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Ribosomal protein uS19 mutants reveal its role in
coordinating ribosome structure and function
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Prior studies identified allosteric information pathways connecting functional centers in the large ribosomal subunit
to the decoding center in the small subunit through the B1a and B1b/c intersubunit bridges in yeast. In prokaryotes a
single SSU protein, uS13, partners with H38 (the A-site finger) and uL5 to form the B1a and B1b/c bridges respectively.
In eukaryotes, the SSU component was split into 2 separate proteins during the course of evolution. One, also known as
uS13, participates in B1b/c bridge with uL5 in eukaryotes. The other, called uS19 is the SSU partner in the Bla bridge
with H38. Here, polyalanine mutants of uS19 involved in the uS19/uS13 and the uS19/H38 interfaces were used to
elucidate the important amino acid residues involved in these intersubunit communication pathways. Two key clusters
of amino acids were identified: one located at the junction between uS19 and uS13, and a second that appears to
interact with the distal tip of H38. Biochemical analyses reveal that these mutations shift the ribosomal rotational
equilibrium toward the unrotated state, increasing ribosomal affinity for tRNAs in the P-site and for ternary complex in
the A-site, and inhibit binding of the translocase, eEF2. These defects in turn affect specific aspects of translational
fidelity. These findings suggest that uS19 plays a critical role as a conduit of information exchange between the large

and small ribosomal subunits directly through the B1a, and indirectly through the B1b/c bridges.

Introduction

Conversion of the genetic information encoded in mRNAs
into proteins is carried out by large ribonucleoprotein particles
called ribosomes. Yeast ribosomes are 3.6 MDa structures com-
posed of 79 ribosomal proteins and 4 rRNA molecules. The 40S
small ribosomal subunit (SSU) directs the bulk of translational
initiation, and contains the mRNA decoding center (DC). The
large 60S subunit (LSU) harbors several functional centers, most
notably the peptidyltransferase center (PTC) which is the cata-
lytic site of polypeptide synthesis, 3 tRNA binding pockets, and
the GTPase associated center. During the elongation stage of
translation, the large and small subunits work in concert. With
each cycle of amino acid incorporation into the nascent polypep-
tide chain, the 2 subunits rotate with respect to one another by
-8 A.'* Ribosomes at the 2 extreme stages of this process are

known as rotated and unrotated.” In translating ribosomes, the 2
subunits are connected by highly conserved interactions called
intersubunit bridges. The roles of these bridges include providing
structural stability and transmitting information between distal
functional centers of the ribosome.®® The core intersubunit
bridges are highly conserved in all domains of life. In particular,
the B1 family of bridges (divided into Bla and B1b/c) link the
head of the SSU with the central protuberance of the LSUj these
structures undergo the largest degree of intersubunit rotation
during the elongation cycle.”'® While these bridges are highly
conserved, the identities of the interacting partners differ between
prokaryotes compared to eukaryotes. In the prokaryotes, a single
SSU protein, uS13, partners with Helix 38 of the large ribosomal
subunit (abbreviated as H38, and also referred to as the A-site
finger or ASL) and ul5 to form the Bla and Blb/c bridges
respectively. In eukaryotes, it appears that these responsibilities
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Figure 1. Two views of uS19 and its neighbors. Lateral (top, looking
toward the SSU “head”), and intersubunit views of uS19 (red) intertwined
with uS13 (olive). uL5 (cyan) and the B1b/c intersubunit bridge, and H38
(pink) and the B1a intersubunit bridges are indicated. The thinner purple
line represents the approximate location of the distal tip of H38, which is
not resolved in the original atomic resolution structure.*’ Groups of
amino acid residues of uS19 mutated in this study are labeled and color
coded.

were re-assigned to 2 separate proteins during the course of evo-
lution. One of these proteins, also known as uS13 "' [also called
S18 '*], only participates in bridge B1b/c with uL5 in eukaryotes.
The other, called uS19 !! [as also called S15'?] is the SSU partner
in the Bla bridge with H38. High resolution crystal structures of
yeast ribosomes reveal that uS13 and uS19 interact extensively
with one another’ (Fig. 1).

The essential 142 amino acid eukaryotic uS19 also plays an
integral role in small subunit biogenesis: while depletion of uS19
permits exit of 20S pre-rRNA molecules from the nucleolus, they
are retained in the nucleus, demonstrating that assembly of uS19
into SSU precursors is required to render 43S particles competent
for export from the nucleus to the cytoplasm.'” In mature ribo-
somes, crosslinking studies show that the unstructured C-termi-
nal tail of eukaryotic uS19 reaches the ribosomal DC." Its LSU
partner, H38 is a large structure that interacts with numerous
functional centers in the LSU including the D-loop of aminoacyl
tRNA (aa-tRNA), the PTC and GTPase associated center.® Dur-
ing translation elongation, the Bla bridge is intact when
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ribosomes are in the unrotated state. However, when ribosomes
become fully rotated, H38 and uS19 separate by 10 A, breaking
the Bla bridge. The 17kDa yeast ribosomal protein uS13 is
encoded by 2 paralogous genes, RPSI18A and RPS18B which are
identical with the exception of silent mutations in their DNA
sequences. Studies performed in bacteria suggest that prokaryotic
uS13 plays an important role in ribosome function including
subunit joining during initiation, and maintaining the pretrans-
location state during translation. In yeast, uS13 is required for
processing of 35S pre-rRNA at the A, site.'” In mature ribo-
somes, while the BIb/c intersubunit bridge between uS13 and
uL5 remains intact through ribosome rotation, the specific inter-
actions between the two proteins change.®'®

uS19 and uS13 have been indirectly implicated in transmit-
ting information between functional centers on the 2 subunits.
For example, reverse genetics studies of yeast H38 revealed that
information pertaining to aa-tRNA selection in the SSU DC is
transmitted from uS19 across the Bla intersubunit bridge to
H38, from which it is distributed to functional centers in the
LSU.® Similarly, analyses of ul5 (also called L11'") mutants
identified a network of allosteric information exchange spanning
the length of the LSU (RNA binding cleft, through ul5, across
the B1b/c bridge to the DC.*'® While uS13 and uS19 are differ-
ent proteins, they physically interact with one another '’
(Fig. 1). Based on prior observations and the structural data, we
suggest that they work in concert as part of a larger allosteric
information exchange network that enables coordination of the
spatially distinct functional centers of the ribosome. To examine
this, the current study employed a series of uS19 mutants located
at the uS13/uS19 and uS19/H38 interfaces. Polyalanine scanning
mutagenesis revealed that uS19 residues L;1,-H; 4, located at the
uS13/uS19 interface, are required to maintain normal rates of
TyI-directed programmed +1 ribosomal frameshifting (+1 PREF),
the ability of ribosomes to distinguish between cognate and near-
cognate tRNAs, and the ability of initiating ribosomes to distin-
guish between a bona fide AUG start codon, as compared to a
UUG codon. Mutation of residues uS19 Q;04V19s, which are
the closest amino acids to H38, inhibited +1 PRF. Biochemical
analyses revealed that both mutants reduced the fraction of trans-
lating polyribosomes relative to isogenic wild type cells, shifted
ribosomal rotational equilibrium toward the unrotated state, pro-
moted increased affinity for elongation ternary complex in the
ribosomal A-site and for peptidyl-tRNA in the P-site, and
decreased affinity for the translocase eukaryotic elongation factor
2 (eEF2). These findings support the hypothesis that uS19 func-
tions as an important conduit of information between the large
and small subunits, perhaps directly through its interaction with
the Bla bridge, and indirectly via its interaction with uS13,
through the B1b/c intersubunit bridge.

Materials and Methods
Strains, plasmids, and media

The gene encoding uS19, RPSI5, and its native 5’ and 3’
untranslated regions (UTRs) were amplified from S. cerevisiae
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genomic DNA. This PCR product was cloned into pRS313, a
HIS3-based low-copy expression vector. Mutations in the open
reading frame of pRPS15-HIS3 were generated by oligonucleo-
tide site-directed mutagenesis using the Quikchange XL site-
directed mutagenesis kit (Stratagene, Madison, WI, USA)
(Table S1). Plasmids were amplified in the DH5a strain of E.
coli. Mutations were introduced into the RPS15 knockout yeast
strain JD1346 [his3A1; leu2A0; ura3A0; YOLO40c::KanMX4;
pFL38(Pgal::RPS15; URA3)] using a standard lithium acetate
yeast transformation protocol '” and subsequent 5-FOA plasmid
shuffle.'® Strains generated in this study are shown in Table S2.

Genetic Assays

Standard 10-fold dilution spot assays were used as a qualita-
tive measure of sensitivity to temperature and small molecule
translational inhibitors. Dilution spot assays were performed as
previously described.'® Briefly, yeast were grown in synthetic his-
tidine deletion media (-His) to logarithmic growth phase. Serial
dilutions were made from 10° to 1 colony-forming unit (CFU)
per 2.2 pl and spotted on —His agar media. For pharmacogenetic
assays, 10 pg/ml of anisomycin and 45 pg/ml of paromomycin
were added to —His agar media and the plates were incubated at
20°C for 3-5 days. To assay for temperature sensitivity, the
plates were incubated in cold (20°C), optimal growth tempera-
ture for yeast (30°C) and elevated temperature (37°C). The killer
maintenance assay is a qualitative assay of translational fidelity
and was also performed as previously described.'” Briefly, cells
were replica plated on 4.7 MB plates seeded with a lawn of killer
sensitive (K7) cells and plates were incubated at 20°C for 2-
3 days. Killer phenotype was detected as a zone of growth inhibi-
tion around the patch of test cells. Mutants were scored based on
their ability to maintain killer relative to wild-type.

Quantitative translational fidelity assays

Bicistronic luminescent reporter assays were employed to
quantitatively probe programmed +1 ribosomal frameshifting
(+1 PRE), -1 PRF, suppression of the nonsense UAA codon, and
missense suppression.””*! In the missense reporter, the AGC ser-
ine codon at position 218 in the firefly luciferase catalytic site is
replaced with an AGA arginine codon. The dual luciferase assays
were performed and data was analyzed as previously described*?
using a Dual Luciferase Reporter Assay Kit (Promega, Madison,
WI) and a Promega GloMax—-Multi Detection System
Luminometer.

To monitor translation initiation at non-AUG start codons,
assays of [-galactosidase activity in whole-cell extracts from
strains containing the HIS: Y Jacz (p367) or hisd"Y JacZ
(p391) reporter plasmids, were performed as previously
described.”® Transformants were inoculated overnight in mini-
mal media and grown to mid-log phase. ODsgs values were
recorded, 2 mL of each culture were sedimented by centrifuga-
tion, and cells were resuspended in 400l of Z buffer (8.05g
Na,HPO,#7H,0, 2.75¢ NaH,POeH,0, 0.375¢ KC, 0.123¢
MgSO4e7H,0, and 1.35 mL B-mercaptoethanol in 500 mL).
150pL CH;3Cl3 and 100l of 0.1% SDS were added, the sus-
pension was vortexed for 10 seconds and incubated at 28°C for
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15 minutes. O-nitrophenyl B-D-galactoside (ONPG) hydrolysis
was measured as previously described.”® Briefly, 0.2mL of a
4 mg/mL solution of ONPG was added to samples. The reactions
were quenched with 0.5 mL of Na,COj and cell debris was sedi-
mented by centrifugation. ODyo was measured for each sample
and ONPG hydrolyzing activity was determined. Assays were nor-
malized to the ODgqq of the culture and to the assay time. Three
experimental replicates were performed, each in triplicate.

Ribosome purification and sucrose gradient analyses

Ribosomes were isolated from mutant yeast strains for i vitro
ligand binding assays following a previously described protocol.*
Cultures were grown in 5 ml of YPAD media and inoculated in
500 ml of YPAD overnight in a 30°C shaker and grown to mid-
log phase. Cells were incubated at 4°C for 1 hour to allow ribo-
somes to dissociate from mRNA transcripts, but remain intact.
Cells were harvested by centrifugation in a ThermoScientific™
Sorvall™ Legend RT Plus Centrifuge and washed twice with
ribosome purification binding buffer [20 mM HEPES-KOH
pH 7.6, 60 mM NH.CI, 5 mM Mg(CH;COO),, 2 mM
DTT]. Cells were resuspended in 1 ml of binding buffer per
gram of cells and lysed in 2 ml screw cap vials half-filled with
glass beads using a minibead beater. Lysates were clarified by cen-
trifugation in a Beckman Coulter Optima™ XE-90 Ultracenti-
fuge at 30,000g using an SW-41Ti rotor at 4°C for 30 minutes.
The supernatant was separated from the pelleted cell debris and
ribosomes were isolated by affinity purification using Sulfolink
beads (Pierce, Rockford, IL). The Sulfolink beads were first incu-
bated on ice after addition of supernatant for 30 minutes. The
column was centrifuged at 1000 rpm momentarily followed by 2
washes with binding buffer. Ribosomes were eluted from the
resin in 8 ml of elution buffer [20 mM HEPES-KOH pH 7.6,
60 mM NH4CI, 500 mM KCI, 10 mM Mg(CH3;COO),,
2mM DTT, 0.5 mg/ml heparin].
treated with ImM each puromycin and GTP for 30 minutes at
30°C to ensure removal of endogenous peptidyl tRNA, mRNA,
and soluble factors. Ribosome solution was layered atop 22 ml of
glycerol cushion buffer (50 mM HEPES-KOH pH 7.6, 10 mM
Mg(CH3COO0),, 60 mM NH,CI, 500 mM KCl, 2 mM DTT,
25% glycerol) and pelleted by centrifugation overnight at
100,000g at 4°C in a SW-32Ti rotor. Pellets were washed in
1 ml of storage buffer (50 mM HEPES-KOH pH 7.6, 5 mM
Mg(CH5COO0),, 50 mM NH4Cl, 1 mM DTT, 25% glycerol)
and resuspended in 200-400 pl of storage buffer. Ribosome con-
centrations were determined using a spectrophotometer (1 ODU

Fluted ribosomes were

at 260 nm = 20 pmoles of ribosomes). The ribosomes were
stored at -80°C in 500 picomole aliquots until needed for ligand
binding assays. Lysates of cycloheximide arrested yeast cells were
sedimented through 7% - 47% sucrose gradients and polysome
profiles were determined by monitoring A,s4 nm as previously

described.”

Ligand binding assays

6X-His-tagged eukaryotic elongation factor 2 (eEF2) was
purified from Saccharomyces cerevisiae strain TKY675. Cells were
grown overnight in 5 ml of YPAD and cultures were inoculated
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in 500 ml the following night. Once cell growth reached loga-
rithmic phase (ODsgs = 0.6-1), cells were harvested and washed
with ultrapure water. Cells were resuspended in 1 ml of binding
buffer (20 mM Sodium Phosphate Buffer pH 7.4, 500 mM
NaCl, 20 mM Imidazole) per 1 gram of cells and lysed in a mini
beadbeater using glass beads. The resulting lysate was centrifuged
in an ultracentrifuge with an SW-32Ti fixed angle rotor at
32,000 RPM for 3 hours at 4°C. The supernatant was promptly
removed from the cell debris and loaded onto Ni-NTA agarose
affinity columns. Following purification, residual imidazole was
removed by buffer exchange (100 mM Tris-HCI pH 7.5, 5 mM
EDTA). The protein was flash-frozen in liquid N, and stored in
50 wl aliquots in a -80°C freezer.

Aminoacylated and acetylated aminoacylated tRNAs ([*C]
Phe-tRNA™ and N-Ac-['“C]Phe-tRNA", respectively) were
synthesized from CCA-repaired phenylalanyl tRNAs and purified
by high performance liquid chromatography (HPLC) as previ-
ously described.”® For A-site ligand binding assay, 100 picomoles
of purified ribosomes were incubated for 30 minutes at 30°C
with polyuridylic acid (Poly U), cold phenylalanyl (RNA, and
4X Binding Buffer [80 mM Tris-HCI pH 7.4, 160 mM NHCI,
15 mM Mg(CH3COO),, 2 mM spermidine, 0.5 mM spermine,
6 mM B-mercaptoethanol] to a total volume of 300 pl. Ternary
complex was formed by combining 512 picomoles of ["*C]Phe-
tRNA" GTP, soluble protein factors, and 4X Binding Buffer
to a final volume of 270 pl and incubated for 30 minutes at
30°C. Eight two-fold serial dilutions of ternary complex mix
were prepared ranging from 128 picomoles to 1 picomole con-
centrations. Fifteen Wl of the ribosome mix was added to each
tube and the ternary complex + ribosome mix was incubated for
30 minutes at 30°C. The solutions were then poured onto moist-
ened Millipore HA 0.45 micron nitrocellulose filters and incor-
porated radioactivity was determined by scintillation counting.

For P-site ligand binding, 100 picomoles of purified ribo-
somes were incubated for 10 minutes at 30°C with polyuridylic
acid (Poly U), and 4X Binding Buffer [80 mM Tris-HCl pH
7.4, 160 mM NHCI, 11 mM Mg(CH3COO),, 2 mM spermi-
dine, 0.5 mM spermine, 6 mM [-mercaptoethanol] to a total
volume of 300 wl. tRNA mix was formed by combining 512
picomoles of N-Ac-["4C]Phe-tRNA™, and 4X Binding Buffer
to a final volume of 270 pl and incubating for 10 minutes at
30°C. Eight two-fold serial dilutions of tRNA mix were pre-
pared ranging in concentration from 128 picomoles to 1 pico-
mole. 15 pl of the ribosome mix was added to each tube and the
tRNA + ribosome mix was incubated for 30 minutes at 30°C.
The solutions were then poured onto moistened Millipore HA
0.45 micron nitrocellulose filters and incorporated radioactivity
was determined by scintillation counting. Elongation factor 2
(eEF2) binding was performed as previously described.?’ Binding
data were analyzed and Kp, values were calculated via single bind-
ing site with ligand depletion models using GraphPad Prism

software.
rRNA chemical modification and analysis

For chemical modification of rRNA, 50 picomoles of ribo-
somes were first reactivated with 50 wl of 2X SHAPE buffer
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[160 mM HEPES-KOH pH 7.5, 100 mM NaCl, 5 mM Mg
(CH3COO),, 6 mM B-mercaptoethanol] at 30°C for 10
minutes. For the SHAPE reaction, 75 pl of 1X SHAPE buffer
and 12.5 pl of either DMSO (negative control) or 1-methyl-7-
nitroisatoic anhydride (1M7) was added to 50 pl of reactivated
ribosomes. The mixture was incubated for 10 minutes at 30°C
and ethanol precipitated overnight. The modified rRNA was
then purified using an RNAqueous micro kit (LifeTechnologies,
Grand Island, NY) and used in primer extension reactions.
Primer extension was performed as previously described and 10
pl samples in Hi-Di Formamide were sent to Genewiz (Freder-
ick, MD) for capillary sequencing. Data were analyzed using
ShapeFinder.?®

Results

A polyalanine screen reveals inviable uS19-uS13 interface
mutants

Using available cryo-EM ? and X-ray crystal 7 structures of
yeast ribosomes as a guide, a region of 19 residues of uS19 was
identified as potentially interacting with uS13 and H38. Ini-
tially, oligonucleotide site-directed mutagenesis was used to
mutate 3 stretches of 6 or 7 amino acids in this region to polyala-
nine (uS19 residues 98 — 114) (Table S3). All three mutants
were inviable as the sole form of uS19. Consequently, 8 addi-
tional mutants were synthesized with stretches of 2 or 3 alanines,
only one of which (EM110-111AA) was inviable as the sole form
of uS19 (Table S3). The seven viable mutants mapped onto the
structure of uS19 are shown in Figure 1.

Genetic evaluations reveal that the QV105-105AA and
LGH112-114AAA mutants of uS19 affect cell growth and
translational fidelity

Mutants were assayed using standard 10-fold dilution spot
assays at low temperature (20°C), optimal temperature for yeast
growth (30°C), and high temperature (37°C) (Fig. 2A). At
30°C, all mutants grew comparably to wild-type except for
LGH112-114AAA, which exhibited reduced growth, and the
EI106-107AA mutant, which exhibited a milder growth defect.
At 37°C, these 2 mutants were not viable, and additional
mutants, i.e. FN102-103AA, QV104-105AA and RP108-
109AA conferred slightly reduced growth phenotypes. Cold con-
ditions (20°C) did not appear to exacerbate any of the growth
characteristics of any of the mutants, nor did the small molecule
translation inhibitors anisomycin or paromomycin (not shown).

To further characterize the mutants, a series of bicistronic
luminescence reporter assays were employed to quantitatively
measure different aspects of translational fidelity. Four reporter
plasmids were used to assay for -1 PRF, +1 PRF, stop codon rec-
ognition (suppression of a UAA nonsense codon),?® and aa-
tRNA  selection (suppression of a near-cognate missense
codon).”! Mutant strains were transformed separately with each
of the 4 test constructs as well as an in-frame control reporter,
and translational fidelity was measured in terms of percentages of
in-frame controls. None of the mutants promoted significant
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effects on L-A virus directed -1 PRF, |, B 25,
with the exception of NG98-99AA and m NG98-99A
EI106-107AA, which conferred approxi- £ 21— D Ento2103A :
mately two-fold increases (Fig. 2B). 2 i
However, FN102-103AA caused a sig- % 18 7;52;':‘:;_’:‘:2““
nificant decrease in Tyl directed +1 § 10 *
PRF, and LGH112-114AAA had a stim- w i
ulatory effect. UAA stop codon decod- 10° 10" 10° 10" 108 10! 5
ing was enhanced by the QV104-105AA
mutant, and was decreased by EI106- 0
. %+1PRF
107AA (Fig. 2C). Decoding of a near-
cognate missense codon was enhanced 6 5o
by 3 of the mutations (FN102-103AA, 1 mwr ki Dy.0s
QV104-105AA, and RP108-109AA), i itix Jr— *
and was stimulated approximately 5-fold | g .| et | g
in cells expressing the LGH112-114AAA 2 mERIIT, 2 0.03
form of uS19 (Fig. 2C). Initiation at a o6t O LGH12:114AAA = g
UUG codon was enhanced by approxi- © i B 0.02
mately two-fold by the uS19 LGH112- ’
114AAA mutant (Fig. 2D). 0.2 A - 001
The uS19 LGH112-114AAA mutant Stop Codon Near Cognate 0 WT Qv104  LGH112
-105AA  -114AAA

promotes opposing effects on binding

of A-site substrates and increased
affinity for tRNAs to the ribosomal
P-site

In light of the genetic analyses, fur-
ther biochemical studies focused on the
2 mutants with the most pronounced
phenotypes: QV104-105AA  and
LGH112-114AAA. Ribosomes isolated
from isogenic wild type and mutant cells
were assayed with regard to their effects
on the steady state binding of one acety-
lated-Phe-tRNA™ (Ac-aa-tRNA, a P-

Figure 2. Effects of uS19 mutants on cell growth and translational fidelity. (A) Growth assays. Serial
dilutions (10° — 10" CFU) of yeast cells expressing either wild-type or mutant forms of uS19 were
transformed spotted onto rich medium and incubated at the indicated temperatures. Viable mutants
of amino acid residues uS19 mutated to alanine are numbered as follows. 1: NG98-99AA. 2: KA100-
101AA. 3: FN102-103AA. QV104-105AA. 5: EI106-107AA. 6: RP108-109AA. 7: LGH112-114AAA. (B - C)
Translational recoding assays. Isogenic cells expressing wild-type uS19 or the indicated mutants were
transformed with dual luciferase reporter and in-frame control plasmids and rates of translational
recoding were determined. Rates of L-A virus directed -1 PRF, and Ty7 directed +1 PRF. Nonsense
codon suppression construct consists of an in-frame stop codon between the 2 ORFs. Missense sup-
pression rates were determined by incorporation of cognate arginine (AGA) in place of near cognate
serine (AGC) at position 248 in the firefly ORF. (D) Start codon recognition assay. The ability to initiate
translation at a UUG codon was monitored as a ratio of 3-galactosidase activities generated from
reporters harboring UUG or bona fide AUG codons. Error bars indicate SEM. *P < 0.05, **P < 0.01.

site substrate), and two A-site substrates:

ternary complex (TC) and eEF2. In gen-

eral, the biochemical profiles of both mutants were similar to one
another. Consistent with the growth phenotypes the magnitude
of the defects conferred by the LGH112-114AAA mutant were
greater than those promoted by QV104-105AA. Ribosomes iso-
lated from cells expressing the LGH112-114AAA mutant exhib-
ited an ~two-fold decrease in Kp for Ac-aa-tRNA (Fig. 3A-D),
an ~three-fold decrease in Kp for ternary complex (Fig. 3B-D)
and a nearly three-fold increase in Kp for the translocase eEF2

(Fig. 3C-D).

Both the uS19 QV104-105AA and LGH112-114AAA
mutants perturb the rotational equilibrium of ribosomes and
reduce the fraction of polysomes

Recent studies have suggested a correlation between ribosome
rotational status and affinity of ribosomes for elongation factors.
For example, yeast mutants of uL16 were used to support a
model in which unrotated ribosomes have higher affinity for ter-
nary complex (eEF1A, aa-tRNA, and GTP) while rotated ribo-
somes have higher affinity for the translocase ¢EF2.?" In a second
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study, the same criteria were used identify two ul.2 mutants that
drive ribosomal rotational equilibrium toward the rotated state.”’
Thus, the increased affinity for A-site substrate (ternary complex)
and decreased affinity for the translocase, eEF2, is indicative of a
shift in the ribosomal rotational equilibrium toward the unro-
tated state. As the ribosome transitions from the unrotated to the
rotated state, a number of intersubunit bridges are rearranged.

In particular, G913 of the 185 rRNA and A2207 of the 255
rRNA interact in unrotated ribosomes, but this interaction is
broken in rotated ribosomes (Fig. 4A). Their interaction renders
them inaccessible to chemical modification in unrotated ribo-
somes while their dissociation allows them to react with chemi-
cals upon rotation. The reactivity of G913 was probed using
kethoxal, a guanine specific chemical, while the reactivity of
A2207 was probed using 1-methyl-7-nitroisatoic anhydride
(IM7), and high-throughput Selective 2’-Hydroxyl Acylation
Analyzed by Primer Extension (\SHAPE) ** was utilized to mon-
itor the reactivity of these bases in isogenic wild-type and uS19

QV104-105AA and LGH112-114AAA mutant ribosomes. Both
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A Bis mechanistic differences between the
— 1.0 aWT kingdoms. During the more complex
Po ) eukaryotic translation initiation pro-
L‘:"g 6%1'0 gram the eukaryotic initiation factors
< E F—-g elF1 and elF1A induce an “open con-
% 9:_,.0'5 g Zos formation” of the 40S subunit to
£8 A QV104-105AA 8 _i) A QV104-105AA enable efficient 43S pre-initiation com-
8 o @ LGH112-114AAA o ® LGH112-114AAA plex scanning along the mRNA, and
0 0 5 - s 5 upon AUG recognition, a major rear-

0 N-Ac-'EH‘C] Phe-%cll?{NNSGS:m [“C] Phe-tRNA/80S rangement occurs ir? which the head

region interacts with the shoulder

C 08 D so region clamping the incoming mRNA
» s WT and locking the initiator tRNA onto
g "WT g Qv104- the AUG codon.® This rearrangement
o =60 105AA does not occur in prokaryotic transla-
%0.4 & n %?:m_ tion initiation because the AUG codon
T N is positioned in the P-site by base pair-

3 A QV104-105AA 30 ing interactions between the Shine-Dal-

o ® LGH112-114AAA garno sequence on the mRNA and the

0 0 anti-Shine Dalgarno sequence on the

0 10 20 Ac-aa- L. e 16S rRNA.**** Head domain flexibility
eEF2/80S tRNA is also observed during the elongation

cycle; as ribosomes rotate, the head

< 0.01.

Figure 3. The uS19 mutants promote increased affinity for TC and decreased affinity for the eEF2
translocase binding. (A) P-site tRNA binding. Salt-washed ribosomes were incubated for 10 minutes
at 30°C with two-fold dilutions of ["*C]-ac-aa-tRNA and polyuridylic acid (Poly U). (B) A-site tRNA
binding. Salt-washed ribosomes were incubated for 10 minutes at 30°C with two-fold dilutions of
pre-incubated ternary complex (['*C]-aa-tRNAeeEIF1AeGTP) and poly U. (C) eEF2 binding. Salt-
washed ribosomes were incubated for 30 minutes at 30°C with two-fold dilutions of purified eEF2,
diphtheria toxin, and ["*CI-NAD. In all 3 cases, binding was determined using liquid scintillation
counting. (D) Kp values calculated using ligand depletion model in GraphPad Prism. *P < 0.05, **P

region rotates 14° with respect to the
rest of the SSU.*° Furthermore, mam-
malian ribosomes undergo an addi-
tional eukaryote-specific motion called
“subunit rolling."'" These findings sug-
gest that, eukaryotic ribosomes require
a greater degree of structural complexity
and

intersubunit coordination than

18S rRNA G913 and 25S rRNA A2207 exhibited decreased
reactivity in both sets of mutant ribosomes (Fig. 4B-C), indica-
tive of a shift in the ribosomal rotational equilibrium toward the
unrotated state. Sucrose gradient fractionation of cycloheximide
arrested ribosomes revealed an overall reduction of monosomes
and polysomes in both mutants (Fig. 4D). Additionally, the
QV104-105AA mutant displayed a strong accumulation of 80S
vacant ribosomes.

Discussion

While the ribosome is central to life on earth, over the
course of evolution significant differences have arisen among
the 3 kingdoms. For example, all 3 precursor rRNA mole-
cules are derived from one primary transcript in prokaryotic
ribosome biogenesis, while the 4 precursor rRNAs in eukar-
yotes are derived from 2 primary transcripts.33 Similarly,
while ribosome biogenesis and translation occur in the same
compartment in prokaryotic cells, eukaryotic ribosome bio-
genesis occurs in 3 subcellular compartments, and eukaryotic
ribosomes are larger and more complex than their bacterial
and archael countc:rparts.34 also

There are significant

e1117703-6
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their prokaryotic counterparts. In pro-

karyotes, a single SSU protein, uS13,
partners with both H38 (the A-site finger) and ulL5 to form
the Bla and Blb/c bridges respectively. In eukaryotes, it
appears that the SSU side of these bridges was separated
between 2 different proteins. Thus, while the eukaryotic
uS13 retained its B1b/c bridge function, uS19 took on a new
role as the SSU partner in the Bla bridge with H38. In this
work, some of the consequences of this split were explored
by monitoring the effects of uS19 mutants mapping to the
interfaces that uS19 makes with uS13 and H38.

The results of genetic analyses served to focus further anal-
yses on 2 mutants: LGH112-114AAA and QV104-105AA. In
a prior study using mutants of uL5, we identified a pathway
of allosteric information flow through the B1b/c intersubunit
bridge that connects the PTC in the LSU with the DC in
the SSU®. uS19 LGH112-114AAA makes intimate contacts
with uS13. We suggest that this tight junction is important
for maintaining the integrity of this biophysical pathway. A
different study using mutants of H38 identified another allo-
steric information pathway connecting the PTC with the DC
through the Bla intersubunit bridge® QV104-105AA appears
to be the closest amino acids to H38, and we suggest that
these are important partners on the uS19 side of this bridge.
Consistent with those prior studies, mutants affecting the
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Blb/c bridge elicited stronger bio-
chemical and phenotypic changes than
mutants affecting the Bla bridge.
Also, as previously observed in studies
using mutants of uL16*° (also known
as L10 '") and uL2?® (also called L2
'), the propensity of both of the
uS19 mutants to redistribute ribo-
somal rotational equilibrium toward
the unrotated state is consistent with
their defects,
i.e., increased affinity for tRNAs in
the A-and P-sites, and decreased affin-
ity for the eEF2 translocase. The non-
specific increases in the affinities for
tRNAs in the P-site are consistent
with uS19 LGHI112-114AAA mutant

cells stimulation of initiation at a

observed biochemical

Qv104
-105AA

LGH112
-114AAA

B WT

v }
ol

G913 (18S rRNA)

L ik

A2207 (25S rRNA)

UUG codon relative to a bona fide
AUG initiation codon.”> While this | D
would appear to argue against the
observed increase in +1 PRF (because
the DP-site tRNA would be
inclined to slip), perhaps this is offset

80S

less

by the larger increase in affinity for A-
site substrate, which may render these
ribosomes more likely to accept an aa-

tRNA in the +1 frame. Similarly,

Polysomes
Polysomes
408
@M

gos Polysomes

QV104-105AA LGH112-114AA

increased affinity for A-site substrate is

also consistent with increased misread-
ing of a near cognate codon. The
enhanced decoding of UAA and near-
cognate codons by the QV104-105AA

mutant cannot be readily explained.

Figure 4. The uS19 mutants perturb ribosomal rotational equilibrium and decrease the fraction of
polysomes. (A) In unrotated ribosomes, 18S base G913 (red) and 25S base A2207 (A702 and G1846 in
E. coli respectively) interact while, in unrotated ribosomes, G913 is displaced (blue) rendering both
bases solvent accessible. (B) Kethoxal probing of G913 (18S rRNA). (C) 1M7 probing of A2207 (25S
rRNA). Images created in ShapeFinder.?® (D) Ao tracings of cycloheximide arrested polyribosomes
separated through 7% - 47% sucrose gradients by ultracentrifugation. 40S, 60S, 80S and polysome

fractions are indicated.

Perhaps, the very strong effect of this

mutant on ribosome rotation causes it

to remain longer in the unrotated

state, allowing more time for proof-

reading. The accumulation of 80S vacant ribosomes by the
QV104-105AA mutant is suggestive of a defect in the
Dom34/Hbsl mediated recycling of vacant ribosomes.*’
From a broader view, the ability to link the effects of
mutants ribosome structure and biochemistry with
changes in translational fidelity and gene expression has
implications for understanding and eventual treatment of dis-

on

eases such as ribosomopathies, which are caused by mutations
in the translational apparatus.
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