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ABSTRACT

Apoptosis is an evolutionary conserved cell death mechanism, which requires activation
of initiator and effector caspases. The Drosophila initiator caspase Dronc, the ortholog of
mammalian Caspase-2 and Caspase-9, has an N-terminal CARD domain that recruits Dronc into
the apoptosome for activation. In addition to its role in apoptosis, Dronc also has non-apoptotic
functions such as compensatory proliferation. One mechanism to control the activation of Dronc
is ubiquitylation. However, the mechanistic details of ubiquitylation of Dronc are less clear. For
example, monomeric inactive Dronc is subject to non-degradative ubiquitylation in living cells,
while ubiquitylation of active apoptosome-bound Dronc triggers its proteolytic degradation in
apoptotic cells. Here, we examined the role of non-degradative ubiquitylation of Dronc in living
cells in vivo, i.e. in the context of a multi-cellular organism. Our in vivo data suggest that in
living cells Dronc is mono-ubiquitylated on Lys78 (K78) in its CARD domain. This
ubiquitylation prevents activation of Dronc in the apoptosome and protects cells from apoptosis.
Furthermore, K78 ubiquitylation plays an inhibitory role for non-apoptotic functions of Dronc.
We provide evidence that not all of the non-apoptotic functions of Dronc require its catalytic
activity. In conclusion, we demonstrate a mechanism whereby Dronc’s apoptotic and non-
apoptotic activities can be kept silenced in a non-degradative manner through a single

ubiquitylation event in living cells.
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Author Summary

Apoptosis is a programmed cell death mechanism which is conserved from flies to humans.
Apoptosis is mediated by proteases, termed caspases that cleave cellular proteins and trigger the
death of the cell. Activation of caspases is regulated at various levels such as protein-protein
interaction for initiator caspases and ubiquitylation. Caspase 9 in mammals and its Drosophila
ortholog Dronc carry a protein-protein interaction domain (CARD) in their prodomain which
interacts with scaffolding proteins to form the apoptosome, a cell-death platform. Here, we show
that Dronc is mono-ubiquitylated at Lysine 78 in its CARD domain. This ubiquitylation
interferes with the formation of the apoptosome, causing inhibition of apoptosis. In addition to its
apoptotic function, Dronc also participates in events where caspase activity is not required for
cell killing, but for regulating other functions, so-called non-apoptotic functions of caspases such
as apoptosis-induced proliferation. We found that mono-ubiquitylation of Lysine 78 plays an
inhibitory role for these non-apoptotic functions of Dronc. Interestingly, we demonstrate that the
catalytic activity of Dronc is not strictly required in these processes. Our in vivo study sheds light
on how a single mono-ubiquitylation event could inhibit both apoptotic and non-apoptotic

functions of a caspase.



50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

INTRODUCTION

In multicellular organisms, cells have a turning point in their lives to commit to either
living or dying. Cells which are committed to die can employ different forms of cell death, the
most common one being a conserved form of programmed cell death, called apoptosis [1,2].
Apoptosis plays important roles during development, to maintain tissue homeostasis in adult
organisms and in response to stress conditions [3,4]. Studies aimed at the elucidation of
regulatory pathways of apoptosis are of outstanding importance because dysregulation of
apoptosis can lead to many disorders, including neurodegenerative diseases and cancer [5,6]. The
fruit fly Drosophila melanogaster provides an excellent model system in which to study the
molecular mechanisms of apoptosis owing to its genetic conservation with mammals [7], low
genetic redundancy of the apoptotic factors, and a variety of well-established genetic techniques

that allow to easily manipulate gene function in specific tissue types and even individual cells.

Caspases, a highly conserved family of Cysteine (Cys) proteases, play a pivotal role in
the regulation and execution of apoptosis. Caspases are produced as inactive monomeric
zymogenes that consist of three domains, an N-terminal pro-domain, a large subunit containing
the catalytic Cys residue, and a C-terminal small subunit. There are two types of apoptotic
caspases: initiator caspases such as Caspase-2, Caspase-9 and the Drosophila ortholog Dronc;
and effector caspases such as the Caspase-3, Caspase-7 and the Drosophila orthologs Drice and
Dcp-1 [8,9]. The prodomains of initiator caspases carry protein/protein interaction motifs such as
the Caspase Recruitment Domain (CARD) [10]. The scaffolding protein Apaf-1 and its
Drosophila ortholog Dark also carry an N-terminal CARD domain [11-14]. In apoptotic cells,
through CARD/CARD interactions with Dark, Dronc is recruited into and activated by a death-

inducing protein complex, termed apoptosome [15,16]. Effector caspases which have short
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prodomains without protein/protein interaction motifs, are activated by the apoptosome through
proteolytic cleavages between their subunits.

Interestingly, correct stoichiometry between Dronc and Dark molecules is important for
execution of apoptosis [17]. There is feedback inhibition between Dronc and Dark.
Overexpression of one protein triggers degradation of the other one [17] ensuring that the levels
of functional apoptosome units are low under these conditions. Only if both proteins are co-
expressed can a significant apoptotic phenotype be recorded.

Inhibitor of Apoptosis Proteins (IAPS) restrict apoptosis by inhibiting caspases [18,19].
IAPs are characterized by the presence of one to three Baculovirus IAP Repeats (BIR) and some
bear a C-terminal RING domain that provides E3 ligase activity for ubiquitylation [18,20,21]. In
living cells, Drosophila IAP1 (Diapl) interacts with Dronc, Drice and Dcp-1 through the BIR
domains [22]. Importantly, binding of Diapl to caspases is not sufficient for their inhibition;
ubiquitylation by the RING domain of Diapl is required for full inhibition of these caspases [22-
24]. In dying cells, the pro-apoptotic proteins Reaper (Rpr), Hid and Grim bind to Diapl and
change the E3 ligase activity of the RING domain which promotes auto-ubiquitylation and
degradation of Diapl [25-32]. This leads to release of Dronc from Diapl inhibition and free
Dronc monomers can be recruited into the Dark apoptosome.

Ubiquitylation is a post-translational modification, which results from conjugation of a
protein called Ubiquitin to lysine residues of substrates either as a single moiety (mono-
ubiquitylation) or by conjugation of ubiquitin chains (poly-ubiquitylation) [33,34]. The fate of a
poly-ubiquitylated protein depends on the nature of the ubiquitin linkage. For example, K48
poly-ubiquitylation triggers proteolytic degradation of target proteins, while K63 poly-

ubiquitylation regulates non-degradative events such as cell signaling [35-38]. In contrast, mono-
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ubiquitylation of a protein is usually not associated with protein degradation. Mono-
ubiquitylation of target proteins is involved in DNA repair and endocytosis or may regulate
translocation and interaction with other proteins [36,37].

Both mammalian and Drosophila caspases are subject of regulatory ubiquitylation
mediated by IAPs [18,20,21,39-41]. For example, previous studies conducted in vitro and by
transfection experiments in cell culture demonstrated that in Drosophila Dronc is ubiquitylated
by Diapl [23,24,42]. The importance of the RING domain for control of Dronc activity became
clear from genetic analysis. diapl mutants lacking the RING domain are embryonic lethal due to
massive apoptosis [25]. Consistently, loss of the RING domain of Diapl triggers processing and
activation of Dronc [24] suggesting that ubiquitylation negatively regulates Dronc processing
and activation. Initially, it was proposed that ubiquitylated Dronc is degraded by the proteasome
[42-44]. However, we showed recently that the level of Dronc protein does not increase in
proteasome mutants [45] suggesting that Dronc is not subject of proteasome-mediated
degradation. In fact, the control of Dronc activity by ubiquitylation is much more complex than
initially anticipated. In living cells, free monomeric Dronc is subject to non-degradative
ubiquitylation, while processed and activated Dronc in the Dark apoptosome is degraded in a
Diapl-dependent manner [17,24]. That raises the question about the nature and function of non-
degradative ubiquitylation of free monomeric Dronc in living cells.

Here, we report that in living cells Dronc is mono-ubiquitylated at Lysine 78 (K78) in its
CARD domain. To examine the role of K78 mono-ubiquitylation of Dronc, we mutated this

K78R

residue to non-ubiquitylatable Arginine (K78R). Dronc and Dronc™ display similar

K78R

enzymatic activities in vitro. However, Dronc is easier incorporated into the Dark

apoptosome, is more efficiently processed and thus has higher enzymatic activity there. These
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data suggest that K78 ubiquitylation inhibits incorporation of Dronc into the Dark apoptosome.

Surprisingly, Dronc""®®

also suppresses some of the phenotypes associated with catalytic
inactivity of Dronc such as lethality, loss of compensatory proliferation and defects in male
genitalia rotation. These observations provide evidence that K78 mono-ubiquitylation also
controls non-apoptotic functions of Dronc and suggest that not all of the non-apoptotic functions
of Dronc require its catalytic activity. In summary, this in vivo study provides a mechanistic link

of how ubiquitylation of an initiator caspase can control its activity in both apoptotic and non-

apoptotic pathways in a non-degradative manner.

RESULTS

Dronc is mono-ubiquitylated in living cells

Because available anti-Dronc antibodies perform poorly in immunoprecipitation (IP)
experiments, we took advantage of the Gal4/UAS system [46] and expressed Flag-tagged Dronc
(Flag-Dronc) [47] ubiquitously using the daughterless-Gal4 (da-Gal4) driver (denoted da>Flag-
Dronc). Expression of da>Flag-Dronc in whole animals does not cause any significant
developmental, apoptotic or lethality phenotypes. To examine the functionality of Flag-Dronc,
we tested if it can rescue the lethal phenotype of strong dronc mutants (dronc'**/dronc'?®) [48].
We indeed observed that da>Flag-Dronc is able to rescue the pupal lethality caused by dronc

null mutations and can be activated in the apoptosome (Supplementary Figure S1A, B).

To address the status of Dronc ubiquitylation, we immunoprecipitated Flag-Dronc from
embryonic, larval, pupal and adult fly extracts and blotted with FK1 and FK2 antibodies that

bind to ubiquitin-conjugated proteins, but not free, unconjugated ubiquitin. FK2 antibody binds
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to mono- and poly-ubiquitylated proteins, while FK1 antibody detects only poly-ubiquitin-
conjugated proteins [49]. Blotting the IPs with FK2 antibody revealed high molecular poly-
ubiquitin species; however, these are comparable to the control IPs and may represent unspecific
co-immunoprecipitated proteins (Figure 1A). In contrast, in the 60 kDa range, FK2 detected a
single band specifically in Dronc IPs (Figure 1A, arrow). This band is found in all developmental
stages tested from embryos to adults. The FK1 antibody did not detect this band (Figure 1A).
Flag-Dronc has an estimated molecular weight (MW) of 51 kDa, and adding one ubiquitin
moiety of ~8.5 kDa results in a combined MW of about 60 kDa, suggesting that this band may

correspond to mono-ubiquitylated Flag-Dronc.

To further verify mono-ubiquitylation of Dronc in vivo, we co-expressed da>Flag-Dronc
and 6xHis-tagged ubiquitin (6xHis-ubiquitin) and pulled down all ubiquitylated proteins using
Ni-NTA agarose beads. Blotting for Flag-Dronc revealed a single band of about 60kDa, that was
not present in the control IP in which we only expressed 6xHis-ubiquitin (Figure 1B). This result
further confirms that Dronc is ubiquitylated in vivo and the differential detection by FK2, but not

FK1, suggests that it is — surprisingly - mono-ubiquitylated.

As further evidence that this modification of Flag-Dronc corresponds to ubiquitylation,
we incubated larval Flag-Dronc immunoprecipitates with a de-ubiquitylating enzyme, USP2, that
removes conjugated ubiquitin from target proteins. Consistently, in immunoblots, the FK2 signal
is strongly reduced after USP2 incubation compared to the control (Figure 1C, upper panel,
arrow; quantified in 1C”). Interestingly, although the majority of Flag-Dronc is de-ubiquitylated
after USP2 incubation, this does not result in a significant reduction of the molecular weight
(MW) of non-ubiquitylated Flag-Dronc (Figure 1C, lower panel). Nevertheless, this

characterization indicates that Flag-Dronc is mono-ubiquitylated under in vivo conditions.



165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

We were also interested to identify the ubiquitin ligase that mediates mono-ubiquitylation
of Dronc. One good candidate is Diapl which has been shown to ubiquitylate Dronc in vitro
[23,24,42]. Ideally, to test if Diapl ubiquitylates Flag-Dronc in vivo, one should examine
homozygous mutant diap1 animals for loss of ubiquitylation of Dronc. However, these animals
are early embryonic lethal due to strong apoptosis induction by loss of Diapl [25] which makes
this analysis very difficult. Therefore, we examined Flag-Dronc immunoprecipitates from larvae
that were heterozygous for the strong diap1® allele [26,27]. Immunoprecipitates of Flag-Dronc
from heterozygous diap1® extracts display a significant reduction of FK2 immunoreactivity
(Figure 1D, upper panel; quantified in 1D”) suggesting that Diap1 is involved in mono-
ubiquitylation of Flag-Dronc. However, as already noted above in the context of the USP2
experiments, the Flag immunoblots do not display a significant size difference between
ubiquitylated and non-ubiquitylated Flag-Dronc (Figure 1D, lower panel). The reason for this

unusual behavior is not known.

Flag-Dronc is ubiquitylated at K78 in the CARD domain

To identify the ubiquitylated Lysine (K) residue, we submitted the 60kDa band from
immunoprecipitated Flag-Dronc samples from both larval and pupal stages to mass-spectrometry
(LC-MS/MS) analysis. Both analyses showed that Flag-Dronc is ubiquitylated at K78
(Supplementary Figure 2A). To also examine for poly-ubiquitylation, we submitted higher
molecular weight bands of the Flag immunoprecipitates for LC-MS/MS analysis. However, there
was no trace of ubiquitylation. In addition to mono-ubiquitylation of K78, we also observed
phosphorylation of Ser130, an inhibitory modification of Dronc that has previously been

reported [47]. Confirmation of a known modification of Dronc validates the LC-MS/MS
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approach. Importantly, LC-MS/MS analysis of apoptotic extracts (induced by hs-hid) revealed
that the mono-ubiquitylation at K78 is absent (Supplementary Figure S2B). This observation
suggests that K78 mono-ubiquitylation is a feature of Dronc in living cells and that it may

control (inhibit) the apoptotic activity of Dronc.

To determine whether DIAP1 can ubiquitylate Dronc at K78, we performed in vitro
ubiquitylation assays of Dronc with Diapl as E3 ubiquitin ligase and analyzed in vitro
ubiquitylated Dronc by mass spectrometry. As E2 conjugating enzymes we used either human
UBE2D2 or Drosophila UBCD1. In both cases, Dronc was found to be ubiquitylated at K78 by
DIAP1 in vitro (Suppl. Figure S2C,D), suggesting that DIAP1 can mediate K78 ubiquitylation of

Dronc.

K78 resides in the CARD domain of Dronc (Figure 1E) which interacts with the CARD
domain of Dark for recruitment of Dronc into the apoptosome. To study the role of K78
ubiquitylation, we mutated K78 to Arginine (R) and generated transgenic UAS-Flag-Dronc<"®?
flies by phiC31-based site-specific integration [50,51]. In addition, we combined the K78R
mutation with a mutation that changes the catalytic Cys (C) to Ala (A) (C318A), generating
transgenic UAS-Flag-Dronc""®R318* flies. As controls, we generated UAS-Flag-Dronc™, a

catalytically inactive Dronc (UAS-Flag-Dronc®38A

) and empty vector transgenic flies. Because
all constructs are inserted in the same landing site in the genome (VK37 on 2" chromosome), the
expression and protein levels of these Dronc constructs are expected to be the same which was

confirmed by immunoblotting (Figure 4H).

To test whether da>Flag-Dronc"R

mutant flies lose the mono-ubiquitylation signal, we
immunoprecipitated Dronc from larval samples and probed immunoblots with FK2 antibody.

da>Flag-Dronc""®® larval samples showed significantly reduced levels of mono-ubiquitylation

10
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K78R

(Figure 1F, arrow; quantified in Figure 1F’), suggesting that Flag-Dronc is less efficiently

ubiquitylated compared to Flag-Dronc™. However, because K78 is the only Lys residue being
detected by LC-MS/MS, we expected a complete loss of ubiquitylation in the Flag-Dronc""®R
mutant. Although significantly reduced, the mono-ubiquitylation signal is not completely lost
(Figure 1F’) suggesting that in the absence of K78 as major ubiquitin acceptor, another Lys
residue may be used as alternative ubiquitylation site (see Discussion). Nevertheless, the K78R
mutation revealed that K78 of Dronc is a major ubiquitin acceptor. Interestingly also, as already

observed in the USP2 and diap1® experiments, the MW of ubiquitylated and non-ubiquitylated

Dronc is not significantly different (Figure 1F, lower panel).

K78R

Flag-Dronc shows enhanced genetic interaction with Dark in a Diap1-dependent

manner

Formation of the apoptosome is essential for activation of Dronc. Interestingly, a recent
structural report about the Drosophila apoptosome revealed that K78 forms an intramolecular
hydrogen bond with a critical residue (Q81) that is required for interaction of the CARD domains
of Dronc and Dark for apoptosome formation [16]. Therefore, we hypothesized that mono-
ubiquitylation of Dronc at K78 inhibits the interaction with the CARD of Dark, effectively
blocking recruitment of Dronc into the apoptosome under surviving conditions. To test this

hypothesis in vivo, we used genetic and biochemical approaches.

In genetic experiments, we tested whether apoptosis is induced when the K78 mono-
ubiquitylation is lost in animals expressing da>Flag-Dronc*"®?. However, similar to da>Flag-
Dronc™, expression of da>Flag-Dronc*"®? does not induce a significant apoptotic phenotype or
even cause lethality. This is most likely due to the feedback inhibition mechanism between

11
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Dronc and Dark according to which overexpressed Dronc destabilizes Dark [17], keeping the

number of active apoptosome units low (see Discussion).

Nevertheless, combined expression of Flag-Dronc™ and Dark (tagged with GFP (GFP-
Dark) [17]) with GMR-GALA4 in the posterior eye imaginal disc induces apoptosis, causing eyes
of reduced size with pigment loss (Figure 2A) and enhanced pupal lethality. Therefore, we asked

K78R

whether loss of K78 mono-ubiquitylation causes increased activity of Flag-Dronc in the

presence of mis-expressed GFP-Dark [17]. Indeed, we found that the adult eyes of GMR>Flag-

KT8R + GFP-Dark flies are significantly smaller than GMR>Flag-Dronc"'+GFP-Dark eyes

Dronc
(Figure 2A, 2B). In addition, the pupal lethality was significantly increased in GMR>Flag-
Dronc*"®+GFP-Dark compared to GMR>Flag-Dronc"'+GFP-Dark (Figure 2C).

To understand whether this phenotype is due to increased apoptotic activity of Flag-

DroncX"®R

, we examined 3" instar larval eye discs for apoptosis using TUNEL labeling. Parallel
to the adult eye phenotypes, we observed significantly more apoptosis in the GMR>Flag-
Dronc*"®+GFP-Dark eye imaginal discs (Figure 2D, 2E). In addition, fluorimetric caspase
activity assays with extracts from GMR>Flag-Dronc*®+GFP-Dark heads showed a
significantly higher cleavage activity towards the synthetic DEVD substrate than GMR>Flag-
Dronc"'+GFP-Dark (Figure 2F). These data suggest that loss of K78 mono-ubiquitylation

K78R

increases the apoptotic activity of Dronc in the Dark apoptosome.

To examine the role of Diapl for K78 mono-ubiquitylation of Flag-Dronc, we compared
the eye phenotypes of GMR>Flag-Dronc"'+GFP-Dark and GMR>Flag-Dronc*"®*+GFP-Dark
in a heterozygous diap1® background. diap1 heterozygosity strongly enhanced the eye phenotype
and lethality of GMR>Flag-Dronc"'+GFP-Dark animals (Suppl. Figure S3A,B,C). However,

loss of one copy of diapl only weakly enhances the eye phenotype and lethality of GMR>Flag-
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K78R

Dronc™"""+GFP-Dark animals (Suppl. Figure S3A,B,C). These genetic interaction data suggest

that K78 ubiquitylation depends on Diapl.

Dark has a C-terminal caspase cleavage site that is thought to destabilize Dark, thus
reducing its apoptosis-promoting activity [17,52]. Consistently, a cleavage resistant version of
Dark (Dark") showed a hypermorphic phenotype [52]. Therefore, in theory, Dark" should
uncouple the anti-apoptotic feedback of Dronc on Dark. However, experimentally, that was not
observed [17]. Co-expression of GMR>Dronc"'+GFP-Dark" caused a similar small eye
phenotype compared to GMR>Dronc"'+GFP-Dark™ [17]. Thus, although Dark" was suggested
to be more active than Dark"", expression of either transgene with Dronc™ did not change the
equilibrium of the apoptosome activation [17]. Therefore, we examined whether co-expression
of Flag-Dronc*"® with GFP-Dark" under GMR control is sufficient to shift the equilibrium of
apoptosome formation towards higher induction of apoptosis. Indeed, GMR>Flag-
DroncX"®+GFP-Dark" executed more apoptosis compared to GMR>Flag-Dronc"'+GFP-Dark"
(Supplementary Figure S4A). Both the adult eye phenotype and the pupal lethality are worsened
significantly in GMR>Dronc*"®*+GFP-Dark" flies (Supplementary Figure S4). These findings

K78R

are consistent with the notion that Flag-Dronc requires functional Dark for increased activity.

The K78R mutation increases processing of Dronc through enhanced interaction with Dark

K78R is due to increased

To examine if the increased caspase activity of Flag-Dronc
intrinsic catalytic activity, we performed in vitro cleavage assays with bacterially expressed

6xHis-Dronc™, 6xHis-Dronc“’®R 6xHis-Dronc®*® and 6xHis-Dronck’8R“318A Because bacteria
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lack an ubiquitin system, 6xHis-Dronc™ is not modified by ubiquitin enabling us to directly
compare the intrinsic activities of the Dronc variants. In these experiments, we first tested the

ability of the Dronc constructs to auto-process [53,54]. Both 6xHis-Dronc™ and 6xHis-

K78R

Dronc proteins are able to auto-process to a similar extend (Figure 3A). In contrast, the

C318A

catalytic mutant Dronc®**®* and double mutant Dronc<"®R“3184 fajl to auto-process (Figure 3A),

consistent with the expectation.

Next, we performed in vitro cleavage assays of these Dronc preparations with its known

cleavage target DrICE [53,54] which is Myc-tagged and carries a mutation in the catalytic site

C211A

(Myc-Drice ) to block auto-processing of DrICE. While the catalytic mutants 6xHis-

Dronc®**®* and 6xHis-Dronc<"7“*184 failed to cleave Myc-Drice““'#, both 6xHis-Dronc*" and

K78R C211A ;

6xHis-Dronc processed Myc-Drice in vitro (Figure 3B). However, the cleavage

K78R

activities of 6xHis-Dronc™ and 6xHis-Dronc"®® are very similar in these assays suggesting that

there are no intrinsic differences in the catalytic activities of 6xHis-Dronc*" and 6xHis-
Dronc®’®®. Furthermore, these data imply that the K78R mutation does not cause any structural

defect to Dronc™"®R. However, in vivo, in the presence of Dark, Flag-Dronc<"®? has a higher
p g

K78R

catalytic activity than Flag-Dronc™ (Figure 2) suggesting that Dronc requires Dark for

increased catalytic activity.

K78R

Consistent with the increased catalytic activity of Flag-Dronc in the presence of Dark,

K78R

a significantly higher amount of Flag-Dronc is found in the processed form compared to

Flag-Dronc™ in immunoblots of total extracts from da>Flag-Dronc™ + GFP-Dark and da>Flag-

K78R

Dronc™"™" + GFP-Dark larvae (Figure 3C,C”). To understand the mechanism of increased

K78R

processing and catalytic activity of Flag-Dronc in the Dark apoptosome, we examined the

K78R

interaction between Dronc and Dark. Because specific antibodies to Dark do not exist, we

14
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used the GFP-Dark transgenes [17] to immunoprecipitate GFP-Dark and associated Flag-Dronc.
To avoid embryonic lethality of da>Flag-Dronc"**+GFP-Dark, Gal80" was used to control the
expression of UAS-GFP-Dark and UAS-Flag-Dronc transgenes. Using Gal80", da>Flag-
Dronc"'+GFP-Dark, da>Flag-Dronc"**+GFP-Dark and EV (empty vector)+GFP-Dark as
control were induced for 24 h at 29°C and larval extracts were analyzed for Flag-Dronc and
GFP-Dark. Longer induction periods (e.g. >48 h) also caused lethality. Consistent with a
previous report [17], compared to the EV control, expression of da>Flag-Dronc"'+GFP-Dark
and da>Flag-Dronc*"®+GFP-Dark reduces Dark’s protein stability, as shown for GFP-Dark in
Figure 3D (top panel). In co-IP experiments, we detect an increased interaction between Flag-
Dronc®"®® and GFP-Dark compared to Flag-Dronc™ and GFP-Dark (Figure 3D, bottom panel).
In addition, the ratio between processed versus unprocessed Dronc is significantly increased for

K78R

Flag-Dronc in complex with GFP-Dark compared to Flag-Dronc™ (Figure 3D, bottom panel;

quantified in 3D”), consistent with the increased apoptosis in imaginal discs and head extracts

K78R

(Figure 2). These results suggest that compared to Flag-Dronc™', Flag-Dronc interacts

stronger with Dark and is more efficiently processed for apoptosis induction.

Taken together, these data suggest that living cells are protected from apoptosis by
keeping Dronc at least partially inactive through K78 mono-ubiquitylation which appears to
block recruitment into the Dark apoptosome. However, when cells are undergoing apoptosis,
K78 mono-ubiquitylation is no longer present, allowing Dronc to interact with Dark in the

apoptosome and induce cell death.

K78R is an intragenic suppressor of the lethality associated with loss of catalytic activity of

Dronc

15
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Next, we examined the physiological role of K78 mono-ubiquitylation of Dronc. For this,
we expressed wild-type and mutant Flag-Dronc transgenes using da-Gal4 in a dronc null
background and scored for rescue. The null mutants used, dronc?* and dronc'®, have early stop
codons at positions 28 and 53, respectively [48] and do not produce any Dronc protein.
dronc'®*/dronc'?® null mutants display a strong semi-lethal phenotype. Less than 10% of the
expected dronc homozygous mutant animals survive development (Figure 4A) and hatch as
adults with wing abnormalities (Supplementary Figure S5) [48]. Expression of da>Flag-Dronc™
rescues the lethality of dronc null mutant flies, but it is only a partial rescue. There is still about a
35% lethality (Figure 4A), suggesting that da>Flag-Dronc"" does not reach sufficient Dronc

K78R

activity for full rescue. Interestingly, however, da>Flag-Dronc™""" rescued the lethality of dronc

null mutant significantly better than da>Flag-Dronc™'. More than 80% of the expected progeny

emerges as adults in the presence of Flag-Dronc""®}

(Figure 4A). Because these transgenes were
obtained by phiC31 integration in the same landing site, the expression levels of all Flag-Dronc
constructs are comparable (Figure 4H) and are not responsible for the observed differences.
Therefore, this result further supports the notion that Flag-Dronck"®® has more activity than Flag-

Dronc™ and thus can better substitute for the loss of endogenous dronc.

As expected, expression of catalytically inactive da>Flag-Dronc“**** failed to rescue the

lethality of dronc null mutants (Figure 4A). Surprisingly, however, expression of da>Flag-

K78RC318A

Dronc which lacks the K78 mono-ubiquitylation site and is catalytically inactive (Figure

3A, B), did rescue the lethality of dronc null mutants to a significant degree! About 60% of

dronc mutant flies survived when expressing da>Flag-Dronc"’éR<3184

compared to only 10% of
dronc mutant flies expressing da>Flag-Dronc®®*®* (Figure 4A). Thus, the K78R mutation

behaves as an intragenic suppressor of the lethality associated with loss of catalytic activity of
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Dronc. This result suggests that loss of K78 ubiquitylation can be advantageous for the survival
of dronc mutant flies and can even —at least partially- overcome loss of the catalytic activity of

Dronc.

Flag-Dronck®R“3184 does not rescue the apoptotic phenotype of dronc null mutants

C318A

Because of the intragenic suppression of the lethality of the catalytic dronc mutant

by the K78R mutation, we considered — although did not expect - that the K78R mutation would

rescue the catalytic activity of Dronc“*!#4

and thus the apoptotic phenotype of dronc mutants. To
test this possibility,, we employed the developing Drosophila retina which consists of individual
units called ommatidia. In developing Drosophila retinae, cells produced in excess between
ommatidia (interommatidial cells, IOCs) are eliminated by apoptosis around 28-30h after
puparium formation (APF) [55-58]. The retinal lattice is fully differentiated at 42-45h APF.
Previous studies showed that dronc'** and dronc '*° mutants fail to remove excess I0Cs during
development; about six additional I0OCs remain per ommatidium in dronc mutants (Figure 4B,C)
[48,59]. To understand the relationship between K78 mono-ubiquitylation and catalytic inactivity
during developmental apoptosis, we generated dronc'®® mutant clones expressing Flag-Dronc™,
Flag-Dronc*"®R, Flag-Dronc®**®* and Flag-Dronc""8"“*!** hy MARCM and examined the ability
of these constructs to restore I0C apoptosis in the pupal retina of dronc mosaics. As expected,

K78R

while expression of Flag-Dronc* and Flag-Dronc*"® rescues 10C apoptosis in dronc'?® mutant

clones, Flag-Dronc®®'®* does not (Figure 4D,E,G; quantified in Figure 4B). Importantly,

K78RC318A

although expression of Flag-Dronc rescued the lethality of dronc mutant flies (Figure

4A), it does not restore 10C apoptosis in dronc mutant clones (Figure 4B,F). Consistently,

K78RC318A

da>Flag-Dronc expression in dronc null background does not rescue the wing
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phenotype of dronc mutants (Supplementary Figure S5E). In addition, Flag-Dronc""8R“*!#4 does

not have catalytic activity in vitro (Figure 3A,B).

Therefore, as expected, these findings suggest that the K78R mutation does not restore
the catalytic activity of Flag-Dronc"®*“384 They further suggest that the suppression of the

pupal lethality of dronc mutants by expression of Flag-Dronc<78?¢3184

occurs independently of
the catalytic activity of Dronc which is therefore not absolutely essential for the survival of the
flies. These data further imply that K78 mono-ubiquitylation controls additional, non-catalytic
(apoptosis- and effector-caspase-independent) functions of Dronc whose failure in dronc mutants

contribute to lethality.

K78 ubiquitylation of Dronc is involved in control of apoptosis-induced proliferation

Next, we examined whether K78 mono-ubiquitylation is involved in a non-apoptotic
function of Dronc. We and others have shown that Dronc can trigger apoptosis-induced
proliferation (AiP) of neighboring surviving cells independently of downstream effector caspases
and thus apoptosis [44,60-62]. Expression of the effector caspase inhibitor P35 is used to
uncouple AiP from apoptosis. This treatment blocks apoptosis, but triggers chronic Dronc
activity which causes tissue overgrowth due to permanent AiP [44,61-65]. It was previously
shown that co-expression of p35 with dronc or pro-apoptotic hid using ey-Gal4 (ey>dronc+p35
or ey>hid+p35) in eye imaginal discs causes head overgrowth with pattern duplications, while
expression of catalytically inactive ey>dronc®*'®*+p35 did not [61,62,65]. Consistently,

K78R

expression of Flag-Dronc"* and Flag-Dronc*’®® in ey>p35 or ey>hid+p35 background induced

or enhanced head overgrowth, respectively, while catalytically inactive Flag-Dronc®®#
displayed wild-type head phenotypes in these assays (Figure 5A,B;, Supplementary Figure S6A).
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Surprisingly, however, expression of Flag-Dronc*"®R3% in ey>hid+p35 and ey>p35 assays also

showed a similar overgrowth phenotype compared to Flag-Dronc" or Flag-Dronc<"®?

(Figure
5A,B; Supplementary Figure S6A). Thus, similar to the results obtained in the rescue crosses of
dronc induced lethality, loss of K78 ubiquitylation can suppress loss of catalytic activity in AiP.
As controls, we expressed Flag-Dronc constructs with ey-GAL4 in the absence of p35. However,
simple overexpression of the Flag-Dronc construct did not trigger any overgrowth phenotype in
these crosses (Supplementary Figure S6B).

Because we showed in Figures 2 and 3, that Flag-Dronc"®® interacts better with GFP-

K78RC318A

Dark than Flag-Dronc™, we wondered if the rescue of AiP by Flag-Dronc is dependent

on the interaction with Dark. Indeed, in the absence of Dark (by RNAI), Flag-Dronc<"8R¢3184 js

no longer able to restore AiP in ey>hid+p35 background (Figure 5A,B).

K78 ubiquitylation of Dronc is involved in control of male genitalia rotation

During development, Drosophila male genitalia make a full 360° clockwise rotation [66].
When components of the apoptotic machinery (hid, dronc, drICE) are impaired, the rotation fails
or is incomplete [67-70] suggesting that it is an apoptosis-driven event. We examined whether
expression of da>Flag-Dronc constructs could rescue the genitalia rotation defect in
dronc'**/dronc'?® males. da>Flag-Dronc* and da>Flag-Dronc"®® fully rescued the male
genitalia rotation phenotype of dronc mutant males (100% of males display 360° rotation)
(Figure 5C; quantified in Figure 5D). In addition, these males were fertile. In contrast, da>Flag-

C318A

Dronc®®®* was unable to rescue the dronc'?*/dronc'?® rotation defect and had incomplete

rotations ranging from 180° to 270° (Figure 5C, D). These males were also sterile. Interestingly,

K78RC318A

da>Flag-Dronc partially rescued the rotation defect associated with dronc null
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mutations (62% of males display 360° rotation) (Figure 5C, D). However, sterility caused by
dronc null mutations was not suppressed suggesting that other non-apoptotic processes such as
sperm maturation are not rescued [71]. The partial rescue of the rotation phenotype by Flag-

DrOﬂCK78RC318A

is potentially interesting because it may suggest that Dronc has two functions for
male genitalia rotation: in addition to the previously reported effector caspase-dependent
function [69,70], it may also have an effector caspase-independent function. Because effector
caspases require catalytic activity of Dronc for activation, only the effector caspase-independent

K78RC318A

function can be rescued by Flag-Dronc , giving rise to the observed partial rescue (Figure

5C,D). The rescue of the rotation phenotype by Flag-Dronc</8?¢3184

is also dependent on Dark —
at least partially — as dark RNAI reduces the rescue to 38% full rotation (Figure 5D). These data

further suggest that K78R mutation is an intrinsic suppressor of loss of Dronc’s catalytic activity.

DISCUSSION
Implications of K78 mono-ubiquitylation for apoptotic functions of Dronc

Our in vivo data uncovered an elegant mechanism of how Dronc activation is regulated
through mono-ubiquitylation and how this modification affects both catalytic and non-catalytic
functions of Dronc. Our MS/LC-MS data from larval and pupal samples demonstrate that in
living cells, Dronc is mono-ubiquitylated at K78. Because mono-ubiquitylation is not a mark for
proteasome-mediated degradation, this finding explains why monomeric Dronc is not degraded
in living cells [24]. Mono-ubiquitylation of Dronc is not an unprecedented observation in the

caspase field. It was previously reported that clAP2 promotes mono-ubiquitylation of the
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effector caspases Caspase-3 and Caspase-7 in vitro [72]. However, the significance of this mono-
ubiquitylation is not known. Furthermore, the paracaspase MALT1 is subject to mono-
ubiquitylation [73,74]. Interestingly, this modification leads to MALT1 activation. Here, we add

the initiator caspase Dronc in Drosophila to the list of caspases being mono-ubiquitylated.

Mono-ubiquitylation of K78 of Dronc does not regulate the intrinsic catalytic activity of
Dronc. Purified recombinant Dronc™ and Dronc™"®R have comparable catalytic activities in vitro.
However, the location of K78 in the CARD domain suggests a regulatory modification for the
interaction with Dark. Consistently, K78 was recently reported to be a critical residue for the
interaction between the CARD domains of Dronc and Dark [16]. Indeed, our genetic analysis

K78R

suggests that Dronc increases the physical association with Dark, resulting in increased

processing of Dronc and thus higher apoptotic activity. Thus, we propose that in living cells, K78
mono-ubiquitylation of Dronc prevents the interaction with Dark.

K78R

Because of the increased processing and activation of Dronc™"™", we expected a very

K78R

strong apoptotic phenotype when expressing Dronc™ " in flies. However, although we observed

K78R compared to Dronc™, it was not as severe as

increased apoptosis by expression of Dronc
expected and depended on the presence of mis-expressed Dark. There are a few possibilities to
explain this result. Although K78 was identified as the only ubiquitin acceptor site by LC-
MS/MS analyses, we did not see a complete loss of mono-ubiquitylation in Flag-Dronc""® flies.
It is possible that when this major ubiquitin acceptor site is mutated, another Lys residue is

selected for ubiquitylation. Nevertheless, the partial loss of ubiquitylation in Dronc<"®®

(Figure
1E) is sufficient to shift Dronc activity to a higher level. This increased activity depends on the

presence of Dark.
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Another possibility to explain the absence of a significant apoptotic phenotype of

da>Flag-Dronc"®®

is that correct stoichiometry between Dronc and Dark molecules is important
for execution of apoptosis [17]. These proteins mutually control their stability. Overexpression of
one protein triggers degradation of the other one [17]. This balance ensures that the levels of
functional apoptosome units are low and this is most likely the reason why expression of each
protein by itself in a tissue or even in the whole animal does not cause a significant apoptotic
phenotype or complete lethality [17]. Only if both proteins are co-expressed can a significant

apoptotic phenotype be recorded and under those conditions can Dronc<"®®

trigger a stronger
apoptotic phenotype compared to Dronc"!, as observed in Figure 2. Nevertheless, it should be
pointed out that there are also conditions under which mis-expression of Dronc alone without
simultaneous co-expression of Dark is sufficient to induce an ectopic phenotype. The incomplete

expansion of the adult wing in response to Dronc-only mis-expression is a prominent example

[47].

Implications of K78 mono-ubiquitylation for non-catalytic functions of Dronc

We also examined the role of K78 ubiquitylation in a catalytically inactive (C318A)
Dronc background. da>Flag-Dronc®**®* fails to rescue any of the dronc null mutant phenotypes
examined such as lethality, apoptosis and male genitalia rotation, and also fails to induce AiP.
However, surprisingly, the ubiquitylation-defective and catalytically inactive double mutant of

Dronc (da>Flag-DroncK78R¢318A

) does rescue the lethality and male genitalia rotation phenotypes
of dronc null mutants and promotes AiP (Figures 4 and 5). The rescue of these phenotypes is not
the result of restoring the catalytic activity of Dronc<"®R%3184 py the K78R mutation because in

vitro cleavage assays demonstrated that the effector caspase DrICE was not processed and in
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484  vivo IOC apoptosis was not rescued in dronc null mutants (Figure 3A,B; Figure 4), indicating
485  that Dronc"®R“*¥A has no catalytic and thus no apoptotic activity. Therefore, even though
486  Dronc™®R is released from inhibitory ubiquitylation, it still needs its catalytic activity to execute

K78RC318A

487  apoptosis. Flag-Dronc Is an intragenic suppressor of several, but not all, phenotypes

488  associated with loss of the catalytic activity of Dronc. Therefore, the Flag-Dronc /8?3184
489  transgene offers unique opportunities to identify and characterize apoptosis- (effector caspase-)

490  independent functions of Dronc and to distinguish them from effector caspase-dependent ones.

491 These results allow making the following important conclusions about Dronc function.
492  Firstly, the pupal lethality (which is actually a strong semi-lethality) associated with dronc null
493  mutations is not only due to loss of the catalytic (enzymatic) activity. It appears that some non-
494  catalytic functions of Dronc are also very important for survival of the animal. Loss of the

495  catalytic activity may contribute to the pupal lethality, but it may not be the underlying cause.
496  This conclusion may not apply to the embryonic lethality of dronc germline clones [48].

497  Secondly, because we demonstrated that K78 mono-ubiquitylation controls the interaction of

498  Dronc with Dark, it appears that Dronc787<3184

executes its non-enzymatic functions also

499  through increased interaction with Dark. Thus, increased interaction with Dark is sufficient for
500 induction of several non-apoptotic functions of Dronc such as AiP. Thirdly, it is a hot debate in
501 the caspase field how caspases are restrained from inducing apoptotic death during non-apoptotic
502  processes [75-77]. However, our results imply that at least for the caspase Dronc, its catalytic
503 activity is not strictly required for non-apoptotic processes, although it may contribute to it.

504 Instead, it appears that K78 mono-ubiquitylation controls activation of Dronc for non-apoptotic

505  processes without requiring the catalytic function of Dronc.

506
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Evolutionary considerations

Dronc is considered to be the Drosophila Caspase-9 ortholog; however it has more
protein similarity to mammalian Caspase-2 [78]. Alignment of the CARD domains of Dronc and
Caspase 2 showed that K78 is not a conserved residue. However, there are two conserved Lys
residues at positions 20 and 65. It is possible that Caspase-2 may be ubiquitylated at one of these
residues and this ubiquitylation may play a role in formation of the PIDDosome, an apoptosome-
like protein complex required for Caspase-2 activation [79]. On the other hand, Caspase-9 does
not have any Lys residue in its CARD domain. It is possible that the CARD domain of Caspase-9
has not evolved an ubiquitylation control mechanism because the interaction between Caspase-9
and Apaf-1 is not rate limiting for Caspase-9 activation (Cytochrome c release is). Nevertheless,
similar to Dronc, mature Caspase-9 ubiquitylation has been shown in vitro [80], suggesting that
Caspase-9 activation may be controlled by ubiquitylation after activation in the Apaf-1

apoptosome.

Our work highlights a mechanism where Dronc’s activity is negatively regulated through
mono-ubiquitylation that interferes with its interaction partner Dark. This work may help
understanding the similarities and differences of caspase activation in mammalian and

Drosophila apoptosomes.

MATERALS AND METHODS
Immunoprecipitations and immunoblotting
Embryos, 3" instar wandering larvae, 1-2 days old pupae and heads of adult flies were

lysed in 100 ul of SDS lysis buffer containing 2% SDS, 150 nM NaCl, 10 mM TrisHCI, 20 uM
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NEM and protease inhibitors (Promega), respectively. The samples were sonicated for 10
seconds twice after they were boiled at 100°C for 10 minutes. 900 ul of dilution buffer (10 mM
TrisHCI, 150 mM NaCl, 2 mM EDTA and 1% Triton-X) was added to the samples and samples
were rotated at 4°C for 1 hour before centrifugation for 30 minutes. Protein concentrations of
supernatants were measured by Bradford Assay. 30 ug and 425 ug of total protein were used for
western blots and IPs, respectively. IP was performed with anti-Flag M2 magnetic beads (Sigma-
Aldrich M8823) overnight at 4°C with rocking. 100 ul of 150 ng/ul Flag peptide in TBS was
used for elution which took place at 4°C for 2 hours. 25 ul of eluted protein was used for western
blotting. Dilutions of antibodies used are as follows: anti-Flag M2 antibody (1:1000), FK2 and

FK1 (Enzo Life Sciences — 1:200), anti-Actin (Millipore Mab1501- 1:2000).

For ubiquitin pull-down assays, 3" instar larvae were collected and lysed in urea lysis
buffer containing 8 M Urea, 0.1 M NaH,PO,, 0.01 M TrisHCI, 0.05% Tween 20, pH 8.0 and
protease inhibitors. IP was performed with Nickel-NTA magnetic agarose beads (Qiagen 36111)
at 4°C overnight with rocking. 60 ul of 250 mM of Imidazole in urea lysis buffer (pH 4.5) was
used for elution. 30 ul of eluted protein was analyzed by western blot. Anti-His antibody

(Thermo Scientific-Fisher MA1-21315) was used at 1:1000 dilution.

For co-IPs, 3" instar larvae were collected and lysed in NP40 buffer (20 mM TrisHCI pH
8.0, 137 mM NaCl, 1% NP40, 2 mM EDTA and protease inhibitors). IP was performed with
GFP-Trap (ChromoTek) magnetic beads at 4°C overnight. GFP-Dark protein was eluted with 50
ul of 0.2M Glycine buffer pH 2.5. 25 ul of eluted protein was used for western blot. Anti-GFP
antibody (Thermo Scientific-Fisher MA5-15256) was used at 1:200 for IP-western blots, 1:1000

for western blots.
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Immunoblot band intensities are quantified with GelQuantNET software provided by

biochemlabsolution.com. Uncropped immunoblots are presented in Suppl. Figure S7 and S8.
Deubiquitylation Assay

Immunoprecipitated Flag-Dronc is incubated with 3 ul of USP2 enzyme (Boston Biochem E-
504) in deubiquitylation assay solution (50 mm EDTA, 100 mm DTT, 50 mm Tris-HCI and 150

mm NacCl) for 90 min at 37°C.
LC-MS/MS Analysis

Flag-Dronc was immunoprecipitated from larval and pupal da>Flag-Dronc extracts as described
above. 1 mg of protein was used for IPs. Elutions of eight IPs were pooled and concentrated with
0.5 ml centrifugal tubes (Millipore UFC500324). In vitro ubiquitylation assays were performed
as described previously [81]. Concentrated IP samples and in vitro ubiquitylated Dronc were
loaded to 4-20% gradient SDS-PAGE gels. The gels were stained with Coomassie Blue Solution
(Thermo Scientific-Fisher- 24590) and the 60 kDa band as well as higher molecular weight
bands (for in vivo samples) were excised and submitted to MS Bioworks (Ann Arbor, MlI).
Samples were digested with Chymotrypsin and analyzed by LC-MS/MS. In the in vitro and in
vivo samples, one peptide (K’®ITQRGPTAY) carried the di-Glycine motif, characteristic for

ubiquitylation.
Fly Work and Generation of Transgenic Flies

The following fly stocks were used: daughterless (da)-Gal4; GMR-Gal4; UAS-Flag-
Dronc [47]; UAS-Flag-Dronc*; UAS-Flag-Dronc"®R, UAS-Flag-Dronc®*'®* and UAS-Flag-
Dronck"8RC3184 (this work); UAS-6xHis-ubiquitin (this work); UAS-GFP-Dark and UAS-GFP-

Dark” [17]. dronc'®* and dronc'? [48]; ey>p35 and ey>hid,p35 [60]; diap1® [26,27]. Please note
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that two UAS-Flag-Dronc™ transgenes were used. The first one (a kind gift of Dr. Sally
Kornbluth) was used in the initial phases of this work and has a random insertion on
chromosome 3 [47]. The second one was obtained by phiC31 site-specific integration in the
VK37 landing site on chromosome 2 (see below). This line was used in combination with UAS-
Flag-Dronc"®R UAS-Flag-Dronc®*®* and UAS-Flag-Dronc""8f318A Al crosses were carried
out at room temperature. 3L MARCM clones were induced by heat shocking L1 larvae at 37°C
for 45 minutes as described [82]. Co-expression of UAS-GFP-Dark and UAS-Flag-Dronc
transgenes was controlled by GAL80" [83]. Temperature shift was performed at 29°C for 24 h.

3 instar larvae were collected for lysis immediately after temperature shift.

Wild-type and mutant UAS-Flag-Dronc transgenic flies were generated by the phiC31
site-specific integration system [50,51]. Flag-Dronc-pTFW and Flag-Dronc“****-pAFW vectors

C318A \were cloned into

were kind gifts from Dr. Sally Kornbluth. Flag-Dronc and Flag-Dronc
PENTR3C vector. Point mutations were generated by site-directed mutagenesis. AttB site for
site-specific integration was cloned into pTFW vector (DGRC - 1115). Wild-type and mutant
Flag-Dronc coding sequences were cloned into attB-pTFW vector by Gateway Cloning

Technology (Gateway LR Clonase 1l Enzyme Mix). Plasmids were sent to Genetivision for

injection. VK37 landing site was used for phiC31 integration [84].

UAS-6xHis-Ubiquitin transgenic flies were generated by random integration (Bestgene)
of a pUAST-6xHis-Ubiquitin construct created by inserting a Kpnl-Xbal fragment of N-terminal
6xHis human Ubiquitin pcDNA3.1 into pUAST [46]. Expression of 6xHis-Ubiquitin was
validated by FK2 Western blotting of urea-based lysis/Ni?*-based purification lysates generated

from 20 adult da-GAL4;UAS-6xHis-Ubiquitin flies.
Immunohistochemistry
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3 instar larval brain lobes with eye discs were dissected in PBS and fixed in 4% PFA.
Samples were blocked with 2% NDS in PBST and stained with c-Dcp-1 (Cell Signaling 9578-
1:100) and anti-Flag (1:200) antibodies [85]. TUNEL was performed as described [86]. For
pupal dissections, pupae were aged to 42 h-48 h APF. Pupal discs were dissected, fixed and
stained for c-Dcp-1 and DIlg (DSHB 4F3 anti-disc large -1:100) [85]. Imaginal discs were

mounted in Vectashield and imaged by confocal microscopy.
Caspase Activity Assays

Caspase activity assays were performed as described [86,87]. Briefly, adult heads were
lysed in caspase assay buffer (50 mM HEPES pH 7.5, 100 mM NaCl, 1 mM EDTA, 0.1%
CHAPS, 10% sucrose, 5 mM DTT, 0.5% TritonX-100, 4% glycerol and protease inhibitors).
Protein concentration was measured with Bradford Assay. 40 ug of protein was incubated with
100 uM of DEVD-AMC caspase substrate (MP Biomedicals 195868) in a final volume of 100 ul
of caspase assay buffer. Fluorescence was measured with spectrophotometer (excitation 385 nM
emission 460 nM) at 15 min intervals for 3 hours at 37°C. Each experiment was done at least

three times.

Caspase Cleavage Assay

For in vitro cleavage assays, wild type and mutant Dronc coding sequences were cloned
into pET-28a plasmid to yield 6xHis fusion proteins. Generated plasmids were transformed to
BL21(DE3)pLysS competent cells (Promega L1191). 50 ul of bacterial culture was grown at
37°C. Plasmid expression was induced by 0.2 mM IPTG for 3 h at 30°C as described [88].
Bacterial pellets were lysed with 4 ml of CellLytic B Cell Lysis Reagent (Sigma-Aldrich B7435)

after adding 0.2 mg/ml Lysozyme, 50 units/ml Benzonase and 1X protease inhibitor (Roche).
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Drice -pET23b plasmid was a kind gift from Dr. Guy Salvesen [53]. Drice

coding sequence was cloned into PT7CFE1-Nmyc plasmid (Thermo Scientific 88863). Myc-

Drice®?A

protein was generated by using TNT Rabbit Reticulocyte Lysate System (Promega
L4610). 4 ul of Myc-Drice“**** protein was incubated with 100 ug of wild-type and mutant
6xHis-Dronc protein in caspase assay buffer (100 mM Hepes pH 7.5, 0.1 % CHAPs, 10%
sucrose, 10 MM DTT, 50 mM Nacl, 0.5 mM EDTA, protease inhibitor). The reaction was
incubated at 30°C for 3 hours [54] and analyzed by western blotting. Anti-Myc antibody (Santa

Cruz SC40) was used at 1:200 concentration.
Statistical Analyses

Student’s t-test is used in all graphical analyses with parametric statistics. Crosses are
repeated at least three times. Numbers of fly eyes used for area calculation and staining intensity
are indicated in corresponding figures. The quantification of eye size was done using the

Histogram function in Photoshop.

ACKNOWLEDGEMENT

We would like to thank Dr. Sally Kornbluth (Duke University), Dr. Hyung Don Ryoo (NYU
School of Medicine) and Dr. Guy Salvesen (Burnham Institute) for sharing fly stocks and
reagents, the Bloomington Drosophila stock center for fly stocks and the Developmental Studies

Hybridoma Bank (DSHB) for antibodies.

29



640

641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687

REFERENCES

1. Kerr JF, Wyllie AH, Currie AR (1972) Apoptosis: a basic biological phenomenon with wide-
ranging implications in tissue kinetics. Br J Cancer 26: 239-257.

2. Fuchs Y, Steller H (2015) Live to die another way: modes of programmed cell death and the
signals emanating from dying cells. Nat Rev Mol Cell Biol 16: 329-344.

3. Perez-Garijo A, Steller H (2015) Spreading the word: non-autonomous effects of apoptosis
during development, regeneration and disease. Development 142: 3253-3262.

4. Fuchs Y, Steller H (2011) Programmed cell death in animal development and disease. Cell
147: 742-758.

5. Mcllwain DR, Berger T, Mak TW (2013) Caspase functions in cell death and disease. Cold
Spring Harb Perspect Biol 5: a008656.

6. Favaloro B, Allocati N, Graziano V, Di llio C, De Laurenzi V (2012) Role of apoptosis in
disease. Aging (Albany NY) 4: 330-349.

7. Xu D, Woodfield SE, Lee TV, Fan Y, Antonio C, et al. (2009) Genetic control of programmed
cell death (apoptosis) in Drosophila. Fly (Austin) 3: 78-90.

8. Miura M (2012) Apoptotic and nonapoptotic caspase functions in animal development. Cold
Spring Harb Perspect Biol 4.

9. Kumar S (2007) Caspase function in programmed cell death. Cell Death Differ 14: 32-43.

10. Hofmann K, Bucher P, Tschopp J (1997) The CARD domain: a new apoptotic signalling
motif. Trends Biochem Sci 22: 155-156.

11. Kanuka H, Sawamoto K, Inohara N, Matsuno K, Okano H, et al. (1999) Control of the cell
death pathway by Dapaf-1, a Drosophila Apaf-1/CED-4-related caspase activator. Mol
Cell 4: 757-7609.

12. Rodriguez A, Oliver H, Zou H, Chen P, Wang X, et al. (1999) Dark is a Drosophila
homologue of Apaf-1/CED-4 and functions in an evolutionarily conserved death
pathway. Nat Cell Biol 1: 272-279.

13. Zhou L, Song Z, Tittel J, Steller H (1999) HAC-1, a Drosophila homolog of APAF-1 and
CED-4 functions in developmental and radiation-induced apoptosis. Mol Cell 4: 745-755.

14. Zou H, Henzel WJ, Liu X, Lutschg A, Wang X (1997) Apaf-1, a human protein homologous
to C. elegans CED-4, participates in cytochrome c-dependent activation of caspase-3.
Cell 90: 405-413.

15. Yuan S, Yu X, Topf M, Dorstyn L, Kumar S, et al. (2011) Structure of the Drosophila
apoptosome at 6.9 a resolution. Structure 19: 128-140.

16. Pang Y, Bai XC, Yan C, Hao Q, Chen Z, et al. (2015) Structure of the apoptosome:
mechanistic insights into activation of an initiator caspase from Drosophila. Genes Dev
29: 277-287.

17. Shapiro PJ, Hsu HH, Jung H, Robbins ES, Ryoo HD (2008) Regulation of the Drosophila
apoptosome through feedback inhibition. Nat Cell Biol 10: 1440-1446.

18. Orme M, Meier P (2009) Inhibitor of apoptosis proteins in Drosophila: gatekeepers of death.
Apoptosis 14: 950-960.

19. Vaux DL, Silke J (2005) IAPs, RINGs and ubiquitylation. Nat Rev Mol Cell Biol 6: 287-297.

20. Bergmann A (2010) The role of ubiquitylation for the control of cell death in Drosophila. Cell
Death Differ 17: 61-67.

21. Bader M, Steller H (2009) Regulation of cell death by the ubiquitin-proteasome system. Curr
Opin Cell Biol 21: 878-884.

22. Zachariou A, Tenev T, Goyal L, Agapite J, Steller H, et al. (2003) IAP-antagonists exhibit
non-redundant modes of action through differential DIAP1 binding. EMBO J 22: 6642-
6652.

30



688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.
38.

39.

40.

41.

42.

43.

44,

45,

Wilson R, Goyal L, Ditzel M, Zachariou A, Baker DA, et al. (2002) The DIAP1 RING finger
mediates ubiquitination of Dronc and is indispensable for regulating apoptosis. Nat Cell
Biol 4: 445-450.

Lee TV, Fan Y, Wang S, Srivastava M, Broemer M, et al. (2011) Drosophila IAP1-mediated
ubiquitylation controls activation of the initiator caspase DRONC independent of protein
degradation. PLoS Genet 7: €1002261.

Wang SL, Hawkins CJ, Yoo SJ, Muller HA, Hay BA (1999) The Drosophila caspase inhibitor
DIAP1 is essential for cell survival and is negatively regulated by HID. Cell 98: 453-463.

Goyal L, McCall K, Agapite J, Hartwieg E, Steller H (2000) Induction of apoptosis by
Drosophila reaper, hid and grim through inhibition of IAP function. EMBO J 19: 589-597.

Lisi S, Mazzon |, White K (2000) Diverse domains of THREAD/DIAP1 are required to inhibit
apoptosis induced by REAPER and HID in Drosophila. Genetics 154: 669-678.

Wing JP, Schreader BA, Yokokura T, Wang Y, Andrews PS, et al. (2002) Drosophila
Morgue is an F box/ubiquitin conjugase domain protein important for grim-reaper
mediated apoptosis. Nat Cell Biol 4: 451-456.

Holley CL, Olson MR, Colon-Ramos DA, Kornbluth S (2002) Reaper eliminates IAP proteins
through stimulated IAP degradation and generalized translational inhibition. Nat Cell Biol
4: 439-444.

Yoo SJ, Huh JR, Muro |, Yu H, Wang L, et al. (2002) Hid, Rpr and Grim negatively regulate
DIAP1 levels through distinct mechanisms. Nat Cell Biol 4: 416-424.

Ryoo HD, Bergmann A, Gonen H, Ciechanover A, Steller H (2002) Regulation of Drosophila
IAP1 degradation and apoptosis by reaper and ubcD1. Nat Cell Biol 4: 432-438.

Hays R, Wickline L, Cagan R (2002) Morgue mediates apoptosis in the Drosophila
melanogaster retina by promoting degradation of DIAP1. Nat Cell Biol 4: 425-431.

Ciechanover A, Schwartz AL (1998) The ubiquitin-proteasome pathway: the complexity and
myriad functions of proteins death. Proc Natl Acad Sci U S A 95: 2727-2730.

Komander D, Rape M (2012) The ubiquitin code. Annu Rev Biochem 81: 203-229.

Kleiger G, Mayor T (2014) Perilous journey: a tour of the ubiquitin-proteasome system.
Trends Cell Biol 24: 352-359.

Chen ZJ, Sun LJ (2009) Nonproteolytic functions of ubiquitin in cell signaling. Mol Cell 33:
275-286.

Haglund K, Dikic | (2005) Ubiquitylation and cell signaling. EMBO J 24: 3353-3359.

Behrends C, Harper JW (2011) Constructing and decoding unconventional ubiquitin chains.
Nat Struct Mol Biol 18: 520-528.

Vucic D, Dixit VM, Wertz IE (2011) Ubiquitylation in apoptosis: a post-translational
modification at the edge of life and death. Nat Rev Mol Cell Biol 12: 439-452.

Meier P, Morris O, Broemer M (2015) Ubiquitin-Mediated Regulation of Cell Death,
Inflammation, and Defense of Homeostasis. Curr Top Dev Biol 114: 209-239.

Parrish AB, Freel CD, Kornbluth S (2013) Cellular mechanisms controlling caspase
activation and function. Cold Spring Harb Perspect Biol 5.

Chai J, Yan N, Huh JR, Wu JW, Li W, et al. (2003) Molecular mechanism of Reaper-Grim-
Hid-mediated suppression of DIAP1-dependent Dronc ubiquitination. Nat Struct Biol 10:
892-898.

Muro I, Hay BA, Clem RJ (2002) The Drosophila DIAP1 protein is required to prevent
accumulation of a continuously generated, processed form of the apical caspase
DRONC. J Biol Chem 277: 49644-49650.

Ryoo HD, Gorenc T, Steller H (2004) Apoptotic cells can induce compensatory cell
proliferation through the JNK and the Wingless signaling pathways. Dev Cell 7: 491-501.

Lee TV, Kamber Kaya HE, Simin R, Baehrecke EH, Bergmann A (2016) The initiator
caspase Dronc is subject of enhanced autophagy upon proteasome impairment in
Drosophila. Cell Death Differ.

31



739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Brand AH, Perrimon N (1993) Targeted gene expression as a means of altering cell fates
and generating dominant phenotypes. Development 118: 401-415.

Yang CS, Thomenius MJ, Gan EC, Tang W, Freel CD, et al. (2010) Metabolic regulation of
Drosophila apoptosis through inhibitory phosphorylation of Dronc. EMBO J 29: 3196-
3207.

Xu D, Li Y, Arcaro M, Lackey M, Bergmann A (2005) The CARD-carrying caspase Dronc is
essential for most, but not all, developmental cell death in Drosophila. Development 132:
2125-2134.

Fujimuro M, Sawada H, Yokosawa H (1994) Production and characterization of monoclonal
antibodies specific to multi-ubiquitin chains of polyubiquitinated proteins. FEBS Lett 349:
173-180.

Groth AC, Fish M, Nusse R, Calos MP (2004) Construction of transgenic Drosophila by
using the site-specific integrase from phage phiC31. Genetics 166: 1775-1782.

Bischof J, Maeda RK, Hediger M, Karch F, Basler K (2007) An optimized transgenesis
system for Drosophila using germ-line-specific phiC31 integrases. Proc Natl Acad Sci U
S A 104: 3312-3317.

Akdemir F, Farkas R, Chen P, Juhasz G, Medved'ova L, et al. (2006) Autophagy occurs
upstream or parallel to the apoptosome during histolytic cell death. Development 133:
1457-1465.

Snipas SJ, Drag M, Stennicke HR, Salvesen GS (2008) Activation mechanism and
substrate specificity of the Drosophila initiator caspase DRONC. Cell Death Differ 15:
938-945.

Dorstyn L, Kumar S (2008) A biochemical analysis of the activation of the Drosophila
caspase DRONC. Cell Death Differ 15: 461-470.

Cagan RL, Ready DF (1989) The emergence of order in the Drosophila pupal retina. Dev
Biol 136: 346-362.

Wolff T, Ready DF (1991) Cell death in normal and rough eye mutants of Drosophila.
Development 113: 825-839.

Miller DT, Cagan RL (1998) Local induction of patterning and programmed cell death in the
developing Drosophila retina. Development 125: 2327-2335.

Brachmann CB, Cagan RL (2003) Patterning the fly eye: the role of apoptosis. Trends
Genet 19: 91-96.

Mendes CS, Arama E, Brown S, Scherr H, Srivastava M, et al. (2006) Cytochrome c-d
regulates developmental apoptosis in the Drosophila retina. EMBO Rep 7: 933-939.

Fan Y, Wang S, Hernandez J, Yenigun VB, Hertlein G, et al. (2014) Genetic models of
apoptosis-induced proliferation decipher activation of INK and identify a requirement of
EGFR signaling for tissue regenerative responses in Drosophila. PLoS Genet 10:
e1004131.

Wells BS, Yoshida E, Johnston LA (2006) Compensatory proliferation in Drosophila imaginal
discs requires Dronc-dependent p53 activity. Curr Biol 16: 1606-1615.

Kondo S, Senoo-Matsuda N, Hiromi Y, Miura M (2006) DRONC coordinates cell death and
compensatory proliferation. Mol Cell Biol 26: 7258-7268.

Fan Y, Bergmann A (2008) Apoptosis-induced compensatory proliferation. The Cell is dead.
Long live the Celll Trends Cell Biol 18: 467-473.

Kashio S, Obata F, Miura M (2014) Interplay of cell proliferation and cell death in Drosophila
tissue regeneration. Dev Growth Differ 56: 368-375.

Huh JR, Guo M, Hay BA (2004) Compensatory proliferation induced by cell death in the
Drosophila wing disc requires activity of the apical cell death caspase Dronc in a
nonapoptotic role. Curr Biol 14: 1262-1266.

Adam G, Perrimon N, Noselli S (2003) The retinoic-like juvenile hormone controls the
looping of left-right asymmetric organs in Drosophila. Development 130: 2397-2406.

32



790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Macias A, Romero NM, Martin F, Suarez L, Rosa AL, et al. (2004) PVF1/PVR signaling and
apoptosis promotes the rotation and dorsal closure of the Drosophila male terminalia. Int
J Dev Biol 48: 1087-1094.

Benitez S, Sosa C, Tomasini N, Macias A (2010) Both JNK and apoptosis pathways
regulate growth and terminalia rotation during Drosophila genital disc development. Int J
Dev Biol 54: 643-653.

Suzanne M, Petzoldt AG, Speder P, Coutelis JB, Steller H, et al. (2010) Coupling of
apoptosis and L/R patterning controls stepwise organ looping. Curr Biol 20: 1773-1778.

Kuranaga E, Matsunuma T, Kanuka H, Takemoto K, Koto A, et al. (2011) Apoptosis controls
the speed of looping morphogenesis in Drosophila male terminalia. Development 138:
1493-1499.

Arama E, Bader M, Rieckhof GE, Steller H (2007) A ubiquitin ligase complex regulates
caspase activation during sperm differentiation in Drosophila. PLoS Biol 5: e251.

Huang H, Joazeiro CA, Bonfoco E, Kamada S, Leverson JD, et al. (2000) The inhibitor of
apoptosis, clAP2, functions as a ubiquitin-protein ligase and promotes in vitro
monoubiquitination of caspases 3 and 7. J Biol Chem 275: 26661-26664.

Cabalzar K, Pelzer C, Wolf A, Lenz G, Iwaszkiewicz J, et al. (2013) Monoubiquitination and
activity of the paracaspase MALTL1 requires glutamate 549 in the dimerization interface.
PL0S One 8: e72051.

Pelzer C, Cabalzar K, Wolf A, Gonzalez M, Lenz G, et al. (2013) The protease activity of the
paracaspase MALTL1 is controlled by monoubiquitination. Nat Immunol 14: 337-345.

Miura M (2011) Apoptotic and non-apoptotic caspase functions in neural development.
Neurochem Res 36: 1253-1260.

Murray TV, McMahon JM, Howley BA, Stanley A, Ritter T, et al. (2008) A non-apoptotic role
for caspase-9 in muscle differentiation. J Cell Sci 121: 3786-3793.

Feinstein-Rotkopf Y, Arama E (2009) Can't live without them, can live with them: roles of
caspases during vital cellular processes. Apoptosis 14: 980-995.

Dorstyn L, Colussi PA, Quinn LM, Richardson H, Kumar S (1999) DRONC, an ecdysone-
inducible Drosophila caspase. Proc Natl Acad Sci U S A 96: 4307-4312.

Tinel A, Tschopp J (2004) The PIDDosome, a protein complex implicated in activation of
caspase-2 in response to genotoxic stress. Science 304: 843-846.

Morizane Y, Honda R, Fukami K, Yasuda H (2005) X-linked inhibitor of apoptosis functions
as ubiquitin ligase toward mature caspase-9 and cytosolic Smac/DIABLO. J Biochem
137: 125-132.

Ditzel M, Broemer M, Tenev T, Bolduc C, Lee TV, et al. (2008) Inactivation of effector
caspases through nondegradative polyubiquitylation. Mol Cell 32: 540-553.

Lee T, Luo L (2001) Mosaic analysis with a repressible cell marker (MARCM) for Drosophila
neural development. Trends Neurosci 24: 251-254.

McGuire SE, Le PT, Osborn AJ, Matsumoto K, Davis RL (2003) Spatiotemporal rescue of
memory dysfunction in Drosophila. Science 302: 1765-1768.

Venken KJ, He Y, Hoskins RA, Bellen HJ (2006) P[acman]: a BAC transgenic platform for
targeted insertion of large DNA fragments in D. melanogaster. Science 314: 1747-1751.

Fogarty CE, Bergmann A (2014) Detecting caspase activity in Drosophila larval imaginal
discs. Methods Mol Biol 1133: 109-117.

Denton D, Mills K, Kumar S (2008) Methods and protocols for studying cell death in
Drosophila. Methods Enzymol 446: 17-37.

Wu 'Y, Lindblad JL, Garnett J, Kamber Kaya HE, Xu D, et al. (2015) Genetic characterization
of two gain-of-function alleles of the effector caspase DrICE in Drosophila. Cell Death
Differ.

Stennicke HR, Salvesen GS (1999) Caspases: preparation and characterization. Methods
17: 313-319.

33



841

842

843

844

845

846

847

848

849

850

851

852

853

854

855

856

857

858

859

860

861

862

863

864

Figure 1. Dronc is mono-ubiquitylated at K78 in living cells for its inhibition.

Arrows indicate mono-ubiquitylated Dronc. Asterisks denote unspecific bands. The Flag-Dronc
transgene in (A) and (B) is described in [47]. The transgenes used in (C)-(F) and all other figures
were generated in this study.

(A) Immunoprecipitates with Flag antibody from da>Flag-Dronc extracts of the indicated
developmental stages were examined for Flag-Dronc ubiquitylation with FK2 and FK1
antibodies.

(B) Extracts from da>Flag-Dronc+6xHis-ubigitin larvae were used to pull down 6xHis-tagged
ubiquitylated proteins. Flag antibody was used to detect Flag-Dronc.

(C,C’) USP2 de-ubiquitinase can remove the conjugated mono-ubiquitin on Flag-Dronc. (C’) is
the quantification of the Flag-Dronc bands in (C). The FK2 signal in (C”) is normalized against
immunoprecipitated Flag-Dronc. The removal of mono-ubiquitin does not cause a significant
change in MW of Flag-Dronc.

(D,D’) Heterozygous diap1® mutants display reduced Flag-Dronc mono-ubiquitylation
(quantified in D”). The loss of mono-ubiquitin does not significantly change the MW of Flag-
Dronc.

(E) Domain structure of Dronc, showing relative position of K78 in the CARD domain. L =
large subunit; S = small subunit.

(F,F?) Flag-Dronc""®? mono-ubiquitylation is significantly reduced compared to Flag-Dronc™".
(quantified in F”). The loss of mono-ubiquitin does not significantly change the MW of Flag-

DroncK’eR,
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Figure 2. Loss of K78 ubiquitylation results in increased Dronc activity in the apoptosome.
(A-C) Flag-Dronc""®? and GFP-Dark co-expression under GMR-Gal4 control results in
significantly smaller eyes and a lower survival rate than GMR>Flag-Dronc"'+GFP-Dark.
Control flies just expressing GMR>Flag-Dronc"', GMR>Flag-Dronc*"®® or GMR>GFP-Dark
alone, show wild type eye phenotype. (B) Quantification of the eye sizes in (A). n=19 for
GMR>Flag-Dronc"'+GFP-Dark; n= 20 for GMR>Flag-Dronc"**+GFP-Dark. (C)

Quantification of the reduced survival of GMR>Flag-Dronc""®®

+GFP-Dark compared to
GMR>Flag-Dronc"'+GFP-Dark.

(D,E) Significantly higher TUNEL labeling in the GMR-expression domain (arrows) of
GMR>Flag-Dronc*"®+GFP-Dark compared to GMR>Flag-Dronc"'+GFP-Dark eye imaginal
discs of 3" instar larvae. GFP labels Dark. (E) Quantification of TUNEL positive cells in (D).
n=7 for both genotypes.

(F) In vitro caspase activity assays of adult fly head extracts show significantly higher caspase
activity with GMR>Flag-Dronc*"®+GFP-Dark towards Ac-DEVD-AMC substrate than
GMR>Flag-Dronc"'+GFP-Dark.

For quantifications, the student’s t-test was used. Error bars are SD. ** P<0.01; *** P<0,001,
**** P<0.0001.

Figure 3. Biochemical characterization of Dronc""®®.

K78R

(A) Bacterially expressed 6xHis-Dronc™ and 6xHis-Dronc™"*? constructs display similar auto-

C318A

processing activities. 6xHis-Dronc**** and 6xHis-Dronc<"®*“384 do not show any auto-

processing.
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K78R

(B) In vitro caspase cleavage assays show that 6xHis-Dronc™ and 6xHis-Dronc cleave Myc-

C211A C318A K78RC318A

Drice with similar activities. 6xHis-Dronc and 6xHis-Dronc cannot cleave

Myc-Drice“** |

(C,C) 3" instar lysates of da>GFP-Dark+Flag-Dronc" and da>GFP-Dark+Flag-Dronc’eR

K78R

show that in the presence of Dark, Flag-Dronc is processed significantly more than Flag-

Dronc™. In (C’), the average of 4 immunoblots is plotted.

(D) GFP-Dark interacts with Flag-Dronc*" and Flag-Dronc*’®R. GFP-immunoprecipitates of 3"
instar larval extracts from da>GFP-Dark+Flag-Dronc", da>GFP-Dark+Flag-Dronc*"®? and
da>GFP-Dark+EV (Flag-Empty Vector) animals, probed with anti-GFP antibody (upper panel)

and anti-Flag antibody (lower panel). There is a stronger interaction between GFP-Dark and

K78R K78R

Flag-Dronc™™", resulting in significantly more efficient procession of Flag-Dronc™""" compared

to Flag-Dronc™",

(D) Relative ratio of processed and unprocessed Flag-Dronc proteins in the Dark apoptosome.

K78R

Flag-Dronc is more efficiently processed than Flag-Dronc™'. The average of 3 immunoblots

is plotted.

For quantifications, the student’s t-test was used. Error bars are SD. * P<0.05

Figure 4. Examination of K78 mono-ubiquitylation with respect to Dronc’s catalytic

activity.

K78R K78RC318A

(A) da>Flag-Dronc™, da>Flag-Dronc*"®® and da>Flag-Dronc can rescue the lethality

C318A cannot.

of dronc'® null mutants, whereas da>Flag-Dronc
(B) Quantification of the number of additional interommatidial cells (I10C) shown in (C-G).
Genotypes are indicated. MARCM was used to express transgenic Flag-Dronc constructs in

dronc'® mutant cell clones. n= 10 for dronc'?® MARCM clones, n=11 for Flag-Dronc*" in

36



911

912

913

914

915

916

917

918

919

920

921

922

923

924

925

926

927

928

929

930

931

932

129 K78R

clones, n=7 for Flag-Dronc""®? in dronc'*®

K78RC318A -

dronc clones, n=11 for Flag-Dronc in

129 C318A ;

clones, n=8 for Flag-Dronc®*®** in dronc'®®

dronc clones. Each n corresponds to an average of

extra IOC of 3 clones. ns — not significant.

(C-G) Pupal retinae 48h after puparium formation expressing the indicated Flag-Dronc

129

constructs in dronc” MARCM clones. Clones are marked by GFP and are enclosed by white

dashes in the right panels. Examples of extra IOC are marked with yellow arrows. Flag-Dronc"

K78R

and Flag-Dronc™"" rescue the 10C phenotype of dronc null mutants. However, Flag-

K78RC318A

Dronc and Flag-Dronc®**®* fail to rescue this phenotype. Quantified in (B).

(H) Immunoblotting of lysates of each Flag-Dronc construct in the dronc'?*/dronc'?®

background
shows similar expression levels.
For quantifications, the student’s t-test was used. Error bars are SD. * P<0.05; ** P<(.01; ***

P<0,001; **** P<0.0001. ns — not significant.

Figure 5. K78 ubiquitylation plays inhibitory roles for additional functions of Dronc.
(A) Quantification of the enhanced head overgrowth phenotype of ey>hid+p35 animals
expressing the indicated Flag-Dronc transgenes. Overgrowth is characterized by expanded head

cuticle with pattern duplications such as bristles and ocelli (see examples in (B)). Flag-

C318A K78RC318A

Dronc acts in a dominant negative manner in ey>hid+p35 background. Flag-Dronc
phenotype in ey>hid+p35 background is dependent on Dark as observed by 94% suppression of
the overgrowth phenotype when dark RNAI is expressed.

(B) Representative head phenotypes of ey>hid+p35 animals expressing the indicated Flag-

Dronc transgenes.
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(C) Male genitalia rotation defect of dronc null mutants is fully suppressed by da>Flag-Dronc""
and da>Flag-Dronc*"® (100% of males display 360° rotation) (quantified in D) and partially

suppressed by da>Flag-Dronck78R¢3184

(62% of males display 360° rotation). da>Flag-
Dronc®**®* failed to suppress this phenotype. The i surrounded by a circle indicates the relative
orientation of the male genitalia in the depicted animals (i = wild-type). The suppression by
da>Flag-Dronc""®R*184 is partially reverted (38% of full rotation) when Dark RNAI is expressed
(quantified in B).

(D) Quantification of male genitalia rotation defect phenotype in dronc null mutants, expressing
the indicated Flag-Dronc transgenes.

For quantifications, the student’s t-test was used. Error bars are SD. * P<0.05; ** P<0.01; ns —

not significant.

SUPPLEMENTARY FIGURES
Supplementary Figure S1. Flag-Dronc™is functional.
(A) Flag-Dronc can rescue the lethality associated with dronc null mutations.

(B) Flag-Dronc can be activated in the apoptosome. Expression of either da>Flag-Dronc or
GMR-Dark does not lead to any caspase (cleaved caspase-3, cc3) activity. However, when these
transgenes are co-expressed (da>Flag-Dronc+GMR-Dark), caspase activity is increased in the

posterior domain.
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Supplementary Figure S2. LC-MS/MS analysis shows that Dronc is ubiquitylated at K78

(A,B) Of the peptides obtained by Chymotrypsin digests of immunoprecipated Dronc from larval
and pupal extracts under surviving conditions (A), only the peptide K*ITQRGPT was found to
carry the di-Glycine signature indicative of ubiquitin modification. di-Glycine is derived from
conjugated ubiquitin and adds 114 Da to this peptide. Correspondingly, all b peaks of this
peptide obtained under surviving conditions (A) are shifted compared to the b peaks under

apoptotic conditions (B); see asterisk at peak bl as example.

(C,D) LC-MS/MS analyses of in vitro ubiquitylated Dronc with Diapl as E3 ligase and either
human UBE2D2 (C) or Drosophila UBCD1 (D) as E2 conjugating enzymes show that K78 can

be ubiquitylated by DIAP1.

Arrows indicate 114 Da mass shift due to ubiquitylation on K78.

Supplementary Figure S3. Heterozygous diap1® mutant strongly enhances
GMR>FlagDronc" +GFP-Dark eye phenotype, but only weakly enhances GMR>Flag-

DroncK®R+GFP-Dark.

(A-C) Loss of one copy of diapl strongly enhances eye phenotype of GMR>Flag-
Dronc"'+GFP-Dark (quantified in B) and causes a significant increase in lethality (quantified in
C). In contrast, diapl heterozygosity only weakly enhances GMR>Flag-DroncK78R+GFP-Dark
eye phenotype (quantified in B) and lethality (quantified in C). (B) Quantification of eye size
phenotypes in (A). n=9 for GMR>Flag-Dronc"'+GFP-Dark , n=11 for GMR>Flag-
Dronc"+GFP-Dark+diap1®, n=8 for GMR>Flag-Dronc*"®+GFP-Dark, n=11 for GMR>Flag-

Dronc*"®*+GFP-Dark+diap1®
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(C) Quantification of eclosion rates of GMR>Flag-Dronc"'+GFP-Dark and GMR>Flag-

K78R

Dronc™"""+GFP-Dark with or without loss of one copy of diapl.

For quantifications, the student’s t-test was used. Error bars are SD. * P<0.05; *** P<0,001; ns —

not significant.

Supplementary Figure S4. Cleavage resistant Dark" can form a more functional

K78R

apoptosome with Flag-Dronc than with Flag-Dronc™".

(A) Expression of GMR>Flag-Dronc"®"+GFP-Dark resulted in significantly smaller eyes than
GMR>Flag-Dronc™* +GFP-Dark. Expression of GMR>GFP-Dark" alone does not have any eye

phenotype.
(B) Quantification of eye size phenotypes in (A). n=10 for each genotype

(C) Eclosion rates of flies expressing GMR>Flag-Dronc"®R +GFP-Dark" are significantly

smaller than GMR>Flag-Dronc* +GFP-Dark".

For quantifications, the student’s t-test was used. Error bars are SD. ** P<0.01.

K78RC318A C318A

Supplementary Figure S5. Both Flag-Dronc and Flag-Dronc cannot rescue the

wing phenotype of dronc null mutants.

1118

Compared to control flies (A, w), wings from dronc null mutants are held-out, often

irregularly shaped and less transparent (B). Often one wing is missing (see (F)). da>Flag-

K78RC318A C318A

Dronc (E) and da>Flag-Dronc (F) do not rescue this phenotype. In contrast, Flag-

K78R

Dronc™ and Flag-Dronc rescue the wing phenotype of dronc null mutants (C,D). However,
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these wings are not fully expanded due to ectopic apoptosis of Bursicon-expressing neurons (for
details see reference [47]). This observation suggests that there are conditions under which mis-
expression of Dronc only is sufficient to induce apoptosis without simultaneous expression of

Dark, presumably because of endogenous Dark levels are high enough.

K78R K78RC318A

Supplementary Figure S6. Flag-Dronc™®" and Flag-Dronc can induce a head

capsule overgrowth phenotype.

K78R K78RC318A :

(A) Expression of Flag-Dronc", Flag-Dronc*"*® and Flag-Dronc in ey>p35 background

can induce overgrowth phenotypes. Overgrowth is characterized by expanded head cuticle with

C318A

pattern duplications such as bristles and ocelli. In contrast, Flag-Dronc cannot induce this

phenotype.

(B) Expression of indicated Flag-Dronc constructs with ey-GAL4 does not lead to any eye

phenotype.

For quantifications, the student’s t-test was used. Error bars are SD. * P<0.05; ** P<0.01; ns —

not significant.

Supplementary Figure S7. Uncropped immunoblots of Figure 1.

Supplementary Figure S8. Uncropped immunoblots of Figures 3 and 4.
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