
Abstract. Background/Aim: The DSL proteins, Serrate and
Delta, which act as Notch receptor ligands, mediate signalling
between adjacent cells, when a ligand-expressing cell binds to
Notch on an adjacent receiving cell. Notch is ubiquitously
expressed and DSL protein mis-expression can have
devastating developmental consequences. Although
transcriptional regulation of Delta and Serrate has been amply
documented, we examined whether they are also regulated at
the level of translation. Materials and Methods: We generated
a series of deletions to investigate the initiation codon usage
for Serrate using Drosophila S2 cells. Results: Serrate mRNA
contains three putative ATG initiation codons spanning a 60-
codon region upstream of its signal peptide; we found that each
one can act as an initiation codon, however, with a different
translational efficiency. Conclusion: Serrate expression is
strictly regulated at the translational level.

The two Drosophila Notch ligands, the DSL proteins Serrate
and Delta, are single-pass type I trans-membrane proteins. A
ligand-expressing cell binds to Notch on an adjacent cell,
mediating an active signal between the two cells (1-3). The
highly-conserved cell to cell Notch signalling pathway is
essential in multiple developmental processes (4), such as
stem cell renewal and maintenance (5) and specification of
differentiated cell types (6).

DSL endocytosis is thought to exert a pulling force on a
bound Notch receptor, which triggers two consecutive
proteolytic cleavages, and as a consequence the Notch
intracellular domain (NICD) is released from the plasma
membrane (7-9). The NICD translocates into the nucleus and

acts as a transcriptional activator together with a CSL protein
(CBF1/RBPjĸ/Su(H)/Lag-1). The CSL/NICD complex
recruits co-activators, including Mastermind, to drive Notch-
dependent gene expression (9-12). The Serrate and Delta
ligands have the capacity to act as both agonists and
antagonists of the Notch receptor (13-17), depending on
whether they are presented to an adjacent cell (trans-
activation) or on the Notch-expressing cell (cis-inhibition)
(18). Consequently, the exact time, place and levels of DSL
protein expression are crucial in mediating the fine-tuning of
Notch signalling (19). Serrate consists of an extracellular
domain with 14 EGF-like repeats and an N-terminal region
containing the conserved MNNL and DSL motifs, necessary
for binding to Notch (20, 21), and an intracellular domain
containing motifs that promote ubiquitylation by
Mindbomb1 and Neuralized (RING domain E3 ubiquitin
ligases), which is thought to promote its signalling activity
by triggering its endocytosis (2, 22-25).

Serrate has an unusually long 5’ UTR of 431 bases
(Drosophila average 5’ UTR length is 223 bases) (26, 27),
containing 3 ATG triplets (Figure 1A). Likewise, Delta 5’
UTR comprises 679 bp which includes 6 ATG triplets
(Figure 1B). 5’ UTRs can regulate translation through the
action of upstream open reading frames (uORFs) (28).
uORFs are regions in the 5’ UTR containing an AUG (start)
and a stop codon, with no overlap with the coding sequence
(CDS) (28). Similarly, regions that start at an AUG prior to
the CDS but finish within the CDS are termed overlapping
open reading frames (oORFs) and can also act as potent
negative regulators of translation (28). uORFS in several
systems have been shown to be actively translated by means
of high-resolution ribosome footprinting (29). Translational
repression by uORFs or oORFs is as ubiquitous as trans-
acting RNA binding proteins that selectively target defined
subsets of mRNAs, such as the miRNA-guided RISC
complex (30). Moreover, the extent of negative regulation of
translation by uORFs can be as high as that exercised by
miRNAs. The best-studied example of uORF repression
activity is the stress response gene GCN4 in yeast, in which
uORFs repress translation of the CDS, unless the cell is
stressed by amino acid starvation (31).
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Three in-frame ATGs are located within 93 nt of the 5’ end
of the Serrate CDS. The first two are closely spaced and
were originally predicted as the most likely translation
initiation codons (32), especially the second, which is located

within a sequence context that conforms with the Drosophila
Kozak consensus sequence (C/A)AA(A/C)AUG (33). We
asked which ATG is used for initiation of translation. We
found that all three 5’ proximal ATG initiation codons can
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Figure 1. Continued



Deliconstantinos et al: Translational Control of Serrate Expression

861

Figure 1. Nucleotide sequence of the 5’ UTR and the first 258 bp of Serrate CDS. (A) The nucleic acid sequence is numbered relative to the first base
of the coding region (M1). Within the Serrate 5’ UTR, the three putative uORFs are marked with bold initiation codons (at - 405 bp, - 215 bp, - 118
bp) and termination codons. The deletion of the first 61 bp (5’ UTR-Δ61) is shown in light grey; the deletion of the next 241 bp (5’ UTR-Δ302) is
shown in dark grey. The three-putative initiator ATGs of Serrate are in bold, the second ATG codon (M2) is located within a sequence context that
perfectly matches the Drosophila Kozak consensus sequence (italics). The potential CTG alternative initiation codon is also in bold (154 nt). The
predicted signal peptide is shown in grey. The putative cleavage site within the signal peptide is underlined (double line). Note the artificial 21 nt
poly-C stretch included in the beginning of the sequence. (B) The Delta 5’ UTR which comprises 679 bp, including 6 uORFs and the first 81 bp of
the Delta CDS. Initiation codons and signal peptide cleavage site are marked as in A. The first 5 residues (SGSFE) of mature Delta are included.



be used for translation initiation with different efficiency. We
also entertained the possibility that a CTG (Leu) codon at
position 154 (from the most upstream ATG of the CDS) may
be the initiation codon, as it has been proposed that CUG can
act as an alternative initiation codon in animal cells (34).
However, this did not seem to be the case for Serrate, since
deletion of all three in-frame ATG’s abolished translation.
We also hypothesized that the ATG triplets in the 5’ UTR of
Serrate – and Delta – are putative starts of uORFs and
investigated whether these long 5’ UTRs negatively regulate
translation. We found that removal of a string of 21 cytosines
in the Serrate 5’ UTR, significantly increased the expression
of Serrate but removing the uORFs did not have an
appreciable effect. Moreover, the Delta 5’ UTR had a similar
repressive effect when used in place of the Serrate 5’ UTR
preceded by a string of 21 cytosines. 

Materials and Methods

Construction of Serrate expressing vectors. The pMT – 5’ UTR –
Ser – 3’ UTR – V5.His vector was kindly provided by Dr. Sarah
Bray (University of Cambridge, Cambridge, UK) (2). In addition to
the Serrate CDS, the cDNA insert contained the RA transcript 5’
UTR comprising 434 bp preceded by a string of 21 cytosines
(Figure 1A) and the 3’ UTR of Serrate. The cDNA had been cloned
as an EcoRI-XhoI fragment downstream of a 427 bp fragment
containing the metal inducible MtnA promoter, which includes 56
bp of the 5’ UTR of the MtnA gene, as well as 45 bp belonging to
the polylinker region of the plasmid. It was confirmed that no ATGs
were present in these transcribed sequences.

pMT – Ser – V5.His. This is a deletion of the Serrate 3’ UTR
designed to fuse the vector V5.His epitope in frame with the 3’ of
the Serrate CDS. The last 595 bp of the Serrate CDS were
amplified using primers: Forward: 5’-CCT CCA TTG TGG AGG
TCA AGT TGG AAA-3’ and Reverse: 5’-AAG TCT CGA GAA
CCA TCA CAG TGG TGG-3’, using the pMT – 5’ UTR – Serrate
– 3’ UTR– V5.His vector as a template. The 3’ UTR was excised
by substituting the SfiI – XhoI 1524 bp fragment of the vector with
the SfiI – XhoI digested PCR fragment. SfiI cuts within the Serrate
CDS, whereas XhoI is a vector site abutting the V5-His tag.

pMT – ∆431 – Ser – V5.His. A pUAST–attB–Ser–HA plasmid was
kindly provided by Thomas Klein (University of Düsseldorf,
Düsseldorf, Germany). The Serrate CDS was PCR amplified from
this plasmid using primers: Forward: 5’-GGG GGG AAT TCA TGT
ACA AAA TGT TTA GGA-3’ and Reverse: 5’-CCT CCT CGA
GAA CCA TCA CAG TGG TG-3’. The PCR product was digested
with EcoRI and XhoI and used to substitute the Serrate cDNA in
the pMT – Ser – V5.His vector, thus bringing the MtnA promoter
(EcoRI site) directly next to the first Serrate ATG codon.

Nested deletions of the Serrate 5’ UTR. These were made by
substituting an EcoRI – AvrII fragment in the Serrate 5’ UTR of the
pMT – Ser – V5.His vector with the following PCR fragments
produced from a pMT – Ser – V5.His template. The six PCR
products described below were produced using the same reverse
primer, which maps 48 bp downstream of the Serrate AvrII site.

pMT – ∆61 – Ser – V5.His; 1803 bp of the Serrate ORF
(comprising 370 bp of the 5’ UTR and 1433 bp of the ORF, up to
48 bp downstream from the AvrII site) were amplified using
primers: Forward: 5’-GGC GAA TTC AAA ACA TCA GCG-3’ and
Reverse: 5’-CAG TCG CAA GTG AAG TCG GG-3’. pMT – ∆302
–Ser – V5.His; 1562 bp of the Serrate ORF (comprising 129 bp of
the 5’ UTR and 1433 bp of the ORF) were amplified using primers:
Forward: 5’-GGC GAA TTC AAA TCT GCA TAC ATG G-3’ and
Reverse: 5’-CAG TCG CAA GTG AAG TCG GG-3’. pMT –
∆[431M1] – M2M3LSer –V5.His; 1424 bp of the Serrate ORF
(comprising the part of the ORF from the second ATG codon, up to
48 bp downstream from the AvrII site) were amplified using
primers: Forward: 5’-GGC GAA TTC ATG TTT AGG AAA CAT
TTT CG-3’ and Reverse: 5’-CAG TCG CAA GTG AAG TCG GG-
3’. pMT – ∆[431M2] – M3LSer – V5.His; 1343 bp of the Serrate
ORF (comprising the part of the ORF from the third ATG codon,
up to 48 bp downstream from the AvrII site) were amplified using
primers: Forward: 5’-GGC GAA TTC ATG TCC AAG AAG ACG
CG-3’ and Reverse: 5’-CAG TCG CAA GTG AAG TCG GG-3’.
pMT – ∆CC – Ser – V5.His; 1863 bp of the Serrate ORF
(comprising the 434 bp of the 5’ UTR and 1433 bp of the ORF)
were amplified using primers: Forward: 5’-GGC GAA TTC AGT
CGA GCG CC-3’ and Reverse: 5’-CAG TCG CAA GTG AAG
TCG GG-3’. pMT – ∆[431M3] – LSer – V5.His; finally, the 1280
bp of the Serrate ORF (comprising the part of the ORF from the
CTG codon located 165 bp downstream of the first ATG codon, up
to 48 bp downstream from the AvrII site) was amplified using
primers: Forward: 5’-ATA GAA TTC CTG CCA TCG ACG ATC
CG-3’ and Reverse: 5’-CAG TCG CAA GTG AAG TCG GG-3’.

PCR product digestion and ligation into vector. The PCR products
from the above six reactions were doubly digested with EcoRI and
AvrII and then ligated into the pMT – Ser – V5.His vector backbone
with complementary sites, i.e. digested with the above restriction
enzymes and 1809 bp of Serrate 5’ UTR and part of the CDS
excised.

Site directed mutagenesis. We used the QuikChange II Site-Directed
Mutagenesis Kit (cat. no: 200522; Agilent, Santa Clara, CA, USA)
to generate the constructs shown in Table I.

pMT – ∆431/Dl – Ser – V5.His. The 679 bp of the Delta 5’ UTR
(sequence FBtr0083739) was amplified using primers: Forward: 5’-
ATA CCT AGG CGG CAT TAC GTT TTT CAA-3’ and Reverse:
5’-GGC GAA TTC GTT TAT TGA TGT TTT TTG TTG C-3’. The
PCR product doubly digested with AvrII and EcoRI was ligated into
the complementary pMT – ∆431 – Ser – V5.His vector backbone,
doubly digested with SpeI and EcoRI (both in the polylinker region
downstream of the MtnA promoter/ 5’ UTR). 

All constructs were sequence-verified by Macrogen using the
standardized MT Forward primer (Macrogen, Seoul, South Korea)
for the sequencing of pMT – V5.His constructs and, furthermore 4
forward and 5 reverse primers were designed for the sequencing of
overlapping regions of ~700 to ~1000 bp of the entire Serrate 5’
UTR and CDS.

Cell line maintenance and transient transfections. S2-DGRC cells
were maintained between 1-10×106 cells/ml in M3 insect medium
(cat. no: 8398; Sigma-Aldrich, Saint Louis, MO, USA),
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supplemented with 10% FBS (cat. no: 10270; GIBCO, Thermo
Fisher Scientific, Waltham, MA, USA) at 25˚C. For the
transfections, we used the calcium phosphate precipitation method.
For each sample, 8×105 cells were used (1 ml/well/12 well plate).
Twenty-four hours later, the medium was supplemented with 0.7
mM CuSO4 for 16 h and the cells were harvested 40 h post-
transfection. For each transfection, the following amounts of
plasmids were used: 800 ng of one of the Serrate expressing vectors
described above and 400 ng of Ract – GFP plasmid, a constitutively
expressing GFP plasmid for transfection normalization.

Total protein extracts and western blotting. The cells were lysed by
freeze-thaw in 100 μl of NP-40 lysis buffer (150 mM NaCl, 50 mM
Tris pH8, 1% NP-40, 1 mM PMSF, 1 μg/ml aprotinin, 10 μg/ml
leupeptin, 1 μg/ml pepstatin). Samples were centrifuged at 13,000
rpm for 30 min at 4˚C. The protein samples supplemented with
Laemmli buffer were incubated at 50˚C for 2 h. SDS-PAGE and
transfer of the proteins were performed according to standard
protocols. All western blots were performed by loading an
equivalent of approximately 110,000 cells per well into an 8% (w/v)
SDS polyacrylamide gel. 

Antibodies used. 1:10,000 mouse anti-V5 (cat. no: R960-25;
Invitrogen, Carlsbad, CA, USA), 1:100,000 rabbit anti-GFP (in-
house antibody; Minotech, Heraklion, Crete, Greece), 1:40,000
donkey anti-mouse-HRP (cat. no: 715-035-150; Jackson
ImmunoResearch, West Grove, PA, USA) and 1:40,000 donkey anti-
rabbit-HRP (cat. no: 711-035-152; Jackson ImmunoResearch). 

Sequence comparisons. cDNA sequences of Serrate or Delta were
compared between D. melanogaster and D. virilis. The “Stretcher”
nucleotide pair-wise alignment tool was used (35). For Serrate we
used the D. melanogaster Ser-RA sequence and the D. virilis
GJ23176-RA orthologue. For Delta we used the D. melanogaster
Dl-RA sequence and the D. virilis GJ24543-RA orthologue. The
full-length cDNAs were aligned pair-wise in each case, but only
their 5’ ends are shown in Figure 2.

Results
The M1, M2 and M3 ATGs of the Serrate CDS are
interchangeable, efficient initiators of translation. To address
the translational regulation of Serrate we transiently
transfected metal-inducible constructs (with the Drosophila
metallothionein MtnA promoter) containing a Serrate CDS
incorporating various manipulations of its 5’ sequence. The

pMT – V5.His vector (Invitrogen) was used to generate
expression constructs that express full-length Serrate C-
terminally tagged with the V5 epitope and the protein yielded
in the transfected Drosophila S2 cells was detected by
western blotting using a mouse anti-V5 antibody. All samples
were treated identically in terms of transfection, Cu2+
induction of the MtnA promoter, as well as harvesting and
lysis. Nevertheless, to normalize for transfection efficiency
and pipetting errors, a Ract-myc-GFP expression construct
was co-transfected which constitutively expresses GFP under
the Act5C promoter (36) (Figure 3, lower panel). In the
absence of the entire Serrate 5’ UTR (∆431), robust protein
levels were obtained (Figure 3, upper panel). Two bands were
detected, a major band at 245 kDa and a minor one at 150
kDa. The predicted MW of Serrate is 150 kDa; hence, the
higher MW band is likely to result from extensive post-
translational modifications (mostly glycosylation). A set of
three deletions, as well as two point-mutations, were
generated to assess the use of the three ATGs, found within
93 bp at the beginning of the Serrate CDS, as putative start
codons. We deleted the 5’ UTR as well as the first (M1) ATG
codon of the pMT – Ser –V5.His expression construct,
generating the pMT – ∆[431M1] – M2M3LSer – V5.His
expression construct. The latter expression construct yielded
robust levels of Serrate, showing that the M2 and M3
methionine codons are sufficient for translation initiation, in
the absence of M1 (Figure 3, upper panel). Next, we deleted
the upstream region in the CDS up to M3, to construct pMT
– ∆[431M2] – M3LSer – V5.His. This deletion, proved M3
to be another initiation codon, albeit not equally efficient as
M1 and M2, as reduced protein levels were produced (Figure
3, upper panel). Site-directed mutagenesis was used on the
pMT – ∆431 – Ser – V5.His expression construct to convert
the M2 ATG codon to CCT, thus generating the pMT – ∆431
– M1M3LSer – V5.His expression construct (comprising only
the M1 and M3 ATG codons). This construct produced
Serrate protein at levels comparable to the pMT – ∆[431M1]
– M2M3LSer – V5.His expression construct, suggesting that
the M1 and M3 ATG codons are sufficient to yield high levels
of translation, even though the perfect Kozak consensus is not
found in their vicinity, as for the M2 ATG codon.
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Table I. Constructs created using site-directed mutagenesis.

Template                                                  Primer sequence                                                           Name of the construct generated
                                                                                                                                                         Type of conversion

pMT – Ser – V5.His                                5’-CCC AAA ATC GCG ACC CTA                            pMT – M1M2M3Ser – V5.His
                                                                  GGA TCG ACG ATC CGC G-3’                                 CTG > to CCT (Leu>Pro)
pMT – ∆431 – Ser – V5.His                   5’-GGT GAA TTC ATG TAC AAA                            pMT – ∆431 – M1M3LSer –V5.
                                                                  CCT AGG AGG AAA CAT TTT CGG-3’                   His second ATG codon to CCT (Met>Pro) and 
                                                                                                                                                         the subsequent codon TTT to AGG (Phe>Arg)
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Figure 2. An alignment of the nucleotide sequence of the 5’ UTR and the first 194 bps of Serrate CDS in D. melanogaster and D. virilis. (A) Putative
uORFs are underlined. Their respective start and stop codons are highlighted in grey. The three-putative initiator ATGs of Serrate are in red font
and highlighted. The putative CTG alternative initiation codon is also highlighted. (B) The Delta 5’ UTR, which comprises 679 bps in D.
melanogaster, includes 6 putative uORFs, which are underlined. The D. virilis 5’ UTR spans 935 bp and 9 putative uORFs also underlined. Start
and stop codons of uORFs are highlighted in grey. Three uORFs are highly conserved between the two species; two of the three are nested in each
other. The single initiator ATG of Delta is in red font and highlighted.



Serrate protein bears an unusually long N-terminal
extension. An analysis of the Serrate amino acid sequence
revealed that the predicted hydrophobic signal peptide is not
at the very N-terminus, but located approximately 60
residues into the translated sequence. As predicted by
SignalP-4.1 (37), the signal peptide is located 61-84 residues
downstream from M1, or at 31-54 residues from M3, (Figure
1A). However, we noticed a CTG (Leu) codon only 9
residues upstream of the putative signal peptide. CTG has
been proposed to act as an alternative initiation codon in
animal cells (34). To investigate whether this CTG (Leu)
might act as an initiation codon for Serrate, we deleted the
entire 5’ UTR and the 5’ end of the CDS up to this CTG
(Leu) codon. This pMT – ∆[431M3] – LSer – V5.His
expression construct yielded no protein (Figure 3 upper
panel). Lastly, we used site-directed mutagenesis on the pMT
– Ser – V5.His vector (5’ UTR and poly-C stretch included)

to modify the CTG codon to CCT, thus generating the pMT
– M1M2M3Ser – V5.His (CTG codon destroyed). This
expression construct yielded the same protein levels as the
original pMT – Ser – V5.His (Figure 3 upper panel). Taken
together these data suggest that the CTG (Leu) codon cannot
serve as an initiation codon for Serrate. Instead, the Serrate
nascent polypeptide chain has an unusually long N-terminal
extension (30-60 residues) before the start of its signal
peptide, depending on which of the three alternative ATG
codons is used for its translation.

The 5’ UTRs of Serrate and Delta may attenuate translation.
The presence of the Serrate 5’ UTR along with a 21-cytosine
tail (pMT – Ser – V5.His expression construct), which had
been incorporated during the cloning procedure, dramatically
reduced translational efficiency (Figure 4, cf SerΔ431 with
pMT-Ser-V5.His). The reduction was not due to reduced
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Figure 3. Western blotting showing the expression of SERRATE starting translation at alternative AUGs. The vectors, pMT – ∆431 – Ser – V5.His,
pMT – ∆[431M1] – M2M3LSer –V5.His, pMT – ∆[431M2] – M3LSer – V5.His, pMT – ∆431 – M1M3LSer – V5.His, pMT – ∆[431M3] – LSer – V5.His,
pMT – M1M2M3Ser – V5.His, pMT – Ser – V5.His, pMT – ∆CC – Ser – V5. His (upper pane), were co- transfected with the RACT – GFP vector
(lower pane) into S2 cells. Serrate fused to V5 epitope, was detected using a mouse anti–V5 antibody. Two bands were detected, ~245 kDa and ~150
kDa. GFP (~55 kDa) was detected using a rabbit anti-GFP antibody. 

Figure 4. Western blots showing the expression levels of Serrate with gradual truncation of Serrate 5’ UTR, or with the inclusion of Delta 5’ UTR.
The indicated expression constructs, were co-transfected with Ract – GFP into S2 cells. Serrate fused to V5 epitope, was detected using a mouse
anti–V5 antibody. Two bands were detected, ~245 kDa and ~150 kDa. GFP (~55 kDa) was detected using a rabbit anti-GFP antibody. The Δ431
deletion shows higher level of protein expression compared to pMTA – Ser – V5.His, where protein expression levels are the lowest.



transcription, as the induction of transcription using the
Drosophila metallothionein MtnA promoter (a Cu2+ metal-
inducible promoter) ensures a standardized method of
transcription, therefore equal number of transcripts among
samples. We concluded that the 5’ UTR contains a
translational silencing region. To map the sequences that are
responsible for this translational down-regulation, we
generated partial-deletions of the Serrate 5’ UTR in our
expression constructs. 

Firstly, we removed the 21-cytosine stretch to make pMT
– ∆CC – Ser – V5.His. As shown in Figure 4, the removal
of the 21-cytosine stretch increased expression robustly.
Next, we generated two further deletion constructs; in the
pMT – ∆61 – Ser – V5.His, the first 61 bp of the 5’ UTR (5’
UTR-∆61) were deleted (including the ATG of the first
uORF), then the pMT – ∆302 – Ser – V5.His was generated
where 302 bps of the 431 bps of the Serrate 5’ UTR
(including the second uORF) were deleted (5’ UTR-∆302);
subsequently, the pMT – ∆431 – Ser – V5.His vector was
constructed where the entire 5’ UTR (∆431) (including all
three uORFs) was removed. Altogether, the deletion of the
entire Serrate 5’ UTR greatly increased protein expression
levels by approximately 10-fold (pMT – Ser – V5.His vs
∆431). Substituting the Delta 5’ UTR upstream of Serrate,
using the 5’UTR-less construct pMT-Δ431-Ser-V5.His as a
vector, caused a reduction in the levels of Serrate expression
(Figure 4), suggesting that the Delta 5’ UTR may also have
a negative effect on translation. Our results suggest that the
21-cytosine stretch incorporated during the cloning
procedure had the most adverse effect on Serrate translation.
In comparison, the presence of uORFs in the Serrate and
Delta 5’ UTR had milder effects on reduction of Serrate
protein levels. The (∆[431M1]_M2M3L) expression
construct yielded the highest levels of Serrate, showing that
the M2 and M3 methionine codons are robust initiators of
translation, while the deletion of the three methionine codons
abolished protein expression (∆[431_M3]L).

Discussion

Alternative initiation codons. Serrate translation uses three
alternative ATG initiation codons, found within 93 bp of
each other. The three ATG codons are interchangeable,
although M3 seems to have lower efficiency (Figure 3). The
first two ATG codons are located within a sequence context
that conforms better with the Drosophila Kozak consensus
sequence (C/A)AA(A/C)AUG (33), hence, they are expected
to produce a robust protein output: M1 is preceded by
CAGA (3/4 match), M2 by CAAA (perfect match) and M3
by GGGA (1/4 match). The positioning of a translation
initiation codon within a “poor” sequence context results in
inefficient ribosomal recognition (and bypassing) a
phenomenon termed as “leaky scanning” (29). Since the first

two AUGs of Serrate have better Kozak consensus
sequences, they are expected to engage the ribosome
effectively and make the third AUG less important, although
it can still act as an initiation codon when the first two are
absent (Figure 3). In this light, it is interesting that all three
AUGs are conserved in the distantly related D. virilis (Figure
2). In contrast to the three ATGs in the 5’ end of the Serrate
coding sequence, all of which can serve as translation
initiation sites, a possible alternative initiation CTG codon
(leucine), which is in closer proximity to the signal peptide
coding sequence, is incapable of translation initiation,
although it is also conserved in D. virilis (Figure 3). It thus
appears that Serrate has a partially conserved 82-88 amino
acid N-terminal extension (60 aa in D. melanogaster/ 66 aa
in D. virilis and an identical 22 aa signal peptide), something
not seen in Delta, which possesses a “classical” 22 aa signal
peptide in both D. melanogaster and virilis located
immediately downstream of the initiator methionine. It is
unclear why Serrate has evolved to contain such a long N-
terminal extension which is removed in the mature protein,
something also seen in Drosophila shotgun (DE-cadherin)
and crumbs genes (38). One possibility is that the cleaved
N-terminal peptide may have some novel function in the cell.
Alternatively, we suppose that the extended signal peptide
has no function at the protein level, but serves at the mRNA
level to accommodate the three initiator codons, which may
interact with the 5’UTR, in ways yet to be discovered, in
order to implement strict translational regulation of Serrate.

Translational attenuation via 5’ UTRs. The 5’ UTRs of Serrate
and Delta negatively regulate translation. We were able to
document this activity by observing the expression levels of six
Serrate expressing constructs in Drosophila S2 cells after
manipulating the 5’ UTR. We observed a modest decrease of
Serrate translation in the presence of the Delta and Serrate 5’
UTRs. These two 5’ UTRs, which are twice or three times the
length of the average 5’ UTR in Drosophila, respectively, (26)
contain three uORFs (Serrate 5’ UTR) and six uORFs (Delta 5’
UTR). These are likely to cause the down-regulation of protein
expression. However, it cannot be excluded that the 5’ UTR
folds into a conformation, which may hinder ribosome access,
directly or via binding of translational repressors. We used the
MFOLD algorithm to predict mRNA secondary structure (39)
and indeed saw that both the Serrate and Delta 5’ UTRs can
fold to form extensive stem-loop structures (data not shown).

The mechanism by which uORFs down-regulate gene
expression in eukaryotes is via the ribosome, which uses its
small 40S ribosomal subunit to bind the mRNA cap and then
scan the 5’ end of the mRNA until it recognises a start
codon. The presence of uORFs (AUG/stop pairs) in the
5’UTR, favours recruitment of scanning ribosomes to these
alternative AUGs and as a result reduces the fraction of
ribosomes that reach the CDS AUG initiation codon. The
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suppressive effect of the 5’ UTR on the expression of the
downstream CDS is higher in the presence of ORFs
overlapping with the CDS (oORFs), as a result of reduced
ribosome re-binding efficiency (28); nevertheless, oORFs
were not detected in the Serrate and Delta 5’ UTRs. Another
way by which uORFs can suppress CDS translation is by
ribosome stalling at their termination codons (40). All these
effects on productive translation initiation at the actual CDS
can secondarily cause mRNA degradation via nonsense
mediated decay (40). Proteomic analyses have linked
predicted uORFs to lower protein levels (41,43).
Consistently, our results show that the deletion of the uORFs
in the Serrate and Delta 5’ UTRs results in up-regulation of
protein expression (Figure 4). Conservation of a uORF is a
good indicator of its translation; these are termed conserved
peptide uORFs (CPuORFs) (44). Stable peptides encoded by
uORFs have been detected by mass spectrometry; however,
a functional role has not been determined for these peptides
(44). Instead, the translation of the uORFs seems to be
responsible for the suppressive effect observed on protein
expression, as described above. This is consistent with a lack
of CPuORFs and a general lack of conservation of the
Serrate 5’ UTR between D. melanogaster and D. virilis
(Figure 2A). The latter is a distantly related drosophilid (~
40 Mya diverged from D. melanogaster) and contains only
a single uORF in its Serrate 5’ UTR, which is unrelated to
any of the three uORFs in the Serrate 5’UTR in D.
melanogaster. Interestingly, the Delta 5’ UTR of D. virilis
contains 9 uORFs, three of which are highly conserved with
three of the six D. melanogaster Delta uORFs (Figure 2B);
whether this reflects a role of the encoded peptides or a role
of the CPuORF codons’ translation at the RNA level is a
matter for further investigation.

It is not surprising that Serrate and Delta are subjected to
translational repression. Recent ribosome profiling and bio-
informatic studies suggest that one or more uORFs are
present in 58.7% of all Drosophila 5’ UTRs (29) suggesting
that uORF–mediated translational regulation is a widespread
phenomenon. A well-studied case of translational control in
Drosophila by a uORF is the silencing of msl-2 translation,
which is necessary for the survival of female flies. The 5’
UTR of the msl-2 gene includes three uORFs which act in
conjunction with the female-specific Sex-lethal (Sxl) protein,
which binds to a nearby cis-regulatory mRNA element
named the B site, to cause silencing of the msl-2 (29). These
uORFs need this nearby RNA-bound protein in order to exert
their repressive effect which raises the possibility that uORFs
do not simply impose a threshold on translation initiation,
but add a heretofore little-studied level of regulation, which
involves RNA-binding trans-acting proteins. In the study
conducted by Schleich and colleagues (45) in Drosophila a
translation re-initiation factor was discovered, DENR–MCT-
1, which is needed for uORF containing mRNAs, but differs

from the well-known GCN4 paradigm, which relies on the
GCN2 kinase that phosphorylates the initiation factor eIF2α
upon starvation (46). DENR-MCT1 functions in non-stressed
cells and affects mRNAs involved in cellular proliferation
and tissue growth to promote ribosome re-initiation
downstream of a uORF.

mRNA translation can also be regulated by small micro
RNAs (miRNAs) that hybridize to mRNA sequences that are
frequently located in the 3’ UTR (47). Normally, the
structural features and regulatory sequences within the
mRNA are responsible for its translational outcome (mostly
repressive but also activating). The canonical end
modifications of mRNA molecules i.e. the cap structure and
the poly (A) tail are strong promoters of translation initiation
(47). However, the internal ribosome-entry sites (IRESs)
which mediate cap-independent translation initiation, uORFs,
which normally reduce translation from the main ORF and
secondary or tertiary RNA structures, such as hairpins and
pseudoknots commonly block initiation (47). Nevertheless,
hairpins and pseudoknots can also be part of the IRES
elements and, therefore, promote cap-independent translation
or can be specific binding sites for regulatory complexes
which are crucial determinants of mRNA translation (47).
Serrate and Delta translational repression may require, in
addition to their uORFs, putative RNA binding proteins that
could recognize their 5’ UTR secondary structures.
Regardless of the mechanism involved, the characterization
of the Serrate and Delta 5’ UTRs as attenuators of
translation can be used in the construction of transgenes
where high levels of expression may cause undesired effects.
Additionally, we found that homopolymeric tails, often used
in cDNA cloning, can also strongly inhibit translation and
this should also be considered in the design oftransgenes.
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