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ABSTRACT

A number of regulatory nascent peptides have been
shown to regulate gene expression by causing
programmed ribosome stalling during translation.
Nascent peptide emerges from the ribosome through
the exit tunnel, and one-third of the way along which
B-loop structures of ribosomal proteins uL4 and
uL22 protrude into the tunnel to form the constric-
tion region. Structural studies have shown interac-
tions between nascent peptides and the exit tunnel
components including the constriction region. In eu-
karyotes, however, there is a lack of genetic stud-
ies for the involvement of the constriction region in
ribosome stalling. Here, we established transgenic
Arabidopsis lines that carry mutations in the -loop
structure of uL4. Translation analyses using a cell-
free translation system derived from the transgenic
Arabidopsis carrying the mutant ribosome showed
that the uL4 mutations reduced the ribosome stalling
of four eukaryotic stalling systems, including those
for which stalled structures have been solved. Our
data, which showed differential effects of the uL4 mu-
tations depending on the stalling systems, explained
the spatial allocations of the nascent peptides at the

constriction that were deduced by structural studies.
Conversely, our data may predict allocation of the
nascent peptide at the constriction of stalling sys-
tems for which structural studies are not done.

INTRODUCTION

During translation, new peptide bonds are formed at the
peptidyltransferase center (PTC) in the ribosomal large sub-
unit, and the growing peptide passes through the exit tun-
nel that penetrates the large subunit before emerging from
the ribosome. However, some of the nascent peptides, or the
regulatory nascent peptides, direct the ribosome to stall dur-
ing translation. This nascent peptide-mediated ribosome
stalling (NPmRS) occurs either autonomously or is facili-
tated by an effector molecule, at either elongation or termi-
nation of translation, and on either the main open reading
frame (ORF) or an upstream ORF (uORF) (1), which is a
small ORF present upstream of the main ORF of eukary-
otic mRNAs. .

The exit tunnel is ~100 A long and holds 30-40 amino
acid residues of the nascent peptide (2,3). Regulatory
nascent peptides are usually 20-30 amino acids long and
function while inside the exit tunnel. In both bacteria and
eukaryotes, B-loop structures of two ribosomal proteins,
ul4 and uL22 (4), which protrude into the exit tunnel, form
a constriction region located 30-40 A from the PTC (2,3).
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This region has been suggested to function as a discriminat-
ing gate by interacting with the nascent peptides (5).

In bacteria, forward and reverse genetics studies have re-
vealed the importance of interactions between the nascent
peptide and the constriction region in mediating NPmRS
(5-9). This is supported by structural analyses of stalled ri-
bosomes using cryo-electron microscopy (cryo-EM), which
identified physical contacts of the nascent peptides with exit
tunnel components, including the constriction region (10—
13).

In eukaryotes, cryo-EM studies revealed physical con-
tacts of the nascent peptides with the constriction region
in stalled ribosomes of Neurospora crassa arg-2 uOREF,
termed the arginine attenuator peptide (AAP) (the AAP
system), and human cytomegalovirus (hCMV) gp48 uORF
(the hCMYV system) (14-16). However, there is no genetic
evidence showing the contribution of the constriction re-
gion to ribosome stalling.

In Arabidopsis CGSI, encoding cystathionine -y-
synthase, the first committed enzyme of methionine
biosynthesis, S-adenosyl-L-methionine (AdoMet), a direct
metabolite of methionine, induces NPmRS during trans-
lation elongation at Ser-94 (the CGS1 system) (17-19).
The functional amino acid sequence for the response to
AdoMet is termed as MTOI region (20-22). Studies using
the wheat germ extract (WGE) in vitro translation system
revealed that the nascent peptide adopts a compact confor-
mation and 28S rRNA residues, including those near the
constriction region, undergo conformation changes upon
stalling (18). Notably, these rRNA residues are located at
or near the rRNA residues for which structural studies
have identified physical contacts with the nascent peptides
in other stalling systems (14). This suggests involvement of
the constriction region in the CGSI1 system, but whether
the conformation changes are the cause or result of stalling
remains unknown.

Here, we conducted reverse genetics-based biochemi-
cal studies to determine the involvement of the constric-
tion region in eukaryotic NPmRS. To this end, we con-
structed transgenic Arabidopsis lines carrying mutant uL4-
containing ribosomes. We examined effects of the mutations
on ribosome stalling using an Arabidopsis cell-free extract
(ACE) in vitro translation system (23) prepared from trans-
genic lines carrying FLAG-tagged mutant ulL4.

For the NPmRS systems to be tested, we selected five
from divergent eukaryotes (Figure 1), of which four have
their relevant amino acid residues >20 from the stalled
residue, as in most NPmRS systems, and should cross
over the constriction region. These include the CGSI,
hCMYV (27-29) and AAP (24-26) systems mentioned above,
and Arabidopsis AdoMet decarboxylase 1 (AtAMDI) S-
uORF (the AtAMDI1 system) (30,31). We also tested an-
other NPmRS system, mammalian AdoMet decarboxylase
1 (imAMDI) uORF. This uORF, encoding six amino acids,
MAGDIS (the MAGDIS system) (32,33), is the shortest
among the NPmRS systems thus far identified and its
nascent peptide is too short to reach the constriction region
(Figure 1). Lastly, we tested the shortest possible uORF,
AUG-stop, of AtNIP5;1. AUG-stop causes prolonged ribo-
some stalling in response to boric acid (the AUG-Stop sys-
tem) (34). This minimum uORF codes for only one amino

acid, methionine, and is not actually an NPmRS, but was
included as a negative control.

We present here biochemical evidence that the constric-
tion region plays a crucial role in inducing NPmRS, in
which nascent peptides cross over the constriction. The dif-
ferential effects of the uL4 mutations explained the struc-
tural data for stalled ribosomes of the AAP and hCMYV sys-
tems.

MATERIALS AND METHODS
Plant materials, transformation and growth conditions

Arabidopsis thaliana (L.) Heynh. ecotype Columbia (Col-
0) was used as the wild-type plant line. A T-DNA inser-
tion knockout mutant of ul4D (SALK_029203) (35) was
obtained from the Arabidopsis Biological Resource Cen-
ter (Ohio State University, Columbus, OH, USA) and is re-
ferred to as ul4d( KO ) in this paper. Transformation of Ara-
bidopsis plants was performed using the floral dip method
(36) with Agrobacterium tumefaciens strain GV3101. Plant
growth conditions were as described previously (37). T
transgenic plants were selected on Murashige and Skoog
(MS) medium supplemented with 15 wg ml~!' hygromycin.
T3 homozygous lines with single insertions of uL4D pro-
moter::ul4D(WT): FLAG and its variants were established
based on the segregation of hygromycin resistance.

For root observations, plants were grown on vertically
placed half-strength MS medium containing 1% (w/v) su-
crose, 0.5% (w/v) MES (pH 5.7) and 1.5% (w/v) gellan gum
for 10 days in a growth chamber at 22°C under fluorescent
light with a 16 h-light/8 h-dark cycle. Root length was mea-
sured using RootNav software (38). For leaf morphology
analysis, plants were grown for 21 days as described previ-
ously (37) and one of the first pair of the true leaves was
dissected. Leaf index (ratio of length to width of the leaf
blade) was calculated using ImagelJ software (National In-
stitutes of Health, Bethesda, MD, USA).

Chemicals

AdoMet and spermidine were purchased from Sigma-
Aldrich (St. Louis, MO, USA), and L-arginine was pur-
chased from Wako Pure Chemicals (Osaka, Japan). Other
chemicals were obtained as described previously (18, 23).

Construction of plasmids used for plant transformation

Plasmids pYTJ10, pYTJ1, pYTJ7 and pYTJ4 (Supplemen-
tary Table S1) carry ul4D promoter::ul 4D(WT):FLAG,
ul4D promoter::ul4D(R77A). FLAG, ul4D
promoter::ul4D(ATV):FLAG and ul4D promoter::
ul4D(Aloop): FLAG DNA, respectively, in the pGWBI10
T-DNA binary vector (39). To construct pYTJ10, the
—1020 to —1 nt region (relative to the translation start site)
of wild-type ul4D and the coding region were amplified
by PCR from genomic DNA of Col-0 using the primers
ulL4Df and ulL4Dr (Supplementary Table S2). The ampli-
fied fragment was subcloned into the pENTR/D-TOPO
vector (Invitrogen, Carlsbad, CA, USA) using the TOPO
cloning reaction. The cloned full-length ul4D(WT) DNA
was subsequently recombined into the pGWB10 T-DNA
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Stall system Organism Gene /ORF  Effector Step

CGS1 plant AtCGS1/main  AdoMet elongation
hCMV virus gp48/uORF autonomous termination
AAP fungi Nc arg-2/ uORF L-arginine termination
AtAMD plant AtAMD1/uORF polyamines termination
MAGDIS mammal  mAMD1/uORF polyamines termination
AUG-Stop  plant AtNIP5;1/ uORF boric acid termination

Figure 1. The stalling systems analyzed in this study. For each system, the gene and ORF (main ORF or uORF) in which stalling occurs, effector molecule,
and translation step at which stalling occurs (elongation or termination) are shown. Amino acid sequences relevant for stalling in CGS1 or those encoded
by the uORFs are shown. Amino acid residues important for NPmRS (17,21, 24,26,28,29,32-34) are marked in red. For AtAMDI, functional amino acids
are not reported, while importance of the amino acid sequence was shown by frame-shift mutation (31). The MTO1 (21) region of CGS1 is underlined
with ambiguous amino acids in dotted underline. Amino acid residues are numbered from the stalled residue (—1, marked with a clover). Approximate
position of the constriction region is shaded. Since the nascent peptide may form a-helix in the PTC-proximal region as reported in AAP and hCMV
(14,16), residues that cross over the constriction region may be shifted to the left.

binary vector using the Gateway system (40). For the con-
struction of ul4D(R77A4), ulL4D(ATV) and ul4D(Aloop)
mutations, the overlap extension PCR method (41,42)
was employed. The flanking primers, R77Af and R77Ar
for the ul4D(R77A) mutation, dTVf and dTVr for the
ul4D(ATV) mutation, and dLoopf and dLoopr for
the ul4D(Aloop) mutation, and the flanking primers
ulL4Flankf and uL4Flankr (Supplementary Table S2)
were used. The mutated DNA fragment was introduced
into the ul4D(WT) coding region of pYTJ10 to generate
pYTJ1, pYTJ7 and pYTJ4 plasmids. For all constructs,
the integrity of PCR-amplified regions was confirmed by
sequence analysis.

Construction of plasmids used for stalling assay

Plasmid pSTO00 (Supplementary Table S1) carries the
MS8:His:HA:DP75 sequence between the SP6 promoter
and the 30-nt poly(A) in the pSP64 poly(A) vector
(Promega, Madison, WI, USA). The DP75 linker was de-
rived from the dipeptidyl-aminopeptidase B coding se-
quence (15,43). To construct pST00, the His: HA: DP75 cod-
ing region was amplified by PCR from pY Y105, which car-
ries 77::His: HA:DP75:uORF2(WT) DNA in the pEX-A2
vector (43), using the primers DP75f and DP75r (Supple-
mentary Table S2). The amplified fragment was digested
with Xbal and BamHI and inserted between the Xbal
and BamHI sites of pYKO00, which harbors M8:CGS1(WT)
DNA in the pSP64 poly(A) vector (18).

Plasmids pSTS55 and pST56 (Supplementary Ta-
ble S1) carry MS8:His:HA:DP75:AAP(WT) and
MS8.:His:HA:DP75:AAP(DI2N), respectively, in the
pSP64 poly(A) vector. To construct these plasmids, com-
plementary oligonucleotides AAPf/AAPror D12Nf/AAPr
(Supplementary Table S2), encoding wild-type or mutated
N. crassa arg-2 (24), respectively, were annealed and
filled-in using KOD-Plus-Neo DNA polymerase (Toyobo,
Osaka, Japan). The amplified fragments were digested with
EcoRV and BamHI and inserted between the EcoRV and
BamHI sites of pST00.

Plasmids pTI5 and pTI6 (Supplementary Table SI1)
carry MS8:His:HA:3xFLAG: Myc:DP75:AAP(WT) and

MS8:His:HA:3xFLAG: Myc:DP75:AAP(DI2N),  respec-
tively, in the pSP64 poly(A) vector. To introduce the Myc
tag sequence between the HA tag and the DP75 linker in
pSTSS and pSTS56, in vitro mutagenesis was carried out by
inverse PCR using the primers MycDP75f and HAMycr
(Supplementary Table S2), followed by digestion of the
plasmid DNA by Dpnl (Toyobo). The amplified fragments
were self-ligated using T4 DNA ligase (Wako Pure Chemi-
cals) and T4 polynucleotide kinase (Toyobo). To construct
pTIS5 and pTI6, complementary oligonucleotides 3xFLAGf
and 3xFLAGr (Supplementary Table S2) were annealed
and filled-in by PCR, and the amplified fragments were
ligated with the PCR-amplified fragment from the Myc
tag-fused pSTSS or pST56 using Mycf and HAr primers
(Supplementary Table S2) by the SLiCE reaction (44).

Plasmids pST57 and pST58 (Supplementary Ta-
ble S1) carry MS8:His:HA:DP75:hCMV(WT) and
MS8:His:HA:DP75:hCMV(P21A4), respectively, in the
pSP64 poly(A) vector. To construct these plasmids,
complementary oligonucleotides hCMV{/hCMVr or
hCMV{/P21Ar (Supplementary Table S2), encoding
wild-type or mutated uORF2 of hCMV gp48 (15,45),
respectively, were annealed and filled-in by PCR. The
amplified fragments were inserted into pSTO00 in the same
way as for the construction of pSTS55.

Plasmids pST76 and pST77 (Supplementary Ta-
ble S1) carry MS8:His:HA:DP75:S-uORF(WT) and
MS8:His: HA:DP75:S-uORF(fs), respectively, in the pSP64
poly(A) vector. To construct these plasmids, the coding re-
gion of the AtAMDI S-uORF was amplified from pNU14
or pNUIS5, which carries GST:S-uORF(WT):RLUC or
GST:S-uORF(fs). RLUC, respectively, in the pSP64 poly(A)
vector (31), using the primer sets SAMDCIf/SAMDClr
or SAMDCIfsf/SAMDCIfsr (Supplementary Table S2),
respectively. The amplified fragments were inserted into
pSTOO in the same way as for the construction of pSTS55.

Plasmids pST116 and pST117 (Supplementary Ta-
ble S1) carry MS8:His:HA:DP75: MAGDIS(WT) and
MS8:His:HA:DP75: MAGDIS(I5L), respectively, in the
pSP64 poly(A) vector. To construct these plasmids, the
His:HA:DP75 tag sequence was amplified from pSTO00
using the primer sets DP75f/MAGDISr or DP75f/15Lr
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(Supplementary Table S2), respectively, and the amplified
fragments were digested with Xbal and BamHI and
inserted between the Xbal and BamHI sites of pST00.

Plasmids pST124 and pST125 (Supplementary Table S1)
carry  MS8:His:HA:3xFLAG: Myc:DP75: MAGDIS(WT)
and MS8:His:HA:3xFLAG: Myc:DP75: MAGDIS(I5L),
respectively, in the pSP64 poly(A) vector. To construct
these plasmids, the His:HA:3xFLAG:Myc:DP75 tag
sequence was amplified from pTIS using the primer sets
DP75fMAGDISr or DP75f/I5Lr (Supplementary Table
S2), respectively, and the amplified fragments were inserted
into pSTO0 in the same way as for the construction of
pST55. For all constructs, the integrity of PCR-amplified
regions was confirmed by sequence analysis.

In the Results section, M8:His:HA and M8:His:HA:3x
FLAG: Myc sequences are referred to as Tugl and Tugll, re-
spectively.

Construction of plasmids used for reporter assay

Plasmids pST122 and pST123 (Supplementary Ta-
ble S1) carry gp48 5'-UTR(WT):LUC and gp48 5'-
UTR(P21A):LUC, respectively, in the pSP64 poly(A)
vector. To construct these plasmids, complementary
oligonucleotides hCMVf2/hCMVr2 or hCMV{2/P21Ar2
(Supplementary Table S2), which correspond to the wild-
type or mutated 5-UTR of the hCMV gp48 sequence
(45,46), respectively, were annealed and filled-in by PCR.
The amplified fragments were digested with HindIII
and inserted at the HindIII site of pMI21, which carries
CGSI(WT):LUC in the pSP64 poly(A) vector (22).

Plasmids pST120 and pST121 (Supplementary Table
S1) carry AtAMDI1 5'-UTR(WT):LUC and AtAMDI 5'-
UTR(fs):. LUC, respectively, in the pSP64 poly(A) vector.
To construct these plasmids, the 5-UTR of AtAMDI
was amplified from pSY209 or pSY214, which carry
S-uORF(WT):RLUC or S-uORF(fs):RLUC, respectively,
in the pSP64 poly(A) vector (31) using the primers
SAMDCIf2 and SAMDCIr2 (Supplementary Table S2).
The amplified fragments were digested with Xbal and
Ncol and inserted between the Xbal and Ncol sites of
pMI21.

Plasmids pST118 and pST119 (Supplementary Table
S1) carry mAMDI 5-UTR(WT):LUC and mAMDI
S'-UTR(I5L):LUC, respectively, in the pSP64 poly(A)
vector. To construct these plasmids, complementary
oligonucleotides MAGDIS(WT)f/MAGDIS(WT)r or
MAGDIS(WT)f/MAGDIS(ISL)r (Supplementary Table
S2), which correspond to the wild-type or ISL mutant
5'-UTR (47), respectively, were annealed and filled-in by
PCR. pSR327 carries a chimeric 5-UTR: —327 to —311
nt of the human AMDI and —310 to —1 nt of the bovine
AMDI (47). The amplified fragments were inserted into
pMI21 in the same way as for the construction of pST120.
For all constructs, the integrity of PCR-amplified regions
was confirmed by sequence analysis.

Plasmid pMI27 carries the RLUC gene in the pSP64
poly(A) vector (22). Plasmids pMT131 and pMT132 carry
the wild-type or mutated 5'-UTR of A¢tNIP5; 1, respectively,
joined to the LUC gene in the pSP64 poly(A) vector (34).

Quantitative RT-PCR

Total RNA was extracted from plants grown for 14 days
using the RNeasy Plant Mini Kit (Qiagen, Hilden, Ger-
many) and treated with DNase I. Total RNA was reverse-
transcribed to ¢cDNA using the SuperScript III First-
Strand Synthesis System (Invitrogen) with oligo-d(T);» g
primers. Real-time PCR was performed using a LightCy-
cler 480 Real-time System (Roche, Basel, Switzerland) and
the LightCycler 480 SYBR Green I Master kit. The Ara-
bidopsis UBQS5 gene was used as an internal control. The
primers used are listed in Supplementary Table S2.

In vitro transcription

DNA templates in the pSP64 poly(A) vector were lin-
earized with EcoRI and purified using the QIAquick Nu-
cleotide Removal Kit (Qiagen), with the exception of the
MS8:His:HA:DP75 and MS8:His: HA:3xFLAG: Myc:DP75
fusion constructs. DNA templates for these plasmids and
nonstop RNAs were prepared by amplifying the corre-
sponding region by PCR using KOD-Plus-Neo DNA poly-
merase. For PCR amplification, SP65fP (18) was used as
a forward primer and the reverse primers as listed in Sup-
plementary Table S2 were used. In vitro transcription in the
presence of a cap analog, m’G[5'|ppp[5']GTP, was carried
out as described previously (22).

In vitro translation

Preparation of ACE and in vitro translation reactions using
ACE were carried out at 25°C as described previously (23).
Unless otherwise stated, the template RNA was used at 50
fmol wl™'. For RNase A treatment, RNase A was added at
a final concentration of 0.5 mg ml~! and reaction mixtures
were incubated for 15 min at 37°C. For immunoblot analy-
sis, reaction mixtures were diluted with the 1x SDS-PAGE
gel sample buffer (50 mM Tris—-HCI pH 6.8, 50 mM DTT,
10% (v/v) glycerol and 1% (w/v) SDS).

Immunoblot analysis

For immunoblot analysis of in vitro translation products,
samples were separated on a NuPAGE 4-12% or 12%
Bis-Tris Gel (Invitrogen), transferred to an Immobilon-P
membrane (Millipore, Billerica, MA, USA), and immuno-
reacted with either a polyclonal anti-GST antibody (Santa
Cruz Biotechnology, Santa Cruz, CA, USA), a mono-
clonal anti-HA antibody (Santa Cruz Biotechnology), or
a monoclonal anti-FLAG M2 antibody (Sigma-Aldrich).
MOPS running buffer (Life Technologies, Carlsbad,
CA, USA) was used for the GST tag-fusion construct.
MES running buffer (Life Technologies) was used for the
M8:His:HA:DP75 or MS:His:HA:3xFLAG: Myc:DP75
fusion constructs. The signals were detected using an
Immobilon Forte Western HRP substrate (Millipore) and
visualized using a LAS-3000 mini imaging system (GE
Healthcare, Little Chalfont, UK). The band intensities
were quantified using MultiGauge software (Fuji Photo
Film, Tokyo, Japan).

Total proteins from Arabidopsis callus cultures were
separated by SDS-PAGE with MOPS running buffer and



subjected to immunoblot analyses using a monoclonal
anti-FLAG M2 antibody (Sigma-Aldrich), anti-uL22 an-
tiserum, anti-ulL4 antiserum (Proteintech, Rosemont, 1L,
USA), or anti-B-actin antiserum (Gene Tex, Irvine, CA,
USA). The polyclonal antibody against human ul4 (ac-
cession no. BC009888) recognizes both endogenous Ara-
bidopsis uL4A and ul4D as epitopes (48). The poly-
clonal antiserum raised against Arabidopsis uL22 was gen-
erated by immunizing rabbit with a synthetic peptide cor-
responding to amino acids 4-20 of Arabidopsis ul.22B
(YSQEPDNQTKSCKARGS; At1g67430).

Isolation of Arabidopsis ribosomes

For ribosome isolation, liquid callus cultures were prepared
from Arabidopsis seedlings as described previously (23) and
harvested on the 21st day after callus induction. Frozen tis-
sues were homogenized in buffer D (49). After clarification
by centrifugation at 16 000 x g for 30 min, crude extract
(S16) was loaded on the 1.75 M sucrose cushion (100 mM
Tris-HCI pH 8.0, 40 mM KCl, 20 mM MgCl,, | mM DTT
and 100 wg ml~! cycloheximide) and centrifuged at 170 000
x gfor4 hat 4°Cin a TLA100.3 rotor (Beckman Coulter,
Brea, CA, USA) to obtain the S170 soluble protein fraction
and the P170 ribosomal pellet. The P170 fraction was sus-
pended in the resuspension buffer (100 mM Tris—-HCI pH
8.0, 40 mM KCI, 20 mM MgCl,, I mM DTT and 100 pg
ml~! cycloheximide). For immunoblot analysis, the protein
concentration was measured using a Pierce 660 nm Protein
Assay Reagent (Invitrogen), in accordance with the manu-
facturer’s instructions.

Polysome profiling analysis

For the fractionation of total polysomes, ribosomes (P170)
were isolated as described above. Ribosome suspension was
loaded on a 15-60% (w/v) sucrose density gradient (40 mM
Tris—-HCI pH 8.4, 20 mM KCI, 10 mM MgCl, and 5 pg
ml~! cycloheximide) and centrifuged at 275 000 x g for
1.5 h at 4°C in an SW55 Ti rotor (Beckman Coulter). The
UV absorbance profile at 254 nm was recorded using an
ISCO 520 gradient system (ISCO, Lincoln, NE, USA). For
immunoblot analysis, fractions were analyzed as described
above.

Affinity purification of FLAG-tagged ribosomes

Immunoprecipitation of FLAG-tagged ribosomes using an
anti-FLAG M2 affinity resin (Sigma-Aldrich) was per-
formed as described previously (50) with some modifica-
tions. All procedures were carried out at 4°C. After in vitro
translation of 25 pmol GST:CGSI1(G183-ns) RNA in a 50-
pl reaction mixture, translation products were diluted with
50 pl of ice-cold 2x binding buffer (100 mM Tris—HCI
pH 7.5, 24 mM Mg(OAc),, 1 mM DTT, 1 mM PMSEF, 20
wg ml~! cycloheximide and 0.05 U pl~! RNase inhibitor
(Promega)) and 40 pl (bed volume) of anti-FLAG M2 affin-
ity resin. After incubation with gentle shaking for 1 h, the
resin was washed with ice-cold IXA-100 buffer (50 mM
Tris—HCI pH 7.5, 100 mM KCI, 12 mM Mg(OAc),, | mM
DTT, I mM PMSF and 20 pg ml~! cycloheximide). Bound
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proteins were eluted by the addition of 15 ul of the IXA-
100 buffer containing 200 g ml~! FLAG peptides (Sigma-
Aldrich). For immunoblot analysis, eluate was diluted with
2x SDS-PAGE gel sample buffer (100 mM Tris—-HCI pH
6.8, 100 mM DTT, 20% glycerol and 2% SDS).

Reporter assay

Tester RNA at 2 fmol pl™! carrying firefly luciferase (LUC)
reporter gene and 1 fmol wl™! Renilla reniformis luciferase
(RLUC) control RNA were co-translated for 120 min. LUC
and RLUC activities were measured as described previously
(22), and the LUC activity was normalized with the control
RLUC activity to obtain reporter activity.

Statistical treatments

For comparisons of stalling efficiencies, Welch’s ¢-test fol-
lowed by false discovery rate (FDR) correction of Ben-
jamini and Hochberg (51) was applied. The same FDR cor-
rection was also applied to comparisons of mRNA levels
among the transgenic lines. For multiple comparisons of
plant phenotypes, the Tukey—Kramer test was applied. For
other comparisons, Welch’s z-test was applied.

RESULTS

Construction of transgenic Arabidopsis carrying mutations in
ul4

The ul4 protein contains a large loop structure termed the
internal extended loop, at the tip of which are two smaller
B-loop structures, designated here as Loops 1 and 2 (Sup-
plementary Figure S1A). Loops 1 and 2 protrude into the
exit tunnel to constitute the constriction region (Figure 2A).

In Arabidopsis, uL4 is encoded by two paralogous genes,
ul4A4 and ul4D (52,53), sharing 95% amino acid identity.
The amino acid sequences of Loops 1 and 2 are highly con-
served among eukaryotes (Figure 2B and Supplementary
Figure S1B). Since double-knockout mutant of ul4A4 and
ul4D is lethal (48), we introduced a modified ulL4D gene
into the T-DNA insertion knockout mutant of ul4D, re-
ferred to here as the ul/4d( KO) line, while keeping endoge-
nous ul4A intact (Figure 2C).

We constructed three mutant wul4Ds, namely
ul4D(R77A4), ul4D(ATV) and ul4D(Aloop) (Figure
2A-C). ul4D(R77A) carries an Arg-77 to alanine sub-
stitution, located near the tip of Loop 1. ul4D(ATV)
carries deletions of Thr-75 and Val-79 flanking the tip,
while ul4D(Aloop) carries larger deletions flanking the
tip (deletions of Glu-71 to Thr-75 and Val-79 to Pro-86).
These mutant uL4Ds and the control gene, uL4D(WT),
were FLAG-tagged at their C-termini and placed under
the control of their native promoter (Figure 2C). The
C-terminus of ul4 is exposed to the ribosomal surface
(54). A large complex of the ribosome on mRNA can be
affinity-purified using a FLAG tag (50,55).

In Arabidopsis ecotype Col-0 wild-type plants (hereafter
Col-0), ulL4A4 and ul.4D mRNAs accumulate to compara-
ble levels (Supplementary Figure S2). ul4 mRNA accumu-
lation levels in the uL4D mutant plants that we constructed
were quantified (Figure 3). In all the transgenic plants, en-
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Figure 2. Construction of transgenic Arabidopsis carrying uL4D mutations and their phenotypes. (A) Structure of wheat 80S ribosome (PDB 4V7E) (54)
(Left panel) and expansion of the constriction region (Right panel). The a-carbon atoms of uL4 residues substituted in R77A4 (Arg-77) and deleted in ATV
(Thr-75 and Val-79) mutations are marked in violet and magenta balls, respectively, while those deleted in Aloop (Glu-71 to Thr-75 and Val-79 to Pro-86)
mutation is marked with light brown main chain. (B) (Upper panel) Schematic representation of gene structures of uL4A4 and uL.4D, and T-DNA insertion in
ul4d(KO) (SALK_029203). Exons and introns are indicated as boxes and lines, respectively, with the B-loop region marked in red. (Lower panel) Alignment
of amino acid sequences of Loop 1 and 2 regions. Substitutions and deletions in uL4D mutants are shown in reversed letters and underscores, respectively.
The residues of uL4 in physical contact with AAP nascent peptide as deduced by cryo-EM in WGE (14) are underlined in magenta in Arabidopsis uL4D.
(C) Schematic representation of uL4 gene sets carried by Arabidopsis wild-type Col-0, u/4d(KO), and FLAG-tagged uL4D mutant lines. (D-I) Rosettes
and one of the first pair of true leaves of wild-type Col-0, ul4d( KO ), and FLAG-tagged uL4D mutant transgenic plants (indicated by labels) grown for 21
days. Independent transgenic line IDs used in this study are indicated. Bars = 10 mm. (J) Length-to-width ratio (leaf index) of Col-0 and uL4D mutant
plants. Different letters indicate significant differences (P < 0.05, Tukey—Kramer test).
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Figure 3. Accumulation levels of endogenous ul44 and FLAG-tagged
mutant uL4D mRNAs in transgenic lines. Total RNA was extracted from
seedlings of wild-type Col-0 and transgenic plants 14 days after imbibi-
tion. ul4A4 (A), ulL4D (B), and ul4D:FLAG (C) mRNAs were quantified
by qRT-PCR using UBQS5 mRNA as a control. Means & SD of triplicated
experiments are shown. The y-axis in (C) was set so that the means, exclud-
ing Col-0, of uL4D: FLAG mRNA in (C) and uL4D mRNA in (B) are the
same. In (A) and (B), asterisks indicate significant differences from wild-
type Col-0 plants (¢ < 0.05, Welch’s z-test with FDR correction). In (A),
no significant difference was detected. The line IDs of transgenic lines that
were used for further experiments are shown in bold letters.

dogenous ul.44 mRNA levels were similar to those in wild-
type Col-0 plants, whereas ul4D mRNA levels varied de-
pending on the mutant construct. In uL4D(WT):FLAG
and uL4D(R77A4):FLAG plants, uL4D mRNA levels were
generally higher than in Col-0, while in uL4D(ATV):FLAG
and uL4D(Aloop):FLAG plants, they were about the same
or lower than in Col-0. In subsequent experiments, we used
two independent transgenic lines for each mutant construct
(Figure 3, line IDs in bold letters).

Mutant ulL4Ds complement the ribosome-deficient pheno-
types in vivo, except in uL4D(Aloop):FLAG plants

In Arabidopsis, mutations of ribosomal proteins often
have multiple effects on growth and development, includ-
ing narrower leaf morphology, termed the pointed leaf,
and a short-root phenotype (56). ul4dd(KO) plants also
exhibited these phenotypes (Figure 2E and Supplemen-
tary Figure S3) (48,57,58). Both phenotypes were com-
plemented not only in the uL4D(WT):FLAG plants but
also in the uL4D(R77A4):FLAG and uL4D(ATV):FLAG
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plants (Figure 2F-H and J, and Supplementary Figure
S3), indicating the functionality of mutant ribosomes in
vivo. In contrast, neither phenotype was complemented in
ul4D(Aloop):FLAG plants. Notably, the plants exhibited
even narrower leaves (Figure 21 and J).

Mutant uL4D proteins are efficiently incorporated into trans-
lating ribosomes, except in the uL4D(Aloop):FLAG line

To determine whether the uL4D mutant proteins are in-
corporated into ribosome particles, we tested the associa-
tion of FLAG-tagged uL4D proteins with 80S ribosomes
(Figure 4A). Since the ACE in vitro translation system is
prepared from callus cultures raised from the mutant Ara-
bidopsis seedlings (Supplementary Figure S4) (23), we used
the same culture system here. Crude extracts (S16) were sub-
jected to ultracentrifugation through a sucrose cushion to
obtain ribosomal pellet (P170) and post-ribosomal super-
natant (S170) fractions. Immunoblot analysis of the frac-
tions using an anti-FLAG antibody identified the ~48-kDa
uL4D:FLAG proteins in the S16 and P170 fractions, but
not in S170, in all mutant lines (Figure 4A). This indi-
cates that the FLAG-tagged uL4D(WT), uL4D(R774) and
uL4D(ATYV) proteins are efficiently incorporated into ri-
bosome particles. uL4D(Aloop):FLAG protein is also in-
corporated into ribosome particles; however, the antibody
detected only a faint band, indicating that the mutant ri-
bosome constitutes a very minor fraction of the total ri-
bosomes. Since the uL4D(Aloop):FLAG line did not seem
promising for use in the present study, we excluded this line
from further analyses.

To determine whether the mutant ribosomes are actively
translating, we performed polysome profiling of the P170
fractions using sucrose density gradient centrifugation. Im-
munoblot analysis detected mutant uL4Ds in the polysome,
monosome, and 60S subunit fractions, but not in the 40S
subunit and free-protein fractions (Figure 4B). Distribu-
tions of the mutant uL4Ds in polysome fractions appeared
similar to those of the total ribosome (Supplementary Fig-
ure S5), suggesting that the mutant uL4D-containing ribo-
somes can all achieve active translation in vivo.

Mutant ribosomes constitute substantial proportions of total
ribosomes in ACE

Since the uL4D:FLAG mutant lines carry an endogenous
ul4A4, we investigated what proportion of ribosomes con-
sisted of mutant uL4Ds in ACE (hereafter, the constitution
fraction). To determine this, we subjected ACE prepara-
tions to immunoblot analysis using anti-ul4 antiserum, to
distinguish FLAG-tagged mutant uL4D from endogenous
ul4A by ~1-kDa gel mobility shift (Figure 4C). The consti-
tution fractions ranged from 40% to 80% (Figure 4D), indi-
cating that substantial proportions of the ribosomes carry
mutant uL4D in ACE.

AdoMet-induced ribosome stalling of CGS1 is reduced in
uL4D(ATV):FLAG ribosomes

When a ribosome stalls during translation, a peptidyl-
tRNA species accumulates as an intermediate of transla-
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Figure 4. Functionality and constitution fraction of FLAG-tagged mutant uL4D-containing ribosomes. (A) Crude extracts (S16), post-ribosomal super-
natants (S170), and ribosomal pellets (P170) prepared from callus cultures derived from wild-type Col-0 plants, u/4d( KO ), and FLAG-tagged mutant uL4D
transgenic lines are shown. Total proteins (10 wgin S16/S170; 1 g in P170) were separated by SDS-PAGE and analyzed by immunoblotting using anti-
FLAG antibody, anti-ulL.22 antiserum, and anti-B-actin antiserum. Positions of FLAG-tagged uL4D mutant proteins (uL4D:FLAG), 19-kDa ulL.22, and
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the cross-reaction band. Representative results of two biological replicates are
):FLAG 16 line, and uL4D(ATV):FLAG d8 line were fractionated by ultracen-

trifugation through a 15-60% (w/v) sucrose density gradient. UV absorbance profile at 254 nm and immunoblot analysis using anti-FLAG antibody and

anti-ulL22 antiserum are shown. Positions of free proteins and 40S subunit,

60S subunit, 80S ribosome and polysome fractions are indicated. Representative

results of two biological replicates are shown. (C) Immunoblot analysis of ACE batches using anti-ulL4 antiserum, anti-FLAG antibody, and anti-uL.22
antiserum. Representative results of three technical repeats are shown. Anti-uL4 detects both FLAG-tagged mutant uL4D and endogenous uL4A. (D) Im-
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tion. A tRNA moiety confers a 10- to 20-kDa gel mobility
shift on the peptide, depending on the tRINA species and gel
conditions. Peptidyl-tRNA can be identified as an RNase-
sensitive band.

In response to AdoMet, CGS1 nascent peptide induces
ribosome stalling at the Ser-94 codon, leading to peptidyl-
tRNA accumulation (17). This response was recapitulated
in Col-0 ACE (Supplementary Results 1.1 and Figure S6)
(23). To determine the effects of mutant uLL4D-containing
ribosomes, GST:CGS1(WT) RNA (Figure SA and Supple-
mentary Figure S6A) (17) was translated in ACE in the
presence of AdoMet. Immunoblot analysis using an anti-
GST antibody detected a 55-kDa peptidyl-tRNA in addi-
tion to a 45-kDa full-length product, whereas in the absence
of AdoMet the peptidyl-tRNA was barely detectable (Fig-
ure 5A).

To evaluate the effect of uL4D mutations, we calculated
the stalling efficiency, which is defined as the peptidyl-
tRNA signal intensity divided by the sum of peptidyl-tRNA
and full-length product signal intensities (Supplementary
Figure S7A) (31,43). Since the ACE preparations contain
both mutant uL4D- and endogenous ulL4A-containing ri-
bosomes, the stalling efficiency of the mutant ribosome
alone has to be evaluated. To achieve this, we corrected
the raw stalling efficiency for the constitution fraction of
the mutant ribosomes, referred to as the corrected stalling
efficiency. This calculation assumes that the stalling effi-
ciency of endogenous uL4A-containing ribosomes alone
is the same as that in Col-0 ACE, which we believe is
reasonable (Supplementary Figure S8A). The corrected
stalling efficiency of uL4D(ATV):FLAG lines d3 and dS§
ACE was 63% and 56%, respectively (Figure 5A, shaded



Nucleic Acids Research, 2020, Vol. 48, No. 4 1993

Raw stalling eff. Corrected stalling efficiencies
A cGS1 OcCol-0 ul4D(OWT ER77A WATV):FLAG
- +[- +[- +[- +[- +|- +][- +]| AdoMet $ v
(kDa) (" GSTtag | CGlllexon 1 | )
a-GST 504 = - - - - = | *PtR + AdoMet
- - 1.0
- - - - - - = = = |«FL :50.8-
(=)
37 4 £ 0.6
50 ©
«FLAG | - - = = — |WDFLAG T 041
25 g) 0.24
a-uL22 1--- - = = = - -----O|<UL22
0 uORF2. &
B -
hCMV W [ W m|W m|W m|W m|W m| W m|uORF2 —{Tegl] DP75finker | A
Autonomous i
37 gy PR m: P21A
aHA . | .10
20 % 0.8-
15_—---—-—-—-----<FL 50.6-
©
wriac®] - —-——— — — = = |a4DFAG B 04
T 0.2
Q-uL22§gj--------------|<UL22 o o
AAP L HfL H|lL HfL HlL HfL H[L H]Ag s
) [AP— - w |epR High Arg | Tagll | DP75linker |AAP|-A
a-FLAG 1.0
% 0.8
25 - - - - - - - - s [<FL 8706_
204 % ’
Q-FLAG501 - ————— — — — —— |<UL4DFLAG E g:
% 0.0
a-uL2225_]--------------|<uL22 <
[
D atampr [t H]L Bt HIL aJt AL H]L H]spd [Tagl] DP75 finker | S-UORF FAq
d p— - — High Spd
a-HA 37 - -+ PtR 10
25+ k5 0.8
207 e e e e e @ e e |<FL 2 06l
s ] x * .
a-FLAGSO- ———————— —— |4y 4D-FLAG f g: *
o 0.24
Q.ul_gggg ——————_——— - (U] 22 o« o 1 7i7 7ﬁ7i7
MAGDIS. &
E macois (L WL H L HYESHIESE LRI spd L oy {_Tagll_] DP75 linker [}-As
374 - - - - - “ |*PtR 1.0
a-FLAG *g 0.8-
gg'- - . e = = = [« %0-6'
2 % 0.4
q—FLAG50'| - —— - - = |<UL4DFLAG % 0.2-
2o
a-uL22 25
201--------------|<UL22 inelp © w2 wo 1 16 d3 d8
line ID w2 w9 r 6 d3 ds ACE O Q\,\\ »\@ &®
ACE Col-0 uL4D(WT) uL4D(R77A) uL4D(ATV) P oSe \Q:\@ o&yq,
:FLAG :FLAG :FLAG Y .g\/ 0\}‘08\,?‘ \\\,& 8\,

Figure 5. Differential effects of uL4D mutant ribosomes on stalling. RNA construct shown above the bar graphs was translated in ACE prepared from wild-
type Col-0, or from two independent lines of FLAG-tagged uL4D mutants as indicated. (Lef? panels) Translation products were separated by SDS-PAGE
and analyzed by immunoblotting. The antibodies used to detect translation products are indicated. Immunoblots with anti-FLAG antibody and anti-uL22
antiserum are also shown. Positions of the full-length product (FL), peptidyl-tRNA (PtR), 48-kDa FLAG-tagged uL4Ds (uL4D:FLAG), and 19-kDa ulL.22
are marked. The experiments were carried out with two batches of ACE preparations for each of the Col-0 and mutant lines, and a representative result
of triplicate experiments in one of the batches is shown. (Right panels) The corrected stalling efficiencies (shaded box) relative to the raw stalling efficiency
in Col-0 ACE (open box) were calculated and means + SD of six experiments performed with two ACE batches in triplicate are shown. Asterisks indicate
significant differences compared with Col-0 ACE (g < 0.05 by Welch’s ¢-test with false discovery rate (FDR) correction). (A) CGS1 system. GST:CGSI(WT)
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hCMYV system. Tagl: DP75:hCMV(WT) RNA (W) and Tugl:DP75:hCMV(P21A4) RNA (m) (Supplementary Figure S10B) were translated for 30 min.
The immunoblot signals of the “W’ lanes were quantified. (C) AAP system. Tagll: DP75: AAP(WT) RNA (Supplementary Figure S12B) was translated for
10 min in the presence of a low (L, 0.08 mM) or high (H, 2.08 mM) L-arginine concentration as indicated. The immunoblot signals of the ‘H’ lanes were
quantified. (D) AtAMDI1 system. Tagl:DP75:S-ORF(WT) RNA (Supplementary Figure S13B) was translated for 30 min in the presence of a low (L, 0.2
mM) or high (H, 0.7 mM) spermidine (Spd) concentration as indicated. The immunoblot signals of the ‘H’ lanes were quantified. (E) MAGDIS system.
Tagll:DP75: MAGDIS(WT) RNA (Supplementary Figure S14B) was translated for 10 min in the presence of a low (L, 0.2 mM) or high (H, 0.7 mM) Spd
concentration as indicated. The immunoblot signals of the ‘H’ lanes were quantified. Tagl and TuglI carry M8:His:HA and M8:His:HA:3xFLAG:Myc
tags, respectively.
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bar), of the raw stalling efficiency of Col-0 ACE (Fig-
ure 5A, open bar), while the corrected stalling efficiencies
of uL4AD(WT):FLAG and uL4D(R77A4):FLAG ACE were
not appreciably different from the raw stalling efficiency
of Col-0 ACE. These results show that uL4D(ATV) mu-
tation weakens AdoMet-induced ribosome stalling, while
ulL4D(R77A) mutation does not.

Affinity purification of stalled ribosome confirms the calcula-
tion of corrected stalling efficiency

To validate the calculation of corrected stalling efficien-
cies, GST:CGSI1(G183-ns) RNA (Figure 6A) was used to
affinity-purify the FLAG-tagged mutant ribosomes by im-
munoprecipitation (IP) using an anti-FLAG antibody fol-
lowing translation in ACE. GST-CGSI(G183-ns) RNA is a
nonstop RNA that is truncated at the Gly-183 codon and
does not carry a stop codon. The use of this nonstop RNA
is necessary to affinity-purify the stalled ribosomes because
a ribosome that reached the termination codon will split
into large and small subunits and the peptidyl-tRNA will
be hydrolyzed into a peptide and tRNA (Supplementary
Figure S9A), while on the nonstop RNA, the 80S ribosome
will remain at the truncated RNA end with the peptidyl-
tRNA on it (Supplementary Figure S9A). For this experi-
ment, the RNA concentration was increased to reduce ribo-
some stacking behind the initially stalled ribosome at Ser-94
(Supplementary Figure S6C and D) (19).

When GST:CGS1(G183-ns) RNA was translated in Col-
0 ACE in the presence of | mM AdoMet (Figure 6B and C),
~65-kDa peptidyl-tRNA [PtR(Gly-183), green clover] that
had translated to the truncated end of the nonstop RNA,
55-kDa peptidyl-tRNA [PtR(Ser-94), red clover] formed
on the stalled ribosome at Ser-94, and 45-kDa full-length
peptide (FL, green arrowhead) were identified. The stalling
efficiency in this experiment is defined as the signal in-
tensity of PtR(Ser-94) divided by the sum of PtR(Ser-94)
and PtR(Gly-183) signal intensities. The 45-kDa full-length
peptide was probably produced by spontaneous hydrolysis
of PtR(Gly-183). We previously observed spontaneous hy-
drolysis of peptidyl-tRNA at the nonstop RNA end (19).
Since spontaneous hydrolysis of PtR(Gly-183) could occur
at any step during this experiment, the signal intensity of
this full-length product was not taken into account for the
calculation of stalling efficiency.

After IP with the anti-FLAG antibody, anti-ulL4 an-
tiserum detected only FLAG-tagged uL4D (Figure 6D),
indicating that IP efficiently purified FLAG-tagged mu-
tant ribosomes. The corrected stalling efficiencies of
ul4D(ATV).:FLAG lines d3 and d8 ACE before IP were
68 + 4% and 66 £ 8%, respectively, while raw stalling effi-
ciencies after IP were 71 £ 6% and 72 4 4%, respectively, of
that of Col-0 ACE before IP (Figure 6E). For all pairwise
comparisons of the corrected stalling efficiency before 1P
and the raw stalling efficiency after IP, similar values were
obtained. These results support the validity of the corrected
stalling efficiency calculations.

Affinity purification of stalled ribosomes, however, can-
not be applied to NPmRS that occurs at the termina-
tion codon (Supplementary Figure S9B). Therefore, in the
present study, we used the corrected stalling efficiency that

was calculated and compared it with the raw stalling effi-
ciency of Col-0 ACE.

ulL4D(A TV) mutation reduces autonomous ribosome stalling
of the hCMYV system

To further characterize the contribution of the constriction
region to NPmRS, we tested other stalling systems from
different eukaryotes. The 22-amino-acid uORF2 of hCMV
gp438 directs ribosomes to stall autonomously at the transla-
tion termination to downregulate gp48 expression (27,28).
The gp48 uORF2-mediated stalling occurred in Col-0 ACE,
and abrogation of stalling by Pro-21-to-alanine substitution
(P21A) of uORF?2 (28) was reproduced in Col-0 ACE (Sup-
plementary Results 1.2 and Supplementary Figure S10),
thus showing recapitulation of the gp48 uORF2-mediated
autonomous stalling in Col-0 ACE.

We tested the effects of uL4D(ATV) and uL4D(R77A)
mutations. The corrected stalling efficiency in
ul4D(ATV).FLAG ACE was estimated to be 19-30%
of the raw stalling efficiency of Col-0 ACE, while that of
ulL4D(WT):FLAG ACE and ulL4D(R77A4):FLAG ACE
was not appreciably different from Col-0 ACE (Figure 5B).
The effects of uL4D mutations on CGS1 and hCMYV sys-
tems were similar in that uL4D(ATV) but not uL4D(R774)
affected stalling; however, the reduction in the uL4D(ATYV)
mutant was stronger in hCMV than in CGS1.

To further confirm the accuracy of our calculation of the
corrected stalling efficiency, we mixed uL4D(WT):FLAG
w2 line ACE or uL4D(ATV):FLAG d8 line ACE with Col-
0 ACE at different proportions, and analyzed the resulting
stalling efficiencies. Extrapolation of the regression lines of
the raw stalling efficiencies revealed stalling efficiency val-
ues for the mutant ribosomes alone that are similar to those
in Figure 5B, again supporting the validity of our corrected
stalling efficiency calculations (Supplementary Figure S11).

Both uL4D(R77A4) and ul4D(ATV) mutations reduce
arginine-induced ribosome stalling of the AAP system

The 24-amino-acid AAP nascent peptide, encoded by N.
crassa arg-2 uORF, causes NPmRS in response to L-
arginine (24,25). In Col-0 ACE, peptidyl-tRNA accumu-
lated in a L-arginine-dependent manner, whereas substi-
tution of Asp-12 to asparagine (D12N) of AAP, which
has been shown to abolish the response to L-arginine (25),
also abolished the peptidyl-tRNA accumulation in Col-0
ACE (Supplementary Results 1.3 and Supplementary Fig-
ure S12). Thus, L-arginine-dependent NPmRS of AAP was
recapitulated in Col-0 ACE.

Translation analyses in uL4D mutant ACE showed that
stalling at a high L-arginine concentration (2.08 mM)
was significantly reduced in both uL4D(R77A4):FLAG and
ul4D(ATV).FLAG ACE. The corrected stalling efficien-
cies were 57-61% and 37-42%, respectively, of the raw
stalling efficiency of Col-0 ACE (Figure 5C). Compared
with the CGS1 and hCMYV systems, AAP exhibited a qual-
itative difference in that a single-amino-acid substitution of
ulL4D(R77A) affected stalling.
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Figure 6. Affinity purification of stalled ribosomes. (A) Schematic representation of GST: CGS1(G183-ns) RNA, which is a nonstop RNA that is truncated
at the Gly-183 codon located at the end of CGS! exon 1 and does not carry a stop codon. The MTO1 region (21) is indicated by a filled blue box. (B and C)
GST:CGS1(G183-ns) RNA (500 fmol wl~!) was translated in ACE prepared from wild-type Col-0 and mutant lines expressing uL4D: FLAG in the absence
() or presence (+) of | mM AdoMet, as indicated. After 30 min of translation, stalled ribosomes were affinity-purified by IP using anti-FLAG antibody.
Translation products of input controls (B) and IP fractions (IP: a-FLAG) (C) were analyzed by immunoblotting using anti-GST antibody. Positions of
65-kDa peptidyl-tRNA [PtR(Gly-183)] produced at the nonstop RNA end of Gly-183 and the 55-kDa peptidyl-tRNA [PtR(Ser-94)] produced by AdoMet-
induced NPmRS at Ser-94, and the full-length peptide, which was dissociated from PtR(Gly-183) (FL), are marked. The band marked with a black dot
is probably a peptidyl-tRNA that is produced by a ribosome stacked behind the one stalled at the nonstop RNA end. Immunoblots using anti-FLAG
antibody and anti-uL22 antiserum are shown as loading controls. A representative result of triplicate experiments is shown. (D) Immunoblot analysis of
the translation mixture before (in) and after IP (IP) using anti-uL4 antiserum to show the constitution fractions of FLAG-tagged ribosomes. Positions
of the 48-kDa FLAG-tagged uL4D (uL4D:FLAG) and the 47-kDa endogenous ulL4 are marked. The band marked as endogenous uL4 in Col-0 ACE
(lanes 1 and 2) includes both endogenous uL4A and endogenous uL4D, while that in uL4D:FLAG mutant ACE (lanes 3-14) is endogenous uL4A alone. A
representative result of triplicate experiments is shown. (E) The immunoblot signals in (B) and (C) were quantified. The corrected stalling efficiency in the
input sample (shaded box), and the raw stalling efficiency after IP (cross hatched box) were calculated and means &+ SD (n = 3) are shown. No significant
difference was observed between the corrected stalling efficiency before IP and raw stalling efficiency after IP in each pair of the samples (P > 0.05 by
Welch’s r-test).

Both uL4D(R77A) and uL4D(A TV) mutations strongly re-
duce polyamine-induced ribosome stalling in AtAMDI1 sys-
tem

The 52-amino-acid uORF2 of A4tAMDI S-uORF directs
the ribosome to stall at the translation termination in re-
sponse to high polyamine concentrations. In the present
study, spermidine was used as an effector (31). In Col-0
ACE, peptidyl-tRNA accumulation was dependent on sper-

midine concentration (31), which was abolished by intro-
ducing a frame-shift mutation in S-uORF (Supplementary
Results 1.4 and Figure S13), indicating that Col-0 ACE re-
capitulates spermidine-dependent ribosome stalling.

The corrected stalling efficiency in uL4D(R77A4):FLAG
and uL4D(ATV):FLAG ACE at a high spermidine con-
centration (0.7 mM) was reduced to ~23% and ~15%, re-
spectively, of the raw stalling efficiency of Col-0 ACE, while
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ulL4D(WT):FLAG ACE showed similar levels of stalling
efficiencies to Col-0 ACE (Figure 5D). As was the case in
AAP, both uL4D(R77A4) and uL4D(ATV) mutations re-
duced the stalling in AtAMDI1; however, the effects of the
mutations were stronger than in AAP.

Neither uL4D(R77A4) nor uL4D(ATV) mutation affects
polyamine-induced ribosome stalling on the six-amino-acid
uORF of MAGDIS

In mAMDI, a uORF encoding six amino acids, MAGDIS,
directs the ribosome to stall in response to polyamines.
Translation in Col-0 ACE showed peptidyl-tRNA accu-
mulation in a spermidine-dependent manner, while Ile-5
to leucine (ISL) substitution (32,33) of MAGDIS abol-
ished peptidyl-tRNA accumulation, indicating that the
spermidine-induced NPmRS is recapitulated in Col-0 ACE
(Supplementary Results 1.5 and Figure S14).

The corrected stalling efficiencies in uL4D:FLAG mutant
ACEs were all essentially the same as the raw stalling effi-
ciency of Col-0 ACE (Figure SE). These results show that
neither uL4D(R77A4) nor uL4D(ATV) mutation affects the
spermidine-dependent ribosome stalling directed by the six-
amino-acid uORF of MAGDIS.

5’-UTRs carrying the uUORFs also depict the differential ef-
fects of ulL4D mutations

Translation of a uORF generally downregulates transla-
tion of the main ORF, and if ribosomes stall on the uORF,
translation of the main ORF is strongly downregulated
(Supplementary Figure S15) (59). For the stalling analy-
ses, we joined artificial sequences of the tags and linker to
the uOREF. In the case of MAGDIS, the constriction re-
gion is vacant when stalled on the natural uORF, whereas
in the present stalling analysis a 75-amino-acid DP75 linker
(15,43) resides in the constriction region. To test the effects
of uL4D mutations on the natural uORF sequence, the 5'-
UTR sequences of the hCMV, AtAMDI1, and MAGDIS
systems were joined to a luciferase (LUC) reporter, and the
effects of uL4D mutations were analyzed by reporter assays
(Figure 7).

The 5-UTR of hCMV gp48 (27,28) was joined to a
LUC reporter (Figure 7A, and Supplementary Figure SI0A
and D) and was translated in ACE. When the RNA
was translated in uL4D(ATV):FLAG ACE the relative re-
porter activity was ~3 times higher than in Col-0 ACE
(Supplementary Figure S16). The relative reporter activ-
ity was corrected for the constitution fraction of FLAG-
tagged ribosomes, as for the stalling efficiency correction
(Supplementary Figure S8B). The corrected relative re-
porter activity in uL4D(ATV):FLAG ACE was ~6 times
the raw reporter activity of Col-0 ACE, while those in
uL4D(WT):FLAG and uL4D(R77A):FLAG ACE were es-
sentially the same as in Col-0 ACE (Figure 7A). When the
5'-UTR of AtAMDI containing the S-uORF (Figure 7B,
and Supplementary Figure S13A, F, and G) (31) was ana-
lyzed, corrected reporter activities in uL4D(R774):FLAG
and uL4D(ATV).:FLAG ACE were 7-9 times higher than
in Col-0 ACE (Figure 7B).

The 5-UTR of mAMDI was joined to the LUC re-
porter (Figure 7C, and Supplementary Figure S14A and
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Figure 7. Differential effects of uL4D mutant ribosomes on LUC reporter
expression. RNA was translated in ACE prepared from wild-type Col-0 or
from two independent lines of FLAG-tagged uL4D mutants. After trans-
lation of RNA for 120 min, LUC activities were measured and normalized
with the Renilla luciferase (RLUC) activity of the co-translated control
RNA. The corrected reporter activities (shaded box) relative to the raw
reporter activity in Col-0 ACE (open box) were calculated and means +
SD of six experiments performed with two ACE batches in triplicate are
shown. Asterisks indicate significant difference from raw reporter activ-
ity in Col-0 ACE (¢ < 0.05 by Welch’s 7-test with FDR correction). (A)
hCMV system. 5'-hCMV:LUC(WT) and 5-hCMV:LUC(P214) RNAs
(Supplementary Figure SI0A and D) were translated. LUC activities in 5'-
hCMV:LUC(WT) RNA relative to those of 5'-hCMV:LUC(P214) RNA
were calculated. (B) AtAMDI system. 5'-4tAMDI1:LUC RNA (Supple-
mentary Figure S13A and F) was translated in the presence of 0.2 or 0.7
mM spermidine (Spd). LUC activities in the presence of 0.7 mM Spd
relative to those of 0.2 mM were calculated. (C) MAGDIS system. 5'-
mAMDI:LUC RNA (Supplementary Figure S14A and G) was translated
in the presence of 0.2 or 0.7 mM Spd. LUC activities in the presence of
0.7 mM Spd relative to those at 0.2 mM were calculated. (D) AUG-Stop
system. 5'-NIP5;1: LUC RNA (Supplementary Figure S17A and B) was
translated in the presence or absence of 0.5 mM boric acid. LUC activities
in the presence of boric acid relative to those in its absence were calculated.



G) and translated in ACE. Relative reporter activities in
ulL4D:FLAG mutant ACEs were essentially the same as in
Col-0 ACE (Figure 7C). These results are consistent with
those of the stalling efficiency analyses (Figure 5B, D and
E) and confirmed the effects of uL4D mutations on ribo-
some stalling.

Neither uL4D(R77A4) nor uL4D(ATV) mutation affects
boric acid-induced ribosome stalling on AUG-stop

The 5-UTR of AtNIP5;1, encoding a boric acid trans-
porter, has the shortest possible uORF, AUG-stop (Sup-
plementary Figure S17). Boric acid induces prolonged ri-
bosome stalling at AUG-stop (34). Since insertion of even
a single codon between the AUG and stop codons is detri-
mental to the response (34), joining a tag or linker sequence
is impossible. Therefore, effects of the uL4D mutations were
evaluated by a reporter assay. As in the case of MAGDIS,
neither uL4D(R77A4) nor uL4D(ATV) mutation affected
reporter activities (Figure 7D).

DISCUSSION

In this study, we presented reverse genetics-based biochem-
ical evidence showing that ul4 is involved in four of the
NPmRS in eukaryotes, namely the CGS1, hCMYV, AAP,
and AtAMDI systems. In contrast, the six-amino-acid
uORF of MAGDIS was unaffected. The results show that
the constriction region is crucial for inducing NPmRS,
when the nascent peptide is long enough to cross over the
constriction region, and that MAGDIS adopts a distinct
mechanism for NPmRS induction.

Construction of transgenic lines carrying uL4D mutations

In transgenic plants uL4D(WT):FLAG line w2 and
ulL4D(R77A):FLAG lines r1 and r6, mutant uL4D mRNAs
accumulated to 4- to 12-fold higher levels than in wild-type
Col-0 plants (Figure 3). Nevertheless, free FLAG-tagged
ulL4D proteins were undetectable in S170 fractions (Fig-
ure 4A), suggesting the existence of unknown regulatory
mechanism(s) at the mRNA and protein accumulation lev-
els (48).

Regarding the ul4D(ATV):FLAG and
uL4D(Aloop):FLAG lines, mRNA accumulation was
similar to or less than that in Col-0 plants (Figure 3).
It is possible that high-level expressors were not iso-
lated owing to growth retardation, because NPmRS
is involved in a range of regulatory systems, including
metabolism (17,20,21,31) and transcription factor expres-
sion (43,60). In the construction of uL4D(ATV):FLAG
and ulL4D(Aloop):FLAG mutant plants, we also feared
the effects of a defect in ribosome biogenesis because
the alterations in Loop 1 might retard the integrity of
the internal extension loop (Supplementary Figure S1),
which has been shown to be essential for the large-subunit
assembly in bacteria and yeast (61-63). This might occur
in uL4D(Aloop):FLAG lines. A plausible scenario is that
ulL4D(Aloop):FLAG protein was only poorly incorporated
into ribosome particles and the surplus protein was rapidly
degraded. Degradation of surplus ribosomal proteins has
been observed in yeast (64).
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Differential effects of uL4D(R77A4) and ulL4D(A TV) muta-
tions explain the structural data

The degree of reduction of stalling by uL4D(ATV) and
ulL4D(R77A4) mutations showed qualitative differences
among the stalling systems. Structures of stalled ribosomes
in WGE have been solved in hCMV and AAP systems, and
physical contacts between the nascent peptide and constric-
tion region have been identified (14).

Cryo-EM studies of AAP-stalled ribosomes (14) showed
that Asp-12 contacts uL4 between Gly-76 and Val-79 (Ara-
bidopsis uL4D residue number) in Loop 1 (Figure 2B, ma-
genta underline). This is consistent with our finding that
ulL4D(R77A) mutation strongly reduced the L-arginine-
dependent stalling of AAP (Figure 5C). In the hCMYV sys-
tem, nascent peptide physically contacts Loop 2, but not
Loop 1 (14). This also is consistent with our finding that
ulL4D(R77A) mutation did not affect hCMYV stalling (Fig-
ures 5B and 7A). Asp-12 of AAP is important for stalling
(Figure 1) (24,26). Thus, our data interconnect structural
data and functional residues in the nascent peptide. Our
data also suggest that the physical contacts of the nascent
peptide with the constriction region observed by cryo-EM
are the cause, not the result, of ribosome stalling.

The effects of ulL4D mutations were strongest in
AtAMDI and weakest in CGS1. We previously reported
that, upon AdoMet-induced stalling of CGS1, 28S rRNA
residues undergo conformational changes (18). Among
these, EcU744 and EcA750 (in E. coli rRNA numbering)
mapped near the constriction region. Intriguingly, these
residues are located close to uL22. Corroborating the weak
effect of uL4D mutations in CGS1, the CGS1 nascent
peptide might interact with ul22, rather than ul4, al-
though other possibilities remain. In contrast, regarding the
AtAMDI system, in which uL4D mutations had strong ef-
fects on stalling, its nascent peptide might strongly inter-
act with Loop 1 to induce polyamine-dependent ribosome
stalling.

uL4D(ATV) mutation downregulated four NPmRS sys-
tems, while uL4D(R77A4) mutation affected only two of
them. uL4D(ATV) mutation probably exhibited a general
effect on interaction of nascent peptide and the constric-
tion by altering the geometry of the constriction region.
The two stalling systems affected by uL4D(R77A4) muta-
tion would specifically interact with the Arg-77 that we mu-
tated, which was supported by cryo-EM study of AAP-
stalled ribosomes. Our data suggest that specific interaction
of nascent peptide and the amino acid residue(s) within the
B-loop(s) is superimposed over the general interaction with
the constriction region.
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