
the inability of cells to maintain the Mq killer virus [8]. More recently, this mutant was
shown to promote decreased rates of cell growth and protein synthesis, increased affinities
for aminoacyl- and peptidyl-tRNAs (aa-tRNA and pep-tRNA), decreased affinity for
eukaryotic elongation factor 2, decreased peptidyl-transferase activity [9], increased
efficiency of programmed -1 ribosomal frameshifting [10], and an inability to recruit the
pokeweed antiviral protein [11].

In order to better understand how a single mutation could have such severe consequences on
the translation mechanisms, structural studies of the uL3 W255C ribosome were performed
using X-ray crystallography. The structures reported here represent the first high-resolution
structures of a mutant and drug-resistant eukaryotic ribosome. Structures of the S. cerevisiae
uL3 W255C mutant ribosome were determined in its vacant form and in complex with the
peptidyl-transferase inhibitor anisomycin at 3.4 and 3.1 A respectively (Y, = 1; Table 1).
The data reveal that the structural changes caused by the uL3 W255C mutation are not
limited to the proximal mutation environment, but rather extend through a long-range
network of structural rearrangements leading to the disruption of the PTC, most likely
accounting for the altered A-site tRNA binding and introducing a new drug resistance
mechanism.

Structure of the vacant uL3 W255C mutant 80S yeast ribosome

The structure of the uL3 W255C mutant 80S ribosome from S. cerevisiae was determined by
X-ray crystallography to better understand the mechanisms of action of this mutant. The
same ribosome purification and crystallization protocols as for the S. cerevisiae WT 80S
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ribosome [12] enabled the structure of the uL3 W255C mutant ribosome to be solved to 3.4
A (/I ,;=1; Table 1). The electron density map unambiguously revealed the W255C
mutation itself, as well as reorganization of specific 25S residues (Fig. 2). In the structure of
the WT ribosome from S, cerevisiae [12], a nearby 25S residue—A2397—adopts a syn
conformation (Fig. 2a). In the structure of the uL3 W255C mutant ribosome, as cysteine is
less bulky than tryptophan, A2397 is flipped toward uL3 “W finger” and adopts an ant/
conformation (Fig. 2b). The superposition of WT and mutant structures shows that
hydrogens protruding from uL3 W255 and 25S A2397 in an anti conformation would be too
close, suggesting that repulsive electrostatic interactions force 25S A2397 to flip into the syn
conformation (Fig. 2¢). Comparison of WT and mutant structures shows that movement of
this single nucleotide induces destabilization of the 25S region corresponding to residues
A2872 to U2875 (Fig. 2a and b), which form the A-site tRNA amino acid binding pocket of
the PTC. Indeed, in the WT structure, A2397 is stacked with U2873, thus bracing residues
A2872 to U2875 in—presumably—an optimal conformation for stabilization of the A-site
tRNA amino acid in the correct position for the peptidyl-transfer reaction to occur. In the
case of the uL3 W255C mutant structure, as A2397 adopts a syn conformation, U2873 is
shifted to avoid a clash with A2397 (Fig. 2d) and residues A2872 to U2875 are no longer
stabilized. This may result in the widening of the aa-tRNA binding pocket, explaining the
observed increase in affinity, as it was previously suggested [13].

It was also suggested that W255 may normally interact with A2941, which is positioned
next to one of the 25S “tRNA gates”—C2942—and might help to open it, thus facilitating
aa-tRNA passage to the A site [14,15]. The structure of the WT ribosome from S. cerevisiae
[12] shows that A2941 is flanked by W255 on one side and the 25S residue C2374 on the
other side (Supplementary Fig. 1). A2941 is thus very stable, with the neighboring tRNA-
gate C2842 in an “open” conformation. It was proposed that the higher affinity of aa-tRNAs
in uL3 W255C mutants could be explained by a more open conformation of the A-site
vicinity of the PTC and of the aa-tRNA accommodation corridor, facilitating aa-tRNA
binding [14]. Our structure of the uL3 W255C mutant ribosome shows that A2397 in anti
conformation takes over the flanking of A2941. A slight reorientation of both A2941 and
C2374 is visible, to adapt to the orientation of the ant/ conformation of A2397, but no
rearrangements of tRNA gates are observed in this structure.

Structure of the anisomycin-containing uL3 W255C mutant 80S yeast

ribosome

Given that the destabilized 25S region also corresponds to the anisomycin binding site [16],
the structure of the uL3 W255C mutant 80S ribosome from S. cerevisiae in complex with
anisomycin was also determined by X-ray crystallography. In this study, we modified the
post-crystallization treatments and supplemented the soaking solutions with anisomycin.
The use of high concentrations (500 pM) of anisomycin enabled the determination of the
structure of anisomycin-containing S. cerevisiae 80S ribosome to 3.1-A resolution (/= 1;
Table 1). In the structure of the WT ribosome from S. cerevisiae in complex with
anisomycin [16], the inhibitor binds in a pocket formed by PTC residues, including A2872
to U2875, and its pyrrolidine and acetyl moieties are particularly well stabilized by direct or
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magnesium-mediated polar contacts (Fig. 3a and b). The 25S residues A2872 to U2875
maintain the same organization as in the structure of the vacant ribosome, with U2873
stabilized by stacking with A2397, with the exception of U2875 which adopts an “up”
conformation (Fig. 3c) in comparison to the “down” conformation in the structure of the
vacant ribosome (Fig. 2a). The structure of the anisomycin-containing uL3 W255C mutant
ribosome shows that the inhibitor generally binds similarly to the mutant ribosome: the
binding pocket is formed by the same residues, but the position of the methyl-tyrosine
moiety of anisomycin is shifted by ~1 A toward the A2872-U2875 region, and its
pyrrolidine and acetyl moieties are not as well stabilized as in the WT ribosome (Fig. 3a and
b). Nevertheless, binding of anisomycin forces the mutant ribosome to adopt a WT-like
conformation: U2873 is pushed toward A2397, compelling it to adopt a sy» conformation to
avoid a clash with U2873, hence re-creating the stacking interaction observed in the WT
ribosome (Fig. 3c). This may explain why uL3 W255C mutant cells grow better in the
presence of anisomycin [9]. However, even though the phosphate backbone of residues
A2872 to U2875 follows the same path as in the WT ribosome, A2872 and U2875 adopt
different conformations: A2872 is in a syn conformation (versus anti conformation in both
vacant and anisomycin-containing WT ribosomes), and U2875 adopts a “down”
conformation similar to that found in the vacant WT ribosome (versus “up” conformation in
the anisomycin-containing WT ribosome) (Fig. 3c¢). While it is not possible to deduce how
the different A2872 conformations may mechanistically contribute to anisomycin resistance,
it appears that U2875 may act as a bolt, closing access to the A-site side of the PTC. Indeed,
superposition of A-site aa-tRNA shows a clash between the “up” conformation of A2872
and the amino acid of the A-site tRNA (Fig. 3d), whereas the “down” conformation seems
compatible with the simultaneous presence of an aa-tRNA (Fig. 3d). Early studies showed
that the W255C mutation does not affect anisomycin binding [17], suggesting that structural
rearrangements in mutant ribosomes might reduce the ability of anisomycin to compete with
aa-tRNA. In the uL3 W255C mutant ribosome, the “down” conformation of A2872 may
allow the aa-tRNA to enter the A-site side of the PTC and compete with anisomycin. Two
outcomes are then possible: (i) the aa-tRNA drives the inhibitor out of the PTC, or (ii) it
pushes the inhibitor further into its binding pocket, in a conformation that will allow the
binding of both substrates, as previously suggested [13]. This drug resistance mechanism is
different from the ones previously described, where either the ribosome or the drug is
modified, preventing binding of the drug due to novel steric clashes.

Discussion

In previous studies, it was shown that cysteine is the only viable mutation of uL3 W255
besides aromatic or basic amino acids [14], and genetic evidence suggested that C255 forms
a disulfide bridge with another cysteine of the W finger—C251—causing displacement of
the loop so that the role of W255 was played by another aromatic amino acid of the loop
(either H256 or H259) [14]. Our structures do not highlight any disulfide bond between
C255 and C251, or any other reorganization of the W finger in general (Supplementary Fig.
2). As dithiothreitol (DTT) was used during purification and crystallization, we thought that
its reducing activity might be responsible for C255-C251 disulfide bridge cleavage. Thus,
attempts were made to reproduce purification and crystallization of uL3 W255C mutant
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ribosome without DTT. The same experiments were performed for WT ribosomes as a
control. Consistent with the requirement for uL3 in ribosome subunit assembly, purification
profiles show that mutant ribosomes are characterized by higher subunit dissociation
propensity (Supplementary Fig. 3a). However, we observed that both WT and mutant
ribosomes purified in DTT-deprived buffers are less stable and are prone to aggregation.
Unsurprisingly—considering the decrease in the macromolecule stability—crystallization
assays were unsuccessful for WT and mutant ribosomes (Supplementary Fig. 3b). Given that
the same effects were observed for both WT and mutant ribosomes, this instability cannot be
specifically due to the uL3 W255C mutation, but are more likely caused by various effects
on the whole ribosome. Thus, no conclusions could be drawn concerning the presence or
absence of a C255-C251 disulfide bridge under “natural” conditions.

Overall, we show that the uL3 single mutation W255C disrupts the organization of the PTC
through a cascade of structural rearrangements, and more specifically the 25S region
forming the A-site tRNA amino acid binding pocket (Fig. 2). The increased flexibility of this
region may facilitate entrance of aa-tRNA into the PTC, but this may come at the cost of
precision of amino acid positioning in the A site, and consequently of peptidyl-transfer
efficiency [9,18]. Distortion of this region also affects the binding and mechanisms of action
of PTC-occupying inhibitors such as anisomycin (Fig. 3), introducing a novel drug
resistance mechanism. Indeed, the structural analysis is consistent with a previously
proposed model of anisomycin resistance in which destabilization of the A-site proximal
region of the PTC may allow room for binding of both anisomycin and the aa-tRNA
acceptor stem (see Fig. 5 in [13]). Taken together, our data suggest that ribosomal protein
uL3 is structurally essential to fine-tune the organization of the PTC in order to ensure
optimal catalytic efficiency, highlighting the importance of proteins in the RNA-directed
function of the ribosome.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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tRNA transfer RNA
PTC peptidyl-transferase center
LSU large subunit

W finger  tryptophan finger
aa-tRNA  aminoacyl-tRNA
pep-tRNA  peptidyl-tRNA

DTT dithiothreitol
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Fig. 1.

GI%baI view of protein uL3 in the context of the ribosome. Localization and folding of the
protein uL 3 in the ribosome. Figures were generated by using the structure of the S.
cerevisiae vacant wild-type ribosome (PDB 4V88) [12] with A- and P-site aa-tRNAs
extracted from the superimposed 7hermus thermophilus structure (PDB 4V5D) [19]. (a)
Schematic top and A site views of the translating ribosome. The large ribosomal subunit is
represented in gray, the small ribosomal subunit in blue, the A-site tRNA in yellow, the P-
site tRNA in orange, the E-site tRNA in red, the PTC in green, and ribosomal protein uL3 in
purple. (b) Structure of the protein uL3 in the context of the ribosome. uL3 folds as a 3-
fingered platform formed by its globular domain (in deep purple), and the N-terminal
extension (in light blue), the “tryptophan finger” (W finger; in wheat), and the “basic
thumb” (in pale green). Those 3 “fingers” extend into the central core of the LSU, their tips
reaching less than 12 A away from the PTC (in green).
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Fig. 2.
Structure of the uL3 W255C mutant ribosome shows that uL3 helps the 25S rRNA adopt an

optimal conformation for peptidyl-transfer catalysis. Views comparing the organization of
the A-site side of the PTC in the vacant wild-type (WT; PDB 4V88) [12] and uL3 W255C
mutant ribosomes (this study). A- and P-site aa-tRNAs extracted from the superimposed 7.
thermophilus structure (PDB 4V5D) [19] were placed in an informative way. (a) Structure of
the vacant WT ribosome. In the close environment of the WT uL3 residue W255 (purple),
the 25S residue A2397 (blue-gray) adopts a syn conformation. Residues A2872-U2875 (in
green) are stabilized due to the stacking interaction between U2873 and A2397 in this syn
conformation. (b) Structure of the vacant uL3 W255C mutant ribosome. In the presence of
the uL3 W255C mutation (purple), the 25S residue A2397 (blue-gray) is flipped to adopt an
anti conformation. The 2Fo-Fc electron density map, contoured at 1¢, is indicated for C255
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as a gray mesh. The stacking interaction between A2397 and U2873 is broken by the
reorientation of A2397, destabilizing residues A2872 to U2875. (c) Superposition of A2397
anti conformation to the structure of the WT ribosome shows that this conformation is not
possible in the presence of W255 because of repulsive electrostatic interactions between
hydrogens of W255 and A2397 aromatic rings. Only the static hydrogens of carbon atoms of
the aromatic rings are represented here. (d) Superposition of A2397 anti conformation to the
structure of the WT ribosome shows that the destabilization of residues A2872 to U2875 is
due to a clash between the ant/ conformation of A2397 and U2873.
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1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Mailliot et al. Page 11
(a) CHy
Anisomycin 0=< st

HO 0
2,

8}
HCH.’:]

TZE

uL3 W255C mutant

Fig. 3.
The uL3 W255C mutation is responsible for rearrangements in the anisomycin binding

pocket. The 2Fo-Fc electron density map, contoured at 1¢, is indicated for anisomycin as a
gray mesh in the right side of panels b and c. The structure of the anisomycin-containing
mutant ribosome was obtained using “artificial” conditions, by forcing the inhibitor inside
the “resistant” ribosomes, thanks to high concentrations of inhibitor (500 uM). As a
consequence, occupancy is not a 100%, but the drug could nevertheless be placed
unambiguously into the electron density map. (a) Chemical structure of anisomycin. For
simplicity of description, the inhibitor has been divided into three moieties: the methyl-
tyrosine moiety (in red), the pyrrolidine ring (in green), and the acetyl moiety (in blue). (b)
Polar contacts implicated in anisomycin. The structure of anisomycin bound to the WT yeast
80S ribosome (on the left; PDB 4U3M) [16] shows that the 25S region destabilized by the
uL.3 W255C mutation (residues A2872 to U2875) flanks the anisomycin binding pocket.
The pyrrolidine and acetyl moieties of the inhibitor are particularly well stabilized by direct
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or magnesium-mediated polar contacts with A2872, G2403, G2816, C2821, U2869, and
C2870. The structure of anisomycin bound to the uL3 W255C mutant yeast 80S ribosome
(on the right; this study) shows that the inhibitor binds in the same binding pocket as for the
WT ribosome. Even though the methyl-tyrosine moiety binds in a very similar manner, the
pyrrolidine and acetyl moieties are not as well stabilized (less polar contacts) and are more
flexible. (c) Effects of anisomycin binding on A-site side of PTC reorganization. In the case
of the WT ribosome (on the left; PDB 4U3M) [16], the presence of anisomycin does not
cause particular rearrangements of the residues A2872 to U2875: this region is still
stabilized because of the stacking between U2873 and A2397. The only difference concerns
U2875 which is lifted up. In the case of the uL3 W255C mutant ribosome (on the right; this
study), anisomycin binding pushes residues A2872 to U2875 to adopt a conformation
“similar” to the WT ribosome one: because of anisomycin, an “artificial” stacking between
U2873 and A2397 is created. However, not all residues match the WT ribosome: A2872 is in
syn conformation, and U2875 remains pointed down. (d) Superposition of A-site aa-tRNA
from 7. thermophilus structure (PDB 4V5D) [19] and the anisomycin-containing ribosome
structures. In the case of the WT ribosome (on the left), an important clash between the
U2875 “up” conformation and the amino acid of the tRNA can be observed. In contrast, in
the case of the uL3 W255C mutant ribosome (on the right), the U2875 “down” conformation
does not clash with a aa-tRNA bound to the A site.
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Table 1
Data collection and refinement statistics
80S L 3W255C Vacant 80S L3W255C ANI
Data collection
No. of crystals 1 2
Space group P2, P2,

Cell parameters

a b, c(A) 435.45, 287.66, 303.76 436.11, 287.31, 303.99
a By 90.000, 98.915, 90.000 90.000, 98.860, 90.000
Resolution 49.993-3.400 (3.500-3.400)  49.958-3.100 (3.200-3.100)

Rineas (%)

38.2 (166.9)

40.7 (229.0)

lal 5.32 (1.02) 6.77 (0.93)
CCypp (%) 97.5 (36.3) 98.6 (31.0)
Completeness (%) 99.9 (100.0) 100.0 (100.0)
Redundancy 4.8 9.0
Refinement

Resolution 49.993-3.400 49.958-3.100
No. of unique reflections 1,009,263 1,333,169
Ruorid Riree (%) 23.43/28.45 23.44/29.06
No. of atoms

Protein 180,135 179,857

RNA 222,826 222,826

lons and ligands 8690 8236
B factors

Protein 80.74 72.65

RNA 75.46 67.70

lons and ligands 107.46 86.92
RMS deviations

Bond lengths (A) 0.010 0.009

Bond angles (°) 1.319 1.221
PDB IDs 5FCI 5FCJ
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Values in parenthesis are for highest-resolution shell statistics. uL3 W255C mutant 80S ribosomes from S. cerevisiae were purified, crystallized,

and treated essentially as previously described [12]. The post-crystallization treatments were modified to increase glycerol concentration to 20% in
all intermediate solutions. Ribosome complexes containing anisomycin were formed by soaking 80S ribosome crystals with 500 uM of inhibitor for
~30 min at 4 °C in a buffer containing 80 mM Tris—acetate (pH 7.0), 70 mM KSCN, 40 mM potassium acetate, 7.5 mM ammonium acetate, 10 mM
magnesium acetate, 6.5 mM spermidine, 5% PEG 20,000, 20% vol/vol glycerol, 2 mM DTT, 1.26 mM Deoxy Big CHAP, and 15% wt/vol PEG
6000 before the transfer to a cryo-protecting buffer containing 80 mM Tris—acetate (pH 7.0), 70 mM KSCN, 40 mM potassium acetate, 7.5 mM
ammonium acetate, 10 mM magnesium acetate, 6.5 mM spermidine, 5% PEG 20,000, 20% vol/vol glycerol, 2 mM DTT, 1.26 mM Deoxy Big
CHAP, 20% wt/vol PEG 6000, and 3 mM osmium hexamine supplemented with 100 uM anisomycin for ~2 h. Data collection was performed at
synchrotron SOLEIL on PROXIMA 1 beamline. We applied the previously described data collection strategy, optimized for single-photon counting
detectors [12,20], attenuating the beam to 20% of the incoming photon flux and collecting highly redundant data when possible. Diffraction data
were processed and reduced using the XDS suite [21]. The structures were determined by molecular replacement using the S. cerevisiae 80S
ribosome structure (PDB 4V88) [12] as a search model and then subjected to refinement using phenix.refine [22]. Restraints for anisomycin were
generated with JLigand [23] and ReadySet from the Phenix suite [22]. Ligands building, fitting, remodeling of ribosomal binding sites, and analysis
of Ramachandran plots were performed using Coot [24]. Final refinement was performed with phenix.refine [22]. Ligands geometry was validated
with the software Mogul from the CCDC package [25]. Compared to the original model of S. cerevisiae ribosome (PDB 4V88), conformation of
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several rRNA nucleotides was corrected in both monomers, including residues A2397, A2872, U2873, G2874, and U2975 in 25S rRNA, and metal
ions were modeled de novo. Figures were prepared using PyMOL (Schrddinger, LLC). To simplify comparisons of the yeast 80S ribosome with
ribosomes from other species, ribosomal proteins were named throughout the manuscript according to the recently established nomenclature [26].
Coordinates and structure factors for vacant and anisomycin-containing 80S yeast ribosomes were deposited at the Worldwide Protein Data Bank
with PDB IDs 5FCI and 5FCJ, respectively.
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