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SMALL PEPTIDES

Pri SORF peptides induce selective
proteasome-mediated
protein processing

J. Zanet, 1> E. Benrabah, ?* T. Li, 3 A. Pélissier-Monier,
B. Ronsin, 2 H. J. Bellen, ** F. Payre, 12t S. Plaza®?t

A wide variety of RNAs encode small open-reading-frame (smORF/SORF) peptides, but
their functions are largely unknown. Here, we show that
peptides trigger proteasome-mediated protein processing, converting the Shavenbaby
(Svb) transcription repressor into a shorter activator. A genome-wide RNA interference
screen identifies an E2-E3 ubiquitin-conjugating complex, UbcD6-Ubr3, which targets Svb
to the proteasome in a pri-dependent manner. Upon interaction with Ubr3, Pri peptides
promote the binding of Ubr3 to Svb. Ubr3 can then ubiquitinate the Svb N terminus, which
is degraded by the proteasome. The C-terminal domains protect Svb from complete
degradation and ensure appropriate processing. Our data show that Pri peptides control
selectivity of Ubr3 binding, which suggests that the family of SORF peptides may contain

an extended repertoire of protein regulators.

otic genomes encode many noncod-
ing RNAs (ncRNAs) that lack the classical
arks of protein-coding genes. How-
ever, both ncRNAs and mRNAs often con-
mall open reading frames (SORFs),
and there is growing evidence that they can
produce peptides, from yeast{) to plants (2, 3) or
humans (4, 5). Thepolished riceor tarsal-less(pri )
RNA contains four SORFs that encode highly re-
lated 1% to 32—amino acid peptides, required for
embryonic development across insect specieg
(6-8). In flies, pri is essential for the differenti-
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rifiro,

' in response topri , we performed a genome-wide

[

of Svb andpri (Fig. 1A). We set up an automated
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Drosophila polished-rice  (pri) SORF

ation of epidermal outgrowths called trichomes
(7, 8). Trichome development is governed by the
Shavenbaby (Svb) transcription factor@-11); how-
ever, only in the presence opri can Svb turn on
the program of trichome development, i.e., acti-
vate expression of cellular effectors12 13. Indeed,
the Svb protein is translated as a large repressor,
pri then induces truncation of its N-terminal
region, which leads to a shorter activator (2.
Thereby,pri defines the developmental timing of
epidermal differentiation, in a direct response to
systemic ecdysone hormonal signaling 14). Al-
though we now have a clear framework for the
developmental functions of pri, how these small
peptides can trigger Svb processing is unknown.
To identify factors required for Svb processing

RNA interference (RNAI) screen in a cell line co-
expressing green fluorescent protein (GFRjagged

assay quantifying Svb processing for each of the|

flecting the proportion of cells unable to cleave
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off the Svb N terminus (see the supplementary
materials). pri RNAI displayed the highest score,
which validated our approach to identifying mo-

lecular players in Svb processing. Methods used
to evaluate results from genome-wide screening
all converged on a key role for the proteasome.
For instance, COMPLEAT, a bioinformatic frame-

Fig. 1. Pri-dependent processing of Svb requires
proteasome activity.  (A) Drawing of Svb pro-
cessing (antibody against Svbls recognizes the
repressor-specific N-terminal region) and snap-
shots from the screen illustrating the effect of
double-stranded RNA against lacZ (negative con-
trol), pri, and proteasome a3 subunit ( prosa3) on
Svb::GFP processing. Cells were stained for Svbls
(purple) and GFP (green). ( B) Western blot anal-
ysis of cells that express Svb::GFP, with or without
pri and proteasome inhibitors (MG132, epoxomicin).
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work based on protein complex analysis (15),
identified the proteasome in 66 out of the 71 top
predictions (fig. S1IA and table S1). A survey of
individual proteasome subunits indicated that
both the 20S catalytic core and the 19S regulatory
particles are required for Svb processing (fig. S1B
and table S2). Chemical proteasome inhibitors
independently confirmed this conclusion, because
they also prevented pri-induced Svb processing
(Fig. 1B). These data thus provide compelling evi-
dence that Svb processing results from a pri-
dependent proteolysis by the proteasome.

To investigate how pri regulates proteolysis of
Svb, we first identified the protein region(s) in
Svb that are involved in pri-dependent process-
ing. Systematic deletions demonstrated the impor-
tance of the Svb N terminus for pri response and
restricted the minimal motif to the N-terminal 31
amino acids (fig. S2, A and B). Deletion of this
motif within an otherwise full-length protein (A31)
made Svb refractory to pri (fig. S2, A and B).
Conversely, the Svb N terminus when fused to
GFP (1s::GFP) was sufficient to transform this pro-
tein into a pri target and to make GFP sensitive to
pri. Unlike Svb, however, 1s::GFP was completely
degraded by the proteasome upon pr expression
(Fig. 2A and fig. S2, C and D).

Recent studies have shown that structural fea-
tures of proteins influence their degradation by

the proteasome (16): Whereas unstructured sub-
strates, such as intrinsically disordered regions,
favor degradation (17), tightly folded domains can
resist proteasome progression (I8). Analysis of
Svb sequences predicted intrinsically disordered
features (Fig. 2A and fig. S3A) throughout its
N-terminal moiety, which is degraded. By con-
trast, the proteasome-resistant C-terminal moiety
comprises two folded regions: the transcriptional
activation and zinc finger domains. Within the
transcriptional activation region, we found that
amino acids 532 to 701 protected Svb from com-
plete degradation. Indeed, the C-terminally trun-
cated mutants of 1 to 701 amino acids (and longer)
were still processed, whereas mutants shortened
by 1 to 532 amino acids (and shorter) were fully
degraded (fig. S3B). We tested whether other folded
domains would also protect Svb from complete
degradation and found that attaching zinc fingers
to short Svb mutants—otherwise degraded upon
pri expression—was sufficient to restore process-
ing (Fig. 2A). Likewise, the DNA binding domain
of Gal4 protected against degradation (fig. S3, B
and C), which indicated that even a heterologous
protein domain with strong structure can protect
Svb from full degradation in response to pri. Hence,
distinct regions of Svb mediate its processing by
the proteasome: the 31 N-terminal residues act as
a pri-dependent degradation signal, or degron,

and C-terminal domains act as stabilizing features
that prevent complete degradation.

Proteins are targeted to the proteasome by the
covalent attachment of ubiquitin to Lys residues
(19). The Svb N terminus is highly conserved from
insects to human (Fig. 2B); it comprises two in-
variant Lys residues (K3 and K8) and a third one
at a less constrained position (K28 in Drosophila).
We found that individual Lys substitutions had
only a weak effect or no effect, whereas simulta-
neous mutation of all three Lys (3Kmut) abol-
ished Svb processing (Fig. 2B). Furthermore, we
detected strong pri-dependent ubiquitination of
Svb when the proteasome was inhibited (Fig. 2C).
By contrast, this was no longer seen in the 3Kmut
variant, which demonstrated the key role of these
three Lys in ubiquitin-dependent Svb processing.

Ubiquitin conjugation requires three enzymes
(E1, E2, and E3); specificity is generally conferred
by the E3 ubiquitin ligases that recognize and
bind to substrates (79). A prominent hit from our
RNAI screen was Ubr3 (7 hits out of the top 15),
which encodes an E3. Ranking all Drosophila
ubiquitin enzymes by their inhibitory score con-
firmed that Ubr3 was the major E3 required for
Svb processing and identified UbcD6 (Rad6) as
its associated E2 (figs. S4 and S5 and table S3),
consistent with evidence that human Ubr3 also
forms a complex with UbcD6 (20). Like many

A Degron Protective C-term regions B K3 K8 |§28 C HA::Ubiquitin
1,1.'31 532..701 1069 1351 Hfi ;LSLIffiS igggggéiigggéﬁggggg . Svb::GFP  3Kmut::GFP
M_mus MPKVFLVKRRSPGVSVRSWDELPDDKRADTY Pri = « ¢+ 4 = = + +
H_sap MPKVFLVKRASLGVSVRSWDELPDEKRADTY |MG132 = + = + = + + +
: 14
Disorder _wt_ K3G K8G_ K3.8G 3Kmut
disposition o | I, L A A .. ) Pri + + -
.- .-. ..—-“ 170kDa-

= ——— o oo N ——
N 1s::GFP 1-445 1-445+ZF et Who
[ e N — ¥ . = g en MWeese
= Y | 130kDa- gy
‘g Z: 9 =) Fig. 2. Distinct regions of the Svb protein instruct its proper processing.
& i _ i (A) Time course of 1s::GFP protein levels upon pri expression (left). Adding the Svb zinc
LL‘5 0’2 D 70kDa- finger (ZF) to the 1 to 445 mutant restores processing (star, right). (B) Svb N-terminal
2 '0 —u_+Pri >_ - sequences from Drosophila (D_mel), pea aphid (A_pis), mouse (M_mus), and human
01 2 3 4 5 6 7 () (H_sap) and the effect of Lys mutations on processing. (C) Western blotting of cells
coexpressing hemagglutinin (HA)-tagged ubiquitin, Svb::GFP, or the 3Kmut variant, with
or without pri and MG132.
Fig. 3. Ubr3 mediates A swbcFP B in vitro assays C Rrp1::FLAG D
Svb ubiquitination in the V5::Ubr3 Lysate: V5::Ubr3 + Svb::GFP Svb::GFP Ubr3::GFP V5::Ubr3
:ijgqse to Pri pept'itdes. Pri ;‘ég{ﬂf‘:'sc scrb Pri Pri - + Pri - + &
oimmunoprecipita- - - 250kDa- - & &
tion of Ubr3:V5 with -:: uM 0 0 3 6 125 25 %0 pocee - - & 0
Svb::GFP in the presence 170KDa 250kDa- . a0 CEOGED Wéx-tx-UbrS WB o-GFP 25OKD57’ ‘
of MG132. Arrows indicate -
ubiquitinated Svb. I IP 0-GFP, WB 0-V5 2500 QD 25000 .' WESEE
(B) Protein extracts WB o-GFP input Ubr3 input Ubr3 u
from cells coexpressing = 250kDa . - '
V5:Ubr3 and Svb:GFP. in input Svb input Ubr3 T0e 100kDa- input Ubr3
the absence of pri, were PR p—— 35kDa-
250kDa-
incubated in vitro with a a- 170KDa- W PO A e bl . T0KDa- 25kDa—_‘
input Ubr3 input Svb input Svb input Rrp1 input GFPs

synthetic Pri peptide
(MAAYLDPTGQY) (31) and

immunoprecipitated using antibody against GFP. A scrambled peptide (MKTYPGALYDA, scrb) was used for control. (C) Coimmunoprecipitation of Ubr3 with
Svb::GFP or with Rrpl::FLAG in the presence of MG132. (D) GFP and GFP::Pri were immunopurified and incubated with V5::Ubr3 protein extracts. Bound
fractions were analyzed by antibody against V5 and Western blotting.
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Fig. 4. Ubr3 is required in vivo for Svb processing.
(A) Clones of Ubr3-null epidermal cells in mosaic
pupae (GFP-positive, green cytoplasm) do not form
trichomes (F-actin, red) and retain unprocessed
Svb repressor (Svbls-specific antibody, purple).
Cells contours are revealed by DE-cadherin (green).
(B) Model of Svb processing in response to pri.
After the binding of Pri peptides, Ubr3 becomes
able to bind the Svb N terminus and, together with
UbcD6, ubiquitinates three Lys residues. N-terminal
unstructured regions of Svb are degraded by the pro-
teasome, whereas C-terminal folded regions (green
and gray ovals) protect from complete degradation
and allow release of the truncated Svb activator. In
contrast, Ubr3 binds to other substrates (e.g., Rrpl
and DIAPY), with or without Pri peptides.

proteasome factors, Ubr3 has a broad subcellular
distribution in cytoplasm and nuclei, whereas
Svb and UbcD6 are nuclear proteins (fig. S6). Svb
processing still occurred normally when nuclear
export was impaired (figs. S6 and S7 and table
S4), which indicated that the proteolytic activa-
tion of Svb takes place within the nucleus.
Several additional lines of evidence support
the conclusion that Ubr3 mediates the function
of pri for Svb ubiquitination. First, Ubr3 coim-
munoprecipitated with Svb in a pri-dependent
manner and ubiquitinated Svb was found in a
complex with Ubr3 upon proteasome inhibition
(Fig. 3A). Second, the N terminus of Svb was suf-
ficient for Ubr3 binding in response to pri (fig. S8).
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Note that a functional N-terminal degron in Svb
was required for its interaction with Ubr3, because
the ubiquitin-resistant 3Kmut variant no longer
bound Ubr3. Third, in protein extracts from cells
that do not express pri, addition of synthetic Pri
peptide was sufficient to promote Ubr3-Svb inter-
action in vitro, in a dose-dependent manner (Fig.
3B). By contrast, a peptide of the same composi-
tion but in a “scrambled” sequence lacked activity.

Although critical for the binding of Ubr3 to the
Svb N terminus, Pri peptides are, however, not
indispensable for Ubr3 activity. We found that pri
did not influence the binding of Ubr3 to Apel
(Rrpl) (Fig. 3C), a factor involved in DNA repair
and regulated by Ubr3-dependent proteasome
degradation (21). Also, the interaction of Ubr3
with DIAP1, which inhibits apoptosis (22, 23), oc-
curred with or without pri (fig. S9). Moreover, we
found that Pri peptides interacted with Ubr3,
even in the absence of Svb (Fig. 3D and fig. S8).
Finally, the isolated UBR-box of Ubr3 no longer
required Pri peptides to bind Svb (fig. S10), which
suggested that other Ubr3 motifs prevent Svb
interaction in the absence of pri. We therefore
conclude that Pri peptides directly regulate the
selectivity of Ubr3 for binding to the Svb N ter-
minus and, thereby, trigger Svb ubiquitination
and processing by the proteasome.

We recently isolated a Ubr3 loss-of-function
allele (24) and assayed its phenotype in the dif-
ferentiation of epidermal cells. As observed for
pri mutants, embryos lacking Ubr3 were unable
to differentiate trichomes and to process Svb
(fig. S11). Moreover, inactivation of either UbcD6
or Ubr3 prevented formation of adult trichomes
in mosaic animals (Fig. 4A and fig. S12). When
compared with their wild-type neighbors, Ubr3-
null cells accumulated the repressor form of Svb,
which demonstrated Ubr3’s essential role for Svb
processing in vivo.

Taken together, our data show that Pri pep-
tides control the binding of the Ubr3 ubiquitin
ligase to Svb and activate its processing by the
proteasome (see Fig. 4B). In the absence of Pri,
Ubr3 nonetheless recognizes other substrates
(21-23), which shows that a main role for Pri
peptides is to modify the binding selectivity of
Ubr3. This could potentially be achieved through
a conformational change in Ubr3 protein, as pro-
posed for Ubrl (25), that unmasked the recogni-
tion site for Svb upon Pri peptide binding to Ubr3.

Although recent work has uncovered thousands
of novel sORF peptides (I-5), only a handful of
their molecular targets have yet been identified.
SORF peptides have recently been found to bind
and regulate the Ca®>* uptake SERCA protein
(26, 27), the heterotrimeric guanine nucleotide-
binding protein-coupled signaling APJ (Apelin)
(28), and the DNA repair protein Ku (29). Protein-
protein interactions often involve small protein
regions, and artificial peptides that mimic these

binding surfaces have been proven to be potent
modulators of protein complexes (30). We pro-
pose that sORF-encoded peptides provide an un-
explored reservoir of protein-binding interfaces,
well suited to regulate the activity of a wide range
of cellular factors.
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Editor's Summary

Small peptide regulates protein activity

Coding and noncoding RNAs can produce peptides from small open reading frames (smORFs),
with avariety of mostly unknown functions. Using a genome-wide screen, Zanet et al. show that
Polished rice (Pri) smORF peptides control fruit fly development by binding to an E3 ubiquitin ligase.
This changes the ligase's selectivity and triggers proteasome-dependent maturation of the
developmental transcription factor Shavenbaby. Other smORF peptides may act by a similar mechanism
to regulate protein activity.
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