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The Minimum Open Reading Frame, AUG-Stop, Induces
Boron-Dependent Ribosome Stalling and mRNA Degradation
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Upstream open reading frames (UORFs) are often translated ahead of the main ORF of a gene and regulate gene expression,
sometimes in a condition-dependent manner, but such a role for the minimum uORF (hereafter referred to as AUG-stop) in
living organisms is currently unclear. Here, we show that AUG-stop plays an important role in the boron (B)-dependent
regulation of NIP5;1, encoding a boric acid channel required for normal growth under low B conditions in Arabidopsis
thaliana. High B enhanced ribosome stalling at AUG-stop, which was accompanied by the suppression of translation and
mRNA degradation. This mRNA degradation was promoted by an upstream conserved sequence present near the 5’ -edge of
the stalled ribosome. Once ribosomes translate a uORF, reinitiation of translation must take place in order for the
downstream ORF to be translated. Our results suggest that reinitiation of translation at the downstream NIP5;1 ORF is
enhanced under low B conditions. A genome-wide analysis identified two additional B-responsive genes, SKU5 and the
transcription factor gene ABS/NGAL1, which were regulated by B-dependent ribosome stalling through AUG-stop. This
regulation was reproduced in both plant and animal transient expression and cell-free translation systems. These findings

suggest that B-dependent AUG-stop-mediated regulation is common in eukaryotes.

INTRODUCTION

In eukaryotes, the scanning model predicts that ribosomes scan
mRNAs from the 5’-end and identify the first AUG codon to start
translation (Jackson et al., 2010). However, the first open reading
frame (ORF) is not necessarily the main ORF of agene. Short ORFs
present in the 5’-untranslated region (UTR), known as upstream
ORFs (UORFs), are often translated ahead of the main ORF. uORFs
affect the expression of the main ORF because translation of the
main ORF occurs either by leaky scanning and/or reinitiation of
translation. During leaky scanning, the AUG codon of the uORF is
not recognized and the 43S preinitiation complex (i.e., a complex
of the 40S subunit, methionyl-tRMAMet, and a few initiation fac-
tors) continues scanning for a downstream AUG (Supplemental
Figure 1A). During reinitiation of translation, the 40S subunit does
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not dissociate from the mRNA after translation termination of
the uORF and reinitiates translation at a downstream AUG
(Supplemental Figure 1B) (Hellens et al., 2016).

Among the translated uORFs, some simply downregulate the
expression of the main ORF, while others regulate the expression of
the main ORF in a condition-dependent manner (Morris and Geballe,
2000; Hinnebusch, 2005; Hood et al., 2009; Ebina et al., 2015).
For example, in Arabidopsis thaliana, S-adenosylmethionine de-
carboxylase 1 (AdoMetDC1) is required for producing spermidine
and spermine. The ribosome stalls at the termination codon of
a UORF of AdoMetDC1 in response to polyamine, leading to the
downregulation of AdoMetDC1 (Uchiyama-Kadokura et al.,2014).In
another example, in yeast (Saccharomyces cerevisiae), the ribosome
stalls at the termination codon of a uORF of carbamyl phosphate
synthetase 1 (CPA1)in anarginine-dependent manner, leading to the
repression of CPA1 production required for arginine biosynthesis
(Gaba et al., 2005). Ribosome stalling at the UORF adversely affects
translation of the main ORF (Supplemental Figure 1C).

Minimum ORFs, in which the start codon is directly followed by
a stop codon, referred to as “AUG-stops” in this article, are widely
found in the 5’-UTRs of eukaryotic genes. According to our cal-
culations, 23% of mRNAs in Arabidopsis carry uORFs (excluding
those that overlap with the main ORF), of which 14% (i.e., 4% of
Arabidopsis mRNA) have at least one AUG-stop in their 5'-UTR.
AUG-stop affects the expression of a downstream ORF in human
immunodeficiency virus type | (Krummheuer et al., 2007), but the
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role of AUG-stops in condition-dependent gene expression re-
mains unclear.

Arabidopsis NIP5;1 (Takano et al., 2006) is among the genes that
carry AUGUAA in their 5'-UTRs. NIP5;1 is a diffusion facilitator of
boron (B) that is required for the efficient uptake of B by the roots. B is
an essential nutrient for plants (Warington, 1923), algae (Smyth and
Dugger, 1981), and cyanobacteria (Bonilla et al., 1990) that is also
required for some animals (Fort et al., 1998; Rowe and Eckhert, 1999;
Lanoue et al., 2000) but is toxic when present in excess (Blevins and
Lukaszewski, 1998; Kabu and Akosman, 2013). B in neutral solution
exits mostly as boric acid (H;BO;), whichis a very weak Lewis acid with
apK,of9.24 (Woods, 1996). Bis directly orindirectly involvedin crucial
biological processes in various organisms, including both plants and
animals (Brown et al., 2002; Chen et al., 2002; Dembitsky et al., 2002).
In plants, B cross-links rhamnogalacturonan Il (RG-Il), a component of
the pectic polysaccharides in the cell wall. The cis-diol groups of
apiose in RG-Il form an ester with boric acid, creating a borate-dimeric
RG-Il complex, which is important for normal growth in Arabidopsis
(O'Neill et al., 2001, 2004). B is essential for cell elongation, and
a number of physiological changes have been reported for plants
under low B conditions (Blevins and Lukaszewski, 1998). Due to its
essential nature and toxicity at high concentrations, it is important for
plants to maintain B homeostasis for proper growth, and the regulation
of the B transport process plays a crucial role in B homeostasis.

NIP5;1 is essential for normal growth of Arabidopsis under
a limited B supply, and NIP5;7 mRNA accumulates to high levels
under low B conditions but not under high B conditions (Takano etal.,
2006). NIP5;1 mRNA is destabilized under a high supply of B, re-
sulting in reduced B uptake (Tanaka et al., 2011). A 19-nucleotide
region, —131to —113 nucleotides (relative to the translation start site
of NIP5;1)inthe 5’-UTR is required for this regulation (Supplemental
Figures 2A and 2B), which plays an important role in normal growth
under excess B supply in Arabidopsis (Tanaka et al., 2011). NIP5;1
has four uORFs, two of which are AUGUAA (i.e., the start codon is
immediately followed by a stop codon), located at —122 and —312
nucleotides in its 5'-UTR (herein referred to as ~122AUG-stop and
—312AUG-stop, respectively) (Supplemental Figures 2A and 2B). The
region required for the B-dependent NIP5;7 mRNA degradation
includes ~122AUG-stop (Tanaka et al., 2011).

Inthis study, we investigated the mechanisms of the AUG-stop-
mediated regulation of NIP5;1 expression in Arabidopsis. We
found that AUG-stop plays crucial roles in B-dependent ribosome
stalling and the regulation of transcript accumulation, as well as in
the translation of the main ORF of this gene.

RESULTS

B-Dependent Downregulation of NIP5;1 through AUG-Stop
in Vivo

The —131- to —113-nucleotide region in the NIP5;1 5'-UTR,
which is responsible for its B-dependent mRNA degradation
(Supplemental Figures 2A and 2B) (Tanaka et al., 2011), includes
~122AUG-stop. We first examined the possible involvement of
~122AUG-stop in the B-dependent regulation of NIP5;1. The —306
to —1 nucleotide region of the NIP5;1 5'-UTR sequence was
fused to the luciferase (LUC) reporter gene and placed down-
stream of a constitutive 35S RNA promoter (referred to as Pro35S)
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of cauliflower mosaic virus [Pro35S:5'-NIP5;1(—306):LUC] (Figure
1A). The DNA was used to transfect Arabidopsis MM2d suspension
cells (Menges and Murray, 2002). A series of mutations were in-
troduced into ~122AUG-stop, and their effects on reporter activities
were examined under high and low B conditions (Figure 1B).

In the construct carrying the wild-type ~122AUG-stop, reporter
activity was reduced to approximately half under high B conditions
compared with low B conditions (Figure 1B, shaded in blue). In-
troduction of mutations into ATG abolished the response to high B
conditions, and the reporter activities became generally higher in
both low and high B conditions. Disruption of the stop codon
(shaded in yellow) abolished the response to high B conditions
and, in this case, the reporter activities were much reduced in
both low and high B conditions, whereas changing TAA to other
stop codons, i.e., TAG or TGA (shaded in green), retained the
B-dependent suppression of the reporter activity. Placing extra
codon(s) between ATG and TAA (shaded in purple) also abolished
the response. These results indicate that the ~122AUG-stop se-
quence is required for B-dependent downregulation and that the
AUG codon needs to be directly followed by a stop codon. In the
construct carrying amutation in the Kozak sequence (a consensus
sequence for efficient translation initiation) (Kozak, 1986; Joshi
etal., 1997) of ~122AUG-stop, the response to B was maintained,
although the reporter activities increased under both B conditions
(Figure 1B, shaded in gray).

The general upregulation of reporter activities observed in the AUG
mutations can be explained by the lack of ribosome assembly at
UORF. The general upregulation in the construct carrying a mutation in
the Kozak sequence, which is likely to reduce recognition of AUG in
AUGUAA, can be explained by the increased leaky scanning. In the
constructs in which stop codons were disrupted, the ORF that starts
fromthe ~122AUG is extended into the LUC reporter gene in a different
reading frame (Supplemental Figure 2D). Therefore, the down-
regulation of LUC activity in the stop codon disruption mutants
suggests that most of the ribosomes start translation at ~'2?AUG and
that leaky scanning does not contribute much to the reporter activities
observed in the wild-type construct (Supplemental Figures 1Aand 1B).

To test whether ~122AUG-stop is necessary for the B response
in vivo, we generated transgenic Arabidopsis plants carrying the
NIP5;15'-UTR (—306 to —1 nucleotides) fused to a GUS reporter
gene driven by Pro35S [Pro35S:5'-NIP5;1(—306):GUS] (Figure
1C) and exposed the plants to high and low B conditions (Figure
1D). As a positive control, we used one of the transgenic lines that
we described previously (P35S ,;5,,-GUS #8) (Tanaka et al., 2011).
In transgenic plants carrying the wild-type ~122AUG-stop, the
reporter activity was reduced under high B conditions compared
with low B conditions, corroborating our previous report (Tanaka
etal.,2011), while introduction of amutationinto either ATG or TAA
of the ~122AUG-stop abolished the response. Thus, AUG-stop is
required for the B-dependent downregulation of NIP5;1 in vivo.

Detection of B-Dependent NIP5;1 mRNA Degradation
Intermediates in Arabidopsis Roots

It is possible that the degradation of NIP5;7 mRNA goes through
aspecific degradation intermediate(s). To examine the positions of
the 5’-ends of degradation intermediates, we conducted primer
extension analysis using mRNA extracted from the roots of
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Figure 1. B-Dependent Downregulation of NIP5;1.

(A) Schematic representation of Pro35S:5’-NIP5;1(—306):LUC DNA. Open
boxes represent UORFs. The thick line represents the sequence corre-
sponding to the 5’-UTR of NIP5;1. Nucleotide numbers are relative to the
translation start site (+1). The thin lines represent 18- and 15-nucleotide
linker sequences at the 5’ and 3’ ends, respectively, of the 5'-UTR.

(B) Transfection experiments using cultured Arabidopsis cells. Constructs
represent the sequences of, and around, the AUGUAA in each construct
with the altered nucleotides shown in red. Transfected protoplasts were
incubated under 500 uM B (+B) or 1 .M B (—B) conditions. The LUC activity
of each transfected cell extract was normalized with RLUC activity from the
cotransfected internal control plasmid and shown as the relative LUC
activity. Means = sp of relative LUC activities are shown (n = 3). Asterisks
indicate a significant reduction in +B compared with —B conditions (P < 0.05).
The “vector 5'-UTR” negative control carries only the vector’s 5'-UTR se-
quence. The nucleotide and corresponding amino acid sequences of ATG-
1cdn-TAA and ATG-3cdn-TAA are shown in Supplemental Figure 2C.

Col-0 wild-type Arabidopsis (Figures 2A and 2B). The Arabidopsis
Information Resource database (TAIR9/10) (Lamesch et al., 2012)
lists the transcription start site of NIP5;1 at the —312 nucleotide,
whereas our primer extension analysis positioned it at —558
(Figure 2B), which corroborated well with that of the Plant Pro-
moter Database (Hieno et al., 2014). Therefore, we used the —558
nucleotide inthe NIP5;15'-UTR as the position of the transcription
start site in this study.

Our primer extension analysis detected two major signals rep-
resenting the 5'-end points of MRNA degradation intermediates
from plants grown under high B conditions (Figures 2B, lane +B, 2C,
and 2D). Even stronger signals were detected in plants 10 min after
being transferred from low B to high B conditions (Figures 2B, lane T,
2C, and 2D), implying that mRNA degradation is temporarily acti-
vated in response to the increased B concentration. These signals
were found in a region 13 to 14 nucleotides upstream of both —312
AUG-stop and ~'22AUG-stop (counting from the A of AUG), re-
spectively (Figures 2C and 2D). No mRNA degradation intermediate
was detected under low B conditions (Figure 2B, lane B).

The mRNA degradation intermediates were detected in experi-
ments independent from ours. Degradome data sets available at the
Parallel Analysis of RNA Ends (PARE) database (German et al., 2008)
provided us with information about the 5’-ends of mRNA decay in-
termediates in plants grown in soil (note that normal soil culture
conditions correspond to a mild-high B condition in this study).
Prominent 5’-ends of 5’ -truncated NIP5; 1 mRNA are present at —326
and —134 nucleotides of the 5'-UTR, and the signals are enhanced in
the exoribonuclease 4 (xrm4) mutant, which lacks 5'-3" exoribonu-
clease activity (German et al., 2008) (Supplemental Figures 3A and
3B). These positions correspond to 14 and 12 nucleotides upstream of
—312AUG-stop and ~'22AUG-stop, respectively. These positions
correspond well with the 5’-ends of degradation intermediates de-
tected in our primer extension analysis (Figures 2C and 2D).

OsNIP3;1 and ZmNIP3;1, rice (Oryza sativa) and maize (Zea
mays) orthologs, respectively, of Arabidopsis NIP5;1, also carry
AUGUAA sequences. The PARE database shows mRNA decay
intermediates at 12 and 13 nucleotides upstream of the AUG-
stopsinthese genes (Lietal., 2010; Liu et al., 2014) (Supplemental
Figures 3C and 3D), suggesting that the same mechanism is
exploited in these plant species as in Arabidopsis NIP5;1.

B-Dependent NIP5;1 mRNA Degradation Is Independent of
the Nonsense-Mediated mRNA Decay Pathway

uORFs sometimes induce the destabilization of mRNA through
the nonsense-mediated mRNA decay (NMD) mechanism because

(C) Schematic representation of Pro35S:5’-NIP5;1(—306):GUS DNA. The
thin lines represent 37- and 59-nucleotide linker sequences at the 5’ and 3’
ends, respectively, of the 5’-UTR.

(D) Effect of B on GUS activities in transgenic plants. Transgenic plants
were grown under 100 uM B (+B) or 0.3 uM B (—B) conditions. Relative GUS
activities in roots were determined. Transgenic line WT#8 carries a wild-
type ~122AUG-stop (Tanaka et al., 2011). Three each of independent
transgenic lines were used for the mutant constructs. Means = sp of GUS
activities relative to that of WT#8 under —B are shown (n = 4 to 5). Asterisks
indicate significant reductions under +B conditions (P < 0.05).
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Figure 2. B-Dependent NIP5;7 mRNA Degradation Intermediates in Vivo

(A) Schematic representation of the NIP5;1 5'-UTR.

(B) Primer extension analysis. Col-0 plants were grown for 28 d with 100 uM
B (+B)or0.3 uM B (—B). Forthe sample inlane T, Col-0 plants grown for28 d
with 0.3 uM B were transferred to 100 uM B for 10 min. Total RNA extracted
from the roots was used for the primer extension reaction. Loading was
adjusted to ensure full-length signal intensities were at similar levels. A
sequence ladder was generated using the same primer. The open ar-
rowhead marks the 5'-end of the full-length mRNA. Primer extension
signals corresponding to the 5’-ends of RNA degradation intermediates
upstream of ~312AUG-stop and ~'22AUG-stop are marked with magenta
brackets.

(C) and (D) Means = sb (n = 3) of relative primer extension signal intensities
are shown for ~122AUG-stop (C) and ~312AUG-stop (D). Asterisks indicate
significant differences (P < 0.05). Nucleotide sequences around the AUG-
stops, with primer extension signal positions, are shown. Ribosomes
occupying the RNA having the AUG codon positioned at the P-site are
shown.

the uORF’s stop codon may be recognized as a premature ter-
mination codon (Amrani et al., 2006). UPF1 and UPF3 play critical
roles in the induction of mMRNA degradation by NMD (Hori and
Watanabe, 2005; Yoine et al., 2006b). We therefore determined the
accumulation levels of NIP5;7 mRNA under high and low B
conditions in the upf7-1 missense mutant (Yoine et al., 2006a),
upf3-1 knockout mutant (Hori and Watanabe, 2005), and upf3-3
knockout mutant (Arciga-Reyes et al., 2006) in vivo (Supplemental
Figure 4A). The upf3-1 knockout mutant was also used to measure
NIP5;1 mRNA stability (Supplemental Figures 4B and 4C). Neither
NIP5;1 mRNA accumulation levels nor NIP5;1 mRNA half-lives
were affected by the mutations tested, indicating that NMD is not
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responsible for the B-dependent regulation of NIP5;7 mRNA
decay.

B-Dependent NIP5;1 mRNA Degradation in Vitro

To establish an in vitro system to analyze B-dependent regulation
through AUG-stop, we used a wheat germ extract (WGE) in vitro
translation system. In vitro-transcribed RNA carrying —306 to —1
nucleotides of the NIP5;1 5’-UTR fused to the LUC reporter gene
[6"-NIP5;1(—306):LUC] was translated in the presence of various
concentrations of B (Figures 3A and 3B). When a transcript
containing the wild-type AUG-stop sequence was used, the re-
porter activity was reduced as the B concentration increased,
while no such change was observed when ~122AUG-stop was
mutated (Figure 3B). These results establish that the in vitro
translation system is capable of reproducing the response to
supplemental B.

We also investigated whether AUG-stop-mediated regulation is
observed for other elements. We tested the effects of major
nutrients, nitrogen (KNO,), phosphorous (KH,PO,), and potas-
sium (KNO; and KH,PO,), together with NaCl. Addition of these
salts to WGE at a concentration of 500 uM, a concentration in
which boric acid reduced reporter expression by half (Figure 3B),
showed no differential effect on reporter activity (Figure 3C). These
results demonstrate that the response to boric acid is specific
among the salts and ions examined.

We then examined mRNA degradation in WGE. B-dependent
signals of mMRNA degradation intermediates were detected by
primer extension analysis using RNA extracted from the in vitro
translation mixture after 60 min of translation. B-dependent primer
extension signals were detected at 13 to 17 nucleotides upstream
of ~122AUG-stop (Figure 3D, lanes 1 and 2), which overlapped with
the end points detected in vivo (Figures 2C and 2D). No such signal
was detected when ~122AUG-stop was mutated (Figure 3D, lanes
3and4). Extrabands were also detected downstream of ~122AUG-
stop, but these bands do not represent a part of the B-dependent
downregulation mechanisms because the signal intensities were
not dependent on B conditions (Supplemental Figure 5). These
results indicate that the B-dependent downregulation via the ~122
AUG-stop observed in vivo is recapitulated in the WGE in vitro
translation system.

Either of the Two AUG-Stops in the 5'-UTR of NIP5;7 mRNA
Is Sufficient for B-Dependent Regulation

Endogenous NIP5;1 mRNA carries two AUG-stops in its 5'-UTR,
and two signals from mRNA degradation intermediates were
observed in vivo (Figure 2B), corresponding to the two major
mRNA 5'-ends listed in the PARE database (Supplemental Figure
3B). It is likely that both ~312AUG-stop and ~122AUG-stop are
functional.

To obtain experimental evidence for the function of ~312AUG-
stop in B-dependent downregulation of the expression and
degradation of MRNA, we conducted various experiments using
anin vitro-transcribed RNA carrying the full-length NIP5;1 5'-UTR
(—558to —1 nucleotides) (Supplemental Figure 6A). B-dependent
downregulation of reporter activity was observed when either or
both of the AUG-stops were present, but not when both AUG-
stops were deleted (Supplemental Figure 6B). Furthermore, primer
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Figure 3. AUG-Stop Affects B-Dependent Downregulation of NIP5;1.

(A) Schematic representation of 5'-NIP5;1(—306):LUC RNA. The thick line
represents the mRNA sequence and open boxes represent uORFs.

(B) Effect of B ontranslation in vitro. RNA carrying 5'-NIP5; 1(—306):LUC with or
without a mutation in AUGUAA was translated in WGE. Means = sp of relative
LUC activities under various B conditions are shown (n = 3). Asterisks indicate
significant reductions in RNA carrying ~122AUGUAA (P < 0.05).

(C) Effects of NaCl, KNO,, and KH,PO, at 500 .M on reporter expression in vitro.
RNA carrying 5'-NIP5;1(—306):LUC with or without a mutation in AUGUAA was
translated in WGE. Means =+ sp of relative LUC activities are shown (n = 3)
(D) and (E) Primer extension (D) and toeprint (E) analyses in WGE with
300 uM B (+B) or without B supplementation (—B). Signals are enlarged
under the main image of the AUGUAA lane, and their means * sp (n = 3) of relative
intensities are shown. Asterisks indicate significant differences (P < 0.05).

(F) Nucleotide sequence around ~'22AUG-stop. Positions of PE (magenta)
and TP signals (green) are marked. Ribosome occupation of RNA having
the AUG codon positioned at the P-site is shown.

extension signals were detected at 13 to 17 nucleotides upstream
of the ~312AUG-stop (Supplemental Figures 6C, lanes 3 and 4,
and 6E), indicating that ~312AUG-stop is also functional in the
B-dependent downregulation of the expression and degradation
of MRNA in vitro.

Ribosomes Stall at AUG-Stop in the 5'-UTR of NIP5;1 mRNA
in Vitro in a B-Dependent Manner

The 5’-end points of the mRNA degradation intermediates (Figure
3D; Supplemental Figure 6C, marked with magenta brackets)
suggest that stalled ribosomes are involved in mMRNA degradation
because the 5’-ends of these MRNA degradation intermediates
are located near the 5’-edge of a ribosome when the ribosome’s
P-site is positioned at AUG (Sachs et al., 2002; Yamashita et al.,
2014) (Figure 3F; Supplemental Figure 6E). To obtain direct evi-
dence for ribosome stalling, we performed primer extension
inhibition (toeprint) analysis using RNA from the in vitro transla-
tion mixture after 30 min of translation in WGE. In a standard
toeprint reaction, cycloheximide (CHX) was added after the
translation reaction to stabilize the ribosome (Sachs et al., 2002).
B-dependent toeprint signals were detected at 17 to 21 nucleo-
tides downstream of the ~122AUG-stop (counting from the A of
AUQG,) (Figures 3E, lanes 5 and 6, and 3F). Consistent results were
observed with RNA carrying ~3'2AUG-stop. B-dependent toeprint
signals were detected at 14 to 16 nucleotides downstream of the
~312AUG-stop (Supplemental Figures 6D, lanes 7 and 8, and 6E).
Thus, ribosomes stall at both AUG-stops in a B-dependent
manner, representing an intriguing regulatory role for AUG-stops
through ribosome stalling.

We also performed atoeprint analysis without CHX (Supplemental
Figure 7). Toeprint signals were detected at a similar position to that
detected in the presence of CHX, and the signals were stronger
under B supplementation, although the overall signal intensities
were reduced (Supplemental Figures 7B and 7C). These results
indicate that ribosome stalling is dependent on B treatment and that
CHX enhanced the toeprint signals.

Possible Involvement of Translation Reinitiation in
B-Dependent Expression of the Main ORF of NIP5;1

Translation of the main ORF in uORF-containing mRNA occurs via
leaky scanning and/or reinitiation of translation (Supplemental
Figures 1A and 1B) (Hellens et al., 2016). As mentioned above, the
overall reduction in reporter activity in stop codon disruption
mutant constructs (Figure 1B) suggests that leaky scanning
makes only aminor contribution to the reporter activity observedin
the wild-type construct and that leaky scanning is not affected by
B conditions. This finding, in turn, suggests that reinitiation plays
a major role in the translation of the main ORF and that the effi-
ciency of reinitiation is affected by B conditions. Thus, we tested
whether reinitiation is affected by B conditions. The involvement of
reinitiation can be assessed by modulating the length between the
site of ribosome stalling and the main ORF, referred to as the
spacer (Kozak, 1987, 2001; Rajkowitsch et al., 2004). The effi-
ciency of reinitiation is reduced if the spacer is less than 50 nu-
cleotides long (Child et al., 1999; Zhou et al., 2010).
Arabidopsis MM2d cells were transfected with plasmids con-
taining a series of 3'-deletions of the 5'-UTR (Figure 4A). The B
response was retained even when the spacer was only 37 nu-
cleotides long, but LUC activity under low B conditions was re-
duced when the spacer was 37 nucleotides long compared with
67 nucleotides or longer (Figure 4B). The extent of the B response
was reduced when a construct with a 37 nucleotide spacer, which
is expected to reduce reinitiation efficiency, was used. These
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results corroborate the hypothesis that reinitiation is reduced
under high B conditions, although other possibilities remain (e.g.,
mRNA stability is affected by changes in spacer length).

Insertion of AUG-Stop into the 5'-UTR of a Non-B-
Responsive Gene Confers B-Dependent Regulation

To examine whether AUG-stop is capable of inducing B-dependent
regulation, the AUGUAA sequence was introduced into the 5'-UTR of
the non-B-responsive gene MOLYBDATE TRANSPORTER2 (MOT2)
(Gasber et al., 2011) and Dof zinc finger DNA binding protein gene
Dof1.8 (Yanagisawa, 2002) (Figure 5A; Supplemental Figure 8A), both
of which lack uORFs, including AUG-stops, in their 5'-UTRs and
whose 5'-UTRs are roughly the same size (333 and 296 nucleotides,
for MOT2 and Dof1.8, respectively) as that of our experimental NIP5; 1
constructs used to analyze the functions of ~122AUGUAA (306 nu-
cleotide). Since spacerlengthisimportant for B-dependent regulation
(Figure 4B), we inserted AUGUAA at —122 nucleotides of their 5'-
UTRs (Figure 5B; Supplemental Figure 8B), a position identical to that
of ~122AUG-stop in NIP5;1.

Reporter assays in WGE revealed that introducing the AUGUAA
sequence led to B-dependent downregulation of the expressionin
both genes (Figure 5B; Supplemental Figure 8B). To further ex-
amine the effect of AUG-stop insertion, primer extension and
toeprint analyses were performed using a construct carrying the
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Figure 4. B-Dependent Reinitiation of NIP5;1.
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(A) Schematic representation of 3'-deletion series of Pro35S:5'-NIP5;1
(—306):LUC DNA. The thick line represents the sequence corresponding to
NIP5;1 mRNA. The thin lines represent the 18- and 15-nucleotide linker
sequences at the 5’ and 3’ ends, respectively, of the 5’-UTR.

(B) Effects of spacer deletions on the B response in transfection experi-
ments. Transfected protoplasts were incubated under 500 .M B (+B) or
1 M B (—B) conditions, and means = sp of relative LUC activities (h = 8) are
shown. Asterisks indicate significant reductions under +B compared with
—B conditions (P < 0.05). The “vector 5’-UTR” negative control carries only
the vector’s 5'-UTR sequence.

B-Dependent Gene Regulation via AUG-Stop 2835

MOT2 mRNA 5-MOT2(-333):LUC RNA
in vivo -1 22CJ!\GUGU
A nin
y & LUC
\ ) 3337 gy 1T LW
e i} LUC kA,
~1228UGUAR
o 14 =
8 g 14 :
% S * ok
o
£ 0.5 3 054 -
2 2 | —e— CAGUGU
% % —=s— AUGUAA
o ® 9 T T — Added
-B +B 1 10 100 1,000 B (uM)
C Primer extension g D Toeprint (TP) 0\) g
(PE) g NN
) <) 00
Ladder Ladder g ¥
UAGC UAGC -+ B
Ij <|Full-length
I
R —ru
» JPE signal 3
[,%}
& >
c c
> 2]
> s aTP signal
= signa
*
56 78 —
©
— 251
M 0
:[ oo
L o
-B +B -B +B
T 8 7 8
E PE signal —122 TP signal
— ! —
...GUUAGGACAUUGGACUCGUCAUGUAACUGAAAGCCGUCUUU...

ip A}

Ribosome sﬁe{aue

Figure 5. B-Dependent Downregulation Conferred by Introduction of
AUG-Stop into MOT2 5'-UTR.

(A) MRNA accumulation in Col-0 roots under 100 uM B (+B) and 0.3 uM B (—B)
conditions. Means =+ sp of relative mRNA accumulation (n = 3) are shown.
(B) Schematic representation of 5’-MOT2(—333):LUC RNA and the effect of
AUGUAA introduction on the B response. RNA carrying 5’-MOT2(—333):.LUC
with or without AUGUAA was translated in WGE in the presence of various B
concentrations. Means =+ sp of relative LUC activities (n = 3) are shown. Asterisks
indicate significant reduction of reporter activity in RNA having an AUGUAA
compared with thatin RNA having the original MOT2 5’-UTR sequence (P < 0.05).
(C) and (D) Primer extension (C) and toeprint (D) analyses in WGE with 300 uM
B (+B) or without B supplementation (—B). Signals are enlarged under the main
image of the AUGUAA lane, and means =+ sp of relative intensities are shown
(n = 3). Asterisks indicate significant differences (P < 0.05).

(E) Nucleotide sequence around AUG-stop and the positions of PE (ma-
genta) and TP signals (green). Ribosome occupation of RNA having the
AUG codon positioned at the P-site is shown.

MOT2 5'-UTR. Primer extension and toeprint signals were de-
tected 14 to 15 nucleotides upstream (Figure 5C, lanes 3 and 4)
and 15 to 17 nucleotides downstream (Figure 5D, lanes 7 and 8),
respectively, of the introduced AUGUAA sequence, and the signal
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Figure 6. Role of AUG-Stop in B-Dependent Downregulation of SKU5.

(A) mRNA accumulation in Col-0 roots under 100 uM B (+B) and 0.3 uM B
(—B). Means =* sp of relative mRNA accumulation (n = 3) are shown. Asterisk
indicates significant reduction under +B condition (P < 0.05).

(B) Schematic representation of the 5'-SKU5(—206):LUC RNA. Open
boxes represent uUORFs. 5'-SKU5(—206):LUC RNA was translated in
WGE, and means =+ sp of relative LUC activities (n = 3) are shown.
Asterisks indicate significant reductions of relative reporter activity in
RNA carrying AUGUAA (P < 0.05).

(C) and (D) Primer extension (C) and toeprint (D) analyses in WGE with
300 uM B (+B) or without B supplementation (—B). Signals are enlarged
below the main image of the AUGUAA lane, and means = sp of relative
signal intensities are shown (n = 3). Asterisks indicate significant dif-
ferences (P < 0.05).

(E) Nucleotide sequence around AUG-stop and the positions of primer ex-
tension (magenta) and toeprint signals (green) are marked. Ribosome oc-
cupation of RNA having the AUG codon positioned at the P-site is shown.
(F) Arabidopsis Wassilewskija (Ws) and sku5 mutant plants were grown under
0.3 uM B (—B) or 100 uM B (+B) conditions for 10 d, and root length was

intensities increased under high B conditions, suggesting that
ribosome stalling and mRNA degradation similar to those in
NIP5;1 occurred at the introduced AUGUAA (Figure 5E). These
gain-of-function experiments suggest that AUG-stop is capable
of inducing B-dependent ribosome stalling and the mRNA deg-
radation of non-B-responsive genes.

Genome-Wide Analysis of Ribosome Stalling at AUG-Stop
in Arabidopsis

To examine genome-wide ribosome stalling at AUG-stops, we
analyzed the Arabidopsis ribosome profiling data set (Juntawong
etal., 2014). This data set was obtained from Arabidopsis plants
grown under “normal” conditions, which correspond to mild-
high B conditions. The extent of ribosome stalling at each
combination of the two codons, which is expected to be located
in the P-site (codon 1) and A-site (codon 2), was estimated by
counting the number of reads. The counts were divided by the
average read count of the corresponding mRNA for normali-
zation (Supplemental Figure 9). The presence of AUG at the first
codon and the stop codon at the second codon tend to cause
ribosome stalling (Supplemental Figure 9A). It is likely that ri-
bosomes generally stall on AUG-stops with high frequency
compared with other two-codon combinations (Supplemental
Figure 9B).

Identification of Other Genes that Are Regulated in a
B-Dependent Manner through AUG-Stop in Arabidopsis

To assess the generality of B-dependent mRNA degradation
through AUG-stops, we looked for Arabidopsis genes that are
regulated in a similar manner to that of NIP5;1. Microarray
analysis was performed under high and low B conditions in
Arabidopsis seedlings. Five genes, NIP5;1, CONSERVED
PEPTIDE UPSTREAM OPEN READING FRAMEA47 (CPuORF47),
transcription factor gene ABS2/NGAL1, At4g19370, and cu-
predoxin superfamily protein gene SKU5, that showed the
strongest downregulation among those carrying AUG-stops
in their 5’-UTRs (Figure 6A; Supplemental Figure 10A and
Supplemental Table 1) were used for the analysis. The level of
downregulation was judged by the FC_g,_g values, in which the
expression levels under high B conditions were divided by those
under low B conditions.

The five genes were tested to determine whether they are
regulated through AUG-stop. All genes other than At4g19370
exhibited B-dependent suppression of translation (Figure 6B;
Supplemental Figure 10B and Supplemental Table 1). Introduction
of a mutation in the AUG-stop eliminated the B-dependent re-
sponses in ABS2/NGAL1 and SKU5 (Figure 6B; Supplemental
Figure 10B), but not in CPUORF47 (Supplemental Table 1), in the
reporter assay and in vitro translation system. These results in-
dicate that B-dependent ribosome stalling is not specific to
NIP5;1, while the results for CPuORF47 suggest the presence of

measured. Means = sp of root length (n = 5 to 10) are shown. Asterisks indicate
significant reductions in root lengths of sku5 mutants compared with wild-type
Wassilewskija (P < 0.05). Bar = 10 mm.
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a B-dependent regulatory mechanism(s) other than AUG-stop-
mediated regulation.

SKUS5 and ABS2/NGALT1 were analyzed in more detail. In both
genes, toeprint and primer extension signals were detected, and
the distance from the AUG-stop of SKU5 and ABS2/NGAL1 to the
toeprint signals (15 to 18 and 16 to 17 nucleotides, respectively)
andtothe 5’-ends of the mMRNA degradation intermediates (13 and
14 nucleotides, respectively) corroborated well with those in
NIP5;1. The signal intensities were higher under high B conditions
than under low B conditions (Figures 6C to 6E; Supplemental
Figures 10C to 10E).

SKUS5, an AUG-Stop-Mediated B-Regulated Gene, Functions
in Low-B Conditions in Arabidopsis

SKU5 encodes a plant-specific transcription factor involved in
directional root growth (Sedbrook et al., 2002). Since cell ex-
pansion requires B, SKU5 expression may be regulated in a
B-dependent manner through AUG-stop. To assess the impor-
tance of SKU5 in B responses in Arabidopsis, we examined the
growth of a sku5 knockout mutant (Sedbrook et al., 2002) under
low B conditions. The mutant seedlings exhibited growth defects
under low B, but not under high B conditions (Figure 6F), indicating
that SKU5 functions under low B conditions as does NIP5;1
(Takano et al., 2006). The expression of SKU5, as well as NIP5;1,
could be effectively suppressed under high B conditions via
regulation through AUG-stop.

A Sequence Upstream of AUG-Stop Is Required for
Promoting mRNA Degradation

Only a subset of genes containing AUGUAA in their 5'-UTRs are
under the control of the AUG-stop-mediated downregulation
of mRNA accumulation, implying that sequences other than
AUGUAA are also required for this regulation. An alignment of

>

B-responsive genes

-
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NIP5;1, ABS2/NGAL1, and SKU5 and the rice and maize orthologs
of Arabidopsis NIP5;1 sequences around AUGUAA (Supplemental
Table 2) showed that the region 12 to 19 nucleotides upstream of
AUGUAA is well conserved (UUU[C/AJAA[A/C]A), and U is present
9 nucleotides downstream of AUGUAA, while no such occurrence
was observed in AUGUAA-containing non-B-responding genes
(Figure 7). The upstream conserved region covers the positions of
the 5’-ends of MRNA degradation intermediates (Figure 3F), and
we hypothesized that the upstream conserved sequence is
necessary for promoting mRNA degradation. To investigate this
hypothesis, we conducted an in vitro translation study (Figure 8A).
Disruption of the upstream conserved sequence strongly de-
creased the mRNA degradation intermediate signals under both
high and low B conditions (Figures 8B, lanes 5 and 6, and 8D),
although the effect was less prominent than when AUG-stop was
mutated, when virtually no signal was detected irrespective of B
conditions (Figure 8B, lanes 3 and 4). It should also be noted that
disruption of the upstream conserved sequence had little or no
effect on B-dependent toeprint signals (Figures 8C, lanes 7, 8, 11,
and 12, and 8D). These results suggest that the upstream con-
served sequence acts in enhancing mRNA degradation, but notin
ribosome stalling.

To further examine whether the upstream conserved sequence
is capable of promoting B-dependent mRNA degradation in
a context different from that of NIP5;7, the upstream conserved
sequence was introduced into the 5’-UTR of MOT2 (Supplemental
Figure 11A). The insertion of the upstream conserved sequence
increased MRNA degradation intermediate signals under both
high and low B conditions (Supplemental Figures 11B, lanes 3t0 6,
and 11D), while little or no effect on B-dependent toeprint signals
was observed (Supplemental Figures 11C, lanes 9to 12, and 11D),
suggesting that the upstream conserved sequence is necessary
for enhancing mMRNA degradation, but not for ribosome stalling in
the context of MOT2 5'-UTR, corroborating the observations with
NIP5;1 (Figures 8B and 8C).
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Figure 7. Sequence Consensus around AUG-Stop in B-Responsive Genes.
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Sequence logos around AUGUAA. NIP5;1, ABS2/NGAL1, SKU5, and the rice and maize orthologs of Arabidopsis NIP5; 1 subjected to B-dependent AUG-
stop-mediated mRNA degradation (Supplemental Table 2) (A) and non-B-responsive genes represented by 100 genes whose FC,;,_g values were closest
to 1.0 based on microarray analysis (B) were used to construct the sequence logos. Positions are shown with the A of AUG as +1. Ribosome occupation of
RNA having the AUG codon positioned at the P-site is shown.
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Figure 8. The Upstream Conserved Sequence Affects B-Dependent
mRNA Degradation.

(A) Schematic representation of 5'-NIP5;1(—306):LUC RNA. Open boxes
represent UORFs.

(B) and (C) RNA carrying 5’'-NIP5;1(—306):LUC with or without a mutation
in AUGUAA or with a mutation in the region 17 to 14 nucleotides upstream
of ~122AUG-stop was translated in WGE. Primer extension (B) and toeprint
(C) analyses in WGE with 300 uM B (+B) or without B supplementation (—B).
Signals are enlarged under the main image of the AUGUAA lane, and their
relative intensities are shown. Means * sp are shown (n = 3). Asterisks
indicate significant differences (P < 0.05).

(D) Nucleotide sequence around ~'22AUG-stop. Positions of primer ex-
tension (magenta) and toeprint signals (green) are marked. Ribosome
occupation of RNA having the AUG codon positioned at the P-site is
shown.

We also investigated whether the conserved U at the 9 nucle-
otide downstream of AUGUAA is involved in B-dependent reg-
ulation. Replacement of U by C at this position did not affect the B
response (Supplemental Figure 12), suggesting that the con-
served U at 9 nucleotides downstream of AUGUAA is not involved
in B-dependent downregulation.

To further confirm the importance of the upstream conserved
sequence in the B-dependent regulation of NIP5;7 mRNA accu-
mulation in vivo, a construct carrying a NIP5;1 genome sequence
(—1669to +3587) [ProNIP5;1:5'-NIP5;1(—558):NIP5; 1] (Figure 8E)
was introduced into nip5;7-1 mutant plants, in which the NIP5;1
mRNA level was reduced to ~1% that of wild-type Col-0 plants
(Takano et al., 2006). Since one of the AUG-stops is sufficient for
B-dependent downregulation (Supplemental Figure 6), ~312AUG-
stop was deleted in all of the constructs (—321 to —307). Mutations
were then introduced into ~122AUG-stop or the upstream con-
served sequence (14 to 17 nucleotides upstream of ~122AUG-
stop), and their effects on mMRNA accumulation were examined
(Figure 8F). In transgenic plants carrying wild-type ~122AUG-stop,
NIP5;17 mRNA accumulation was significantly reduced under
high B conditions compared with low B conditions, whereas
B-dependent NIP5;7 mRNA accumulation was abolished or very
much weakened in transgenic plants carrying mutations either in
~122AUG-stop or in the upstream conserved sequence. These
results demonstrate that the upstream conserved sequence plays
a role in B-dependent NIP5;7 mRNA accumulation in vivo.

Physiological Importance of the AUG-Stop-Mediated
Regulation of NIP5;1

We examined the roles of AUG-stop and the upstream conserved
sequence in the growth of Arabidopsis under different B con-
ditions. Transgenic plants used in Figure 8E were grown on plates
containing B at 0.3 uM (low B), 100 wM (high B), and 3000 pM
(excess B), and their root growth was examined (Figure 9). Under
the 0.3 uM B conditions, all of the transgenic plants we tested
showed growth recovery compared with nip5;7-1 mutant plants
(Figure 9A), suggesting that mutations in ~122AUG-stop and the
upstream conserved sequence do not affect NIP5;1 (the trans-
gene) functions under low B conditions, in which B-dependent
downregulation through NIP5;1 5'-UTR does not occur. The
growths of all plants was indistinguishable under 100 uM B
conditions, in which the nip5;7-1 mutant grew normally (Figure
9B). In contrast, under 3000 wM B conditions, in which wild-type
growth was reduced by the toxic effect of B, the root growth of
transgenic plants carrying the deletion of ~'22AUG-stop was
poorer than that of Col-0 (Figure 9C), suggesting that impairment
of AUG-stop-mediated regulation is important for avoiding the

(E) Schematic representation of ProNIP5;1:5'-NIP5;1(—558):NIP5;1. De-
letion of ~312AUGUAA, a mutation in the upstream conserved sequence,
and the deletion of ~122AUGUAA are indicated.

(F) mRNA accumulation in transgenic plant roots grown under 100 uM B
(+B) and 0.3 uM B (—B) conditions. Means =+ sb of relative mRNA accu-
mulation (n = 3) are shown. Asterisks indicate significant reductions under
+B condition (P < 0.05). Two independently transformed lines were used for
each construct.
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toxic effect of B. This pattern is identical to that observed with
transgenic plants carrying a larger deletion of NIP5;1 5'-UTR that
we reported previously (Tanaka et al., 2011). One of the two in-
dependent lines carrying the construct with a mutation in the
upstream conserved sequence (line #12) exhibited poorer growth
than wild-type Col-0, while the other transgenic line (#16) did not
show significant differences from the wild type (Figure 9C). To-
gether, these results suggest that the effect of the upstream
conserved sequence may have weaker physiological importance
than the presence of AUG-stop, corroborating the results of in vitro
experiments examining the regulation of B-dependent ribosome
stalling and mRNA degradation (Figures 8B and 8C).

B-Dependent Regulation via AUG-Stop in Animal Systems

To examine whether this regulatory mechanism also functions in
animals, we conducted in vitro translation and transfection experi-
ments. For the in vitro translation study, we used a rabbit reticulocyte
lysate (RRL) in vitro translation system (Figures 10A and 10B). The
results demonstrate that B-dependent suppression of reporter ac-
tivity was observed in RRL. To determine if the regulatory mechanism
is also active in animal cells, HeLa cells were transfected with

Col-0 nip51-1 WT18

A Col-0 nip51-1 WT15  #6 #12

back-
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a plasmid containing NIP5;1 5'-UTR (—231 to —1 nucleotides) fused
to the LUC reporter gene driven by the SV40 early promoter
[ProSV40:5'-NIP5;1(—231):LUC] (Figure 10C). When the cells were
transfected with the construct carrying ~122AUG-stop, reporter ac-
tivity was reduced to ~80% under high B conditions compared with
the activity without B addition, although the extent of the reduction
was less than that observed in plants, presumably due to the low B
concentration in animal cells (Ayres and Hellier, 1998). The deletion of
the ATGTAA sequence abolished the response to high B conditions
(Figure 10D). These results suggest that B-dependent regulation
through AUG-stop is also functional in animals and that regulation
through AUG-stop is a ubiquitous system.

Negative Selection Pressure against AUG-Stop in
Plant 5'-UTRs

Because AUG-stop consists of only six nucleotides, it frequently
appears in the genome. If AUG-stop functions in the regulation of
gene expression, the presence of AUG-stop at a high frequency in
the 5’-UTR may not be beneficial to the organism. The frequency
of AUG-stops is lower than that expected from random occur-
rence in Arabidopsis (von Arnim et al., 2014).
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Figure 9. AUG-Stop Affects Root Growth under Excess B conditions.

Col-0,nip5;1-1,and thetransgeniclines used in Figure 8F were grown on plates containing 0.3 .M Bfor 13d (A), 100 wM Bfor 10d (B), and 3000 uM Bfor14d
(C), and root lengths were measured. Photographs were taken after the roots of Col-0 plants reached more than 6 cm. Means = sp are shown (n =4 to 10).
Different letters indicate significant differences (P < 0.05) by Tukey test. Bars = 10 mm.
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Toinvestigate the frequency of AUG-stop within the 5'-UTRs of
various species, we conducted in silico analysis using whole
genome sequences and annotations of 12 organisms available in
public databases. We calculated the length of every uORF in in-
dividual organisms and compared the distribution with that ob-
tained after randomization of the 5’-UTR sequences (Figure 11). In
all of the plant species examined, the frequency of AUG-stops (i.e.,
uORF with one amino acid in length in Figure 11) was lower than
that expected from random occurrence. This was not the case in
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Figure 10. B-Dependent Downregulation through the AUG-Stop of
NIP5;1 in Animal Systems.

(A) Schematic representation of 5'-NIP5;1(—306):LUC RNA in rabbit. Open
boxes represent uORFs.

(B) 5'-NIP5;1(—306):LUC RNA was translated in RRL, and means = sp of
relative LUC activities (n = 3) are shown. Asterisks indicate significant
reductions in RNA carrying ~122AUGUAA (P < 0.05).

(C) Schematic representation of ProSV40:5'-NIP5;1(—231):LUC RNA. The
thick line represents the sequence derived from the NIP5;1 5’-UTR and the
thin line represents the 35-nucleotide linker sequence.

(D) Effect of B on reporter activities in transfected HelLa cells. Transfected
Hela cells were incubated under various B conditions, and means =+ sp
of relative LUC activities (n = 6) are shown. Asterisks indicate signifi-
cant reductions in +B compared with no supplementation of B (P < 0.05).
The “vector 5'-UTR” negative control carries only the vector’s 5'-UTR
sequence.

animals, with the exception of soil-borne nematodes. It is in-
triguing that Chlamydomonas reinhardtii and zebra fish (Danio
rerio) share similar habitats in that they both live in paddy fields,
whereas Chlamydomonas shows bias against AUG-stop but
zebra fish does not. B concentrations in cells are generally higher
in plants than in animals (Ayres and Hellier, 1998), and the former
depends largely on the soil B concentrations. Undesired B re-
sponses may exert negative selection pressure on the occur-
rence of AUG-stops in organisms that are exposed to soil B
conditions leading to reasonable B accumulation in cells. It is
intriguing that nematode is the only animal examined in this
study that has a reduced frequency of AUG-stops. B concen-
trations in soil solution can fluctuate due to water conditions via
a dilution effect.

DISCUSSION

In this study, we identified AUGUAA as the sequence necessary
for B-dependent regulation of NIP5; 1 transcript accumulation. We
then demonstrated that ribosome stalling at AUG-stops in the
5’-UTR of NIP5;1 was enhanced under high B conditions and that
the stalling was coupled with mRNA degradation. An upstream
conserved sequence of AUG-stop required for enhancing mRNA
degradation was identified. AUG-stop is a minimum ORF, con-
sisting of only initiation and termination codons; this process is
illustrated in Figure 12.

Sensing the Cytoplasmic B Concentration Required to
Regulate NIP5;1 Expression

NIP5;1 encodes a transporter that is necessary under low B
conditions but is undesirable under high B conditions (Figure 9;
Tanaka et al., 2011). The B-dependent regulation of NIP5;1 ex-
pression is thus important for maintaining B homeostasis and
growth under a wide range of soil B concentrations. In vitro
translation systems allow translation reactions that occur in the
cytoplasm to be investigated. In this study, B-dependent regu-
lation was observed in both the WGE and RRL in vitro translation
systems, suggesting that the expression of NIP5;1 is regulated in
response to cytoplasmic B concentrations, not to extracellular B
concentrations after signal transduction.

A number of plant mineral nutrient transporters are regulated
under different nutritional conditions, which are considered to
represent adaptive responses to nutritional conditions. However,
except for NRT1.1, a nitrate transporter that responds to extra-
cellular nitrate concentrations (Ho et al., 2009), it is not clear
whether gene regulation occurs in response to external or internal
nutrient concentrations. The results of this study indicate that, in
the case of NIP5;1, the cytoplasmic B concentration is sensed
during translation. Sensing internal (cytosolic) nutrient conditions
is probably more beneficial than detecting external concentrations
from the viewpoint that most of biological reactions occur within
the cell. However, the detection of external nutrient concen-
trations may have a different benefit, enabling transporters to
respond to environmental changes in advance. B is relatively
membrane permeable (Takano et al., 2006), which allows in-
tracellular B concentrations to be rapidly influenced by external
concentrations. Given such circumstances, sensing the internal
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Distributions of UORF lengths in the annotated transcripts are shown in bar plots. The calculated distributions of UORF lengths after randomization of 5'-UTR
sequences are shown in blue (mean = sb). Frequency of AUG-stops lower than expected is shown in red.

concentrations of B may be more beneficial for plants than
sensing extracellular B concentrations.

Effect of B on AUG-Stop-Mediated Ribosome Stalling and
Reinitiation of Translation

Our study demonstrated two effects of B on NIP5;1 expression.
One is B-dependent ribosome stalling (Figure 3E), followed by
mRNA degradation (Figure 3D). The other is the possible inhibition
of reinitiation (Figure 4B), but not leaky scanning (Figure 1B). Inthe
experiments described in Figure 4B, the sequence around the
AUG-stop was common among constructs; thus, it is very unlikely
that the extent of ribosome stalling at AUG-stop under high B
conditions is different among constructs, which makes it likely that
a high B level negatively regulates the process of reinitiation. In
yeast, the efficiency of reinitiation is higher for the uORFs with
fewer codons (Rajkowitsch et al., 2004). It is reasonable to
assume that the efficiency of reinitiation is high for AUG-stop,
a uORF with the fewest codons, and that such a process may be
the target of regulation under high B conditions. It is not clear
how B affects reinitiation, but it is possible that ribosomes

stalled on AUG-stop under high B conditions are in a state that
does not allow efficient resumption of scanning for the down-
stream AUG (Figure 12).

Our findings allow us to consider possible mechanisms of B
action. The disruption of the Kozak sequence at AUG-stop
resulted in higher reporter activity under both high and low B
conditions (Figure 1B). The disruption of the Kozak sequence at
AUG-stop adversely affected the recognition of AUG in AUG-stop,
but not that of the main ORF. The observation that the disruption of
the Kozak sequence at AUG-stop affects the translation of the
main ORF suggests that the AUG codon of AUG-stop is recog-
nized as a start codon. This recognition could be affected by B,
although other possibilities, including the possible effects of B on
the efficiency of termination, cannot be excluded.

These data do not allow us to discuss the molecular target(s)
of B action. However, the finding that the B-response is reca-
pitulated in the in vitro translation systems suggests that boron or
boric acid acts on the translation machinery. In this regard, it is
worth noting that boric acid forms a complex with the cis-diol
group (Power and Woods, 1997; Amaral et al., 2008), two hydroxyl
groups positioned in cis-conformation, which is found in the 3'-end
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Figure 12. Model of NIP5;1 Expression Regulation through B-Dependent Ribosome Stalling at AUG-Stop.

(A) Schematic representation of ~122AUGUAA to the NIP5;1 main ORF region. The upstream conserved sequence, ~'22AUGUAA, and the main ORF of

NIP5;1 are shown.

(B) Under the low B conditions (—B), the 40S subunit (the 43S preinitiation complex) scans mMRNA and finds the AUG of AUGUAA where it assembles into
a 80S ribosome. The ribosome dissociates, but some of the 40S subunit remains on the mRNA and resumes scanning for the downstream AUG. The 80S
ribosome is reassembled and reinitiates translation at the AUG codon of the main ORF.

(C) Under the high B conditions (+B), the ribosome mainly stalls at the AUGUAA. The stalling inhibits resumption of scanning by the 40S subunit,
thereby reducing the possibility of reinitiation of translation at the main ORF. An mRNA degradation event is induced near the 5’-edge of the stalled
ribosome, and translation of the main ORF is no longer possible. The upstream conserved sequence is responsible for enhancing the mRNA

degradation.

ribose moiety of RNA, including the cis-diol groups in rRNAs and
deacylated tRNA produced after the peptydiltransfer reaction, as
well as upon termination of translation at the stop codon.

Degradation of mRNA Is Associated with B-Dependent
Ribosome Stalling at AUG-Stop

Ribosome stalling through AUG-stops was accompanied by
mRNA degradation. One of the possible pathways of degra-
dation is NMD (Amrani et al., 2006); however, NMD mutant
analysis indicated that NMD does not function in the B-dependent
regulation of NIP5;1 (Supplemental Figure 4). Considering
that the induction of NMD by uORFs in plants is efficient if
the uORF encodes a peptide longer than 34 amino acids
(Nyiko et al., 2009), it is reasonable to assume that a mech-
anism otherthan NMD is responsible for AUG-stop-mediated
mRNA degradation.

In this study, we identified an upstream conserved sequence
that is responsible for promoting mRNA degradation through
AUG-stop (Figure 8; Supplemental Figure 11). The sequence
covers the position of the 5’-edge of the ribosome stalled at AUG-
stop where the 5’-ends of the mMRNA degradation intermediates
are located. This sequence does not affect the efficiency of
B-dependent ribosome stalling, suggesting that the upstream
conserved sequence affects mMRNA degradation at a step(s) af-
ter ribosome stalling. The presence of a sequence that affects
mRNA degradation suggests the involvement of a ribonuclease

that recognizes the upstream conserved sequence directly or
indirectly.

AUG-Stop-Mediated B-Dependent Regulation Is Common
in Eukaryotes

Although only a subset of genes containing AUG-stops in their
5’-UTRs were regulated by ribosome stalling through AUG-
stops, we discovered at least three genes, NIP5;1, SKU5, and
ABS2/NGAL1, that are regulated by this mechanism in Arabi-
dopsis. Additionally, the introduction of AUG-stop into non-B-
responsive genes conferred B-dependent suppression of gene
expression (Figure 5; Supplemental Figure 11). These findings
suggest that AUG-stop-mediated B-dependent regulation is
a common mechanism in Arabidopsis. Moreover, the fact that
PARE lists mRNA decay intermediates at 12 to 13 nucleotides
upstream of AUGUAA inrice and maize orthologs of Arabidopsis
NIP5;1 (Supplemental Figure 3) suggests that the same
mechanism functions in rice and maize. Therefore, the AUG-
stop-mediated B-dependent regulatory mechanism operatesin
the plant kingdom.

B-dependent gene regulation through AUG-stop in NIP5;1
5’-UTR was also observed inthe RRL in vitro translation system
and in Hela cells (Figure 10), although the B-response was
weaker than in the Arabidopsis systems. A trans-acting
factor(s) may be involved in this regulation, and a plant-specific
factor(s) may be more effective than the animal one. Our
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results suggest that AUG-stop-mediated gene regulation in
response to B is not limited to plants but is a common system
in eukaryotes.

METHODS

Plasmids Used for Transient Assay

pMT101 (Supplemental Table 3) carries Pro35S, —306 to —1 nucleotides
(relative to the translation start site of the main ORF of NIP5;7) of the wild-
type ProNIP5;1 5'-UTR [5'-NIP5;1(—306)] and the LUC reporter gene. To
construct pMT101, the 5'-NIP5;1(—306) region was amplified by PCR
using pMW1 (Takano et al., 2006), which carries the wild-type NIP5;1 5'-
UTR, as a template with primers MT1f and MT12r (Supplemental Table 4).
The amplified DNA fragment was digested with BamHI and Avrll and in-
serted into pBI221-LUC+ (Matsuo et al., 2001) between the BamHI and
Avrll sites.

pMT104, pMT105, pMT107, pMT108, pMT109, pMT110, pMT148,
pMT151, pMT152, pMT153, and pMT154 (Supplemental Table 3), each of
which carries a different mutation in and around the ~'22AUG-stop in
NIP5;1 5'-UTR, were generated by inserting the —306- to —1-nucleotide
fragment with different mutations into pBI221-LUC+. For pMT104,
pMT105, pMT107, pMT108 pMT109, pMT151, pMT152, pMT153, and
pMT154, DNA fragments with mutations were generated by overlap ex-
tension PCR (Ho et al., 1989) with the internal primers listed in
Supplemental Table 4 and the flanking primers MT1f and MT12r using
pMW!1 as a template. For pMT110 and pMT148, the same procedure was
used except that pMT109 and pMT101 were used as a template, re-
spectively. The resulting DNA fragments with mutations were inserted into
pBI221-LUC+ in the same way as for the construction of pMT101.

pMT141, pMT142, and pMT143 (Supplemental Table 3), which have
deletions of —41, —65, and —95 nucleotides, respectively, upstream from
the translation start site of NIP5;1, were generated by inserting DNA
fragments with deletions. The DNA fragments were generated by PCR
using pPMW1 as a template with primers listed in Supplemental Table 4. The
PCR-amplified fragments were inserted into pBI221-LUC+ in the same way
as for the construction of pMT101. The plasmids described above contain
18-nucleotide (5'-GGGGACTCTAGAGGATCC-3') and 15-nucleotide (5'-
CCTAGGAAGCTTTCC-3') linkers derived from pBI221-LUC+ at the 5’ and
3’, respectively, of NIP5;1 5’-UTR. pBI221-LUC+ was used as the Vector
5’-UTR negative control (Supplemental Table 3). These plasmids were
used for transfection experiments in Arabidopsis thaliana suspension cells.

The plasmid pKM75 (Supplemental Table 3) carries a RLUC reporter
gene under the control of Pro35S and was used as an internal control for
transfection experiments in Arabidopsis suspension cells. To construct
pKM75, the PCR fragment amplified from plEO (Ebina et al., 2015) with
primers 1832f and 1801r (Supplemental Table 4) was digested with Xbal
and BstBI and inserted into plEO between the Xbal and BstBl sites to re-
place the 5’-UTR. The resulting RLUC gene in pKM75 carries additional
Met-Val codons at its N terminus.

For transient assay in Hela cells, we used a —231- to —1-nucleotide
fragment of the NIP5;1 5’-UTR that contains only one uORF, ~122AUGUAA,
to simplify the 5’-UTR structure to avoid the possible masking effects of
other uORFsinanimal systems. pMT139 and pMT140 (Supplemental Table
3) carry ProSV40, —231 to —1 nucleotides of NIP5;1 5’-UTR [5'-NIP5;1
(—231)] with and without ~122AUGUAA, respectively, and the LUC reporter
gene. The pRL-SV40 (Promega) carries ProSV40 and the RLUC reporter
gene and was used as an internal control. For pMT139 and pMT140, the 5'-
NIP5;1(—231) region was amplified by PCR using pMT101 and pMT117
(see below), respectively, as templates with primers listed in Supplemental
Table 4. pMT101 and pMT117 carry wild-type NIP5;1 5'-UTR and NIP5;1
5’-UTR without AUG-stop, respectively. The amplified fragments were
digested with Hindlll and inserted into the corresponding Hindlll site of
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pGL3 promoter vector (Promega). The plasmids thus constructed
contain a 35-nucleotide linker (5'-AAGCTTGGCATTCCGGTACTGTTGG-
TAAAGCCACC-3’) between the NIP5;1 5’-UTR and the LUC reporter gene.
The 3’ end of the linker carries an optimized Kozak sequence for the reporter
ORF.

Plasmids Used for in Vitro Translation

pMT131 (Supplemental Table 3) carries —306 to — 1 nucleotides of the wild-
type NIP5;1 5’-UTR [5'-NIP5;1(—306)] and the LUC reporter gene. For the
construction of pMT131, the 5’-NIP5;1(—306) region was amplified by PCR
using pMW1 as a template with primers MT51f and MT34r (Supplemental
Table 4). The amplified DNA fragment was digested with Xbal and Ncol and
inserted into the pSP64 poly(A) vector (Promega)-based plasmid pMi21
(Chiba et al., 2003) between the Xbal and Ncol sites.

pMT132, pMT144, and pMT156 (Supplemental Table 3), which carry
different mutations in and around the ~122AUG-stop in NIP5;1 5'-UTR,
were generated by inserting —306- to —1-nucleotide fragments with
different mutations into pMI21. To construct pMT132, a DNA fragment
with the corresponding mutation was amplified by PCR using pMT105
as a template with primers MT51f and MT34r (Supplemental Table 4).
pMT105 carries a mutation in ~122AUG-stop in the NIP5;1 5'-UTR
(Supplemental Table 3). For pMT144, a DNA fragment with mutations
was generated by overlap extension PCR with the internal primers listed
in Supplemental Table 4 and the flanking primers MT51f and MT34r
using pMT131 as atemplate. To construct pMT156, DNA fragments with
mutations were generated by overlap extension PCR with the internal
primers listed in Supplemental Table 4 and the flanking primers MT51f
and MT34r using pMW1 as a template. The amplified DNA fragments
were inserted into pMI21 in the same way as for the construction of
pMT131.

pMT114 (Supplemental Table 3) carries a —558- to —1-nucleotide
fragment of the wild-type NIP5;1 5'-UTR [5'-NIP5;1(—558)] and the LUC
reporter gene. To construct pMT114, the 5'-NIP5;1(—558) region was
amplified by PCRusing pMW1 as atemplate with primers MT25f and MT34r
(Supplemental Table 4). The amplified DNA fragment was inserted into
pMI21 in the same way as for the construction of pMT131.

pMT115, pMT117, and pMT116 (Supplemental Table 3) carry deletions
of either of the ~312AUG-stop and ~122AUG-stop or both in the NIP5;1 5'-
UTR(—558), respectively. For pMT115 and pMT117, DNA fragments with
corresponding mutations were generated by overlap extension PCR with
the internal primers listed in Supplemental Table 4 and the flanking primers
MT25f and MT34r using pMW1 as a template. For pMT116, the same
procedure was followed except that pMT115 was used as a template. The
amplified DNA fragments were inserted into pMI21 in the same way as for
the construction of pMT131.

pMT125, pMT127, pMT129, pMT161, pMT163, and pMT157
(Supplemental Table 3) carry 5’-UTRs of MOT2, SKU5, ABS2/NGALT,
CPuORF47, At4g19370, and Dof1.8, respectively, and the LUC reporter
gene. To construct pMT125, pMT127, pMT129, pMT161, pMT163, and
pMT157, the 5’-UTRs of corresponding genes were amplified by PCR
using Arabidopsis genomic DNA as a template with primers listed in
Supplemental Table 4. The amplified DNA fragments were inserted into
pMI21 in the same way as for the construction of pMT131.

pMT126, pMT128, pMT130, pMT162, and pMT158 (Supplemental
Table 3) carry amutation of AUG-stopinthe 5'-UTRof MOT2, SKU5,ABS2/
NGAL1, CPuORF47, and Dof1.8, respectively. To construct pMT126,
pMT128, pMT130, pMT162, and pMT158, DNA fragments with corre-
sponding mutations were generated by overlap extension PCR with the
internal primers listed in Supplemental Table 4 and the flanking primers
MT32fand MT41r, MT43fand MT47r, MT45f and MT49r, MT52f and MT59,
and MT87f and MT95, respectively, using Arabidopsis genomic DNA as
a template. The amplified DNA fragments were inserted into pMI21 in the
same way as for the construction of pMT131.
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pMI27 (Chiba et al., 2003; Supplemental Table 3) carries a RLUC re-
porter gene in pSP64 poly(A) vector. pMI27 was used as an internal control
for the in vitro translation experiments.

Construction of Transgenic Plants

pMT100 (Supplemental Table 3) carries Pro35S, —306 to — 1 nucleotides of
the wild-type NIP5;15'-UTR [5'-NIP5;1(—306)] and the GUS reporter gene,
and was described as P35S 1, ,-GUS by Tanakaetal. (2011). pMT113 and
pMT155 (Supplemental Table 3), which carries a mutation in the ~122AUG-
stop in NIP5;1 5'-UTR, were generated by inserting —306 to —1 nucleo-
tides with a mutation in AUGUAA into pMDC140 (Curtis and Grossniklaus,
2003). To construct pMT113 and pMT155, the 5'-NIP5;1(—306) region was
amplified by PCR using pMT104 and pMT152, respectively, as a template
with primers MT23f and MT24r (Supplemental Table 4). pMT104 and
pMT152 carry a mutation in ~'22AUG-stop in the NIP5;1 5-UTR
(Supplemental Table 3). The amplified fragment was subcloned into the
pENTR/D-TOPO vector via the TOPO cloning reaction (Invitrogen). The 5’-
NIP5;1(—306) region was then subcloned into pMDC140 using the
Gateway system (Curtis and Grossniklaus, 2003). The Gateway vector
contains a 37-nucleotide linker (5'-TCTAGAACTAGTTAATTAAGAATTATC-3')
and a 59-nucleotide linker (5’-TTGATAGCTTGGCGCGCCTCGACTCTA-
GAGGATCGATCCCCGGGTACGGTCAGTCCCTT-3') at the 5’ and 3', re-
spectively, of NIP5;1 5'-UTR.

Transformation of Arabidopsis plants was performed using the floral-dip
method (Clough and Bent, 1998). Homozygous T3 generation plants were
established and used for analyses. Transgenic lines #4, #8, and #10 refer to
independently transformed lines carrying Pro35S:5'-NIP5;1(—306):GUS with
a mutation in the AUG codon of ~122AUG-stop. Transgenic lines #2, #18, and
#19 refer to independently transformed lines carrying Pro35S:5'-NIP5;1
(—306):GUS with a mutation in the stop codon of ~'22AUG-stop. The
transgenic line WT#8, which carries Pro35S:5'-NIP5;1(—306):GUS with wild-
type ~122AUG-stop, has been described previously (Tanaka et al., 2011).

pPMT145 (Supplemental Table 3) carries ProNIP5;1 (— 1669 to —559), the
NIP5;1 5'-UTR (—558 to —1) with deletion of ~312AUG-stop region, and
the NIP5;1 (+1 to +3578). To construct pMT145, a DNA fragment with the
corresponding mutations was generated by overlap extension PCR with
the internal primers MT26f and MT35r and the flanking primers MT78f and
MT79r using pYKO02 (Kato et al., 2009) as a template. The amplified DNA
fragment was digested with Sall and inserted into a pTbar vector-based
pPZP212 (Hajdukiewicz et al., 1994) at the Sall site.

pMT146 and pMT147 (Supplemental Table 3), which carry different
mutations in and around the ~122AUG-stop in NIP5;1 5'-UTR, were gen-
erated by inserting —1669 to +3578 nucleotides in the NIP5;1 region with
different mutations. To construct pMT146 and pMT147, DNA fragments
with corresponding mutations were generated by overlap extension PCR
with the internal primers MT27f and MT36r, and MT73f and MT74r, re-
spectively and with the flanking primers MT78f and MT79r using pMT145
as atemplate. The amplified DNA fragments were inserted into pPZP212in
the same way as for the construction of pMT145.

After transformation of Arabidopsis, homozygous T3 generation plants
were established and used for analyses. Transgenic lines WT#15 and
WT#18 refer to independently transformed lines carrying the wild-type ~122
AUG-stop in NIP5;1 5’-UTR. Transgenic lines #6 and #11 refer to in-
dependently transformed lines carrying deletion of ~122AUG-stop in NIP5; 1
5’-UTR, and transgenic lines #12 and #16 refer to independently trans-
formed lines carrying the wild-type ~122AUG-stop in NIP5;1 5’-UTR car-
rying a mutation in the upstream conserved sequence (14 to 17 nucleotides
upstream of ~122AUG-stop).

B Conditions

Boric acid was used for B treatments, with different boric acid concen-
trations used depending on the organism and experimental system.

Responses of different organisms to the range of B concentrations vary
widely, and we selected B concentrations depending on the response of
organisms to different B concentrations. In experiments using intact plants,
0.3 uMBand 100 uM B conditions were used for the plant treatments as low
B (—B)and high B (+B) conditions, respectively. This is based on the reports
by Takano et al. (2006). In transfection assay using Arabidopsis MM2d
suspension cells, we first examined reporter activities under 1, 100, and
500 puM B conditions. The reporter activities were reduced to ~70% and
50% under 100 and 500 uM B conditions, respectively, compared with
1 pM B condition (Supplemental Figure 13). Since the B-dependent
downregulation was weaker under 100 1M B conditions than under 500 uM
B conditions, 1 uM B and 500 pM B were selected as low B (—B) and high B
(+B) conditions, respectively. For the experiments using HelLa cells, for the
low B condition, B was not applied, as B is not an essential element for
animal cells. For the high B conditions, 500 and 1000 uM B were applied to
Hela cells during the incubation period after transfection. Since the B
response in RRL (Figure 10A) is relatively weak compared with that in WGE
(Figure 3B) in the in vitro translation assay, we included 1000 uM B con-
ditions to ascertain B-excess conditions. For in vitro assays including
primer extension and toeprint analyses, 0 uM B and 300 uM B were used as
low B (—B) and high B (+B) conditions, respectively. This is based on the
results of reporter activities in the in vitro translation assay (Figure 3B), in
which thereporter activities were reduced to 79% and 50% under 100 uM B
and 500 uM B conditions, respectively, compared 0 1M B. To avoid excess
B concentrations in WGE for primer extension and toeprint analyses, we
selected 300 uM B, which is the average of 100 and 500 uM.

Plant Materials and Growth Conditions

Arabidopsis ecotype Columbia (Col-0) was used as a wild-type plant in this
study, except for Figure 6F, in which ecotype Wassilewskija was used as
a wild-type plant for corresponding T-DNA insertion lines. Transgenic
plants carrying Pro35S:5'-NIP5;1(—306):GUS and ProNIP5;1:5'-NIP5;1
(—558):NIP5;1 with or without mutations in the NIP5;7 5'-UTR were
generated as described above. For primer extension analysis, Arabidopsis
plants were grown on hydroponic culture medium (Takano et al., 2005)
containing 1% (w/v) sucrose and 0.3 .M B solidified with 0.15% (w/v) gellan
gum (Wako Pure Chemicals) for 28 d and then transferred to hydroponic
culture medium containing the same concentration of B for 1 d at 22°C
under short-day conditions (10 h light/14 h dark with fluorescent lamps,
100 to 160 wmol photons m=2 s~7). The plants were then transferred to
0.3 uM or 100 uM B for 10 min before RNA extraction. For the GUS assay,
gRT-PCR analyses and root length measurement, plants were grown on
hydroponic culture medium containing 1% (w/v) sucrose and 0.3, 100, or
3000 nM B solidified with 1% (w/v) gellan gum at 22°C under long-day
conditions (16-h-light/8-h-dark cycle) for 10 to 14 d. For microarray
analysis, plants were grown on hydroponic culture medium containing 1%
(w/v) sucrose and 100 uM B solidified with 1% (w/v) gellan gum at 22°C
under long-day conditions for 12 d and then transferred to 0.3 or 100 uM B
conditions for 2 d. For mRNA half-life measurement, plants were grown on
hydroponic culture medium containing 1% (w/v) sucrose and 0.3 or 100 uM
B solidified with 1% (w/v) gellan gum at 22°C under long-day conditions for
10 d, followed by transfer to hydroponic culture medium containing 0.3 or
100 uM B for 10 min. At least three independently grown plant samples
were examined in all experiments.

Transient Expression Analysis of Arabidopsis Suspension Cell
Cultures and Reporter Assay

Arabidopsis MM2d suspension cells (Menges and Murray, 2002) were
cultured in LS medium (Nagataetal., 1992) at 26°C. To prepare protoplasts,
MM2d cells were suspended in LS medium containing 1% (w/v) cellulase
Onozuka RS (Yakult Pharmaceutical Industry), 0.5% (w/v) pectolyase Y23
(Seishin Pharmaceutical), and 0.4 M mannitol and incubated at 26°C with
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gentle shaking until the suspension became turbid with protoplasts (~3 h).
The protoplasts were washed five times with wash buffer (0.4 M mannitol,
5 mM CaCl,, and 12.5 mM NaOAc, pH 5.8) and suspended in electro-
poration buffer (5 mM MES, 70 mM KCI, and 0.3 M mannitol, pH 5.8).
Electroporation was performed as described previously (Ishikawa et al.,
1993) with some modifications. Ten micrograms each of tester plasmid
carrying the LUC reporter and internal control plasmid pKM75, carrying the
RLUC reporter, were gently mixed with 1.5 X 108 protoplasts in 500 p.L of
electroporation buffer in an electroporation cuvette with a 4-mm electrode
distance. Electroporation was performed using an Electro Cell Manipulator
600 (BTX) with voltage, capacitance, and resistance settings at 190 V,
100 uF, and 480 (), respectively. The protoplasts were kept on ice for 30 min
and then incubated at 25°C for 5 min, centrifuged (60g, 2 min at 25°C) and
resuspended in 1 mL of LS medium containing 0.4 M mannitol with 500 or
1 uM B. After 2 d of incubation at 23°C in the dark, the protoplasts were
disrupted as described previously (Chiba et al., 1999), and LUC and RLUC
activities were assayed using a PicaGene Dual-Luciferase Assay kit (PG-
DUAL SP; Toyo Ink). LUC activity was normalized with RLUC activity to
obtain relative LUC activity.

Transient Expression of HeLa Cell Cultures and Reporter Assay

HelLa cells were cultured in complete Dulbecco’s modified eagle’s medium
(Nissui) supplemented with 10% fetal bovine serum. Plasmids were
transfected into HelLa cells with Lipifectamine 2000 (Invitrogen). HeLa cells
were transfected with the plasmid constructs carrying LUC reporter, along
with internal control plasmid carrying RLUC reporter, in the presence of
500 or 1000 uM B (high B conditions) or without B (low B condition). Twenty-
four hours after transfection, the cells were lysed and LUC activities
were measured. LUC and RLUC assays were performed with the Dual-
Luciferase Reporter Assay System (Promega). LUC activities were nor-
malized with the RLUC activities of the cotransfected internal controls to
obtain relative LUC activities.

In Vitro Transcription

DNA templates in pSP64 poly(A) vector were linearized with EcoRI and
purified using a QIAquick Nucleotide Removal kit (Qiagen). In vitro
transcription was performed using an AmpliCap SP6 High Yield Mes-
sage Maker kit (Epicentre Technologies) in the presence of cap analog
m’G[5']ppp[5']GTP (Epicentre Technologies) as described previously
(Chiba et al., 2003). Following in vitro transcription, RNA was purified
using an RNeasy mini kit (Qiagen) and was poly(A)-selected using
a GenElute mRNA miniprep kit (Sigma-Aldrich) prior to the in vitro
translation reactions.

In Vitro Translation and Reporter Assays

RNA was denatured for 5 min at 67°C and rapidly chilled on ice water. Each
reaction mixture (10 pL) contained 5 pL WGE (Promega), 0.8 pL of 1 mM
amino acid mixture lacking methionine (Promega), 80 uM L-methionine,
1 unit uL=" RNasin (Promega), 2 fmol uL~=" tester RNA carrying LUC re-
porter, 0.2 fmol uL=" internal control RNA carrying RLUC reporter, and
various concentrations of boric acid or 500 M sodium chloride, potassium
dihydrogen phosphate, and potassium nitrate. All reactions were per-
formed at 25°C for 120 min. In vitro translation in RRL was performed with
a protocol similar to WGE with a few modifications. Each reaction mixture
(10 L) contained 6.6 pL RRL (Promega), 0.2 pL of 1 mMamino acid mixture
lacking methionine, 80 pM L-methionine, 1 unit pL =" RNasin, 70 mM KOAc,
2 fmol pL=' LUC RNA, 0.2 fmol uL=' RLUC RNA, and various concen-
trations of B. All reactions were performed at 30°C for 120 min. LUC and
RLUC activities were assayed using a Dual Luciferase reporter assay kit,
and the LUC activity was normalized with RLUC activity to obtain relative
LUC activity. The relative LUC activity was then normalized with the data
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obtained without addition of B. For the sake of interpolation, three-
parameter log-logistic function,

y=a+(1—a)/(1+ (x/b)°)

with optimum parameters, a, b, and ¢, was applied and shown in each
graph. The concentration of B added to the reaction mixture is represented
by x.

Primer Extension Analysis

The primer extension analysis of MRNA shown in Figure 2B was performed
using poly(A) RNA extracted from Arabidopsis plants grown under 100 or
0.3 uM B, or from plants grown under 0.3 uM B and transferred to 100 uM B
for 10 min. Primer-1 (Supplemental Table 4) was used. Poly(A) RNA (500 ng)
was annealed with 32P-labeled primer in 40 pL of annealing buffer (Chiba
et al., 2003) at 58°C for 2 h, and the reverse transcription reaction was
performed using Thermoscript RNase H™ reverse transcriptase (Invitrogen)
at 58°C for 60 min.

Primer extension analysis of RNA following in vitro translation was
performed as described previously (Chiba et al., 2003), using RNA ex-
tracted from an in vitro translation reaction without RLUC RNA. To detect
primer extension signals corresponding to ~3'2AUG-stop in Supplemental
Figure 6, the 32P-labeled Primer-2 (Supplemental Table 4) was used. For
other primer extension analyses, 3?P-labeled ZW4 primer (Wang and
Sachs, 1997) (Supplemental Table 4), which anneals with the LUC coding
region, was used. Following phenol-chloroform extraction, the samples
were separated on a 6% polyacrylamide/7 M urea gel. DNA sequence
ladders were prepared using the DNA Cycle Sequencing System (Prom-
ega). The intensities of primer extension signals are presented after nor-
malizing with those of the full-length mRNA, and the relative primer
extension signals were then normalized with those under —B conditions.
The sequence ladder was generated using the same primer and the RNA
construct carrying AUGUAA sequence as a template.

Toeprint Analysis

In vitro translation in WGE was performed using 200 fmol uL=" LUC RNA,
but without RLUC RNA, in a 20 pL reaction mixture at 25°C in the presence
or absence of 300 uM B for 30 min. Following in vitro translation, toeprint
analysis was performed as described previously (Onouchi et al., 2005)
using SuperScript IllRNase H™ reverse transcriptase (Invitrogen). To detect
toeprint signal corresponding to ~312AUG-stop, 32P-labeled Primer-2 was
used (Supplemental Figure 6). For other toeprint analyses, 32P-labeled ZW4
primer was used. The prereaction mixture (16.4 pL) contained 4 pL 5X first-
strand buffer (Invitrogen), 2 wL 2.5 mM deoxynucleotide triphosphate, 1 uL
0.1 MDTT, and 20 units of RNasin, with or without 1 wL of 10 mg mL~" CHX,
and was placed onice. One microliter of in vitro translation reaction mixture
was added to the prereaction mixture and placed on ice for 2 min. Two
microliters of 5'-32P-labeled primer (0.2 uM) was added to the reaction
mixture and incubated at 37°C for 3 min. After adding 10 units reverse
transcriptase, the reaction mixture (20 plL) was incubated at 37°C for
30 min. Following phenol-chloroform extraction, the products were sep-
arated on a 6% polyacrylamide/7 M urea sequencing gel. The toeprint
signals are presented as for the primer extension experiment. Repre-
sentative results of triplicate experiments are presented. The sequence
ladder was generated as in primer extension analyses.

Measurement of B Concentration in WGE

The B concentration in WGE was determined using inductively coupled
plasma-mass spectrometry (ICP-MS) (SPQ-9000; Seiko Instruments) as
previously described (Takano et al., 2006). WGE (100 p.L) was digested with
nitric acid and the digest was dissolved in 1 mL of 0.08 M nitric solution, but
the signal intensities from ICP-MS analysis corresponding to both 1°B and
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1B were not distinguishable from the background. In our ICP-MS anal-
ysis, the detection limit for boric acid in solution is in the range of
0.05 uM, suggesting that the concentration of boric acid in WGE we used
in our study was below 0.005 uM. This is much lower than the boric acid
concentrations we used in our study.

Fluorometric Assays of GUS Activity

For GUS assays, 5 to 10 transgenic Arabidopsis seedlings were combined,
and GUS activity was assayed as described (Jefferson et al., 1987).

Quantification of Transcript Accumulation by Quantitative RT-PCR

Arabidopsis plants were grown on solid medium containing 0.3 or 100 uM
B for 10 d. Total RNA from root samples was extracted using an RNeasy
Plant Mini kit (Qiagen), and 500 ng was reverse-transcribed in a 20-uL
reaction mixture using an ExScript RT reagent kit (Takara Bio) with oligo-
dT, primers. The cDNA was amplified by gRT-PCR using a Thermal Cycler
Dice Real Time System TP800 (Takara Bio) with a SYBR Premix Ex Taq
kit (Takara Bio). The primers used for gRT-PCR analysis are listed in
Supplemental Table 4. We used three reference genes (eEF1a, Actin10,
and Ubq10) in the initial phase of the experiments (Supplemental Table 5).
Since similar data were obtained with the three genes, we used eEF 1« as
a reference gene for subsequent analyses. Quantification was performed
on three independently grown plant materials (n = 3).

Half-Life Measurement of mRNA

mRNA half-lives were determined as described previously (Tanaka et al.,
2011). Briefly, Arabidopsis plants grown on solid medium for 10 d were
preincubated with hydroponic culture medium containing 0.3 or 100 uM B
for 10 min. Following preincubation, 3'-deoxyadenosine (cordycepin)
(Funakoshi) was added to the hydroponic culture medium at a final con-
centration of 0.6 mM (t = 0 min), and the sample was immediately vacuum
infiltrated for 45 s. Root samples were harvested at 0, 10, 30, and 60 min and
frozeninliquid nitrogen. Total RNA was isolated and analyzed by qRT-PCR.
The amount of RNA remaining at each time point was determined relative to
the amount at the zero time point. The mRNA half-lives were determined by
fitting the remaining amounts of the mRNA to a linear line after log con-
version by the least squares method.

Microarray Analysis

Total RNA was prepared from Col-0 roots of 12-d-old seedlings that were
grown under 100 uM B conditions for 10 d and then transferred to 0.3 or
100 pM B conditions for 2 d. Microarray analysis was performed with
a GeneChip Arabidopsis ATH1 genome array (Affymetrix). From the raw
data, 15,074 genes with quality flag value of “present” for both 0.3 and
100 uM B samples were selected. A list of genes whose 5'-UTR sequences
contain AUG-stops was generated from the Arabidopsis Information
Resource version 10 (TAIR10) database (Lamesch et al., 2012) using
a custom R script (R version 3.2.2).

Degradome Data Processing

Degradome sequencing data sets from Arabidopsis, rice (Oryza sativa), and
maize (Zea mays) were downloaded from the PARE database (German
et al.,, 2008). The data sets used were as follows: inflorescence tissue of
Arabidopsis (wild-type Col-0 and xrn4 mutant) grown on soil (GSE11094;
GSM280227); rice (Oryza sativa cv Nipponbare) seedlings gown in hy-
droponic culture for 3 weeks (GSE17398; GSM434596); and ears of maize
(Zea mays, inbred line B73) at stage IV grown in a controlled environ-
ment (GSE47837; GSM1160282). In the data sets, abundances of the
decay intermediates were expressed in transcripts per 10 million via

normalization with the number of total genome-matched reads (except
for those mapped to t/r/sn/snoRNA). The relevant region in the 5’-UTR of
each gene of interest was plotted using custom R scripts.

Sequence Logo

For B-responsive genes, NIP5;1, ABS2/NGAL1 and SKU5 of Arabidopsis,
and OsNIP3;1 and ZmNIP3;1, rice and maize orthologs of Arabidopsis
NIP5;1, respectively, were used. For non-B-responsive genes, 100 genes
whose FC g, g values were close to 1.0 were used. Sequence logos were
generated with the Sequence_logo_v03.R package using the pooled
sequences.

Ribosome Footprint Data Analysis

The ribosome stalling frequency for every 6-nucleotide sequence (com-
bination of two codons) in the 5’-UTR was estimated from a public ribo-
some footprint data set of Arabidopsis whole seedlings (Juntawong et al.,
2014; accession SRR966474, RF#2). The FASTQ file was processed using
a custom R script to remove the adapter sequence and was mapped to
Arabidopsis genome sequence (TAIR10) by tophat2 algorithm with the
default parameter settings. The resultant SAM file was subjected to further
analysis with custom R scripts.

As a criterion for ribosome stalling at each combination of two codons,
the number of reads that start from 15 nucleotides upstream of codon 1,
which corresponds to the 5’-end of the ribosome stalled with the P-site on
codon 1, was counted and normalized by average read count of the mRNA
to cancel the read depth variation caused by different expression levels
(designated as ribosome arrest value [RAV]). RAV was calculated for each
instance of any combinations of two codons in 5’-UTRs, and the number of
instances that satisfy RAV > 2 was tabulated.

In Silico Analysis of uORF Length Distribution in Various Organisms

Thedistribution of uORF lengths in various organisms was calculated using
a custom R script. The algorithm searches 5'-UTR sequences of each
transcript to find all ATGs and the nearest downstream in-frame stop codon
(TAA, TAG, and TGA), and output is the length of each uORF. The distri-
bution without bias was estimated by repeating the same calculation
10 times with randomization of 5’-UTR sequences and rescaling the total
uORF number to that of the actual ones. As input data, masked genomic
DNA sequence (sequence type “dna_rm”) and gene annotation files were
downloaded from the public Ensembl database. For animals, FASTA
and GTF files were downloaded from ftp://ftp.ensembl.org (release-77),
and for plants, FASTA and GFF3 files were downloaded from ftp://ftp.
ensemblgenomes.org (release-23).

Phylogenetic Analysis

The phylogenetic tree in Figure 11 was generated using MEGAG software
(Tamura et al., 2013) by applying the neighbor-joining method (Saitou
and Nei, 1987) to 18S rRNA sequences for each organism, with the
phylogenetic analysis parameters “Test of Phylogeny”, “None”, “Substi-
tution Model-Model/Method”, “No. of difference”, “Substitution Model-
Substitutions to Include”, “d: Transitions + Transversions”, “Rates and
Patterns-Rates among Sites”, “Uniformrates”, “Data Subset to Use-Gaps/
Missing Data Treatment”, and “Complete deletion.” The resulting align-
ment is provided in Supplemental File 1. The tree was drawn to scale, with
branch lengths in the same units as those of the evolutionary distances
used to infer the phylogenetic tree. The evolutionary distances were
computed using the number of differences method (Nei and Kumar, 2000)
and are in the units of the number of base differences per sequence. Those
positions that contain gaps and missing data in any of the organisms tested
were eliminated. A total of 1667 nucleotide were analyzed.
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Statistical Methods

To evaluate B-dependent reductions in reporter activity and mRNA ac-
cumulation levels, statistical analyses were performed using two-tailed
two-sample Student’s t tests. To evaluate root length differences, sta-
tistical analyses were performed using Tukey’s test. To evaluate changesin
signal intensities in primer extension and toeprint experiments, the signal
intensities were normalized with the respective full-length signals. The
values obtained under +B conditions were divided with those under —B
conditions and were used for one-tailed one-sample Student’s t tests after
log conversion. In all figures, the error bars represent standard deviations.

Accession Numbers

Microarray data from this article have been deposited in NCBI’'s Gene
Expression Omnibus data library under accession number GSE52208.
PARE data from this article can be found in the Gene Expression Omni-
bus data library under the following accession numbers: Arabidopsis,
GSE11094; rice, GSE17398; and maize, GSE47837. Ribosome profiling
data from this article can be found in DRASearch under accession number
SRR966474. Arabidopsis sequence data from this article can be found in
the Arabidopsis Genome Initiative and GenBank/EMBL/DDBJ databases
under the following accession numbers: NIP5;1, At4g10380; CPuORF47,
At5g03190; ABS2/NGAL1, At2g46080 and At4g19370; SKU5, At4g12420;
MOT2, At1g80310; Dof1.8, At1g64620; OsNIP3;1, Os10g36924; and
ZmNIP3;1, GRMZM2G176209.
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