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The RNA binding protein FCA regulates the floral transition and is required for silencing RNAs corresponding to specific

noncoding sequences in the Arabidopsis thaliana genome. Through interaction with the canonical RNA 39 processing

machinery, FCA affects alternative polyadenylation of many transcripts, including antisense RNAs at the locus encoding the

floral repressor FLC. This potential for widespread alteration of gene regulation clearly needs to be tightly regulated, and we

have previously shown that FCA expression is autoregulated through poly(A) site choice. Here, we show distinct layers of

FCA regulation that involve sequences within the 59 region that regulate noncanonical translation initiation and alter the

expression profile. FCA translation in vivo occurs exclusively at a noncanonical CUG codon upstream of the first in-frame

AUG. We fully define the upstream flanking sequences essential for its selection, revealing features that distinguish this

from other non-AUG start site mechanisms. Bioinformatic analysis identified 10 additional Arabidopsis genes that likely

initiate translation at a CUG codon. Our findings reveal further unexpected complexity in the regulation of FCA expression

with implications for its roles in regulating flowering time and gene expression and more generally show plant mRNA

exceptions to AUG translation initiation.

INTRODUCTION

The Arabidopsis thaliana RNA binding protein FCA was first

identified through its function in flowering time regulation

(Macknight et al., 1997). Loss-of-function fca mutants flower

late, and FCA forms part of the genetically defined autonomous

pathway that prevents the accumulation of mRNA encoding the

floral repressor FLOWERING LOCUS C (FLC) (Koornneef et al.,

1991; Michaels and Amasino, 1999).

FCA physically interacts with a highly conserved RNA 39-end–
processing factor FY, and this interaction is absolutely required

for the function FCA performs in regulating flowering time

(Simpson et al., 2003). FY is the Arabidopsis homolog of

Saccharomyces cerevisiae Pfs2p (Ohnacker et al., 2000) and

human cleavage and polyadenylation specificity factor

WDR33 (Shi et al., 2009), and each of these proteins is

required for the cleavage and polyadenylation of mRNA.

FCA regulates FLC expression by affecting poly(A) site selec-

tion in noncoding antisense RNAs, which initiate in the 39
region of the FLC locus (Hornyik et al., 2010; Liu et al., 2010).

FCA activity correlates with alternative poly(A) site selection in

the FLC antisense transcripts and transcriptional regulation of

FLC expression. This function of FCA is dependent on FLOW-

ERING LOCUS D, an Arabidopsis protein related to human

lysine-specific demethylase (LSD1 or KDM1 under new no-

menclature) (Liu et al., 2007; Baurle and Dean, 2008).

The regulation of FCA expression itself is unusually complex

(Macknight et al., 2002). FCA pre-mRNA is alternatively spliced

and subject to alternative polyadenylation (Macknight et al.,

1997). Some of this alternative processing results from autoreg-

ulation of expression mediated by FCA (Quesada et al., 2003):

FCA promotes promoter-proximal cleavage and polyadenylation

within intron 3 of its ownpre-mRNA, resulting in the formation of a

prematurely truncated, inactive isoform (FCA-b) at the expense

of full-length active FCA-g+ mRNA transcript (Quesada et al.,

2003). This tight autoregulation suggests that the level of FCA

expression is particularly important. This process is under de-

velopmental regulation and has a functional impact on the timing

of flowering (Quesada et al., 2003).

Genetic evidence indicates that FCA regulates the floral transi-

tion by repressing FLC (Michaels and Amasino, 2001). However,

FCA was found to play much wider roles in the Arabidopsis
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genome. For example, FCA is required for mediating RNA silenc-

ing of endogenous loci in response to a signal from an inverted

repeat transgene (Baurle et al., 2007). In addition, RNA sequences

related to transposons, retrotransposons, and dispersed repeats

that are normally silenced by the RNA-directed DNA methylation

pathway aremisregulated in fcamutants (Baurle et al., 2007). Loss

of FCA also leads to defects in root development (Macknight et al.,

2002) and gametophytic development (Baurle et al., 2007).

In experiments designed to examine whether increased ex-

pression of FCA could alter flowering time, we exchanged the

FCA promoter and a large fraction of 59 leader sequence for the

cauliflower mosaic virus (CaMV) 35S promoter, thereby fusing it

upstream of the first in-frame ATG codon of FCA. In the first

transgenes analyzed, native FCA introns were retained, but we

were unable to detect overexpressed FCA protein in the corre-

sponding transgenic Arabidopsis plants (Quesada et al., 2003).

This led us to discover FCA autoregulation through alternative

poly(A) site selection within the FCA transcript (Quesada et al.,

2003). Subsequently, by removing the introns from the trans-

genes, we were able to overexpress FCA protein. However, the

protein produced in vivo was shorter than the endogenous wild-

type FCA protein (Macknight et al., 2002). Here, we investigate

this size difference and show that translation of FCA normally

initiates upstream of the first in-frame AUG codon through use of

a CUG triplet. This noncanonical initiation of translation appears

to be conserved in FCA found in other plants. We identify cis-

elements within the FCA 59 untranslated region (UTR) that are

required for CUG selection and that are not required for trans-

lation initiation when this codon is mutated to the canonical AUG

triplet. We also show that the 59 UTR region of FCA contains

sequences that influence transcription. Bioinformatic analysis of

the Arabidopsis genome identified 10 other genes that are likely

to initiate translation at a CUG codon. These findings reveal an

added complexity of FCA regulation and have implications for

the roles that FCA might play in plant biology as well as for the

study and annotation of plant proteins in general.

RESULTS

Full-Length FCA Protein Expression Requires Sequences

Upstream of the First in-Frame AUG

As part of our initial characterization of FCA, we generated a

transgene designed to increase levels of FCA. The CaMV 35S

promoter was fused at a convenient restriction site (SalI, position

+349 with respect to the FCA transcription start site) 65 bp

upstreamof the first in-frame+414ATG (+414 refers to the position

ofAwith respect to theFCA transcription start site). The transgenic

FCA protein expressed in these lineswas;10 kD shorter than the

endogenous wild-type protein (Figure 1) (Macknight et al., 2002).

We refer to the truncated protein as FCA-g and the wild-type

protein as FCA-g+. An explanation for this discrepancymay relate

to ectopic overexpression of FCA from the CaMV 35S promoter.

Alternatively, this distinction may be related to the deletion of 349

nucleotides of upstream transcribed sequence in the course of

constructing this transgene. To distinguish between these possi-

bilities, a second transgenewasmade: in this case, the CaMV 35S

promoter was fused to the FCA transcription start site and the

constructs were introduced into mutant fca-1 plants. FCA protein

produced from this transgene complemented the late-flowering

phenotype of these plants and was full length (FCA-g+) as judged

by its similar migration to the wild type when separated by SDS-

PAGE (Figure 1). We therefore concluded that sequences up-

stream of the first in-frame ATG codon (414ATG) were necessary

for full-length FCA-g+ protein expression.

AConservedOpenReading FrameExtendsUpstreamof the

First in-Frame ATG to the FCA Transcription Start Site

Inspection of the FCA nucleotide sequence revealed its potential

to encode an open reading frame (ORF) that extended through-

out the entire 59 region upstream of 414ATG to the transcription

start site (Macknight et al., 1997) (see Supplemental Figure

1 online). Much of the nucleotide sequence in this region was

relatively GC rich, compared with the typically AU-rich nature of

higher plant 59 UTRs (Gallie, 1996). Together, these findings

raised the possibility that not all of the sequence upstream of

414ATGmight constitute the FCA 59UTR. Instead, at least part of
this regionmight be translated, and unusually, this would have to

involve the selection of a noncanonical or non-AUG codon. In

eukaryotes, the initiation of translation from non-AUG codons is

apparently rare but is often associated with highly regulated

genes (van der Velden and Thomas, 1999).

To begin to address the possibility that translation of FCA

might initiate from a non-AUG codon, we inspected the FCA

Figure 1. Fusion of the CaMV 35S Promoter at a SalI Site Upstream of

the First in-Frame ATG of FCA Results in Expression of a Truncated FCA

Protein.

(A) Scheme of constructs designed to express FCA from the CaMV 35S

promoter and the flowering time, determined as total leaf number at

flowering, of wild-type (WT; Landsberg erecta [Ler]) and the two con-

structs in an fca-1 mutant background (mean 6 SE calculated using at

least 15 individuals for each genotype; fca-1 typically flowers with ;30

leaves when grown in similar conditions).

(B) Immunoblot of FCA protein, detected by anti-FCA KL4 antibodies, in

wild-type (Ler) and fca-1mutant backgrounds compared with transgenic

FCA expressed from the CaMV 35S promoter. Full-length FCA-g+ and

truncated FCAg proteins are indicated by arrows.
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sequence for codons that match criteria important for their

selection as suggested by Kozak (1990, 1997). Only one in-

frame codon, 141CTG, was identified that differed from ATG at

only one position and had an adjacent purine at –3 and G at +4

(notably, the first in-frame ATG is in a poor Kozak consensus).

Importantly, conceptual translation of FCA from 141CTG to

414ATG resulted in a predicted molecular mass of 10.4 kD,

close, therefore, to the 10-kD size difference identified between

the transgenic FCA proteins expressed from 414ATG (FCA-g) and

the transgenic protein expressed from the FCA transcription start

site (FCA-g+) (Figure 1). Transient expression studies of translation

initiation from synthetic non-AUG start codons in plant cells

previously found that, in plant protoplasts, CUG was the most

effective triplet, exhibiting 30% of the AUG activity (Gordon et al.,

1992). We therefore considered it possible that FCA translation

initiated from 141CUG and set out to test this idea.

FCASequences Upstreamof the First in-FrameAUGCodon

Affect the Translation of a Reporter Protein in Vitro

To determine whether FCA sequences upstream of the first in-

frame 414ATG could influence translation, their effect on a

reporter protein (the spliceosomal protein, U1A) was examined

through in vitro translation experiments. First, the sequence of

Arabidopsis FCA, from transcription start site to 414ATG, was

fused upstream of the U1A ATG start codon. Proteins were

translated in vitro from RNA transcribed from this construct in

rabbit reticulocyte extract in the presence of [35S]Met. The

fusion of the upstream FCA sequence to U1A resulted in the

translation of a protein of greater apparent molecular mass than

the U1A control (we refer to the larger protein as U1A+) (Figure

2). Consistent with this effect being related to translation, the

introduction of a stop codon midway between 141CUG and

414AUG at position +249 in the FCA transcript (by point muta-

tion of the triplet 249GAA to UAA [141CTG//STOP]) inhibited

U1A protein production (Figure 2). This result is consistent with

translation starting upstream of 414ATG. We next asked

whether mutation of 141CTG would also affect the translation

of the U1A reporter protein. Two different point mutations were

introduced: first, a 141CTG toCTC change that results in a triplet

differing from the canonical ATG at two positions was intro-

duced (CTC, like CTG codes for the amino acid Leu). Second, a

141CTG-to-ATG change that results in the reconstruction of a

canonical translation start codon was made. Consistent with

141CUG being used as the initiating codon in vitro, the 141CTG-

to-CTC mutation blocked the formation of full-length U1A+

protein (Figure 2). However, a protein matching the size of U1A+

produced from the fusion of wild-type FCA sequence was

produced from RNA bearing the 141CUG-to-AUG mutation

(Figure 2).

In summary, these data support the idea that FCA sequences

upstreamof 414AUGharbor a noncanonical translation initiation

codon and specifically indicate that this codon is 141CUG.

Since this noncanonical translation initiation could be conferred

upon a heterologous protein by fusion of the sequence up-

stream of FCA 414AUG, it indicates that sequences necessary

and sufficient for noncanonical translation initiation are coded

within this region.

StableExpressionofTransgenesBearingPointMutations in

FCA Provides Evidence for Noncanonical Translation

Initiation in Vivo

We next asked whether the results found in vitro using a heter-

ologous host extract were relevant to what might happen in

Arabidopsis itself. We therefore expressed FCA transgenes

carrying the same point mutations in the sequence upstream of

414ATG as had been tested in vitro (Figure 2). Transgene

expression was driven by the native FCA promoter. These

mutant FCA transgenes were introduced into fca-1 loss-of-

function mutant backgrounds, and at least three independent

transgenic lines were analyzed for each construct (Figures 3A to

3C). The fca-1 mutant accumulates reduced levels of truncated

FCA, as shown in Figure 3C (Quesada et al., 2003). This enables

the detection of full-length FCA expression from the test trans-

genes using anti-FCA antibodies without an interfering sig-

nal from endogenous FCA. Simultaneously, it enables the

Figure 2. In Vitro Translation of a Reporter Protein, U1A, Expressed from

RNA Derived from FCA-U1A Fusions in Rabbit Reticulocyte Lysates.

(A) Schematic representation of DNA constructs used: Wild-type FCA

sequence from +1 to +414 and related sequences bearing point muta-

tions were fused upstream of U1A. The position of +141CTG, +249GAA

(which was mutated to a stop codon in one construct), and the first in-

frame +414ATG are shown. Expression was driven by T7 RNA poly-

merase.

(B) Autoradiograph of proteins expressed in vitro in the presence of [35S]

Met from constructs depicted in (A). The position of full-length U1A

protein and the size-shifted U1A+ protein detected with FCA-CTG-ATG:

U1A and FCA-WT:U1A fusions are indicated with an arrow.
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assessment of the functional significance of this unusual transla-

tion by measuring the degree to which this late flowering pheno-

type is complemented by the test FCA transgenes (Figures 3A and

3B). Wild-type FCA (lacking introns) expressed from the native

FCA promoter complements the fca-1 mutation (Macknight

et al., 2002). By contrast, a transgene bearing the point mutation

tested in vitro that introduces a stop codon midway between

141CTG and 414ATG (141CTG//STOP) failed to complement the

late flowering phenotype of fca-1 (Figures 3A and 3B). Consistent

with this, no full-length FCA-g+ protein could be detected in

these transgenic lines (Figure 3C). We next introduced the

transgenes bearing point mutations in 141CTG itself: 141CTG

to CTC and 141CTG to ATG. Transgenic lines harboring the

141CTG-to-CTC mutant FCA transgene flowered late and pro-

duced no full-length FCA-g+ protein (Figures 3A to 3C). By

contrast, the 141CTG-to-ATG lines flowered early and ex-

pressed FCA protein that migrated with the same apparent

mobility as wild-type FCA-g+ (Figures 3A to 3C).

FCA negatively regulates its own expression bymodulating the

site of 39 end formation in its own pre-mRNA (Quesada et al.,

2003). Consistent with this negative feedback (and the activity of

the transgenic FCA proteins in flowering time regulation), those

backgrounds expressing full-length active FCA protein show

reduced levels of the endogenous truncated FCAmutant protein

(Figure 3C). The genotype of these lines was confirmed by

derived cleaved-amplified polymorphic sequence analysis (Neff

et al., 1998; Quesada et al., 2003).

In summary, the results obtained in vivowith the transgenic lines

expressing mutant FCA transgenes closely resemble those ob-

tained in vitro with constructs fusing mutated FCA sequence to a

heterologous reporter protein. Together, the results are consistent

with FCA translation initiating from a noncanonical CUG codon.

141CTG and the Deduced ORF Upstream of the First

in-Frame ATG Are Conserved in Homologs of FCA from

Other Plant Species

The availability of sequence data for FCA homologs from other

plant species indicates that the selection of a noncanonical

codon may not be restricted to Arabidopsis. For example, an

ORF extends upstream of the first in-frame ATG codon of

rapeseed (Brassica napus), cotton (Gossypium hirsutum), and

Medicago truncatula FCA. Comparison of these potential ORFs

with that encoded by Arabidopsis FCA sequence +1 to +414

reveals significant stretches of homology (Figure 4). In each case,

a CTG at a position equivalent to 141CTG is found that lies within

a goodKozak consensus. Thus, in contrastwith the situationwith

Arabidopsis AGAMOUS, where noncanonical ACG usage is not

conserved in homologous genes from other species (Riechmann

et al., 1999), this sequence data raises the possibility that this

unusual form of translation is conserved in FCA homologs.

Further consideration of related FCA sequences from other

species reveals stretches of conservation of the predicted ORF

encoded upstream of the first in-frame ATG of Arabidopsis FCA

as well. However, in the case of tomato (Solanum lycopersicum)

and grape (Vitis vinifera), for example, an ATG codon is found at

the position corresponding to 141CTG. The conservation of this

ORF and the presence of a conventional ATG codon at the

position corresponding to 141CTG is consistent with our exper-

imental data, revealing that Arabidopsis FCA protein translation

begins upstream of the first in-frame AUG codon. Initiation of

translation at a CUG codon is likely to be a conserved, but not

obligatory, feature of FCA protein expression.

Figure 3. Flowering Time and Expression Analysis of FCA Transgenes

Bearing Single Point Mutations Upstream of +414ATG When Introduced

into a Mutant fca-1 Background.

(A)Quantification of flowering time, determined as total leaf number after

flowering (mean 6 SE calculated using at least 20 individuals for each

genotype).

(B) Representative plants illustrating the phenotypic difference between

early and late flowering genotypes. Early flowering plants, such as wild-

type Ler have already flowered, while other genotypes grown alongside

in identical conditions for the same period of time remain in the vege-

tative state and continue to produce rosette leaves.

(C) Immunoblot showing the expression of FCA in representative geno-

types of wild-type, mutant fca-1, and fca-1 plants expressing mutated

and wild-type FCA transgenes. The position of full-length FCAg+ and

truncated mutant protein (fca) expressed in fca-1 is indicated by arrows.

Asterisk denotes a non-FCA-derived cross-reacting product that serves

as an internal control.

[See online article for color version of this figure.]
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Sequences Downstream of 141CUG Are Not Required for

Translation Initiation at FCA 141CUG

To define the sequence features required for noncanonical CUG

translation initiation, we established a transient assay experi-

mental system. The sequence of FCA between the transcription

start site and 450ATG (the second in-frame ATG) was fused to a

firefly luciferase reporter gene and expressedwith the CaMV 35S

promoter. This construct also contained a 35S promoter-Renilla

luciferase gene as an internal control (Hellens et al., 2005). To

determine whether any effect was specific to noncanonical

initiation codons, we prepared an identical construct carrying

the 141CTG-to-ATGmutation used in the experiments described

in Figure 3. Both the 141CTG- and 141ATG-containing con-

structs were transiently expressed in Nicotiana benthamiana

leaves. The strong CaMV 35S promoter and heterologous ex-

pression system ensured similar levels of transcription between

different constructs. This was confirmed by measuring the

reporter RNA levels with quantitative RT-PCR, and the results

are expressed as a ratio of luciferase activity versus relative

luciferase mRNA levels. Surprisingly, we found that there was

only amodest (1.3-fold) increase in translation efficiencywhen an

AUG rather than a CUG codon was present at position +141

(Figure 5, i and ii). This result was confirmed in stable transgenic

Arabidopsis lines where the CaMV 35S promoter was used to

drive an in-frame fusion between the FCAs 59 region (+1 to 450),

containing either CUG or AUG at position 141, and b-glucuron-

idase (GUS) (see Supplemental Figure 2 online). We then exam-

inedwhether translation initiated at the 141CUGor AUGcodon of

RNA expressed from these reporter gene constructs by deleting

the downstream AUG codons (306 to 450) and mutating the

141CUG to CUC. Deletion of the downstream AUG codons had

little effect on the level of luciferase activity, whereas mutating

141CUG to CUC abolished activity (Figure 5, iii to v). Therefore,

aswith stable transgenicArabidopsis lines and in vitro translation

experiments, this experimental system confirms translation ini-

tiation at a Leu-coding CUG, but not a CUC codon, within FCA 59
sequences. Again, there was little difference in the levels of

luciferase produced from the CUG- and AUG-containing con-

structs (Figure 5, iii and iv). Thus, in contrastwith exampleswhere

translation initiation from synthetic constructs was shown to

occur ;3-fold less efficiently at CUG compared with AUG

codons (Gordon et al., 1992), translation initiation at FCA

141CUG was similar to an AUG codon at the corresponding

positions.

Noncanonical translation initiation can be enhanced when an

RNA hairpin is located 14 nucleotides from the initiating codon,

as this corresponds to the distance from the leading edge of the

ribosome to the AUG recognition center (Kozak, 1990). To

investigate if such sequences were required for FCA translation

initiation, the region immediately downstream of 141CUG (from

nucleotides 147 to 188) was deleted. We found that this deletion

had no effect on translation initiation as measured by luciferase

activity (Figure 5, vi). Furthermore, deletion of two downstream

regions predicted to form RNA secondary structures (region 195

to 239 and region 249 to 287; Figure 5, vii and viii, respectively)

had little effect on translation initiation either. In fact, deletion of

all but the next codon after 141CUG (region 147 to 450; Figure

5, ix) did not prevent 141CUG translation initiation as measured

by luciferase activity. We therefore conclude that sequences

Figure 4. FCA DNA and Peptide Sequence Are Highly Conserved at the CUG Start Codon.

DNA (A) and protein (B) sequence alignments of various plant FCAs (Arabidopsis; Brassica, Brassica napus; cotton, Gossypium; Medicago, Medicago

truncatula; grape, Vitus vinifera; tomato, Solanum lycopersicon). DNA nucleotides and amino acids with >60% identity are shaded black. The position of

141CTG is marked by a thick black line (A) and corresponds to the first amino acid in (B). Nucleotides mutated to create the CTG region II mutant are

indicated by an asterisk. I, II, and III (nucleotides 1 to 60 are not shown) represent three regulatory regions within the Arabidopsis FCA 59 UTR.
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downstream of 141CUG are not required for its selection as an

initiation codon. Interestingly, deletion of downstream se-

quences from constructs bearing the corresponding 141CUG-

AUG mutation resulted in increased translation of mRNA by

about 2-fold (see Supplemental Figure 3 online). Therefore,

although RNA sequences downstream of 141CUG are not re-

quired for its selection, they contribute to the relative efficiency of

translation initiation of an AUG codon in the same context,

revealing contrasting features of CUG and AUG initiation.

Overall, these data reveal that sequences downstream of

141CUG are not required for its selection. Thus, unlike other

examples of noncanonical start codon usage (Kozak, 2002), FCA

translation initiation is not explained by downstream secondary

structure slowing ribosome scanning and enabling CUG codon

recognition.

Multiple Upstream Sequences within the 59 UTR Are

Required for Efficient CUG Translation Initiation of FCA

Given that sequences downstreamof 141CUGwere not required

for its selection as an initiation codon, we next examined the

potential role upstream sequences might play in this same

experimental system: First, in the same pair of firefly and Renilla

luciferase reporter constructs used in Figure 5, i and ii (and

shown again in Figure 6A, i and ii), we deleted all but six base

pairs (deletion 1-134) upstream of 141CTG and 141ATG (Figure

6A, iii and iv). This deletion almost abolished translation of mRNA

expressing 141CUG but had a minor effect on translation of

mRNA carrying the 141CUG-AUGmutation (Figure 6A, iii and iv).

Thus, sequences upstream of position 141 are specifically re-

quired for CUG-dependent, but not AUG-dependent, translation

initiation.

To determine what features of the 59 UTR were required for

141CUG translation initiation, we first asked whether the impact

of this deletion was derived from the loss of specific cis-acting

elements or simply the loss of upstream sequence, as the length

of mRNAs we were comparing was now different. To address

this, we synthesized a construct designed to express an mRNA

with a 59 UTR of the same length and GC content upstream of

141CUG as in FCA, but comprising a randomized sequence that

differed from wild-type FCA in region 1-134. Again, almost no

luciferase activity was detected upon expression of this mRNA

(Figure 6A, v). This finding reveals that specific cis-elements,

rather than a particular 59 UTR length, are required for 141CUG

translation initiation.

Whatmight these cis-elements be? Alignment of the sequence

of FCA 59 UTR from a range of plants revealed little similarity,

apart from a weakly conserved region between 26 and 221

nucleotides upstream of 141CUG (Figure 4, region II). To inves-

tigate whether this conserved region affected noncanonical

translation initiation, we first asked whether this sequence was

sufficient to promote CUG translation initiation. Constructs were

generated with all but 21 nucleotides of the 59UTR either deleted

or comprised of randomized nucleotides. When compared with

Figure 5. Downstream Sequences Are Not Required for Translation of FCA from 141CUG.

Relative luciferase (LUC) activities produced from various constructs containing 141CUG, 141AUG, or 141CUC initiation codons fused to a firefly

luciferase reporter gene and expressed using an N. benthamiana transient assay system. Relative LUC activity represents the ratio of LUC activity

versus relative LUCmRNA levels to ensure any differences are due to altered translational efficiency rather than RNA levels (data represent the mean6

SE from at least 10 independent assays). Variation in transformation efficiencies between Agrobacterium infiltrations of N. benthamiana leaves were

corrected using the ratio of Renilla luciferase activity. The name of each construct indicates the codon at position 141 and the amount of FCA sequence,

numbered from the transcription start, that was fused in frame with luciferase. The constructs are shown with FCA sequence as thick lines, deletions as

thin lines, and luciferase sequence as rectangles.
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translation measured from constructs containing only six nucle-

otides of wild-type FCA 59 UTR (nucleotides 135 to 140) (Figure

6A, iii and v), the constructs containing a 21-nucleotide 59 UTR
(nucleotides 120 to 140) either alone or with extra randomized 59
UTR sequences resulted in about a 3-fold increase in luciferase

activity (Figure 6A, vi and vii). Therefore, this conserved region II

is sufficient to enhance CUG translation initiation efficiency.

Four nucleotides in region II are conserved between FCA se-

quences fromother species (nucleotidesmarkedwith an asterisk in

Figure 4). To test if these nucleotides were required for CUG

translation initiation, we mutated them in a construct that contains

the entire 59 UTR. This specific disruption of region II resulted in

60% less detectable luciferase activity (Figure 6A, viii) compared

with wild-type FCA 59 sequences (Figure 6B, i), revealing that not

only was region II sufficient for CUG translation initiation, but that it

was also required for complete wild-type levels of recognition.

Other upstream sequences, in addition to region II, contribute

to the efficiency of noncanonical translation efficiency: we found

that constructs expressing the entire 59 UTR (e.g., Figure 6A, i,

and 6B, i) result in ;8-fold higher luciferase activity than con-

structs inwhich nucleotides 1 to 120 of the FCA 59UTR (whichwe

refer to as region I) have been either deleted or replaced by

randomized sequence of the same length and GC content

(Figure 6A, vi and vii). Together, these experiments demonstrate

that the 59 UTR of FCA contains at least two cis-elements

(present within regions I and II) required to promote efficient

translation initiation at 141CUG, but which are dispensable for

AUG translation initiation in the same context.

We next attempted to establish whether noncanonical trans-

lation might play role in regulating FCA expression. However,

while the FCA promoter and 59 FCA sequence (either just the 59
UTR [FCA 1-141] or 59 UTR and ORF to 483ATG) was capable of

Figure 6. Sequences within the FCA 59 UTR Are Required for 141CUG Translation Initiation.

Relative luciferase (LUC) activities produced from constructs containing deletions or mutations within the 59UTR (A) andmutations that alter the context

of the 141CUG initiation codon (B). Relative LUC activities are given as a ratio of LUC activity versus relative LUCmRNA levels (data represent the mean

6 SE from at least 10 independent assays). The constructs were transiently expressed in N. benthamiana leaves, and variations in transformation

efficiencies between Agrobacterium infiltrations of leaves were corrected for usingRenilla luciferase activity. The FCA sequence within each construct is

shown numerically (i.e., CTG 1-450 incorporates the FCA sequence from transcription start to position +450) and diagrammatically. Individual point

mutations are shaded gray, and deleted bases are not shown. Black bars represent 119 bp of the FCA sequence upstream of 141NTG or 300 bp of

downstream sequence (not to scale). Unfilled bars indicate 119 bp of randomly generated sequence (www.molbiol.ru/) containing 37% GC content,

with no introduced translation initiation codons.
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driving comparatively high levels of GUS expression, the FCA

promoter alone resulted in almost no detectable GUS activity or

mRNA (see Supplemental Figure 4 online). Thus, the FCA 59UTR,
which is required for CUG translation initiation, also contains

elements that affect FCA expression. In support of this conclu-

sion, the FCA 59 UTR was able to drive GUS expression when

fused downstream of a minimal TATA box CaMV 35S promoter

(see Supplemental Figure 4C online). The fact that the FCA 59
region contains both transcriptional and translational control

elements as well as the FCA ORF will make dissecting the

biological role of these sequences more difficult.

FCA Translation Initiation Depends on 141CUG Context

Apart from FCA, the only other ArabidopsismRNA that has been

shown to initiate translation at a CUG codon is that expressed

from Polg2. Using a wheat germ in vitro translation system,

Wamboldt et al. (2009) provided evidence that an AAG purine

triplet preceding CUG is required for Polg2 CUG translation.

Mutating either the -3A or -2A to C did not prevent CUG

translation initiation; however, mutating all three purines to

pyrimidines (AAG to TTC) abolished translation. Wamboldt et al.

(2009) hypothesized that the minimal requirement for CUG

translation initiation is the context A/G A/G A/G C+1UG G+4 and

demonstrated that the addition of the sequence AAGCUGG (the

introduced in-frame CUG is underlined) upstream of the canon-

ical AUG within At2g15790 (cyclophilin 40) mRNA, was sufficient

to promote CUG translation initiation in wheat germ in vitro

translation assays. Arabidopsis FCA also has a purine triplet at

the 59 flank of FCA 141CTG. However, we showed that a purine

triplet was not sufficient to allow FCA translation initiation in

planta and that specific cis-elements within the 59 UTR are

required (Figure 6A), indicating that features of noncanonical

FCA translation initiation differ from the leaky scanning mecha-

nism established for Polg2. We therefore asked what con-

tribution the sequence context of 141CUG made to FCA

noncanonical translation initiation.

A purine triplet upstream of 141CUG, along with a G at26 and

+4, is a conserved feature of FCA mRNAs from species other

than Arabidopsis that have a predicted CUG initiation codon.

However, they are not a conserved feature of FCA mRNAs

predicted to initiate translation at an AUG codon (these se-

quences are annotated as region III in Figures 4 and 6). To

determine if this conserved sequence is required for noncanon-

ical translation initiation, we mutated five of the six nucleotides

immediately upstream of 141CUG, converting purines to pyrim-

idines and matching the corresponding sequence in tomato

FCA, which has an AUG initiation codon (Figure 6B, ii). These

mutations resulted in an;100-fold decrease in luciferase activ-

ity, indicating that the upstreampurines are essential for 141CUG

translation initiation in FCAmRNA. The importance of the26 and

23 purines was then examined by creating a construct in which

these two nucleotides were converted to thymines (G135 to T

and A138 to T). These mutations almost abolished luciferase

activity (Figure 6B, iii).We then examined the role of the individual

purines. The point mutation at26 (G135 to T) resulted in an;2-

fold reduction in luciferase activity (Figure 6B, iv), but the point

mutation converting the 23 purine to a pyrimidine (A138 to T)

almost abolished activity (Figure 6B, v). These results demon-

strate that sequence immediately 59 of the CUG (within region III

of Figure 6) is important for noncanonical translation initiation of

FCA and that a purine (adenine) at 23 is essential.

Our results support the conclusion of Wamboldt et al. (2009)

that upstream purines are necessary for FCA CUG translation

initiation but, in contrast withWamboldt et al. (2009), we find that

they are not sufficient for noncanonical FCA translation initiation.

CUGTranslation Initiation Is a Conserved Feature of a Small

Proportion of Plant Genes

A previous computational search for CUG codons (with the

consensus Axx CUG G) upstream of in-frame AUG codons in

Arabidopsis 59 UTRs identified 76 candidate mRNAs that might

initiate translation from a CUG codon (Wamboldt et al., 2009).

Our in planta data suggest that while such a context is required, it

is not sufficient for CUG translation initiation to occur. If CUG

translation initiation were biologically significant, it is likely to be

conserved between orthologous genes in other plants. There-

fore, to investigate if other ArabidopsismRNAs might initiate at a

CUG, we used an alternative approach that incorporated diverse

plant EST and genomic sequence databases to identify mRNAs

with conservation between an upstream CUG and the annotated

AUG start codon.

Our experimental data define the following criteria for CUG

translation initiation of Arabidopsis FCA mRNA: first, it contains

an upstream CUG codon, with G at +4, that is in frame with the

annotated AUGof the FCAORF; second, the deduced translated

sequence between CUG to AUG sequences is conserved in FCA

orthologs from other plant species; third, this amino acid con-

servation is not observed in sequence upstream of Leu/CUG.We

undertook a bioinformatic analysis using these criteria to identify

other mRNAs that might initiate translation at a CUG codon. A

flow diagram of the steps involved is shown in Figure 7. We

identified 856 genes with upstream in-frame CTG codons (with a

G at +4), but only 10 (in addition to FCA and Polg2) in which the

putative CUG translation initiation codon and translated se-

quence between the CUG and the downstream annotated AUG

start codon were conserved in putative orthologous sequences

from other plants (Table 1; see Supplemental Figure 5 online for

further details). Interestingly, for two of the genes, a GUG rather

than a CUG codon was present in some species. GUG has also

been shown to function as a translation initiation codon, although

at lower efficiency (Gordon et al., 1992; Depeiges et al., 2006).

Next, we examined if the 10 genes identified in our bioinformatic

search share any common sequence elements that might be

required for CUG translation initiation and found that a purine

was present at 26 in 80% of the genes and present at 23 in all

genes, and that a guanine was always at 24 (Figure 8; see

Supplemental Figure 6 online). Analyzed in this way, our findings

suggest that CUG translation initiation is relatively rare, although

our approach is quite conservative and some genes might be

missed, for example, if orthologs have not been sequenced or if

there is insufficient translated sequence between CUG and the

annotated AUG for BLAST matching.

To validate these candidate examples of noncanonical CUG

translation initiation, the deduced 59UTRof each genewas fused
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in frame with the luciferase reporter gene under the control of the

CaMV35Spromoter and translation examined using infiltratedN.

benthamiana leaves. As with our previous analysis using this

experimental system, luciferase activity should only be observed

if translation is initiated at a noncanonical codon. We examined

four genes with a conserved upstreamCUG (and for comparison

FCA) and four genes without a conserved upstream CUG (i.e.,

the upstream CUGs were only found in Arabidopsis). The up-

stream CUG codon of all the genes examined was in a good

context (i.e., a purine at23 and aG at +4). Luciferase activity was

detected from FCA and the other four constructs derived from

genes with conserved CUG initiation codons (Table 2) but barely

detectable from constructs derived from two genes lacking

conserved CUG codons (At3g05580 and At3g58690), while

another (At4g21120) had luciferase activity lower than those

constructs derived from the conserved CUG set, and At3g50830

had luciferase activity that was readily detectable (Table 2).

These data also reinforce our findings with FCA that an in-frame

CUG in a good context is not sufficient for efficient translation

initiation and that other sequences contribute to CUG translation

initiation.

Leaky scanning translation initiation in Polg2 mRNA at both a

CUG and a downstream AUG allows dual targeting of the protein

to chloroplasts and mitochondria, respectively (Christensen

et al., 2005). For five of the genes identified with our search

criteria, dual targeting to different organelles was also predicted,

dependent on whether initiation occurred at CUG or AUG (Table

1; see Supplemental Table 1 online for prediction details). How-

ever, for the other five deduced proteins, there was no indication

of dual targeting. Thus, while noncanonical translation and leaky

scanning can facilitate dual targeting for protein isoforms, this is

not the sole purpose of noncanonical translation initiation as

exemplified by FCA and nor is leaky scanning the universal

mechanism by which such codons are selected.

DISCUSSION

We report here that translation of FCA initiates upstream of the

first in-frame AUG codon. By combining in vitro translation and in

vivo genetic approaches, we obtained evidence consistent with

translation of FCA initiating from a CUG triplet. This is not a

feature unique to Arabidopsis FCA, as conservation of sequence

strongly indicates that FCA from other plants also initiates

translation at a CUG codon. Specific cis-elements upstream of

this CUG codon are required for its selection but not for initiation

at an AUG codon at the same position. This implies that FCA

translation has the potential to be regulated in a specific manner.

Our findings havewider implications for understanding howplant

proteins in general are translated and determining how plant

genome sequences should be annotated.

Noncanonical translation initiation is unexpected, and alter-

native explanations for our findings could invoke a role for

splicing of the 59 region of FCA. For example, it is possible that

a splicing event within the 59 region of FCA creates an in-frame

AUG codon that is the site of translation initiation. Alternatively,

translation initiation at an upstream AUG codon in a different

reading frame coupled with a splicing event within the 59 leader
could recreate the FCA ORF of full-length FCAg+. However, our

experimental approaches rule out a role for splicing. First, in a

detailed set of analyses of alternative processing of FCA pre-

mRNA (Macknight et al., 1997, 2002; Quesada et al., 2003), we

never detected splicing events in the 59 region of FCA pre-

mRNA. Second, the absolute sensitivity of FCA translation to the

141CUG-to-CUC but not the 141CUG-to-AUG mutation is in-

consistent with a role for splicing of this RNA. Third, wewere able

to recapitulate the in vivo effects of specific mutations on FCA

translation in vitro using rabbit reticulocyte extracts that are

unable to splice pre-mRNA.

Figure 7. Flow Diagram Explaining the Bioinformatic Search for Genes

That Initiate Translation at CUG.

Processes described in orange boxes were performed using computer

algorithms, whereas purple boxes show manual processes.

[See online article for color version of this figure.]

3772 The Plant Cell



How is the noncanonical codon selected in FCA mRNA? Two

principal mechanisms, referred to as linear scanning and internal

ribosome entry, explain translation initiation, and noncanonical

initiation codons can be selected in both cases. The linear

scanning model explains eukaryotic translation initiation in most

cases: this process is dependent on the interaction of eukaryotic

initiation factor (eIF) 4E with the 7-methyl guanosine cap struc-

ture at the 59 end of the mRNA. This provides a landing platform

for the 43S preinitiation complex of 40S ribosomes, eIF-2, eIF-3,

Met-tRNAi, and GTP, which migrates from the 59 end of the

mRNA to the first AUG triplet in a favorable sequence context,

from where protein synthesis begins (Kozak, 1999). Translation

initiation via internal ribosome entry involves cis-elements,

known as internal ribosome entry sites (IRES), in a cap-indepen-

dent process (Hellen and Sarnow, 2001). No single mechanism

or sequence accounts for IRES-mediated translation initiation.

Viral and cellular IRESs are typically characterized by long leader

sequences and complex RNA structures, but this is not true of all

cellular IRESs (Komar and Hatzoglou, 2005). Our findings do

not distinguish between scanning and internal ribosome entry-

mediated translation of FCAmRNA, but we found no evidence of

leaky scanning (see below) or of downstream sequences being

required to slow progression of scanning ribosomes to allow

recognition of a noncanonical codon. We did, however, discover

that upstream sequences were essential for CUG recognition,

but these were dispensable for AUG recognition in the same

context.

Where non-AUG translation initiation has been documented, it

has sometimes been associated with additional sites of initiation

resulting from leaky scanning (Acland et al., 1990; Vagner et al.,

1995; Nanbru et al., 1997; Stoneley et al., 1998; Kozak, 2002).

Leaky scanning involves inefficient recognition of an initiator

codon that results in a proportion of 43S preinitiation complexes

continuing to scan and initiate translation at a downstream site.

This leads to the formation of different protein isoforms whose

production can be differentially regulated (Vagner et al., 1996),

which may be localized differently (Acland et al., 1990) or are

functionally distinct. Certain viruses that infect plants exploit

leaky scanning as a mechanism to translate distinct proteins

from their compact genomes (Futterer et al., 1997). It has been

proposed that leaky scanning of Arabidopsis Polg2 enables the

formation of distinct peptide target sequences that allows dual

targeting of Polg2 to plastids and mitochondria (Wamboldt et al.,

2009). This raises the question of whether leaky scanning from

141CUG might normally produce FCA-g from 414AUG in vivo

and whether this isoform may behave differently to FCA-g+.

However, we have no positive evidence for either of these

possibilities: first, these two FCA isoforms behave similarly, in

that both FCA-g and FCA-g+ associate with FLC chromatin (Liu

et al., 2007) and can complement the fca-1mutation. Second,we

have been unable to detect endogenous FCA-g: when we use

highly denaturing protein extraction buffers (that include guani-

dine hydrochloride or urea), we can detect transgenic FCA-g

and FCA-g+ following immunoblot analysis, but only FCA-g+ is

found in wild-type Arabidopsis extracts (Figure 1). Therefore,

Arabidopsis FCA appears to be translated exclusively from a

noncanonical initiation codon without detectable alternative

isoforms being produced by leaky scanning. Of the 10 genes

we identified through a computational approach as likely to

initiate translation at a CUG codon, five are predicted to encode

proteins that are differentially targeted depending on whether

Table 1. List of Genes Identified as Initiating Translation at CUG and the Predicted Cellular Localization if Initiation Occurs at the CUG or

Downstream AUG

At No. Description

Predicted Targeting

CUG Protein AUG Protein

At1g03260 Similar to unknown protein – ER

At1g21000 Zinc binding family protein – –

At1g55760 BTB/POZ domain-containing protein – Mitochondria

At2g20680 Glycosyl hydrolase family 5 protein Mitochondria ER

At3g02750 Protein phosphatase 2C Plastid Plastid

At3g04080 APY1, apyrase Plastid Mitochondria

At3g10985 SAG20, wound-induced protein 12 – –

At3g62660 GATL7, galacturonosyltransferase-like 7 – ER

At4g02680 EOL1, ETO1-like 1 – –

At5g14500 Aldose 1-epimerase family protein – –

ER, endoplasmic reticulum.

Figure 8. Logo Plot Showing the Consensus Surrounding the CUG

Codon from the 10 Arabidopsis Genes Identified in Our Bioinformatic

Search and Their Homologs.

[See online article for color version of this figure.]
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they initiate at CUG or a downstream AUG (Table 1). For the

remaining five genes, the predicted subcellular localization of the

translated protein was unaffected by selection of distinct initia-

tion codons. Therefore, our work with FCA demonstrates that

dual targeting of proteins to different subcellular locations is not

the only reason that plants use noncanonical CUG translation

initiation, and leaky scanning does not necessarily result from

noncanonical codon initiation in plants.

ACUG initiation codon can formonly two base pairs, instead of

three, with the anticodon of the Met-tRNAi (polypeptides with N

termini Met residues are produced from noncanonical translation

initiation; Peabody, 1989). The sensitivity of FCA translation

initiation at 141CUG-to-the CUC mutation is consistent with its

recognition being dependent on Met-tRNAi. Non-AUG initiation

requires that the weakened codon–anticodon interaction is

compensated for by contacts with nearby nucleotides: a purine

at position –3 and a G at position +4 augments recognition of

non-AUG codons (Kozak, 1997). Significantly, FCA 141CUG lies

in such a context, and we showed that mutation of the23 purine

to a pyrimidine results in a dramatic reduction in translation

efficiency. CUG context, comprising a purine triplet 59 of a CUG

initiation codon, is an important element of the mechanism that

mediates alternative translation initiation of Polg2 dual targeted

proteins (Wamboldt et al., 2009). A purine triplet is also found

upstream of Arabidopsis FCA 141CUG. Furthermore, a purine at

23 and guanine at +4 was a conserved feature of the additional

genes with putative CUG translation initiation codons that we

identified in our bioinformatic analysis (Figure 8). Therefore, our

analysis is consistent with local sequence context of the initiation

codon being crucial to their recognition.

In addition to local CUG context, however, an important

discovery was that deletion of sequence upstream of 141CUG

(which did not affect the context of the CUG) substantially

reduced (;100-fold) translation initiation at this codon but had

no effect when 141CUG was mutated to AUG. By contrast,

sequences downstream of 141CUG were not required for its

selection. These findings demonstrate that upstream sequences

are essential specifically for noncanonical translation initiation.

Two upstream regions were found to be required for efficient

FCA CUG translation initiation: a short 15-nucleotide region

(beginning at 27 from the CUG) and the remaining 120 nucleo-

tides of the 59 UTR.

In addition to noncanonical translation initiation, our analysis of

the 59 end of FCA upstream of the first in-frame AUG revealed

roles for the region in regulating RNA accumulation and encoding

the FCA ORF. We discovered that the FCA promoter confers

almost no detectable level of transcription, beyond expression in

stipules. Instead, sequences corresponding to the 59 transcribed
region significantly enhance the pattern and level of FCA RNA

expression. The multifunctionality of this region has practical

implications for our study of FCA translation. We have been

unable to test the biological consequences in Arabidopsis of

deleting large segments of this 59 region because both transla-

tion and RNA expression are affected. For example, although we

demonstrated that a truncated version of FCA initiating transla-

tion at +414AUG and expressed from the CaMV 35S promoter

complements the late flowering phenotype of loss-of-function

fcamutants (Macknight et al., 2002), we cannot conclude that the

additional FCA ORF we have discovered here is not necessary

for FCA function because CaMV 35S drives ectopic and over-

expression of FCA protein. When we drive expression of the

same construct with the FCA promoter, the late flowering phe-

notype of fca-1 is not complemented, but as we have deleted

both the 59 UTR and the ORF to the first AUG, RNA expression

from such a construct is not detectable either.

Since the complexity and diversity of the functions of this 59
FCA sequence make the precise examination of the biological

significance of FCA initiating translation at a CUG difficult, we

can only speculate as to its significance. The fact that additional

upstream sequences are required suggests that specific factors

could potentially regulate access of the translation machinery to

the CUG codon of FCA mRNA. Translational control of Arabi-

dopsis protein expression has received relatively little attention.

IRES-mediated regulation of translation has been described in

eukaryotic cellular mRNAs that are active duringmitosis or under

stress conditions when cap-dependent translation is inhibited

(Pyronnet et al., 2000; Gilbert et al., 2007; Sonenberg and

Hinnebusch, 2007), thereby providing a mechanism for con-

tinued synthesis of specific proteins when global translation is

prevented. Consistent with this, the first IRES identified in plant

cells was in mRNA encoding the maize (Zea mays) heat shock

protein, Hsp101, and this accounts for its cap-independent

translation during heat stress (Dinkova et al., 2005). FCA func-

tions to regulate flowering time by repressing FLC, but we also

know it plays other roles in regulating the expression of genome

sequences that are also targets of RNA-mediated chromatin

silencing (Baurle et al., 2007) and likely acts somewhat redun-

dantly with other autonomous pathway components to regulate

awider set of gene targets (Veley andMichaels, 2008). Therefore,

continued translation of FCA through mitosis may be required to

prevent changes in otherwise epigenetically silenced loci, or

translation regulation may affect FCA function in stress-depen-

dent conditions, distinct from its role in flowering.

Protein sequences are mostly indirectly deduced from DNA

sequence. Where computational programs are used in genome

annotation, they includeobligatory rules to search for AUGcodons

as translational start sites. However, this does not take into

account the possibility that some genes initiate translation at a

noncanonical start codon. A recent computational search for CUG

codons upstreamof in-frameAUG codons inArabidopsis 59UTRs

Table 2. List of Genes with an Upstream CUG Codon and Their

Translation Initiation Efficiency

Genes CUG Context Luciferase Activity

Genes with Conserved CUG

At5g14500 ATC AAG CTG G 2.4 6 0.2

At2g20680 AAA GAA CTG G 3.7 6 0.2

At1g03260 ACA AAT CTG G 5.9 6 0.5

At3g04080 GCC GAT CTG G 44.7 6 0.9

FCA GTC AAG CTG G 81.5 6 0.5

Genes without Conserved CUG

At3g05580 TGG ATT CTG G 0.1 6 0.1

At3g58690 TGG AAA CTG G 0.2 6 0.0

At4g21120 CAG AAT CTG G 1.7 6 0.1

At3g50830 TGG ATT CTG G 11.8 6 0.2
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(Wamboldt et al., 2009) suggested that CUG translation initiation

might be relatively common, while our more conservative analysis

based onwhatwehad learned fromFCA translation identified only

10 Arabidopsis genes, in addition to FCA and Polg2, in which

translation initiation from a CUG codon is likely. As we included

sequence conservation among putative orthologs as a criterion in

this search, our findings may be of biological relevance.

Overall, our results suggest that a small number of genes have

evolved the ability to initiate translation at the noncanonical

codon CUG. For CUG translation initiation to occur, it appears

that both CUG context and additional sequences are needed. In

the case of FCA, specific sequences upstreamof theCUGcodon

are required for efficient translation initiation. Our work on FCA

also demonstrates that alternative initiation codons are not

always used to target proteins from a single gene to different

subcellular organelles. It will now be important to understand the

novel features of the mechanism of FCA translation initiation and

its significance in the regulation of FCA function.

METHODS

Plant Material and Growth Conditions

The mutant fca-1 was provided by M. Koornneef (Koornneef et al., 1991).

Arabidopsis thaliana seeds were sown aseptically in Petri dishes con-

taining GM medium as described previously (Macknight et al., 2002),

stratified for 2 d at 48C, and planted in soil (6:1 mixture of Levingtons M3

compost with grit) at the four-leaf stage. Plants were grown in controlled

environment rooms at 208C as previously described (Macknight et al.,

2002). Flowering time was measured by counting the number of rosette

and cauline leaves on themain stem.Nicotiana benthamiana, provided by

R. Hellens, was grown as described (Hellens et al., 2005).

In Vitro Translation

In vitro translation was performed with a coupled transcription and

translation procedure (TnT) using rabbit reticulocyte extract in the pres-

ence of [35S]Met according to the manufacturer’s instructions (Promega).

Translated proteins were separated by SDS-PAGE (15% polyacryla-

mide), fixed, dried, and revealed by exposure to a phosphor imager.

Plasmid Constructions

All primer sequences are listed in Supplemental Table 2 online. The CTG-

CTC, CTG//STOP, and CTG-ATG mutations were introduced by site-

directed mutagenesis of the 59 coding sequence of plasmid pFCA-cDNA

(Macknight et al., 2002) using the Pharmacia Biotech U.S.E. mutagenesis

kit and the primers CTG-CTC, CTG//STOP, and CTG-ATG, respectively.

The XHOX primer was used as a selection primer to remove the unique

XhoI site. The mutated plasmids were cut with ClaI and XhoI and ligated

into pFCA-cDNA in SLJ755I5, cut with ClaI and XhoI, to restore the XhoI

site. FCA sequences were fused upstream of the U1A coding sequence in

pGem3Zf+ (Simpson et al., 1995). The 59 sequence of FCA (+1 to +416)

was PCR-amplified from pFCA-cDNA with Pfu DNA polymerase using

GSO256 andGSO372. The PCRproduct was cutwithEcoRI andNcoI and

cloned into the U1A plasmid cut similarly. The mutated CTG//STOP, CTG-

CTC, and CTG-ATG sequences were prepared in the same way, except

that the corresponding mutations in pFCA-cDNA were used as templates

in the PCR reaction. For transient gene expression in N. benthamiana

leaves, FCA fragments amplified using Pfu or Expand Long-template DNA

polymerases were cloned into the pGreenII 0800-LUC vector (Hellens

et al., 2005). CTG 1-448 was amplified from pFCA-cDNA with RCM505

and RCM506 and cloned into pGreenII 0800-LUC using HindIII and NcoI

restriction sites. To generate ATG 1-448, primers RCM547 and RCM687

were used to amplify the entireCTG 1-448 plasmid and the ends ligated to

replace the CUG translation start codonwith AUG. This strategy was used

to prepare CTG 1-146 and ATG 1-146, using primers RCM546(CTG) or

RCM547(ATG) with RCM545. CTG D147-188 and ATG D147-188 were

prepared using the same method with PCR products amplified from CTG

1-448orATG1-448 usingRCM546/RCM547andRCM688.CTG/ATG and

CTC 1-305were created using primers RCM737 andRCM545.CUG/AUG

D147-188, D195-239, D249-287, and D147-287were generated using the

following primers from CTG 1-448 or AUG1-448 template: RCM546/

RCM547 and RCM673, RCM674 and RCM675, RCM676 and RCM688,

and RCM546/RCM547 and RCM688. CTG/ATG D1-119 and CTG/ATG

D1-134 were amplified using RCM727 or RCM739 (CTG)/RCM740(ATG)

withRCM506, fromCTG1-448orATG1-448 templates.CTG/ATGD1-119

and CTG/ATG D1-134 PCR fragments were cloned into pGreenII0800-

LUC usingHindIII andNcoI restriction sites. The following fragments were

synthesized by Genescript and subcloned into modified pGreenII 0800-

LUC, in which the LUC AUG initiation codon is removed (pGreenII 0800-

LUCm), using HindIII and BamHI restriction sites: CTG R1-119, CTG

R1-1134, CTG region II mutant, CTG region III mutant, CTG -6 GtoT -3

AtoT, CTG -6 GtoT, and CTG -3 AtoT. To investigate other noncanonical

start codons, genomic DNA sequences amplified from Arabidopsis Co-

lumbia seedlingsusingPhusionDNApolymerase (Finnzymes)were cloned

into pGreenII 0800-LUCm vector. For overexpression of CTG1-448:GUS

and ATG1-448:GUS in Arabidopsis, FCA fragments were amplified from

CTG1-448 or ATG1-448 using RCM505 and RCM506 and cloned into

pCAMBIA 1391x using HindIII and NcoI restriction sites. The FCApro-FCA

1-450:GUS transgene was described previously (Macknight et al., 2002;

PFCA–FCAto ATG:GUS). To generate FCApro-GUS, the FCA promoter was

isolated from PFCA-g KSII (Macknight et al., 1997) as an EcoRI-SphI

fragment. An SphI site 7 bp 39 of the transcription start was introduced

using FCAmut1. The GUS gene and FCA terminator (as described in

Macknight et al., 2002) were cloned downstream of FCApro as an SphI-

XhoI fragment.FCApro:GUSwas ligated into pSLJ1714 (Jones et al., 1992).

To make TATA-FCA 1-450:GUS, first a minimal 35S promoter (246 to

+9) (Odell et al., 1985), TATA, was amplified using RL01 and RL02. The

TATA fragment was cloned into pBluescript KSII (Stratagene) as an

EcoRI-XhoI fragment to make TATA-KSII. The GUS gene and FCA

termination sequences were then ligated into TATA-KSII using SphI-

XhoI, and the entire TATA-GUS-FCA 39 UTR was subcloned into binary

vector pSLJ755I6. Next, the FCA 59 region was amplified using RL05 and

RL06 fromPFCA–FCAto ATG:GUS and ligated into TATA-GUS-FCA 39 using

HindIII restriction sites to produce the final binary vector, TATA-FCA

1-450:GUS. To generate the FCApro-FCA 1-141:GUS construct, the FCApro

FCA 1-141 fragment was amplified from FCApro-FCA 1-450:GUS using

RLFCA11 and RLFCA12. The TATA fragment in TATA-GUSwas replaced

with FCApro-FCA 1-141 using EcoRI and SphI restriction sites.

Plant Transformation

Transgenes were introduced into Agrobacterium tumefaciens strain

C58C1 pGV2260 by triparental mating and transformed into Landsberg

erecta or fca-1 by floral dip (Clough and Bent, 1998). For transient

expression in N. benthamiana leaves, transgenes were introduced into

Agrobacterium strain GV3101 (MP90) using electroporation and infiltra-

tions performed as described by Hellens et al. (2005). Transient expres-

sion was assayed 4 d after infiltration.

Immunodetection of FCA Protein

Protein extraction and immunoblotting were performed as before

(Quesada et al., 2003).
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Protein, Luciferase, and RNA Analysis

RNA and protein extraction plus RNA gel blot and immunoblot procedures

were as described previously (Quesada et al., 2003). Firefly luciferase and

Renilla luciferase were assayed using the Dual-Luciferase Reporter Assay

System (Promega) as described by Hellens et al. (2005). Histochemical

GUS staining of transgenic Arabidopsis plants was performed as de-

scribed by Macknight et al. (2002). Quantitative GUS assays were

performed as described (Jefferson et al., 1987) and total protein quantified

with Bradford reagent as per the manufacturer’s instructions (Bio-Rad).

Total RNA was obtained from 10-d-old Arabidopsis seedlings and N.

benthamiana leaf discs using Invitrogen Plant RNA Purification reagent

and cDNA synthesized with the Roche Transcriptor reverse transcriptase.

Relative quantification of firefly luciferase expression was determined

using quantitative RT-PCR (Roche Lightcycler480 and reagents) using

LUC RT F and LUCRT R primers and data normalized toRenilla luciferase

using REN RT F and REN RT R (see Supplemental Table 2 online).

Bioinformatics Analysis

TAIR9 REFSEQ Arabidopsis genomic sequences were downloaded from

The Arabidopsis Information Resource website (http://www.Arabidopsis.

org). Noncanonical in-frameCTG start codons, with a +4 guanine, and not

more than 500 bases upstream of the annotated ATG initiation codon

were identified using a program (provided in Supplemental Data Set

1 online) that made extensive use of code developed for reading gene

termination regions for construction of the TransTerm translation termi-

nator database (http://transterm.otago.ac.nz). This analysis used ge-

nomic sequence to avoid missing genes that lacked or had truncated

mRNA sequences. For splice variants and genes with multiple start sites,

only the most 59 transcript was scrutinized. A program (provided in

Supplemental Data Set 1 online) was also developed to extract and

translate sequences between the noncanonical CTG and annotated ATG

and carry out tBLASTn searches against plant EST (derived from ESTs

deposited at http://compbio.dfci.harvard.edu/tgi/, excluding Arabidop-

sis) and genomic databases. Multiple sequence alignments were pre-

pared using the Geneious Pro ClustalW plug-in (http://www.geneious.

com) for all genes with sequence conservation extending upstream of the

annotated ATG. Logo plots were also created using Geneious Pro.

Accession Numbers

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

Initiative or GenBank/EMBL databases under the following accession

numbers: Arabidopsis FCA, At4g16280;Brassica napus FCA (AF414188),

Gossypium raimondii FCA (CO097888), Medicago truncatula FCA

(BG449291), Vitus vinifera FCA (AM461090), Solanum lycopersicon FCA

(BI929080), and Arabidopsis Polg2 (At1g50840). The 10 Arabidopsis

genes identified in our bioinformatic analysis are At1g03260, At1g21000,

At1g55760, At2g20680, At3g02750, At3g04080, At3g10985, At3g62660,

At4g02680, and At5g14500.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure 1. Nucleotide Sequence and Deduced Open

Reading Frame Upstream of the First in-Frame AUG Codon in

Arabidopsis FCA mRNA.

Supplemental Figure 2. FCA Translation Initiation Is Equally Efficient

from Either a CUG or AUG Start Codon in Transgenic Arabidopsis

Plants.

Supplemental Figure 3. FCA Sequences Downstream of a 141AUG

Start Codon Influence Translation Efficiency.

Supplemental Figure 4. The FCA 59 Region Contains Elements That

Enhance Expression.

Supplemental Figure 5. Nucleotide and Protein Alignments of Se-

quences between the Putative CUG Initiation Codon and the Annotated

AUG for Each of the 10 Genes and Their Homologs Identified in Our

Bioinformatic Search.

Supplemental Figure 6. Nucleotide Alignments of Sequences Sur-

rounding the Putative CUG Initiation Codon for Each of the 10 Genes

and Their Homologs Identified in Our Bioinformatic Search.

Supplemental Table 1. Subcellular Localization Predictions for Pro-

teins Produced from Either the Upstream CUG or Annotated AUG.

Supplemental Table 2. Sequence of Primers Used in This Study.

Supplemental Data Set 1. Programs Used in Bioinformatic Analysis.
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