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ABSTRACT The RIB genes of maize encode a family of
basic helix-oop-helix proteins that determine where and when
the anthocyanin-pigment pathway will be expressed in the
plant. Previous studies showed that allelic diversity among
family members reflects differences in gene expression, specif-
ically in transcription initiation. We present evidence that the
R gene Lc is under translational control. We demonstrate that
the 235-nt transcript leader of Lc represses expression 25- to
30-fold in an in vivo assay. Repression is mediated by the
presence in cis of a 38-codon upstream open reading frame.
Furthermore, the coding capacity ofthe upstream open reading
frame influences the magnitude of repression. It is proposed
that translational control does not contribute to tissue speci-
ficity but prevents overexpression of the Lc protein. The
diversity of promoter and 5' untranslated leader sequences
among the RIB genes provides an opportunity to study the
coevolution of transcriptional and translational mechanisms of
gene regulation.

Anthocyanin biosynthesis in maize is controlled by two
regulatory gene families: the RIB family and the Cl/lP
family. One functional gene from each family is usually
required to activate transcription of the structural genes in
the pathway, such as Al, Bzl, and C2 (1-7). The pigmentation
pattern of the plant is determined by the genetic constitution
of the RIB gene family, comprised of the R locus on chro-
mosome 10 and the B locus on chromosome 2 (8).
The ease of visually distinguishing subtle differences in

plant pigmentation patterns has led to the identification of
nearly 100 naturally occurring variants ofR and B. Members
of the R and B family share >80%o amino acid identity and
contain the basic helix-loop-helix (HLH) DNA-binding and
dimerization motif (2, 4, 9, 10). In addition to their structural
similarity, transient transformation assays indicate that R and
B proteins are functionally equivalent. For example, the R
gene Lc and the B alleles Peru and I condition dramatically
different patterns of plant pigmentation. However, con-
structs containing the Lc or B-Peru or B-I cDNA fused to the
constitutive cauliflower mosaic virus (CaMV) 35S promoter
induced pigmentation in most cell types after particle bom-
bardment (3, 11). The results from these studies have led to
the view that allelic diversity is from differences in gene
regulation rather than from protein function. This notion is
supported by two observations: (i) mRNAs for the R genes
Sn, R-sc, and S and the B allele I are detected only in the
tissues pigmented by each allele (10, 12, 13) and (ii) the 5'
flanking sequences ofR and B genes, including the untrans-
lated leaders, are more heterogeneous than are the coding
sequences. The strongest evidence to date that allelic diver-
sity reflects differences in the expression of members of the
RIB gene family came from the use of transient transforma-
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tion to show that elements controlling tissue specificity reside
in the distinct 5' flanking regions ofthe B-I and B-Peru alleles
(12).
Although differences in transcriptional regulation clearly

serve to distinguish RIB family members, a role for transla-
tional control ofgene expression has not been demonstrated.
Comparison of the 5' untranslated regions ofR and B genes
indicates extensive sequence divergence. Of particular inter-
est is the presence of upstream AUGs in some, but not all,
members of the RIB family. Upstream AUGs can have
dramatic effects on the efficiency of mRNA translation (for
review, see refs. 14 and 15). In addition, among the R and B
genes with upstream AUGs, some have upstream open
reading frames (uORFs) that overlap the translation initiation
site, whereas other alleles have uORFs that terminate before
the start of the RIB coding regions.
As a first step in determining whether RIB allelic diversity

results from differences in both transcriptional and transla-
tional mechanisms we have focused on the complex 5'
untranslated leader of the R gene Lc (16). The Lc gene was
the first complete RIB family member to be cloned and
sequenced (2). Mapping of the transcription start site re-
vealed that the Lc mRNA has a 5' leader region of 235 nt
containing three upstream AUG codons that are all part of a
38-codon uORF. We have used site-directed mutagenesis in
conjunction with in vivo particle bombardment to analyze the
role of this uORF in regulating gene expression. We show
that the uORF substantially represses Lc expression, that it
functions only in cis, and that the coding capacity of the
uORF is involved in establishing the level of repression.

MATERIALS AND METHODS
Plant Material. The maize inbred line W22 (r-g, Al, A2,

Bzl, Bz2, Cl, C2, pl, B-b), provided by J. Kermicle (Uni-
versity of Wisconsin, Madison) was used for all transient
transformation studies.
RNA Blot Analysis. Total RNA was isolated as described

(2) from mature kernels 3 hr after bombardment with either
pLcWT, pLcA, pLcml23, or mock treated (bombarded with-
out plasmid DNA). Slot blot analysis was done according to
the manufacturer by using a Minifold II apparatus (Schleicher
& Schuell). Nitrocellulose filters were prehybridized, hybrid-
ized, and washed at high stringency (65°C) as described (2).
DNA probes were labeled by the random primer method (17).
The Lc probe used was an 886-bp Sst I fragment of the Lc
cDNA (nt 884-1770) (2). The chloramphenicol acetyltrans-
ferase (CAT) probe consisted of a 563-bp Nco I-Xba I
fragment of the CAT coding region isolated from pCATBasic
(Promega).

Abbreviations: uORF, upstream open reading frame; CAT, chlor-
amphenicol acetyltransferase; CaMV, cauliflower mosaic virus;
HLH, helix-loop-helix.
*To whom reprint requests should be addressed.
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Secondary Structure Analysis. Secondary structures within
the Lc mRNA (nt 1-300) were analyzed with the FOLD
program as part of the Genetics Computer Group sequence
analysis package for the VAX (18).

Site-Directed Mutagenesis. Site-directed mutagenesis was
done by using the Altered Sites kit (Promega), according to
the manufacturer, using a 175-bp EcoRI-Xba I fragment
containing the 5' end of the Lc cDNA (nt 20-195) subcloned
into vector pSelect-1. Transformants were screened by both
restriction digestion and dideoxynucleotide sequencing (19,
20). For constructs containing more than one mutation mul-
tiple oligonucleotides were used. Mutagenic oligonucleotides
used are shown below after the plasmid name with nucleotide
positions in parentheses: pLcml, 5'-ACCCTTCGCCTG-
GAAGTTC-3' (nt 51-69); pLcm2, 5'-GCATACGCAGGC-
CCCTCGT-3' (nt 118-136); pLcm3, 5'-ATCGTCTGAG-
GATCAGTAG-3' (nt 154-172); pLcmStop, 5'-GTTCTTG-
CATAGCTTCGTTGC-3' (nt 66-86); pLcmL4-*I, 5'-
ATGGAAGTTATTGCATTGC-3' (nt 60-78); pLcmT30-*S,
5'-GCCGGTTCTCGAGGCATCG-3' (nt 139-157); pLcm-
Syn, 5'-CACGAGGCACCGTCTGATG-3' (nt 146-164).
Plasmid Constructions. All plasmids were constructed by

using standard techniques and purified by CsCl equilibrium
centrifugation (19). The Lc cDNA is numbered according to
Ludwig et al. (2). pLcWT contains a 2.4-kb Lc cDNA
fragment (nt 20-2398) cloned into the Xba I site of vector
pDH51 (21). pLcA consists of a 2.2-kb Xba I Lc cDNA
fragment (nt 195-2398) cloned into pDH51. pLcml is like
pLcWT (see Fig. 2) except that an A -+ C mutation at nt 60
of the cDNA has been introduced. pLcml was constructed
by liberating the mutagenized Lc fragment (see above) from
pSelect-1 and directionally subcloning into pLcA digested
with Sma I and Xba I. This placed the mutagenized fragment
in its correct position within the Lc cDNA. Constructs
pLcm2, pLcm3, pLcm23, pLcml23, pLcmStop, pLcmL4--
R, pLcmL4-*I, pLcmT30-+S, and pLcmSyn were all con-
structed as pLcml. pLcm2 contains a U -+ G substitution at
nt 127. pLcm3 contains a U -+ G substitution at nt 161.
pLcm23 contains both mutations found in pLcm2 and
pLcm3. pLcml23 contains the three mutations described for
pLcml, pLcm2, and pLcm3. In pLcmStop, a U -- A change
was made at nt 76, creating a nonsense codon at position six
of the uORF. pLcmL4--R was derived from a fortuitous
mutation (UU -* GG) at nt 70 and 71, altering a leucine codon
to arginine. pLcmL4-*I also alters codon 4 with a C -- A
substitution at nt 69. pLcmT30--S has an A -+ U substitution
at nt 147, changing Thr-30 to serine. pLcmSyn has a U -* C
mutation at nt 155. pPEP was derived from pLcWT (above)
and consists of the 5' end of the Lc cDNA (nt 20-195) cloned
into pDH51. pPEPml was created as pPEP but was derived
from pLcml.

High-Velocity Particle Bombardment. Plasmid DNA was
delivered to sterile maize aleurone tissue by high-velocity
microprojectiles using the Biolistic PDS-1000 (DuPont). Mi-
croprojectiles were prepared by precipitating a total of 5.005
,ug of plasmid DNA [3 ,ug ofpBzlLUC (1), 2 ug ofpAdhCAT
(previously called pAIlCN in ref. 22), and 5 ng of Lc
expression vector] onto 1.0-,um gold particles (60 mg/ml) as
described (1, 3). Microprojectiles prepared for cobombard-
ments with pPEP or pPEPml contained 4,ug ofeither ofthese
plasmids in addition to the plasmids described above, except
that 1.25 ng of the Lc vector (pLcml23) was used. Half
kernels were incubated on MS medium (Sigma M5519) for
46-48 hr at 28°C with illumination and then harvested for
enzyme assays.
Enzyme Assays. Luciferase and CAT activities of bom-

barded half kernels were measured after 46-48 hr, as de-
scribed (1, 22, 23). Luciferase activity was measured with a
model 3010 luminometer (Analytic Scientific Instruments,
Alameda, CA) and is expressed as the number of light units

detected in 10 sec per 100 ,ul of extract at 25°C. CAT activity
was measured according to Sleigh (23) and is expressed as
ethyl acetate-soluble cpm for 25 ,ul of extract in 1 hr at 37°C.

RESULTS
The 5' Leader Represses Lc Expression. The 235-nt Lc

leader contains three AUGs at positions +60, +126, and
+ 162. All three AUGs are part of an uORF that terminates
with two UAA stop codons at + 174 (Fig. 1). If translated, the
uORF would encode a 38-amino acid peptide (Fig. 1B). To
determine whether this region regulated Lc expression we
used high-velocity particle bombardment to transiently trans-
form maize aleurone tissue with plasmids expressing Lc with
variations in the Lc leader. To measure Lc expression and
correct for variation between transfection experiments, three
plasmids were simultaneously delivered to aleurone cells: an
Lc expression vector under constitutive transcriptional con-
trol of the CaMV 35S promoter; a reporter plasmid,
pBzlLUC, containing the firefly luciferase coding region
fused to Bzl 5' and 3' sequences (1); and a delivery control
plasmid, pAdhCAT (22), consisting of the CAT coding region
under control of the maize Adhl promoter. Unlike the Bzl
promoter, the Adhl promoter is not Lc-responsive, so Lc
expression is measured indirectly as a luciferase/CAT activ-
ity ratio (1).
Removal of the upstream AUGs by deletion of the terminal

175 nt of the leader results in a 22-fold increase in reporter
gene activity over the wild-type control (Fig. 2A, compare
pLcA and pLcWT). Elimination of all three upstream AUGs
by site-directed mutations led to a 30-fold increase in expres-
sion (Fig. 2A, compare pLcml23 and pLcWT). That muta-
tion ofthe AUGs led to more reporter gene activity than their
deletion suggests that lengthening the 5' leader region in-
creases expression in maize.

In addition to inducing luciferase expression, bombard-
ment of Lc-containing constructs activates the anthocyanin
pathway and turns aleurone cells red. If red spots are counted
before assaying kernels for luciferase/CAT ratios, 20- to

A Lc eDNA

4
4

AUG AUG AUG UAAUAA AU
Lf Initiation

Codon
B
1 TAGGCGTTCGATCCCCTTAGCGCGGAGGAGAGCTCCTCCGGTTCTTCTCTACCCTTCGC

60 ATG CAA GTT CTT GCA TTG CTT CGT TGC TTC TCT AGT TTC TTC CTT
M E V L A L L R C F S S F F L

105 CTA CGT CTT TCC AGC ATA CGC ATG CCC CTC GTC CGC CGG TTC ACG
L R L S S I R M P L V R R F T

150 AGG CAT CGT CTG ATG ATC AGT AGA TAA TAA GCA ATA TAA TAC TGA
R H R L M I S R - -

1 95 TCTAGAATCGAGTTGTTGTACTCTTCGCAGATAGGCGCGTG ATG

FIG. 1. Features of the Lc 5' leader region and diagram of the
expression construct. (A) Wild-type 2.4-kb Lc cDNA or mutant
leader constructs were inserted between the CaMV 35S promoter
and terminator in vector pDH51 (21). The unfilled box represents the
uORF, and the filled box represents the Lc coding region. (B)
Nucleotide sequence of Lc 5' leader region. Lc sequences within all
expression vectors begin with nt 20 (2). The derived amino acid
sequence of the uORF, including the three AUGs (underlined), is
shown in single-letter code.
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FIG. 2. Schematic representation ofthe 5' ends ofmRNAs encoded by Lc constructs and the relative expression levels obtained afterparticle
bombardment. The uORF and Lc reading frames are noted as in Fig. 1. Lc expression is presented as a luciferase/CAT ratio (LUC/CAT) as
described (1). Values are the average of 14-18 independent bombardments per construct. Relative expression was calculated by dividing the
average LUC/CAT ratio for each construct by the LUC/CAT ratio obtained for pLcWT. (A) Effect of deletion or mutation ofthe three upstream
AUGs. Mutations are indicated by asterisks with the nucleotide sequence change shown above. (B) Effect of eliminating the uORF or altering
each AUG individually. The predicted small uORF created by mutating the first AUG (pLcml) or introduction of a stop codon (pLcmStop) is
probably not translated (see Results). The amino acid change predicted by each codon change is noted. (C) Effects of non-AUG codon
substitutions within the uORF. Predicted nonconservative and conservative amino acid changes are indicated by dark and stippled boxes,
respectively. Position of the synonymous codon change (#) is noted.

50-fold more spots are seen on kernels bombarded with
constructs containing leader deletions or mutations (data not
shown). Correlation between the spot and luciferase assays
provides additional evidence that repression has a physio-
logical basis.

Repression Is Not Due to mRNA Stability or Secondary
Structure. The 5' leader region, specifically the upstream
AUGs, appears to interfere with the efficient translation of
the Lc reading frame. However, alterations in leader se-
quences could enhance Lc expression by decreasing the rate
of Lc mRNA degradation. To address this question, RNA
slot blots were used to assess the relative amounts of steady-
state Lc mRNA in transfected tissue. Fig. 3 shows that the
amounts of steady-state Lc mRNA isolated from kernels
bombarded with either pLcWT, pLcA, or pLcml23 do not
differ significantly when the data are normalized to the levels
of CAT mRNA present. In addition, Northern blot analysis

Lc CAT

Mock

pLcWT 4 _m

pLcA 4in1f

pLcml23

FIG. 3. Slot blots of RNA from bombarded kernels. Seven
micrograms of total RNA, isolated 3 hr after bombardment with
either pLcWT, pLcA, pLcml23, or mock treatment, was probed with
Lc cDNA or with the CAT coding sequence.

indicated that no preferential degradation of Lc sequences
occurs among these RNA samples (data not shown).

It is also possible that the leader region may repress
expression ofLc by forming secondary structures that impair
translation initiation (24). Computer-aided analysis of Lc
mRNA (nt 1-300) (see Materials andMethods) found that the
most stable secondary structure has a AGO = -18 kcal/mol.
On the basis of mammalian studies, such weak interactions
do not present a barrier to scanning 40S ribosomal subunits
(24). In addition, secondary structure effects are unlikely to
be responsible for repression because point mutations in the
Lc leader derepress Lc expression to the same extent as
deletion of most of the leader (see Fig. 2).
The uORF Is the Negative Element in Lc Repression. From

the data presented above, it is unclear whether repression is
due to initiation at the first AUG and subsequent translation
of the uORF or if translation initiates at each of the three
upstream AUGs. Comparison of the sequence context sur-
rounding these AUGs with either the mammalian (25, 26) or
plant (27) consensus for initiation codons suggests that trans-
lation might initiate at the first AUG but is unlikely to initiate
at the second or third AUG because of their poor sequence
context (Fig. 4).

Analysis of additional mutant constructs indicates that
repression is mediated by initiation at the first AUG and
translation of the uORF (Fig. 2 B and C). Introduction of a
premature stop codon (pLcmStop) led to fully derepressed
levels of expression, despite the presence of all three up-
stream AUGs. Similar results were obtained when a frame-
shift mutation was introduced into the uORF (data not
shown). Furthermore, elimination of the first AUG (pLcml)
led to fully derepressed levels, even though the second and
third AUGs were intact.

Involvement ofuORF Codons. Repression is apparently not
mediated by initiation at the second or third AUG because
either elimination of the first AUG or termination of the

F-1-.1 i

I
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A ~~~~~-3+1 +4
AUG 1: CUUCGCAUGGA (nt 54-64)
AUG 2: AUACGCAUGCC (nt 120-130)
AUG 3: CGUCUCAUCAU (nt 156-166)

(Lc initiation codon) AUG 4: CGCGUGAUGGC (nt 230-240)
Vertebrate Consensus: CCPCCAUGG

B -3 +1 +4
AUG 1: CUUCGCAUGGA (nt 54-64)
AUG 2: AUACGCAUGCC (nt 120-130)
AUG 3: CGUCUCAUGAU (nt156-166)

(Lc initiation codon) AUG 4: CGCGUGAUGGC (nt 230-240)
Plant Consensus: AACAkUGGC

FIG. 4. Sequence context surrounding the first four AUG codons
of the Lc mRNA. Comparison with the vertebrate (A) and plant (B)
consensus for translation initiation codons (25-27). The adenine
residue of the AUG triplet is designated as +1 after Kozak (25).
Matching positions are shown in boldface type.

uORF before the second or third AUG led to fully dere-
pressed expression. For this reason it was surprising that
mutation of the second (pLcm2) or third AUG (pLcm3)
derepressed expression by 20.6- and 16.9-fold, respectively.
No additional derepression was observed when both muta-
tions were included in a single construct (pLcm23).
Because repression appears to be mediated by the uORF

and not initiation at AUG2 or AUG3, mutation of these
AUGs may derepress expression because of changes in the
coding capacity ofthe uORF. When viewed in this light, these
changes introduced nonconservative mutations of methio-
nine to arginine codons. Another nonconservative mutation
of position 4 from leucine to arginine (pLcmL4-+R) resulted
in 23-fold derepression. Interestingly, changing this same
codon to isoleucine (pLcmL4-I) creates a conservative
substitution that partially restored repression. Another con-
servative substitution at residue 30 (Thr -+ Ser in pLcmT30
--S) also resulted in partial repression.
These data indicate that the magnitude of repression is

influenced by the uORF codons. However, all mutations
presented thus far alter both nucleotide sequence of the
uORF and amino acid sequence of the putative uORF pep-
tide. To change the uORF sequence without changing the
uORF-peptide sequence, a synonymous codon change (CAU
-- CAC) was introduced at position 32 (pLcmSyn). Although
pLcWT and pLcmSyn encode the same uORF peptides,
expression of the latter was 12.8-fold higher. Thus, a synon-
ymous change still derepresses expression relative to wild
type but derepresses it to a lesser extent than all other
constructs tested.
The uORF Is Required in cis. Ifthe uORF encodes a peptide

that directly represses Lc translation, then it should function
in trans as well as in cis. Alternatively, if the process of
translating the uORF represses Lc expression, rather than the
peptide encoded by uORF, then the uORF will only repress
in cis. To provide the uORF in trans, vectors pPEP and
pPEPml were constructed to express only wild-type and
mutant leader RNA, respectively (Fig. SA). Reporter gene
activity was assayed after cobombardment of a large excess
of pPEP or pPEPml with pLcm123, a construct shown
previously to be fully derepressed for Lc expression because
of point mutations in the leader AUGs. Fig. 5B shows that
reporter gene activity does not significantly differ between
cobombardments with pPEP or pPEPml, implying that re-
pression does not work when the uORF is provided in trans.
Similar results were obtained in a series of experiments
varying both the concentration of pLcm123 and the concen-
tration of either pPEP, pPEPml, or pDH51 (data not shown).

A +60 Lc uORF +174
pPEP , Vy

pPEPml

B

0

+pPEP +pPEPm1

PLASMaDS DELIVERED

FIG. 5. Effect of uORF provided in trans. (A) Constructs de-
signed to express wild-type (pPEP) or mutant (pPEPml, derived
from pLcml) Lc leader from a separate mRNA. (B) Results of
cobombardment of a large excess of each construct with pLcml23.
The average of 12 bombardments is displayed graphically.

DISCUSSION
We have demonstrated that the 235-nt leader of the Lc gene
represses Lc expression 25- to 30-fold in an in vivo assay. Our
data indicate that the leader does not destabilize Lc mRNA
nor does it assume a secondary structure that inhibits trans-
lation initiation of Lc. Rather, repression is apparently me-
diated by the presence in cis of a 38-codon uORF. Further-
more, the coding capacity of the uORF influences the mag-
nitude of repression.
Although uORFs have been associated with modulating

downstream gene expression, it is unusual for the codons of
an uORF to be involved in the repression mechanism (28-30).
The effect ofuORFs on gene expression, without concern for
the coding capacity of the uORF, has been examined in
mammalian cells (31-33). Kozak (31) demonstrated that
increasing the intercistronic distance enhanced the level of
translation reinitiation at the downstream reading frame. An
intercistronic distance of 79 nt permitted 50-100lo of the
expression obtained with constructs lacking an uORF. De-
creasing the intercistronic distance to 45 nt and 11 nt still
allowed 20% and 10%, respectively, of control expression. In
comparison, wild-type Lc mRNA has an intercistronic dis-
tance of62 nt, which should allow, based on comparison with
the mammalian study, 20-50% of the expression levels seen
with no uORF. Instead, constructs with the wild-type uORF
express only 3% of the activity of constructs that lack the
uORF. We propose that it is the coding capacity of the Lc
uORF that is responsible for the additional repression seen.
There are at least two ways that the coding capacity of the

uORF could repress translation of the downstream Lc read-
ing frame. The uORF may encode a peptide that decreases
translation of Lc (the peptide repressor model). Alterna-
tively, the process of translating the uORF may retard the
flow of ribosomes to the Lc reading frame (the ribosome stall
model) (33).
The peptide repressor model alone appears insufficient to

describe all data for the following reasons. Cobombardment
experiments suggest that the uORF only represses in cis.
More significantly, a synonymous codon change within the
uORF (pLcmSyn) results in 13-fold more expression than in
wild type. That this mutation alleviates much of the repres-
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sion indicates that the codon usage within the uORF may be
important. pLcmSyn contains the most common histidine
codon used in maize, CAC, whereas the wild-type uORF
contains the least preferred histidine codon, CAU. Ribo-
somes that may normally stall at the rare, wild-type CAU
codon might not stall at the preferred, mutant codon CAC. It
should be noted that only 10 of the 38 codons of the uORF are
the most preferred maize codons, whereas 6 are the least
preferred (34). In addition, multiple codons are used for most
amino acids: five of the six codons for arginine and leucine
are present, and four of the six serine codons are used.
Although such codon usage seems more consistent with an
uORF that serves to stall ribosomes rather than one that
encodes a functional peptide, the peptide model cannot be
dismissed because (i) derepression is observed with several
constructs (Fig. 2 B and C) that do not exchange rare codons
for preferred codons but, rather, change the composition of
the putative peptide and (ii) the cobombardment experiments
(Fig. 5) do not address the possibility that the putative uORF
peptide acts locally to repress translation.
Why should such a sophisticated mechanism of transla-

tional control regulate the expression of a dispensable gene?
It is unlikely that the uORF contributes to the distinct spatial
pattern of Lc expression because another R gene, R-sc,
which conditions a dramatically different pigmentation pat-
tern, encodes a virtually identical 5' leader (M. Alleman and
J. Kermicle, personal communication). However, because
the 5' leader regions of otherR and B genes are diverse, a role
for translational control in determining spatial patterns of
gene expression cannot be ruled out. A more likely expla-
nation for translational control is that repression of Lc
prevents overexpression of a basic-HLH transcriptional ac-

tivator. HLH proteins can form heterodimers with other
HLH proteins (35). Although Lc is dispensable, its overex-

pression might lead to deleterious interactions with essential
HLH proteins involved in growth and development. Exper-
iments with transgenic plants containing Lc constructs sug-

gest that overexpression of Lc can alter developmental
patterns. Arabidopsis plants transformed with the maize Lc
cDNA lacking the uORF (like pLcA) displayed distinctive
patterns of trichome development when compared with
transgenic plants containing the full-length Lc cDNA (like
pLcWT) (36). Moreover, mature Petunia plants containing
pLcA could not be isolated because all transformants died as

purple seedlings (F. Quattrocchio and J. Mol, personal com-

munication).
The 38-codon uORF does not have a role in preventing the

overexpression of all members of the RIB family because
some genes, such as B-Peru, have no upstream AUGs and
others, including S and B-I, have uORFs distinct from the Lc
uORF. It is conceivable that for each allele, a balance has
evolved between control of transcription initiation and the
efficiency ofmRNA translation. In this regard, the diversity
of promoter and leader sequences associated with the nu-

merous members of the RIB gene family provides an excel-
lent opportunity to examine the coevolution of transcrip-
tional and posttranscriptional mechanisms of gene expres-

sion.
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