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Ascorbate (vitamin C) is an essential antioxidant and enzyme cofactor in both plants and animals. Ascorbate concentration is

tightly regulated in plants, partly to respond to stress. Here, we demonstrate that ascorbate concentrations are determined

via the posttranscriptional repression of GDP-L-galactose phosphorylase (GGP), a major control enzyme in the ascorbate

biosynthesis pathway. This regulation requires a cis-acting upstream open reading frame (uORF) that represses the

translation of the downstream GGP open reading frame under high ascorbate concentration. Disruption of this uORF stops

the ascorbate feedback regulation of translation and results in increased ascorbate concentrations in leaves. The uORF is

predicted to initiate at a noncanonical codon (ACG rather than AUG) and encode a 60- to 65-residue peptide. Analysis of

ribosome protection data from Arabidopsis thaliana showed colocation of high levels of ribosomes with both the uORF and

the main coding sequence of GGP. Together, our data indicate that the noncanonical uORF is translated and encodes

a peptide that functions in the ascorbate inhibition of translation. This posttranslational regulation of ascorbate is likely an

ancient mechanism of control as the uORF is conserved in GGP genes from mosses to angiosperms.

INTRODUCTION

Ascorbate (vitamin C) is an essential biochemical found in most

living organisms; it has a central role in regulating the redox

potential of the cell (Asensi-Fabado and Munné-Bosch, 2010;

Foyer and Noctor, 2011) as well as serving as an enzyme co-

factor (Mandl et al., 2009). Humans lack the ability to synthesize

ascorbate and obtain most of their vitamin C from plant sources.

As most food is relatively low in vitamin C, there is an oppor-

tunity to improve human health by developing plant varieties

with higher levels of ascorbate. To better understand how this

can be achieved, we have investigated how the ascorbate bio-

synthetic pathway is regulated.

Ascorbate concentrations are regulated according to de-

mand; for example, leaf ascorbate concentrations increase un-

der high light intensities (Gatzek et al., 2002; Bartoli et al., 2006;

Dowdle et al., 2007; Yabuta et al., 2007; Bartoli et al., 2009; Gao

et al., 2011) when the need for ascorbate is greatest. This is due to

increased light-driven production of reactive oxygen species in

photosynthesis, and this response to light is associated with

changes in gene expression for several L-galactose pathway genes

(Figure 1) (Tabata et al., 2002; Dowdle et al., 2007; Yabuta et al.,

2007; Gao et al., 2011; Massot et al., 2012). In nonphotosynthetic

tissues, such as fruit, ascorbate concentrations are relatively stable

within a cultivar, although ascorbate concentration does vary be-

tween cultivars (Ferguson and MacRae, 1992; Davey et al., 2006;

Bulley et al., 2009) and this is related to changes in gene expression

(Bulley et al., 2009).

Little is known about how ascorbate concentrations are rap-

idly regulated in response to environmental stress. Previous

studies have concentrated on changes in gene expression

(Gatzek et al., 2002; Tabata et al., 2002; Dowdle et al., 2007;

Yabuta et al., 2007; Gao et al., 2011; Massot et al., 2012) often

over a day or longer. We have previously shown that the enzyme

GDP-L-galactose phosphorylase (GGP) (encoded by the gene

GGP, also known as VTC2) is at a central control point of vitamin

C biosynthesis as the first committed step; overexpression of

this gene in plants results in a significant increase in tissue

ascorbate concentrations (Laing et al., 2007; Bulley et al., 2009,

2012), suggesting it may serve a regulatory role, possibly bal-

ancing fluxes between ascorbate and GDP-L-fucose (Bonin

et al., 1997). No other single genes in the L-galactose pathway

have a significant effect on ascorbate (Bulley et al., 2012; Zhou

et al., 2012), although GDP mannose epimerase (GME) acts

synergistically with GGP to increase leaf ascorbate still further

(Bulley et al., 2009). In addition, during fruit development, tran-

script levels of GGP and GME parallel the increase in ascorbate

(Bulley et al., 2009). Analysis of Arabidopsis thaliana microarray

data (e.g., from the Arabidopsis eFP browser, http://bar.utoronto.ca/

efp/cgi-bin/efpWeb.cgi) and other data (Dowdle et al., 2007) show

that transcripts of GGP undergo strong circadian rhythms with

maximal expression predawn, presumably so transcript is available

when photosynthesis begins with increasing light. Furthermore,

GGP protein itself has been observed in the nucleus (Müller-Moulé,

2008), suggesting it may serve to control gene transcription. Thus,
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we focused on GGP and its gene as a likely control point for

ascorbate biosynthesis.

In this article, we show that ascorbate, or a metabolite closely

connected to ascorbate, downregulates the translation of the

key regulatory gene, GGP, in ascorbate biosynthesis, setting up

a feedback loop to regulate ascorbate concentrations. We show

that this regulation occurs through a conserved noncanonical

upstream open reading frame (uORF) in the long 59 untranslated

region (UTR) of GGP and takes place at the posttranscriptional

level. We also present evidence that the control mechanism

involves ribosome stalling on the uORF.

RESULTS

High Ascorbate Downregulates GGP Expression

To investigate if GGP is regulated by ascorbate, we fused the

kiwifruit (Actinidia eriantha) GGP promoter including its 59UTR to

the luciferase (LUC) reporter gene and expressed the construct

transiently in Nicotiana benthamiana leaves. We attempted to ma-

nipulate leaf ascorbate by injecting ascorbate or its precursors

L-galactose and L-galactono lactone into attached leaves or feeding

detached leaves through the petiole. However, sustained changes

in leaf ascorbate were not observed over the 3 to 7 d needed for

the transient expression of luciferase from the assay con-

structs. Instead, we raised leaf ascorbate by coexpressing the

coding sequence (CDS) of kiwifruit (Actinidia chinensis) GGP

(without its 59 or 39UTR) under a strong constitutive promoter or

lowered leaf ascorbate by expressing a N. benthamiana endoge-

nousGGP hairpin to silence the N. benthamiana endogenousGGP

gene.

Ascorbate concentrations in control leaves of 24 mg/100 g

fresh weight (FW) (equivalent to 1.35 µmol/g FW) are typical of

glasshouse-grown Nicotiana species including N. benthamiana

(Badejo et al., 2009; Hakmaoui et al., 2012). A doubling of ascor-

bate concentration from ;20 mg/100 g FW to ;40 mg/100 g FW

was sufficient to reduce the relative LUC activity by 50%, and

when ascorbate was increased above 100 mg/100 g FW, >90% of

LUC activity was abolished (Figure 2A). Additionally, when the

ascorbate content was reduced to;7 mg/100 g FW using GGP

hairpin RNA interference (RNAi) constructs, LUC activity in-

creased approximately by 50%. By contrast, high ascorbate

had no inhibitory effect on LUC activity driven by a control

promoter for a gene unrelated to ascorbate metabolism (TT8,

an Arabidopsis bHLH transcription factor controlling poly-

phenolic biosynthesis), and this reduction in ascorbate content

by RNAi actually decreased the activity of the control TT8

promoter, possibly due to stress induced by low ascorbate

(Figure 2B).

Additional controls demonstrated that this downregulation of

LUC activity by ascorbate was independent of the level of ex-

pression of the transgenes (Supplemental Table 1A), did not

occur in a range of other promoters (Supplemental Table 1B),

and was unaffected by expression of other unrelated genes

(Supplemental Table 1C). The same effect was also seen with

the GGP promoter and 59UTR from Arabidopsis (VTC2) (Figure

2D), showing the mechanism was conserved between species.

It is possible that the effect on LUC expression is mediated

through either increased ascorbate or through the feedback

regulation via the GGP protein itself, as it has been found in the

nucleus (Müller-Moulé, 2008). To separate the effects of ascorbate

from a possible regulatory role of the GGP protein itself, we ex-

pressed GGP and GME separately and together. When the two

genes are expressed together, there is a strong synergistic stimula-

tion of ascorbate concentration (Bulley et al., 2009). Thus, by varying

the infiltrated ratios of these two genes, ascorbate concentrations

can be manipulated independently of the amount of GGP protein

(Figure 3). LUC activity was negatively related to concentrations of

ascorbate and not to the amount of GGP gene infiltrated (Figure 3C),

showing that either ascorbate or a related metabolite, and not the

GGP protein, is the factor reducing LUC activity.

Ascorbate Regulation of GGP Involves Sequences within the

59UTR and Is at the Translational Level

To test whether the effect of ascorbate was mediated by the

promoter or the 59UTR (Supplemental Figure 1A), we undertook

three experiments. First, we swapped the 59UTR regions be-

tween the GGP and TT8 promoters. We transiently expressed

Figure 1. The L-Galactose Pathway of Ascorbate Biosynthesis.

PMI, phosphomannose isomerase; PMM, phosphomanno mutase; GMP,

GDP mannose pyrophosphorylase; GME, GDP mannose epimerase; GGP,

GDP galactose phosphorylase; GPP, galactose-1-P phosphatase; GDH,

galactose dehydrogenase; GLDH, galactono lactone dehydrogenase.
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these in leaves and measured the relative LUC activity. In-

creased ascorbate reduced the LUC activity (up to 6-fold) only

when the 59UTR from GGP was present (Supplemental Table 2).

Second, we replaced the GGP promoter with a 35S promoter,

leaving the GGP 59UTR in place. Expression from this construct

also was strongly inhibited by increased ascorbate (Figure 4A).

Third, deleting two conserved regions within the 59UTR (from

387 to 432 bp and 514 to 597 bp as well as 387 to 597 bp;

Supplemental Figures 2A and 2B) caused the loss of the ability

of ascorbate to downregulate the reporter gene expression

(Figure 4B). These experiments show that the 59UTR is neces-

sary and sufficient for downregulation by ascorbate.

To investigate whether ascorbate control was at the tran-

scriptional or posttranscriptional level, we measured transcript

concentrations of the reporter gene construct. Our data showed

no effect of ascorbate on the concentrations of LUC mRNA

(Table 1), but a strong effect on LUC activity (Table 1) and on

LUC protein (Figure 2C), indicating that ascorbate, directly or

indirectly, acts through the 59UTR to control the translation of

GGP. The TT8 control showed no effect of ascorbate on mRNA

or LUC activity or protein level.

To verify that the 59UTR acts directly on GGP translation to

affect leaf ascorbate concentrations, we made constructs in

which a 35S promoter was used to express the GGP CDS

Figure 2. High Ascorbate Reduces Expression of GGP Promoter-Driven LUC Activity.

(A) LUC/REN ratio as a function of leaf ascorbate concentration for LUC expression driven by the GGP promoter.

(B) LUC/REN ratio as a function of leaf ascorbate concentration for LUC expression driven by the TT8 promoter.

(C) Effect of high ascorbate concentration on the amount of LUC protein as measured by an anti-LUC antibody in transiently transformed tobacco leaves

driven by either the GGP promoter or the control TT8 promoter. The ascorbate concentration in the lanes marked +, where 35S-driven GGP was co-

transformed, was 55 to 63 mg/100 g FW, while in the lanes without added GGP, it was 21 to 30 mg/100 g FW. Other details can be found in Methods.

(D) Comparison of the response of the reporter gene to ascorbate for full promoter (promoter and 59UTR) constructs from kiwifruit and Arabidopsis

GGP.

Note, in (A) to (D), the GGP overexpression construct was added to increase ascorbate and results in a range of ascorbate concentrations due to

variation in transformation efficiency in different leaves. Error bars are SE of the mean. Other details can be found in Methods.
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with either the intact GGP 59UTR or with only the last 37 bp

immediately upstream of the CDS. Both constructs still had the

short 35S 59UTR (see Methods for details) and enhanced leaf

ascorbate in the transient system, but the construct without the

59UTR had ;30% more ascorbate than the construct with the

59UTR (Supplemental Figure 3). Furthermore, coinfiltrating GME

(with GGP) into the leaf to increase the ascorbate even more than

with GGP alone (Bulley et al., 2009) resulted in over 2-fold higher

ascorbate in the construct without the 59UTR compared with

the construct with the 59UTR. Thus, in high ascorbate conditions,

the GGP 59UTR limits both GGP production and ascorbate

biosynthesis. Removal of this regulation therefore could provide

a way to generate plants with higher ascorbate concentrations.

The 59UTR of GGP Is Unusually Long and Contains

a Noncanonical uORF

Given that the effect of ascorbate was mediated through the

59UTR region of GGP, we examined its properties. GGP is unusual

in having a long 59UTR, over 500 bp in many species, with

Figure 3. Ascorbate Concentration Not the GGP Enzyme Determines

the Downregulation of GGP Promoter-Driven Reporter Gene by Ascor-

bate.

(A) The effect of different combinations of GGP and GME on the LUC/

REN ratio.

(B) The effect of different combinations of GGP and GME on the

ascorbate concentration. In (A) and (B), columns with the same letters

are not significantly different at P < 0.05.

(C) The relationship between the individual leaf LUC/REN ratios and leaf

ascorbate. In the key to (C), GGP/3 refers to one-third relative amount of

GGP injected into the leaf. Note that the axes are on log scales.

Ascorbate concentration was varied independently of the amount of

GGP enzyme used to increase the leaf ascorbate using GME to further

enhance ascorbate at variable concentrations of GGP. Other details can

be found in Methods.

Figure 4. The Effect of Ascorbate Does Not Depend on the Promoter but

Only on the 59UTR.

(A) The ascorbate inhibition is independent of the promoter. In the WT

columns, the full promoter and 59UTR of GGP drove the expression of

LUC. In the 35S: columns, the GGP promoter was replaced with the 35S

promoter leaving the GGP 59UTR in place. Ascorbate averaged 27.3 6

2 mg/100 g FW in the treatments without addedGGP and 49.36 8 mg/100 g

FW in the “+” treatment with added GGP. Data are normalized to the

wild type = 1.0.

(B) Deletions in the 59UTR region of GGP negate the ascorbate inhibition

of translation. Deletions 2 and 3 are as labeled in Supplemental Figures

2A and 2B, while deletion 1 is the deletion between the start of deletion 2

and the end of deletion 3. Ascorbate averaged 19.8 6 1.3 mg/100 g FW

in the treatments without added GGP and 134 6 21 mg/100 g FW in the

“+” treatment.

Columns with different letters are significantly different at the 0.05 level.

Error bars are SE of the mean. “+” refers to cotransformation with the

35S-driven GGP CDS in order to drive up the ascorbate levels.
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strongly conserved elements (Supplemental Figure 1A). Aligned

GGP 59UTRs from different species, including an alga and two

mosses, revealed the potential presence of a highly conserved

uORF encoding a 60- to 65-amino acid peptide that likely ini-

tiates at a noncanonical ACG initiation codon in all plants listed

except the algae (Figure 5; Supplemental Figure 1B). While only

a few examples of noncanonical translation initiation have been

described in plants, it has been shown that a good Kozak

consensus sequence around the noncanonical initiation site is

required for efficient translation (i.e., a purine at 23 and a G at

+4) (Wamboldt et al., 2009; Simpson et al., 2010) (Supplemental

Figure 1 and Supplemental Table 3). Only the ACG codon lies in

such a consensus with G at +4 and an A at 23 present in all

plants. This noncanonical uORF was by far the best conserved

uORF found in the 59UTR (see later) and analyzing the DNA

sequence upstream of the proposed ACG start codon to the first

uORF in-frame stop codon showed poor conservation of pep-

tide sequence and variable length upstream of the proposed

ACG start codon (Supplemental Table 3).

To test if the uORF with the noncanonical initiation codon is

required for ascorbate-dependent regulation of the GGP gene,

we mutated the putative ACG initiation codon to TCG. We also

separately changed the codon for a nonconserved Gly at residue

5 (GGA) into a stop codon (TGA) to create an early-terminating

version of the uORF. Both these constructs abolished ascorbate

downregulation of LUC activity (Figure 6), while significantly in-

creasing LUC activity. To further examine the requirements of the

uORF, we mutated a highly conserved His (CAC codon) at residue

Table 1. Effect of Ascorbate Concentration on the RNA Concentrations for LUC Driven either by the GGP Promoter or TT8, a Control Gene

Promoter/Treatment Gene Expression LUC/REN Ascorbate mg/100 g FW

GGP/low ascorbate 6.0E-02 6 8.8E-03 1.08 6 0.05 25.3 6 0.93

GGP/high ascorbate 5.3E-02 6 7.4E-03 0.15 6 0.03 92.4 6 7.1

TT8/low ascorbate 8.5E-01 6 5.7E-02 19.9 6 0.59 26.1 6 6.3

TT8/high ascorbate 9.3E-01 6 1.1E-01 16.3 6 0.83 84.6 6 4.7

Accumulation of LUC mRNA was measured relative to the accumulation of REN mRNA in the same RNA preparation. Values are the mean of three

biological replicates, each involving three combined leaves. Standard errors are shown. Within each promoter pair, there was no significant difference in

gene expression for both promoters or the LUC activity for the TT8 promoter. The change in LUC activity for the GGP promoter was significant (P <

0.001), as were the changes in ascorbate for both promoters (P < 0.003).

Figure 5. The Predicted Peptide Sequences of the Noncanonical uORF in the 59UTR of GGP Is Conserved over a Wide Range of Species.

(A) Alignment of the dicotyledonous plants.

(B) Alignment line up that extends from algae to angiosperms.

Alignment was done using ClustalX (Thompson et al., 1997) as executed by Vector NTI. The suffixes are (dicotyledonous plants) as follows: Ad is

Actinidia deliciosa; Cs is Cucumis sativus; Fv is Fragaria vesca; Gm is Glycine max; Md isMalus x domestica; Mt is Medicago truncatula; Nb is Nicotiana

benthamiana; Pt is Populus trichocarpa; Sl is Solanum lycospersicum; and Vv is Vitis vinifera. The two sequences starting with At are from Arabidopsis.

Suffices for other taxa are as follows: Cr, Chlamydomonas reinhardtii; Ps, Picea sitchensis; Pp, Physcomitrella patens; Sm, Selaginella moellendorffii;

and Zm, Zea mays. The alphanumerical prefix before each name is the GenBank accession number except for SGN-U513234, which is from the Sol

Genomics Network (http://solgenomics.net/organism/Nicotiana_benthamiana/genome). The genomic sequence of strawberry came from published

resources (Shulaev et al., 2011).
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30 to Leu (CTC). Again, this abolished ascorbate-dependent reg-

ulation (Figure 6). Interestingly, changing the start ACG of the

uORF to an ATG almost abolished all LUC activity. Lastly, to

provide evidence that it is only the peptide encoded by the uORF

that is required for ascorbate control of GGP translation, changing

the codon usage in the uORF region of the 59UTR (Supplemental

Figure 4) without changing the amino acid sequence did not dis-

rupt repression by ascorbate. Furthermore, analysis of sequenced

Arabidopsis revealed that of the 50 single nucleotide poly-

morphisms within the GGP 59UTR (506 bp) only seven were within

the uORF (193 bp), and none of these altered the uORF peptide

sequence. This supports the observation that the most conserved

the part of the 59UTR is in the uORF sequence. Together, the re-

sults of these experiments demonstrate that the peptide encoded

by the uORF, and not the nucleic acid sequence, is essential for

the ascorbate-mediated regulation of GGP translation.

We also measured the mRNA transcript levels of these variant

constructs in case the changes affected mRNA stability. The

data in Supplemental Figure 5 clearly show that LUC mRNA

transcript levels relative to REN were unaffected by ascorbate.

However, there was a significant correlation (P < 0.02) between

mRNA levels and LUC expression.

A conserved short canonical ORF potentially encoding a 10-

amino acid uORF is also present but out of frame within the longer

uORF (Supplemental Figure 1). To determine if this had functional

significance, its start codon (ATG) was mutated to TTG, resulting

in a nonconserved His-to-Leu change at residue 12 of the uORF.

However, this did not change the relative sensitivity of the pro-

moter to ascorbate concentration (Supplemental Figure 6) but did

result in significantly increased LUC expression.

Further experiments to test how the uORF regulates trans-

lation were performed. The dicotyledonous plants had a con-

served AUC codon upstream to the proposed ACG start codon

(Supplemental Table 3). These bases form part of the Kozak

sequence around the proposed ACG start, and we changed this

to a CTC to disrupt the Kozak sequence. As shown in Figure 7,

this resulted in a significant increase in LUC expression and

reduced inhibition by ascorbate compared with the wild type.

This supports the notion that the Kozak sequence is important in

determining translation of the uORF (Wamboldt et al., 2009;

Simpson et al., 2010).

We also directly deleted all sequence between the uORF and

the start of the LUC gene so that there was no stop codon after

the uORF, i.e., the uORF ran in frame into the LUC. We did this

for both the wild-type ACG uORF and the variant uORF starting

with ATG. In the case of the ACG uORF (Figure 7), the LUC

expression was unchanged from the control, but the inhibition

by ascorbate was reduced compared with the wild type. How-

ever, in the case of the ATG uORF, very little LUC activity was

detected and no inhibition by ascorbate was observed (com-

pared to Figure 6).

How Does the Noncanonical uORF Regulate

GGP Translation?

To examine how this peptide regulates translation, we first tested

whether the predicted uORF worked in a cis or trans configuration.

We used the mutant that did not respond to ascorbate because it

was lacking the uORF start codon to test whether expressing the

uORF from a separate construct could recover ascorbate re-

pression of LUC activity. Figure 8 shows that the presence of the

uORF did not complement the mutant form of the uORF and had

no effect on any treatment. This is consistent with the uORF

working in a cis conformation with the GGP CDS.

Figure 6. Downregulation of GGP Promoter-Driven LUC Expression by

Ascorbate Depends on a Noncanonical uORF.

The diagram underneath the figure shows the changes. “+” refers to the

addition of 35S-driven GGP to the leaf to increase ascorbate. “1” is the

synthesized wild-type variant 59UTR with the wild-type promoter of GGP;

“2” had the initiating ACG of the uORF changed to a TCG to make it no

longer a start codon; “3” had the first His in a highly conserved region of

the uORF (Figure 2) changed to a Leu; “4” was a combination of 3 and 4;

“5” had the uORF truncated after four residues by insertion of a stop

codon; “6” had 38% of the codons changed in the uORF without

changing the amino acid sequence; “7” had the noncanonical start co-

don in the uORF changed to ATG, encoding a Met. 35S-driven GGP was

added to manipulate the ascorbate concentrations (indicated by a +) and

an RNAi vector was used to lower ascorbate (ko) as described in

Methods. Error bars are the SE of the mean. Letters above columns in-

dicate whether there were significant differences between values at P <

0.05. The treatments “1 +” and “6 +” had a significantly lower LUC ac-

tivity than their corresponding controls without GGP (P = 0.001), but the

other five constructs were not significantly affected by ascorbate. Mean

ascorbate concentration (mg/100 g FW) of the control treatments was

276 0.8 and of the high GGP (+) ascorbate treatment was 836 2.8. Low

ascorbate induced by ko was 10 6 2.7.
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We examined if the uORF peptide directly interacted with

ascorbate using surface plasmon resonance and NMR. However,

no measurable interaction was observed. We also tried to mea-

sure the expression of the uORF protein in transformed leaves

using liquid chromatography-mass spectrometry but were unable

to observe the peptide. At least in humans, short peptides are

degraded rapidly (Baboo et al., 2014).

In another series of experiments, we created deletions in the

59UTR around the uORF without affecting the uORF itself

(Supplemental Figure 7). In one construct, an accidental insertion

occurred after the uORF, which allowed us to test the spacing

between the uORF and the LUC gene. These data (Figure 9)

demonstrate that a large deletion before the uORF of 92 bp re-

duced the inhibition by ascorbate, and short deletions after the

uORF (2 to 61 bp) had little effect on ascorbate inhibition, while

a larger deletion of 104 bp after the uORF abolished ascorbate

inhibition. A large insert of DNA between the uORF and LUC,

associated with a small 13-bp deletion, had no effect on ascor-

bate inhibition. None of the new potential uORFs created by the

deletions (Supplemental Figure 7) have start codons with a strong

Kozak context; therefore, they should not influence ascorbate

inhibition. Together, the deletion data show that there are critical

regions before and after the uORF that determine whether the

uORF is recognized and translated or that affect the translation of

the main CDS. It is also possible that the deleted sequences af-

fect reinitiation of the short canonical uORF, which could alter

LUC expression.

Some of our results suggested that the uORF is translated. To

determine whether the uORF was translated by the ribosome,

we analyzed published ribosome protection data (Liu et al.,

2013; Juntawong et al., 2014) for the distribution of ribosomes

along the GGP sequence. The data (Figure 10) clearly showed

that the uORF has a high population of ribosomes associated

with it, on average higher than the ribosome density on the main

ORF (Supplemental Figure 8). At various positions along the

gene (263 and 356 bp), the ribosome density was severalfold

higher than the main ORF, and these positions were reproduced

in three of the four replicates in a photomorphogenic study (Liu

Figure 7. The uORF Starts at a Noncanonical Start Codon and Controls

Translation.

WT refers to the native GGP promoter and 59UTR, “+” refers to the ad-

dition of 35S-driven GGP to the leaf to increase ascorbate. “ATC to CTC”

refers to the change of the codon immediately upstream of the proposed

uORF start ACG from ATC to CTC, thus reducing the strength of the

Kozak sequence (Supplemental Table 3 and Supplemental Figure 1).

ACGuORF del refers to deleting all sequence between the uORF (in-

cluding the stop codon) and the start codon of LUC. ATGuORF del is the

same construct except using the uORF with an ATG start codon. Error

bars are SE of the mean. Mean ascorbate concentration (mg/100 gFW) of

the control treatments was 25.2 6 0.6 and of the high GGP (+) ascorbate

treatment was 60.2 6 5.4

Figure 8. The Noncanonical uORF Acts in a cis Manner.

WT is the synthesized wild-type variant 59UTR with the wild-type pro-

moter of GGP; “ACG to TTG” refers to the mutated ACG codon of the

uORF (nonresponding); “uORF” refers to the addition of the uORF driven

by a 35S promoter; and “+” refers to the addition of the GGP CDS also

driven by 35S to raise ascorbate. Error bars are SE of the mean. Ascor-

bate concentrations in were 111 6 12 and 24 6 0.5 mg/100 g FW for

leaves with and without 35S-driven GGP CDS coinfused. ANOVA was

done on log-transformed data.
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et al., 2013): The last replicate had too low sequence counts to

allow meaningful comparisons. Another study (Juntawong et al.,

2014) showed similar results although sequence counts were low

compared with the photomorphogenic study and specific peaks

were not detected. Notwithstanding, both these publications

show that ribosomes associate with the noncanonical uORF and

the main ORFs, and sequence counts are lower in noncoding

regions. Together, these data indicate that ribosome stalling oc-

curs on the translated uORF. A proposed mechanism is shown in

Figure 11.

This Noncanonical uORF Regulates Ascorbate Levels

in Leaves

To test how the uORF might function in affecting ascorbate

concentrations in vivo, we mutated the start ACG codon to TTG

and tested the effect on ascorbate levels in transiently trans-

formed tobacco leaves. We compared GGP driven by the 35S

promoter without the uORF, with the uORF, and with the mutated

start codon on the uORF (Figure 12). The data showed that GGP

with a functional uORF in its 59UTR does not increase ascorbate

in leaves even with the addition of GME, while the enzyme with

a mutated uORF start codon responded in a similar fashion to

GGP without a 59UTR.

Disruption of this uORF stopped the ascorbate feedback reg-

ulation of translation, and removal of the 59UTR or inactivation of

the uORF of GGP allowed increased ascorbate concentrations in

leaves. Disrupting the mechanism that involves the uORF, in-

cluding any interacting cofactors (e.g., a protein required to

transmit the ascorbate concentration to the ribosome), is a poten-

tial method to increase ascorbate in plants and may explain why

some fruits such as kiwifruit have very high ascorbate (Ferguson

and MacRae, 1992).

DISCUSSION

Here, we reveal that the expression of GGP, the key gene in

ascorbate biosynthesis, is regulated at the level of translation

through the interaction of ascorbate and a conserved uORF with

a noncanonical initiation codon. Reports of the regulation of gene

Figure 9. The Sequence Surrounding the uORF Affects the Ascorbate Inhibition of the GGP Promoter-Driven LUC Translation.

Different areas of the DNA sequence around the uORF in the 59UTR were deleted and the effect on LUC expression measured. The schematic below the

graph shows the extent of deletions or insertions. The actual sequences of the changed 59UTR are shown in Supplemental Figure 7. Error bars are SE of

the mean. Ascorbate concentrations (mg/100 g FW) were 66 6 3.1 and 26 6 0.9 for leaves with (+) and without the 35S-driven GGP CDS coinfused,

respectively. ANOVA was done on log-transformed data.
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expression in eukaryotes by products of a biosynthesis pathway

are rare (von Arnim et al., 2014). Often, gene expression is reg-

ulated by signaling cascades that result in changes in mRNA

concentrations or through posttranslational modification of the

target proteins. While there are a number of reports of 59UTR

sequences that interact with small metabolites (riboswitches) to

influence protein translation (Bocobza and Aharoni, 2008; Zhang

et al., 2010; Liu et al., 2012; Dvir et al., 2013; Serganov and

Nudler, 2013), regulation of eukaryotic translation by uORFs in

response to a small molecule are uncommon, especially in

plants (von Arnim et al., 2014). Furthermore, the only other

eukaryotic example of metabolite regulation through a uORF

initiated from a conserved noncanonical start codon is orni-

thine decarboxylase (Ivanov et al., 2008), and no plant exam-

ples have been reported.

Translation control provides a way to rapidly regulate GGP

levels in response to environmental stress without the need to

alter gene transcription. Transcript levels of GGP are regulated

in plants, with circadian rhythms of GGP mRNA being observed

and increased levels of GGP transcript being measured under

increased light (Dowdle et al., 2007). The mechanism we de-

scribe here involving the uORF regulating GGP translation pro-

vides a more immediate and sensitive response to changing

ascorbate levels.

We present the following evidence that the peptide encoded

by the GGP uORF is critical in determining ascorbate repression

of translation: The uORF encodes a peptide highly conserved

over a wide range of plant taxonomies (Figure 5); ascorbate

repression depends on the amino acid sequence and not the

DNA (Figure 6); and ascorbate repression is abolished by a

range of amino acid changes in the uORF including single amino

acid mutations (Figure 6).

Interestingly, for the GGP uORF to be translated, initiation

must occur at a noncanonical start codon. Translation initiation

of the uORF likely occurs at an ACG codon, which is in a prefer-

able context (i.e., purine at 23 and G at +4; Kozak) and is con-

served in all plants from mosses to angiosperms. The only other

codon that the uORF could potentially start from is next codon

upstream, namely, an AUC. However, this codon is conserved in

dicotyledonous species but not in monocots or other lower plants

and is not in a beneficial context. The AUC sequence forms part

of the ACG Kozak sequence and is likely conserved in di-

cotyledonous plants because it is necessary for efficient trans-

lation initiation. Changing this AUC to a CUC reduced the effect of

ascorbate and increased expression of LUC (Figure 7), suggesting

that uORF translation initiation is reduced. The initiation of

translation at a noncanonical ACG codon may enable the GGP

mRNA to be rapidly and selectively translated under stress to

increase ascorbate concentrations due to high rates of ascor-

bate consumption.

While uORFs are estimated to occur in a high proportion of

genes in eukaryotic organisms (Calvo et al., 2009; Takahashi

et al., 2012), very few of these are known to encode conserved

peptides (Hayden and Jorgensen, 2007; Tran et al., 2008). In al-

most all cases, the roles of these uORFs have not been charac-

terized. Using a bioinformatics approach, 26 gene groups were

found to possess a conserved canonical uORF in Arabidopsis

and rice (Oryza sativa; Hayden and Jorgensen, 2007), and this has

been subsequently expanded (http://arabidopsis.org/index.jsp).

These analyses did not identify the uORF in the GGP gene, as

their search protocol required an AUG initiation codon. This raises

the possibility that there are other examples of uORFs that initiate

using noncanonical codons that are yet to be identified in both

plants and animals. A high proportion of eukaryote mRNA se-

quences contain canonical uORFs (Kim et al., 2007); however,

few examples have been found of functional uORFs with a non-

canonical start codon (Ivanov et al., 2011). Noncanonical ORFs in

Arabidopsis are very rare (Simpson et al., 2010), and here we have

established experimentally that uORFs can initiate from non-

canonical codons in plants.

The discovery that uORFs can regulate translation by slowing

or inhibiting the translation of the main CDS is relatively recent

(Calvo et al., 2009; Medenbach et al., 2011; Ferreira et al., 2013;

von Arnim et al., 2014). However, apart from the observation that

they affect translation, little is known about their mechanism of

action or their function (Andrews and Rothnagel, 2014). There

are two proposed broad models (Figure 11) of how uORFs inhibit

Figure 10. Mapping of Ribosome Protection Sequencing Data to the

Transcript of GGP Suggests the uORF Is Translated.

(A) The ribosome-protected sequences.

(B) The total mRNA data. The graph plots data from Arabidopsis ex-

posed to 4 h light and shows only the first 100 bp of the main CDS of

GGP. The average over the entire CDS was 3.5 counts (6 0.1) compared

with 2.8 (6 0.07) over the first 100 bp. The thick horizontal lines represent

the long ACG uORF, the short ATG uORF, and the first 100 bp of the

main GGP CDS starting at 0. Data in Supplemental Figure 8 provide

analysis on stretches of DNA covering the UTR, the uORF, and the CDS.
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translation (Tran et al., 2008): the first where translation of the

uORF influences the efficiency of translation including affecting

reinitiation after the uORF (von Arnim et al., 2014) and the second

where the nascent uORF peptide causes ribosome stalling during

uORF translation (Fang et al., 2004). In a few cases, small mol-

ecules (metabolites) have been shown to interact with translation

of the uORF to cause inhibition of downstream translation. Two

examples in plants, polyamine and sucrose regulation (von

Arnim et al., 2014), involve sequence-dependent small molecule-

regulated uORFs.

In this work, we provide evidence that ascorbate, or a precursor

of ascorbate, interacts either directly or indirectly through an in-

termediate, with a peptide produced by a noncanonical uORF (ACG

uORF) in the 59UTR of the key control gene of ascorbate bio-

synthesis, GGP. The uORF peptide inhibits translation of the GGP

gene as truncation of the uORF or mutations within conserved

residues (change of the proposed ACG start and change of a Leu to

His) results in increased translation of LUC and the loss of ascor-

bate repression of translation (Figure 6), while synonymous base

changes have little effect (Figure 6). Especially low ascorbate levels

stimulated translation of the GGP gene, whereas the same con-

ditions inhibited translation of a control gene (Figure 2). While it is

possible that the redox state of the cell may be the critical factor

(Supplemental Figure 9), we have interpreted our results in terms of

ascorbate content.

A possible mechanism is that in the presence of ascorbate,

the ACG uORF is translated and the uORF peptide causes the

ribosome to stall, reducing translation of the downstream GGP

sequence (Figure 11). It has been reported that positively charged

peptides slow ribosomal velocity in an additive manner (Charneski

and Hurst, 2013) and the uORF has up to six positively charged

residues (Figure 5). Where the ascorbate acts is not clear: We

suggest it is likely that either ascorbate promotes the recognition

of the uORF ACG start codon (leaky scanning) or ascorbate

causes the newly synthesized uORF peptide to stall. Ascorbate

possibly slows the ribosomes on the long ACG uORF, and this

increases the probability of translation initiation at the ACG so the

ribosomes pile up. An alternative hypothesis is that rather than

ascorbate influencing the rate of uORF translation, ascorbate

inhibits the reinitiation of the ribosome after translation of the

uORF. Reinitiation is affected by a range of factors (Schepe-

tilnikov et al., 2013; Schleich et al., 2014). However, the ob-

servation that disabling the small 30-bp Met-uORF more than

doubled the expression of LUC while ascorbate still repressed

Figure 11. Simplified Scheme for Ribosome Interaction with the GGP mRNA at the uORF and CDS.

The model assumes that high ascorbate (A) promotes recognition of the uORF ACG start codon, while under low ascorbate, the ribosomes skip the uORF

(B) and start translation at the mainGGP CDS. The likelihood that the short ATG uORF is translated is included in (B). This model is supported by the peaks

of ribosomes seen on the uORF in Figure 10 and by the observation that inactivating the ATG uORF increases translation (Supplemental Figure 6).
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LUC expression (Supplemental Figure 6) suggests that as-

corbate affects initiation of uORF translation in a leaky scan-

ning model (the ribosome then stalls on the uORF) rather than

the other alternatives.

That the uORF is translated is supported by the following: the

conserved sequence of the uORF, the observation that changing

a His to a Leu (Figure 6, construct 3) results in loss of ascorbate

effect, the ribosome protection data (Figure 10; Supplemental

Figure 8), the increase in LUC expression on disabling the uORF

(Figure 6, constructs 2, 4, and 5), and the observation that re-

duction in the Kozak sequence strength increased LUC expres-

sion (Figure 7). It is also supported by the loss of ascorbate

repression of LUC expression following the larger 59UTR dele-

tions before and after the uORF (Figure 9), suggesting the ribo-

some had less chance to “see” the uORF during its transit

along the mRNA and less chance to reinitiate LUC translation

after translating the uORF. The conserved His-to-Leu change

(Figure 6) did not result in a significant increase in LUC ex-

pression or in ascorbate repression of LUC translation, sug-

gesting the conserved His is a critical residue for ribosome

stalling.

Studies of ribosome protection in plants show that ribosomes

are associated with RNA sequences that are translated (Liu

et al., 2013; Juntawong et al., 2014), including canonical uORFs.

Analysis of their data shows that that ribosomes concentrate

within the uORF at a much higher level than in the main coding

region (Figure 10; Supplemental Figure 8), supporting our ribo-

some stalling model. The main peak of ribosome protection oc-

curs close to residue 53 on the 62-residue uORF (Figure 10). This

is at the end of the most conserved sequence of the uORF

(Figure 5), and given that the ribosome tunnel can hold 30 to 40

residues (Ito and Chiba, 2013), this would leave at least 13 to

23 conserved N-terminal residues emerging from the tunnel.

That the most conserved residues would be in the ribosome

tunnel when the ribosome stalls suggests that they are critical

for stalling.

We were unable to observe ascorbate directly interacting with

a synthesized uORF peptide, as tested using surface plasmon

resonance and NMR. It is therefore unclear whether ascorbate

interacts directly with the uORF peptide to cause ribosome

stalling or if ascorbate enhances noncanonical initiation and

then the uORF peptide then stalls the ribosome. It is also possible

that the uORF peptide may not directly sense ascorbate but

that another factor interacts with ascorbate to cause either ri-

bosome stalling or to promote uORF translation. Ascorbate

concentration varies between fruit of different cultivars (Fer-

guson and MacRae, 1992; Davey et al., 2006; Bulley et al.,

2009) and mutations affecting the functionality of the uORF or

a factor that interacts with ascorbate might explain this varia-

tion. Identifying this unknown protein factor and/or discovering

an allele GGP that has a mutated uORF are the obvious next

step in this work.

In conclusion, we have shown that the concentration of ascor-

bate in a leaf can be regulated through ascorbate feedback

through a taxonomically conserved noncanonical uORF in the long

59UTR of the controlling gene of ascorbate biosynthesis, GGP.

We provide evidence that this feedback acts posttranscrip-

tionally by influencing the concentration of the GGP enzyme.

We propose that this is a major mechanism by which ascorbate

concentrations are regulated in the L-galactose pathway of

ascorbate biosynthesis.

METHODS

Plant Materials and Assays

Nicotiana benthamiana was grown in a glasshouse with natural sunlight

and supplemental lighting to extend the daylength to 16 h. Temperature

was set to between 22 and 25°C. The N. benthamiana leaf transient

reporter gene system using firefly (Photinus pyralis) luciferase (LUC) as the

promoter-specific reporter and Renilla reniformis luciferase (REN) as the

transformation reporter was as described previously (Hellens et al., 2005)

using a P19 construct to prevent gene silencing. Once plants had at least

five leaves, younger leaves (1 to 2 cm in diameter) were infiltrated. Two

plants per treatment were infiltrated with Agrobacterium tumefaciens con-

taining constructs of interest and experiments were repeated at least twice.

Leaves were harvested for luminescence measurements 7 d after infiltration

unless otherwise specified. Ascorbate concentration in the leaf was raised

by infiltrating Agrobacterium tumefaciens containing a pGreen vector

(Hellens et al., 2000) with theCDS forActinidia chinensis GGP under the 35S

Figure 12. Effect of the Noncanonical uORF on Ascorbate Levels

N. benthamiana leaves were infiltrated with different constructs of the

GGP coding sequence driven by different promoters and 59UTR, and

ascorbate was measured after 7 d as detailed in the Methods. The

“control” was infiltrated with P19. “GGP (no 59UTR)” had the 35S pro-

moter and did not include the GGP 59UTR. “GME” was coinfiltrated

where indicated. “59UTR-GGP (uORF WT)” had the 35S promoter in front

of the native GGP 59UTR. The columns with “59UTR-GGP (uORF mut)”

also used the 35S promoter in front of the 59UTR of GGP, but the ACG

start codon of the uORF was changed to a TCG.
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promoter (Bulley et al., 2009) or lowered by infiltrating a RNAi vector con-

structed using as a template the GGP sequence from N. benthamiana

assembled from seven ESTs in GenBank (Snowden et al., 2005). In addition,

the version of the CDS of Actinidia eriantha GME described earlier (Bulley

et al., 2009) was used to synergistically enhance ascorbate with GGP.

Ascorbate was measured in extracts of the same leaf using an HPLC-

based assay as described (Rassam and Laing, 2005). Ascorbate was

measured as total ascorbate by reducing extracts before HPLC (Rassam

and Laing, 2005) or in unreduced extracts to measure reduced ascorbate

(Supplemental Figure 9). The amount of LUC protein was measured using

an antibody to LUC (Promega) in an immunoblot of 50 mg soluble cellular

protein per lane (extracted in 40 mM phosphate buffer, pH 7.4, 150 mM

NaCl). See Supplemental Methods for more details on tests of the system

used herein.

Experiments were repeated at least twice with similar results. Sta-

tistical analysis was done by ANOVA using Minitab, and Tukey’s family

error rate was used to calculate significant differences.

Gene Cloning and Plasmids

The A. eriantha GGP promoter was cloned from A. eriantha genomic

DNA (gDNA) as follows. DNA (2 µg) was digested using seven blunt

cutting restriction enzymes: DraI, EclII 136, EcoRV, HpaI, MScI, ScaI,

SspI, and StuI. Digests were purified and eluted in 10 mL using PCR

Clean and Concentrate spin columns (Zymogen). Double-stranded

adapter sequences (Clontech) containing nested PCR primer sites were

ligated onto cut fragments overnight at 16°C using T4 Rapid Ligase

(Roche). Ligations were column-purified a second time and eluted in

30 µL. First-round PCRwas performed using 1 mL each digest with primers

319998NRWLK1 (59-CTTGCGTCGTACAGACCGGACATGT-39), RPH-149

(59-GTAATACGACTCACTATAGGGC-39), and Ex Taq polymerase (Takara)

using the following two-step cycling conditions. For the first high stringency

step, one cycle of denaturation was performed at 94°C for 2 min, followed

by seven cycles of 94°C for 25 s and elongation/annealing at 72°C for 3min.

The second step consisted of 32 cycles of 94°C for 25 s and 67°C for 3 min

before a final 67°C extension for 3min. The first-roundproducts were run on

a 1%agarose gel and 1 mL 1:50 dilution was used as a template for second

round PCR with 319998NRWLK2 (59-CCCTATGATGTTGCCTGAAAA-

TAGTCATT-39) and RPH-150 (59-ACTATAGGGCACGCGTGGT-39). Second-

round PCR was also performed as a two-step PCR with an initial

denaturation of 94°C for 2 min followed by five cycles of 94°C for 25 s and

72°C for 3 min. This was followed by 20 cycles of 94°C for 25 s and 67°C for

3min before a final 67°C extension. Gel electrophoresis was used to identify

PCR products between 0.5 and 2 kb in size for cloning into pGem T Easy

vector (Promega) according to themanufacturer’s instructions. Cloneswere

DNA sequenced and confirmed for overlap with the known 59UTR. A

second set of nested primers was designed to the end of the first promoter

walk to extend the known A. eriantha promoter sequence to 2 kb. This 2-kb

promoter sequence was then PCR amplified from A. eriantha gDNA using

primers Eriantha gDNA PCR 59 (59-CTCCTCTTTTGAATTGACGTGACA-

CATTTA-39) and 319998NRWLK2 and sub-cloned into pGreen0800-

59_LUC (Hellens et al., 2000) usingEcoRVandNcoI restriction enzymes. The

final construct is called the GGP-promoter-pGreenII 0800-5 LUC vector.

The promoter for GGP from Arabidopsis thaliana (forward primer

59-AAGCTTGATACTTGTCCTCTCGAAATTG-39 and reverse primer

59-CCATGGTCTCAAAAAAGACAAATTTCGAAGAG-39) and control

promoters from a range of sources were cloned by PCR based on

published sequences. The control promoters were Arabidopsis TT8

(59-AATTGTCGACTCCGAAAATGTCAAACTAATTCC-39 and 59-GCGGCCGC

CGGAGATACGAAAACGTGGT-39), EF1a (59-TCTAGAATGGTACCTAAT-

TACTTCAC-39 and 59-CTCTTTACCCATGGTTAGAGACTG-39), Act2P

(59-CAGCCATTTTCCATGGGCTGCAAACAC-39 and 59-GCCATCAAAGCT-

TAAGAACTAATCC-39), and Act7P (59-TCACCATCGGCCATGGTTCAC-

TAAAAAAAAAG-39 and 59-GATTATTGTTAAAGCTTTTAATCATTC-39).

To test whether the effect of ascorbate was mediated by the promoter

or the 59UTR, we constructed two vectors where the 59UTR regions were

swapped between theGGP promoter and the TT8 promoter. The resulting

constructs consisted of the TT8 core promoter (TT8P9) followed by the

GGP 59UTR (GGPUTR) and vice versa.

Generation of the inactivated start codons or other deletions andmutations

in the uORFs of the 59UTR was done by chemical synthesis (GenScript) of

mutated and control sequences. In the inactivated versions, the ATG or ACG

start codons of the uORFswere changed to a TTG. Other changesweremade

by site-specific mutagenesis. The version of the uORF where the DNA se-

quencewaschangedwithout a change in the amino acid sequence is shown in

Supplemental Figure 4. There is aStuI site on the 59 side of the UTR 28 bp into

the 59UTR that was used as the 59 border of the synthesized fragment. We

added an extra CC to the 39 end of the synthesized genes to create aNcoI site

(CCATGG) and removed the sequence equivalent to the synthesized fragment

from the GGP-promoter-pGreenII 0800-5 LUC by digesting it with StuI and

NcoI. Then, the synthesized fragments were separately cloned into the vector

to create the two versions with (control) and without a uORF. All constructs

were sequence verified before use.

To test the effect of the 59UTR in front of the GGP CDS on ascorbate

concentration, a different GGP gene with a full-length 59UTR was used

instead of the GGP used in other experiments. At the protein level, it was

96% identical to the standard GGP, and in the absence of the 59UTR,

raised ascorbate concentrations to similar levels seen for the usual GGP.

The version with the 59UTR had the full 59UTR, while the version labeled

without the UTR had all but 37 bp upstream of the starting ATG deleted

using the XhoI restriction enzyme. In this region, at the 39 end of the

59UTR, there is little similarity between GGPs from different species

(Supplemental Figure 1). Both versions were ligated into the pART277

vector (Gleave, 1992). The mutation to change the ACG start codon to

a TTG was done by site-specific mutagenesis.

RNA Isolation and cDNA Synthesis

Total RNAwas isolated from100mg leaf tissue using anRNeasy PlantMini kit

(Qiagen), and concentrations were measured using a Nanodrop 1000

spectrophotometer (Thermo Fisher Scientific). CDNA was then synthesized

from 1 mg total RNA and random hexamers in a 10 mL total volume using

a BluePrint reagent kit for real-time PCR (Takara Bio Company) following the

manufacturer’s instructions. Following cDNA synthesis the preparation was

diluted 75 times in preparation for quantitative real-time PCR.

Quantitative PCR

Quantitative PCR was performed in 5 mL total volume using a LightCycler

480 Real-Time PCR System (Roche Diagnostics) and the following primer

pair: LUC1/2, 59-TATCCGCTGGAAGATGGAAC-39 and 59-TCCACCTC-

GATATGTGCATC-39. Primers were designed with annealing temper-

atures of 60°C using Primer3 (Rozen and Skaletsky, 2000). The luciferase

primer pair amplifies regions from the 59-end of the LUC open reading

frame. Reaction components (using LightCycler 480 SYBRGreen I Master

Mix) were as follows: 2 mM each primer and 1.25 mL diluted cDNA prepa-

ration. The standard cycling protocol with a temperature of 60°C was used

and relative quantification analysis normalized to REN transcripts was per-

formed using LightCycler 480 software (Roche Diagnostics).

Transcript Analysis Using Galaxy

Data from Arabidopsis ribosome protection assay sequencing (GSE43703

file SRR974753.fastq uploaded onto the NCBI database; Liu et al., 2013)

was analyzed by aligning sequence reads to the At4g26850 (GGP, VTC2)

transcript using Galaxy (Goecks et al., 2010; https://usegalaxy.org/). Tran-

scripts were trimmed of the 39 21 bp and then mapped to the target gene

using BWA with default settings except with a maximum edit distance of
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4 and number of first subsequences to take as seed of 26. Data were then

filtered to remove unmapped reads and exported for graphing and further

analysis. In addition, analysis was also done on a second ribosome pro-

tection data set (Juntawong et al., 2014).

Peptide Studies

A 60-amino acid peptide HPLC purified to over 95%purity with the sequence

TAIIGVSRPLIHVRSVRRKGCVVESNPSPHGGRGALPSEGGSPSDLLFLAGG-

GHFAFSVYwaspurchased fromGenscript. Thiswas tested using a600-MHz

NMRmachine andaT200BiaCore in the presence andabsence of ascorbate.

For NMR, the ascorbate was adjusted to pH 6.0 in 200 mM KH2PO4 buffer

immediately before adding it to the solution of the synthetic uORF.

Ascorbate was titrated between 0 and 18 mM ascorbate with the uORF

peptide at 0.75 mM in scans that lasted;1 h. In initial scans of 1D proton

spectra aswell as 2D TOCSY andNOESY spectra, no secondary structure

was observed.

For BiaCore measurements, the peptide was dissolved in water and

bound to a CM5 chip through the N-terminal NH2 group until a sufficient

magnitude of resonance units were achieved. Then, after equilibration,

ascorbate solutions in the range of up to 10 mM at pH 7.0 were passed

through the chip using a blank chip as a control.

To measure the uORF peptide in leaves, ;100 mg frozen powdered

transiently transformed tobacco leaf was extracted using 50 mM BTP, pH

7.5, 2 mM DTT, and centrifuged at 16,000g twice to clarify the extract.

Both tobacco transformed with the full GGP promoter driving LUC with

high and low ascorbate (induced with 35S:GGP) as well as controls

transformed with P19 and 35S:GGP were also processed. The sample

was then concentrated using a 3000 molecular weight cutoff filter and the

retentate washed with NH4HCO3. The sample was then digested with

trypsin and liquid chromatography-mass spectrometry used to identify

peptides based on the synthetic sequence performed as previously

described (Laing et al., 2004). Both a start Thr and a start Met option were

explored. As a separate approach, an extraction was made using 0.5 mL

of 7 M urea and 2 M thiourea and the samples processed without filtering.

Trypsin digestion was done after 5-fold dilution into NH4HCO3. In another

experiment, the tissue samples were extracted in 0.5 mL NH4HCO3 and

immediately boiled, centrifuged, and processed as above. Lastly, the

tissue was extracted in 10mLmethanol/chloroform/water/formic acid (12/

5/2/1, v/v/v/v) and centrifuged and the residue extracted in 10 mL 2%

formic acid in 20% methanol and the extracts combined. Then, 2.5 mL

chloroform and 3.5 mL water was added to the combined extract to split

phases, the upper layer was removed, and the chloroform phase washed

with 2% formic acid in 20%methanol. Then, the aqueous phasewas dried

down and digested. In all cases, samples spiked with peptide were run in

parallel and the peptide was observed.

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome

Initiative or GenBank/EMBL databases under the following accession

numbers: A. eriantha GGP promoter, JX486682; Arabidopsis GGP pro-

moter, At4g26850;A. erianthaGME, FG424114;A. chinensisGGP, FG528585;

Arabidopsis TT8, AT4G09820; EF1a, AT1G07940; Act2P, AT3G18780; Act7P,

AT5G09810. The kiwifruit (A. chinensis) GGP with a full-length 59UTR (Figure

12) has accession number FG460629.
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