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ARTICLE INFO ABSTRACT

Keywords: Arrestins control signaling via the G protein coupled receptors (GPCRs), serving as both signal terminators and

Arrestin transducers. Previous studies identified several structural elements in arrestins that contribute to their functions

g pmti‘;‘ coupled receptor as GPCR regulators. However, the importance of these elements in vivo is unclear, and the developmental roles of
n_’SOP ,l a ) arrestins are not well understood. We carried out an in vivo structure-function analysis of Kurtz (Krz), the single

Epithelial morphogenesis . s . o . .

Kuriz ortholog of mammalian p-arrestins in the Drosophila genome. A combination of Krz mutations affecting the GPCR-

Gastrulation phosphosensing and receptor core-binding (“finger loop™) functions (Krz-KKVL/A) resulted in a complete loss of

Krz activity during development. Endosome recruitment and bioluminescence resonance energy transfer (BRET)
assays revealed that the KKVL/A mutations abolished the GPCR-binding ability of Krz. We found that the isolated
“finger loop” mutation (Krz-VL/A), while having a negligible effect on GPCR internalization, severely affected Krz
function, suggesting that tight receptor interactions are necessary for proper termination of signaling in vivo.
Genetic analysis as well as live imaging demonstrated that mutations in Krz led to hyperactivity of the GPCR Mist
(also known as Mthl1), which is activated by its ligand Folded gastrulation (Fog) and is responsible for cellular
contractility and epithelial morphogenesis. Krz mutations affected two developmental events that are under the
control of Fog-Mist signaling: gastrulation and morphogenesis of the wing. Overall, our data reveal the functional
importance in vivo of direct f-arrestin/GPCR binding, which is mediated by the recognition of the phosphorylated
receptor tail and receptor core interaction. These Krz-GPCR interactions are critical for setting the correct level of
Fog-Mist signaling during epithelial morphogenesis.

1. Introduction Hedgehog/Smoothened (Chen et al., 2004; Kovacs et al., 2008; Li et al.,

2012; Molnar et al., 2011), Wnt/p-catenin (Bryja et al., 2007; Chen et al.,

B-arrestins 1 and 2 (also called arrestins 2 and 3) and related visual
arrestins were initially characterized as factors necessary for the desen-
sitization of activated G protein coupled receptors (GPCRs) (Benovic
et al., 1987; Lohse et al., 1990). In addition to this role, B-arrestins
mediate internalization of GPCRs through binding to clathrin and other
components of the endocytic machinery (Goodman et al., 1996; Kang
et al., 2014; Lefkowitz and Shenoy, 2005). p-arrestins also act as signal
transducers and scaffold proteins in several other developmentally
important signaling pathways (Kovacs et al., 2009; Peterson and Luttrell,
2017), such as the receptor tyrosine kinase (RTK)/mitogen-activated
protein kinase (MAPK)/extracellular signal-regulated kinase (ERK)
(DeFea et al., 2000; Luttrell et al., 1999; Tipping et al., 2010),
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2001, 2003), Notch (Mukherjee et al., 2005; Puca et al., 2013) and
Toll/NF-kB (Anjum et al., 2013; Gao et al., 2004; Tipping et al., 2010;
Witherow et al., 2004) pathways. Despite this knowledge, the in vivo
functions of p-arrestins are not well understood. Pharmacological
importance of the GPCR signaling pathways (Hauser et al., 2018) and a
growing appreciation for using f-arrestins as possible therapeutic targets
(Peterson and Luttrell, 2017) warrant further investigation of their roles
in organism physiology and development.

Studies in mammalian systems have identified numerous regions and
individual residues in the visual arrestins and p-arrestins that are
important for GPCR regulation (reviewed in (Gurevich and Gurevich,
2012; Peterson and Luttrell, 2017; Scheerer and Sommer, 2017)). Two
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categories of important motifs in arrestins mediate receptor-proximal
signaling events: residues that directly bind to GPCRs and residues that
bind to endocytosis-related proteins (reviewed in (Peterson and Luttrell,
2017)). Phosphate-sensor residues K14 and K15 (Fig. 1A, red) are
required for the bovine visual arrestin (arrestin-1, also called S-antigen
visual arrestin, or SAG) binding to light-activated, phosphorylated
rhodopsin in vitro (Vishnivetskiy et al., 2000; Zhou et al., 2017), and
homologous residues also mediate interactions of p-arrestins with
cognate GPCRs (Gimenez et al., 2012). Crystallographic studies
confirmed that these residues are involved in electrostatic interactions of
B-arrestin-1 (arrestin 2) with the phosphorylated C terminus of the V2
vasopressin receptor (Shukla et al., 2013). Residue R29 (Fig. 1A, orange)
in bovine visual arrestin-1 binds to arrestin’s own C tail in an inactive
(closed) state, but associates with the phosphorylated C terminus of
rhodopsin in the activated state (Ostermaier et al., 2014). Interestingly,
the R29A mutant showed the strongest reduction in binding to phos-
phorylated rhodopsin, compared to other single amino acid mutations in
bovine visual arrestin-1 (Ostermaier et al., 2014). The “finger loop” of
arrestins (Fig. 1A, yellow) significantly changes its conformation when
the interaction between arrestin and phosphorylated GPCR is established
(Hanson et al., 2006; Kang et al., 2015; Szczepek et al., 2014). This
conformational change allows for the hydrophobic interaction of finger
loop residues with the receptor core and prevents the interaction of the
receptor with G proteins (Cahill et al., 2017; Chen et al., 2017; Shukla
etal., 2014; Szczepek et al., 2014; Thomsen et al., 2018). This interaction
appears to be important for the GPCR desensitization function of
B-arrestins.

Among the residues involved in interactions with endocytic compo-
nents, the conserved LIE(F/L) (E/D) motif in the C terminus of p-arrestins
is necessary for their interactions with clathrin (Kang et al., 2009;
Krupnick et al., 1997). A component of the AP2 complex, f2-adaptin
colocalizes with clathrin-coated pits on the cell surface and is involved in
endocytosis (Kirchhausen, 2000). The F391A mutant (Fig. 1A, green) in
bovine p-arrestin-1 abolished its interaction with AP2, but retained its
ability to bind to pp-adrenergic receptor (f2AR) in vitro (Kim and Benovic,
2002). The F391 residue directly contacts the appendage domain of
p2-adaptin (Edeling et al., 2006).

A “constitutively active” mutant of bovine p-arrestin-1, R169E
(Fig. 1A, magenta), bound to p2AR in a phosphorylation-independent
manner and increased desensitization of unphosphorylated p,AR and
the & opioid receptor lacking G protein-coupled receptor kinase (GRK)
phosphorylation sites (Kovoor et al., 1999). Despite its ability to bind the
unphosphorylated receptors, the R169E mutant variant still required
receptor activation for binding. Most of the structural arrestin elements
described above are highly conserved across species (Fig. S1). However,
the functional importance of these motifs in vivo is unknown, since their
role in GPCR signaling has only been studied in vitro or in cultured cells.

Kurtz (Krz) is the only ortholog of mammalian p-arrestins in the
Drosophila genome. Sequence similarity values between Krz and human
B-arrestin-1 and f-arrestin-2 are 74% and 72%, respectively (Roman
et al., 2000). A high degree of conservation of the overall sequence and
individual structural motifs, combined with powerful genetic tools
available in Drosophila, make Krz a good model protein to study p-arrestin
structure-function relationships in vivo. We have previously shown that
maternally contributed Krz plays critical roles in Drosophila embryonic
development, including gastrulation (Tipping et al., 2010). During
gastrulation, apical constriction of cells in the ventral midline is
controlled by signaling downstream of the Folded gastrulation (Fog)
ligand (Costa et al., 1994), which activates GPCRs Mist (also known as
Mthl1l) (Manning et al., 2013) and Smog (Kerridge et al., 2016). Fog
signaling results in the activation of the Goyo/13 homolog Concertina
(Cta) (Parks and Wieschaus, 1991), followed by activation of RhoGEF2
and Rhol (Barrett et al., 1997), which transmit the signal to the kinase
Rok that phosphorylates the regulatory light chain of non-muscle myosin
I, Spaghetti squash (Sgh) (Karess et al., 1991), and causes apical
constriction (Coravos and Martin, 2016; Dawes-Hoang et al., 2005; Kasza
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et al., 2014; Manning and Rogers, 2014; Martin et al., 2009; Mason et al.,
2016; Morize et al., 1998). Fog signaling is also active in the larval wing
discs, where overexpression of the Fog ligand can induce tissue mis-
folding and wing defects (Manning et al., 2013). Krz was recently shown
to regulate the endocytosis of the Smog receptor (Jha et al., 2018).

Here, we took advantage of Drosophila as an experimental system to
identify structural determinants that are critical for p-arrestin function in
vivo. We identified the Krz-KKVL/A mutant, which affects both the
phosphosensor and finger loop motifs, as a functional null. These muta-
tions can also individually impair Krz function, suggesting that direct
B-arrestin/GPCR binding is critical for p-arrestin activity in vivo.
Furthermore, we show that mutations in Krz disrupt epithelial morpho-
genesis events in Drosophila via aberrant upregulation of the Fog-Mist
signaling pathway. These findings advance our understanding of the
molecular mechanisms of p-arrestin-mediated GPCR regulation that are
important for organism development.

2. Results

2.1. Phospho-sensing domain and the finger loop are required for Krz
function in vivo

To evaluate in vivo functional importance of structural elements in
Krz, we made transgenic flies containing streptavidin binding peptide
(SBP)-tagged Krz mutants, carried within a genomic rescue construct,
krz5.7-SBP (see Materials and Methods). These transgenic lines were
used in a genetic assay to test for their ability to rescue homozygous
lethality of the krz! allele, which eliminates Krz protein and mRNA
expression (Roman et al., 2000; Tipping et al., 2010) (see Fig. S2 for a
crossing scheme used in rescue experiments). We focused on several
functional motifs that were previously shown to affect p-arrestin in-
teractions with the activated GPCRs and endocytic components (Fig. 1A,
Table 1, and Fig. S1). Expression of tagged proteins was verified by
western blotting with arrestin and SBP antibodies (Fig. S3). Consistent
with a previous study (Roman et al., 2000), the wild-type krz5.7-SBP
construct completely rescued the lethality of the homozygous krz! allele
(Figs. 1B and S2; expected full zygotic rescue rate is 33%). Importantly,
zygotic overexpression of HA-tagged human p-arrestin-1 or p-arrestin-2
using the ubiquitously expressed da-GAL4 driver also rescued the
lethality of homozygous krz! (Fig. 1D), indicating that the functionally
important elements are conserved between Krz and its mammalian
orthologs.

Unexpectedly, all constructs carrying individual motif mutations
rescued krz! homozygotes to adulthood (Fig. 1B and Table 1), suggesting
that none of these mutations can independently disrupt Krz zygotic
function. Since Krz is maternally expressed, and krz maternal mutant
embryos have a stronger phenotype than zygotic mutants (Tipping et al.,
2010), we tested for a maternal/zygotic effect of these mutations by
analyzing the progeny of the rescued females (Fig. S2). Interestingly, flies
rescued by the Krz-KK/A mutant construct laid eggs that did not develop
beyond the embryonic stage (Fig. 1C and Table 1), and the progeny of the
Krz-VL/A-rescued flies had a strongly reduced hatch rate (15.8%,
compared to 75.6% for flies rescued with wild type Krz, Fig. 1C). Some of
the progeny from the Krz-VL/A-rescued females survived to adulthood,
but those flies invariably died within a few days (semi-lethal phenotype,
Table 1). Therefore, mutations that impair direct interactions between
B-arrestins and GPCRs (phospho-sensing, KK/A, and finger loop, VL/A)
had the strongest effects on the ability of Krz to rescue, whereas other
mutations did not appear to affect its developmental functions to the
same extent.

Since the KK/A and VL/A mutations exhibited the strongest maternal
effect, we hypothesized that a combination of these mutations would
further impair Krz function. Indeed, the combined Krz-KKVL/A mutant
failed to rescue krz' homozygous mutants in a zygotic rescue assay
(Fig. 1B, Table 1). We also generated two more double mutant combi-
nations, Krz-KKR/A and Krz-RVL/A, that incorporated another predicted
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Fig. 1. Phospho-sensing motif and the finger loop are important for Krz
function in vivo. (A) A molecular model of bovine p-arrestin-1 (PDB accession
1G4R), with the corresponding mutations in Krz from this study indicated and
highlighted in color. The C terminal tail of p-arrestin-1 is shown in magenta. The
region corresponding to the LIQLD motif is disordered in the structure and not
shown. (B) Results of the zygotic rescue experiments. Percentages of rescued
adults in the krz! homozygous mutant background are shown for the wild type
(WT) genomic rescue construct krz5.7-SBP and the derived constructs carrying
the indicated mutations. ****, p<0.0001 in chi-squared test. Expected maximal
rescue rate by the WT construct is 33% (see Fig. S2 for details of the genetic
crosses). Numbers of adult flies scored for each condition were: WT=156;
yw=146; KK/A=202; R/A=289; VL/A=132; R/E=106; ALIQLD=125; F/
A=101; KKR/A=198; RVL/A=216; KKVL/A=598. (C) Hatch rates of embryos
obtained from homozygous krz' females carrying the indicated krz5.7-SBP
rescue constructs. *** p<0.001 in chi-squared test. (D) da-GAL4 driven
expression of krz as well as human p-arrestin-1 (ARRB1) and p-arrestin-2
(ARRB2) can rescue homozygous krz! animals to adulthood.

phosphate-binding residue, R66 (see Table 1). Since the R/A mutation
alone did not have maternal effect (Table 1), we expected its effects in
these mutant combinations to be weaker than those of KKVL/A, but
stronger than KK/A or VL/A only. Indeed, constructs carrying Krz-KKR/A
or Krz-RVL/A mutants rescued krz! homozygotes to adulthood, but the
rescue rates of both were significantly reduced (Fig. 1B). The progeny of
KKR/A rescued flies were embryonic lethal, and RVL/A maternal effect
could not be established because the rescued adults were semi-lethal
(Table 1). Collectively, our analysis of the various mutant variants of
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Krz showed that the residues that are involved in direct p-arrestin/GPCR
interactions (specifically, the phospho-sensing and finger loop motifs)
are the ones that are most critical for developmental functions of Krz in
vivo.

2.2. Phospho-sensing domain and the finger loop are required for Krz
recruitment to GPCRs and formation of endosomes

Based on the results of genetic rescue experiments, we hypothesized
that the Krz-KKVL/A mutant variant was defective in receptor in-
teractions, which resulted in a complete loss of Krz function. To inves-
tigate this possibility, we utilized two cell-based assays. First, we used a
neuronal GPCR, Corazonin (Crz) receptor (CrzR), that can be activated
with its respective ligand Crz in Drosophila cultured S2 cells (Johnson
et al., 2008), to study the recruitment of GFP-Krz and the receptor to
intracellular endosomes. CrzR is a Class B GPCR which readily forms
endosomes with f-arrestins upon ligand stimulation, visible as puncta
around the cell periphery (Johnson et al., 2008; Oakley et al., 2000).
GFP-Krz showed diffused cytoplasmic localization in the absence of Crz
(Fig. 2A-A"), but robustly colocalized with CrzR-V5 in endosomes upon
stimulation (Fig. 2B-B”). In contrast, GFP-Krz-KKVL/A did not colocalize
with CrzR and retained cytoplasmic distribution (Fig. 2E-E”). Interest-
ingly, GFP-Krz-KK/A also remained in the cytoplasm upon stimulation
(Fig. 2C-C"), while GFP-Krz-VL/A colocalized with the receptor, with a
slightly but not significantly reduced number of cells containing endo-
somes (Fig. 2D-D” and 2F). Therefore, loss of interactions with the
phosphorylated receptor, represented by the KK/A mutation, had a
stronger effect on the ability of Krz to be recruited to the endocytic
structures upon receptor activation, compared to the finger loop muta-
tion (VL/A). The essentially normal endocytosis capability of the
Krz-VL/A mutant observed in this assay was surprising, given the fact
that the maternal rescue capability of this mutant was impaired (see
Table 1).

To obtain a more direct measure of interactions between Krz mutants
and activated CrzR, we used a bioluminescence resonance energy
transfer (BRET) assay (Donthamsetti et al., 2015), in which the receptor
is tagged with luciferase (RLuc8) and Krz is tagged with mVenus. Light
transfer from RLuc8 to mVenus can only occur when the two molecules
are in close proximity, which requires a direct p-arrestin/GPCR interac-
tion. Upon ligand addition, wild type Krz-mVenus translocated to the
receptor, increasing the BRET signal, whereas Krz-KK/A-mVenus and
Krz-KKVL/A-mVenus failed to respond to ligand stimulation (Fig. 2G).
The VL/A mutation did not significantly affect the ability of
Krz-VL/A-mVenus to interact with CrzR (Fig. 2G). In summary, endo-
some recruitment and BRET assays confirmed that the Krz-KKVL/A
mutant lost its ability to interact with activated GPCRs, and that the
phospho-sensing KK/A mutation had a stronger effect on Krz-receptor
interactions than the finger loop VL/A mutant. These results generally
agreed with the rescuing ability of these mutants (Fig. 1), with the
KK/A-bearing constructs being most severely impaired.

2.3. Krz controls Fog signaling during gastrulation

We then asked which developmental processes were affected by Krz
mutations. During gastrulation in Drosophila, apical constriction of the
ventral epithelial cells is initiated by the Fog signaling pathway, in which
the secreted Fog ligand signals through GPCRs Mist and Smog (Kerridge
et al., 2016; Manning et al., 2013). Overexpression of Fog using the
maternal driver mata4-GAL4-VP16 impaired the formation of the ventral
midline during gastrulation, resulting in embryo twisting and an
incomplete midline closure (Fig. 3A-B). Co-expression of Fog with Krz
restored this phenotype to wild-type (Fig. 3C). These findings suggest
that higher Krz levels can suppress overactive Fog signaling during
gastrulation.

We then asked whether Krz is required for limiting Fog pathway ac-
tivity during gastrulation. Fog signaling induces the constriction of apical
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Table 1

Krz mutations used in this study, and their effects on viability. Corresponding mutations in the mammalian orthologs were described in the following studies:
phosphate sensor (KK/A) and phosphate binding (R/A) (Gimenez et al., 2012; Ostermaier et al., 2014; Shukla et al., 2013; Vishnivetskiy et al., 2000; Zhou et al., 2017),
finger loop (VL/A) (Cahill et al., 2017; Hanson et al., 2006; Szczepek et al., 2014), phosphorylation-independent activated receptor binding (R/E) (Kovoor et al., 1999),
clathrin binding (ALIQLD) (Kang et al., 2009; Krupnick et al., 1997), AP2 adaptor binding (F/A) (Edeling et al., 2006; Kim and Benovic, 2002).

Location in Krz Mutant Location in bovine visual Location in human Affected function Rescue of zygotic Maternal/zygotic
abbr. arrestin-1 (SAG) p-arrestin-1 (ARRB1) lethality phenotype
K51, K52 KK/A K14, K15 K10, K11 phosphate sensor + embryonic lethal
R66 R/A R29 R25 phosphate binding + adult viable
V111, L112 VL/A V74, M75 V70, L71 finger loop: receptor core binding + semi-lethal
R213 R/E R175 R169 phosphorylation-independent + adult viable
activated receptor binding
L454-D458 ALIQLD N/A L376-D380 clathrin binding + adult viable
F472 F/A F380 F391 AP2 adaptor binding + adult viable
K51, K52, R66 KKR/A K14, K15, R29 K10, K11, R25 double: phosphate sensor + phosphate ~ + embryonic lethal
binding
K51, K52, V111, KKVL/A K14, K15, V74, M75 K10, K11, V70, L71 double: phosphate sensor + finger - N/A
L112 loop
R66, V111, RVL/A R29, V74, M75 R25, V70, L71 double: phosphate binding + finger +/— N/A
L112 loop

cells through the phosphorylation of the regulatory light chain of non- and dynamics (Dawes-Hoang et al., 2005; Fuse et al., 2013; Morize et al.,

muscle myosin II, Spaghetti squash (Sqh) (reviewed in (Manning and 1998). To obtain a dynamic view of the consequences of krz loss during

Rogers, 2014)). Previous studies showed that overexpression of Fog gastrulation, we performed time-lapse imaging of gastrulating embryos

delayed ventral furrow formation due to aberrant myosin localization carrying Sqh-GFP. As previously described (Martin et al., 2009), wild
CrzR-V5 GFP-Krz
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Fig. 2. Phospho-sensing motif is required for Krz recruitment to the Corazonin receptor. Localization of CrzR-V5 (red) and GFP-Krz (green, wild type or
indicated mutants) in transfected S2 cells, stained with anti-V5 and anti-GFP antibodies. (A-A") Without agonist (corazonin, Crz), CrzR and Krz and diffusely cyto-
plasmic. (B-E”). Localization of CrzR and GFP-Krz 10 min after addition of corazonin. Krz-KK/A and Krz-KKVL/A did not induce CrzR relocalization into endosomes.
Arrows indicate representative endosomes in wild type Krz and Krz-VL/A transfections. (F) Quantification of cells containing endosomes. A cell was counted as
positive if it contained 3 or more endosomes. ****, p<0.0001 in chi-squared test. (G) Interactions between wild type (WT) Krz-mVenus (or an indicated mutant) and
CrzR-Rluc8 analyzed by a BRET assay. Net BRET is shown as a function of time upon stimulation of cells with 1 pM corazonin at 25 °C. The data represent the mean +
SEM of three independent experiments.
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type control embryos showed pulses of Sqh-GFP concentrated in the
medial-apical regions in cells along the ventral midline (Video 1). These
cells were subsequently internalized into the embryo, resulting in a
properly closed ventral furrow after approximately 15 min. In contrast,
maternal krz' mutants showed persistent localization of Sqh-GFP in the
medial-apical regions of cells along the ventral midline, and this pattern
persisted without a proper invagination for over 30 min (Video 2). In
severe cases, persistent cellular contractility resulted in tissue rupturing
and loss of epithelial organization (Video 2). These results suggest that
Krz is required to limit the activity of the Fog signaling pathway and
prevent abnormal cellular contractility in Drosophila gastrulation.
Supplementary video related to this article can be found at https://
doi.org/10.1016/j.ydbio.2019.07.013.

2.4. Finger loop is required for Krz function during gastrulation

To test whether Krz’s ability to interact with GPCRs is required for its
function during gastrulation, we characterized maternal effects of GPCR
binding-defective Krz mutations. Since the combined Krz-KKVL/A
mutant cannot rescue krz! homozygotes, we analyzed embryos from
Krz-KK/A or Krz-VL/A rescued krz! homozygous females crossed with
wild type males. Embryos from Krz-KK/A rescued females died before
cellularization and were not analyzed further. Embryos from Krz-VL/A
rescued females showed delayed ventral furrow formation (Fig. 3E)
which was similar to the defects in krz! maternal mutants (Figs. 3D and
S4). Cuticle preparations of embryos from Krz-VL/A rescued females
revealed large ventral holes, again resembling cuticular defects in krz!
maternal mutants (Fig. 3F-H and (Tipping et al., 2010)). These results
demonstrate that the ability of Krz to directly interact with the GPCR core
(specifically, via the finger loop) is critical for its function as an inhibitor
of Fog signaling during early embryonic development.

2.5. Krz controls the Fog-Mist pathway during wing development

Since the Fog-Mist signaling pathway also controls the folding of wing
imaginal discs (Manning et al., 2013), we asked whether Krz functions as
an inhibitor of this pathway during wing development. Overexpression of
Fog resulted in a severe phenotype in which most of the surface of the
wing blade was missing (Fig. 4A and B). It is likely that this phenotype
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results from abnormal cellular constrictions and folding defects in wing
imaginal discs that are due to hyperactivity of Mist. Remarkably,
co-expression of Fog with GFP-Krz strongly suppressed this phenotype
(Fig. 4C, D, Q). Co-expression of Gprk2, the Drosophila ortholog of human
G protein-coupled receptor kinases (GRKs), also suppressed Fog gain of
function wing phenotype (Fig. 4K, L, Q). In contrast, co-expression of
GFP-Krz-KK/A, GFP-Krz-VL/A, or GFP-Krz-KKVL/A with Fog could not
restore the adult wing phenotype (Fig. 4E-J, Q). These experiments show
that overexpression of Krz is sufficient to inhibit overactive Fog-Mist
signaling in the Drosophila wing, and both of the GPCR-interacting mo-
tifs in Krz are required for this function.

To test whether Krz is required for limiting the activity of Fog-Mist
signaling in the wing, we used RNAi knockdown of krz in combination
with mist. Knockdown of krz alone using krz RNAi co-expressed with
Dicer-2 (Dcr-2) resulted in un-expanded, misfolded adult wings (Fig. 4M,
N). Whereas knockdown of mist alone had a minor effect (Fig. 40), a joint
knockdown of krz together with mist resulted in a restoration of wing
expansion and proper folding, compared to the effects of krz alone
(Fig. 4N, P). Collectively, our studies of genetic interactions between Krz
and the Fog signaling pathway in the wing show that Krz limits the ac-
tivity of Fog-Mist signaling during wing development, and suggest that
this activity of Krz relies on its ability to interact with the activated Mist
receptor.

3. Discussion

Our study reveals the developmentally important structural elements
in the Drosophila p-arrestin Krz. Several lines of evidence, obtained in vivo
and in cultured Drosophila cells, support a view that the residues most
critical for Krz function during development include the phosphate-
sensing region (disrupted by the KK/A mutation) and the finger loop
(disrupted by the VL/A mutation) (Fig. 5). These motifs are engaged in
direct interactions with the phosphorylated GPCR tail and the receptor
core region, respectively, and both contribute to the tight binding of
B-arrestins to the receptor (Cahill et al., 2017; Thomsen et al., 2018).
Since such interactions mediate efficient uncoupling of the receptor from
G proteins, it appears that the primary function of Krz in development is
to inhibit GPCR signaling via receptor desensitization.

The combined mutation Krz-KKVL/A resulted in a complete

Krz=VIL/A; krz!

Ll Eil

i\ R

krz! Krz-VL/A: krz'

Fig. 3. Krz limits Fog pathway activity in the embryo. Embryos in (A-E) were stained with anti-DIg antibody. (A-C) Overexpression of Krz suppressed the defective
ventral midline phenotype resulting from Fog overexpression. Twisting and abnormal cell constrictions are visible in (B). Ventral midline is indicated by a red line. (D-
E) krz! and krz5.7-VL/A; krz' maternal mutant embryos showed a similar delayed ventral furrow formation phenotype. (F-H) Cuticular preparations of (F) FRT control,
(G) krz! and (H) krz5. 7-VL/A; krz! maternal mutants. Ventral holes in the mutants (G-H) are indicated with asterisks.
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Fig. 4. Genetic interactions between Krz and the Fog-Mist signaling pathway in the wing. (A-P) Adult wing phenotypes resulting from overexpression of the
indicated UAS transgenes under the control of the MS1096-GAL4 driver. (A) MS1096-GAL4. (B) A major wing defect observed with Fog overexpression. (C, E, G, I)
Overexpression of wild type Krz or the indicated mutants did not result in abnormal wing development. (D) Overexpression of wild type Krz suppressed Fog-induced
abnormal wing development, however mutant Krz variants failed to suppress those defects: (F) Krz-KK/A, (H) Krz-VL/A, (J) Krz-KKVL/A. (K, L) Co-erexpression of
Gprk2 suppressed wing defects associated with Fog overexpression. (M-P) Genetic interaction between krz and mist. (M, N) Knockdown of krz by RNAi resulted in
unexpanded and misfolded wings. (O, P) Simultaneous knockdown of krz and mist partially restored wing development. (Q) Quantification of wing phenotypes shown

in (A-L). ****, p<0.0001 in chi-squared test; n. s., not significant; WT, wild type.

inactivation of Krz as a developmental regulator, however the disruption
of the two key phosphate-sensing residues together with an additional
phosphate-binding residue (KKR/A), leaving the finger loop intact, was
not sufficient to eliminate Krz zygotic function (Table 1). Structural
studies suggest that the G proteins and the finger loop of arrestins make
contacts with the same region in GPCRs (Cahill et al., 2017; Kang et al.,
2015; Shukla et al., 2014; Szczepek et al., 2014; Thomsen et al., 2018).
Therefore, the binding of arrestins’ finger loop to the receptor directly
interferes with the GPCR/G protein interactions, and mutations of this
motif are expected to disrupt the ability of arrestins to uncouple GPCRs
from G proteins. In support of this view, we found that embryos from
Krz-VL/A-rescued females showed gastrulation defects and cuticular
phenotypes that were similar to the ones observed for krz’, the strongest
loss of function allele of krz. These findings suggest that the finger loop
region of Krz is critical for its in vivo functions. We noted that embryos
obtained from Krz-KK/A-rescued females aborted development before
cellularization, which is a phenotype that is even stronger than that
observed in maternal krz! mutants. The KK/A mutation may thus have a
dominant-negative effect, possibly due to a global hyperactivity and
dysregulation of multiple GPCRs.

A major GPCR system involved in early Drosophila embryogenesis is
the Fog signaling pathway. After several steps of signal transduction,
activation of Fog signaling culminates in phosphorylation of Sgh
(reviewed in (Manning and Rogers, 2014)), which controls acto-myosin
contractility and mediates apical constrictions. Setting a proper level of

cellular contractility is required for gastrulation movements. Consistent
with a recent report (Jha et al., 2018), we found that loss of krz resulted
in excessive accumulation of Sgh-GFP in the mid-apical region of ventral
cells, indicating overactivation of Fog signaling (Fig. S4). Live imaging
showed that mid-apical accumulation of Sqh-GFP persists much longer in
krz maternal mutants than in wild type embryos, resulting in a stalled and
aberrant gastrulation (Videos 1 and 2). We noted that the area of cells
undergoing apical constriction was wider in krz! maternal mutants,
which may be explained in part by ectopic activity of the Toll signaling
pathway, that may lead to an expansion of Fog and Mist expression do-
mains downstream of Twist activation (Manning and Rogers, 2014;
Tipping et al., 2010). However, medial-apical Sqh-GFP localization per-
sisted in krz! mutants even in cells along the ventral midline (Video 2),
suggesting that Krz is required to limit the activity of the Fog pathway
within the normal domain of its activation. In support of this view,
maternal knockdown of krz by RNAi did not result in an expansion of
Twist expression, yet led to abnormal mid-apical accumulation of Sgh
(Jha et al., 2018).

Fog signals through its receptors Mist and Smog (Kerridge et al.,
2016; Manning et al., 2013), and Krz may control Smog signaling at the
level of endocytosis (Jha et al., 2018). Our analysis of Krz mutants that
were expected to disrupt clathrin and AP2 interactions (Krz-ALIQLD and
Krz-F/A, respectively) showed that neither of these mutations affected
Krz functions (Fig. S5). Both Krz variants rescued krz! homozygotes to
adulthood, did not have maternal effect (Table 1), and internalized into
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B krz mutations

normal contractility

excessive contractility

Fig. 5. A model summarizing the effects of the VL/A and KKVL/A mutations on Krz-GPCR interactions and cellular contractility. (A) In wild type Fog-Mist
signaling, the G protein Cta transmits the signal from the Mist receptor activated by its ligand Fog. Mist is then phosphorylated by Gprk2, followed by an interaction
with Krz that properly terminates signaling. (B) The finger loop mutation (VL/A) interferes with the ability of Krz to uncouple Mist from Cta, while still allowing partial
association with the Gprk2-phosphorylated residues in the receptor tail. Combination of the finger loop and phosphate sensor mutations (KKVL/A) leads to inability of
Krz to associate with the receptor. Both the VL/A and KKVL/A mutations result in hyperactivity of the Fog-Mist signaling pathway, leading to excessive cellular

contractility.

endosomes with CrzR upon ligand activation, though Krz-ALIQLD and
the double Krz-ALIQLD + F/A mutant did show a mild reduction in the
percentage of cells containing endosomes (Fig. S5). It is possible that Krz
relies on other structural elements to mediate GPCR endocytosis that
were not included in our analysis, such as a short motif present in Krz that
resembles the second clathrin-binding region in the long splice variant of
B-arrestin-1 (Kang et al., 2009; Sterne-Marr et al., 1993). However, it is
also possible that the endocytic function of Krz is secondary to the role of
direct receptor engagement. Consistent with this view, we found that
mutation of the finger loop (Krz-VL/A) resulted in a strong reduction in
Krz function (Table 1 and Fig. 3), without affecting endocytosis (Fig. 2).
Deletion of the finger loop region in rat p-arrestin-1 also did not affect its
ability to internalize GPCRs but impaired its ability to uncouple the re-
ceptor from G proteins (Cahill et al., 2017). These results suggest that
Krz-mediated attenuation of GPCR and G protein signaling via direct
receptor interactions is critical during early development in Drosophila,
though receptor internalization may also be involved as an additional
regulatory step.

In addition to controlling gastrulation, the Fog-Mist signaling is
involved in the development of the wing, and our data show that Krz-
mediated regulation of this pathway also occurs in this tissue. The ef-
fects of the phospho-sensing and finger loop mutations were even more
pronounced in the wing, as neither Krz-KK/A nor Krz-VL/A were capable
of effectively suppressing the gain of function Fog phenotype (Fig. 4).
Thus, Krz controls Fog-Mist signaling in the embryo and in the wing, and
perhaps in other tissues where this pathway guides epithelial morpho-
genesis. It was previously reported that loss of krz had no significant
effect on wing development (Molnar et al., 2011). It is possible that the
discrepancy with our results was due to the use of the specific GAL4
drivers used in that study (638-GAL4 and nub-GAL4), that may be
expressed in a more restricted pattern or at a lower level than the
MS1096-GAL4 driver that we used. Consistent with our observation of
Krz requirement in wing development, homozygous mutant krz! flies that
are rescued with the elav®’>>-GAL4 driver, which is primarily expressed
in the nervous system, have abnormal wings (Roman et al., 2000) - a
result we confirmed (data not shown).

Phosphorylation of GPCRs by G protein-coupled receptor kinases
(GRKs in mammals, Gprk2 in Drosophila) is a required step for the

recognition of the activated receptor by arrestins (Gurevich et al., 2012).
Previously, mutations in Gprk2 were shown to result in gastrulation de-
fects that are remarkably similar to the phenotypes we observed in krz
maternal mutants ((Fuse et al., 2013) and Fig. 3D), suggesting that
phosphorylation of GPCRs by Gprk2 is required for the binding of Krz to
the receptors. In support of this view, the Krz-KK/A mutant, which dis-
rupts the phosphate-sensing residues, lost its ability to suppress the Fog
overexpression phenotype in the wing and exhibited a strong maternal
effect. We also found that overexpression of Gprk2 itself could suppress
overactive Fog signaling in the wing (Fig. 4K and L). Gprk2 and Krz thus
operate in concert to inhibit GPCR signaling (Fig. 5).

While Krz has been implicated in the regulation of several signaling
pathways (Anjum et al., 2013; Johnson et al., 2008; Li et al., 2012;
Molnar et al., 2011; Mukherjee et al., 2005; Tipping et al., 2010), this
study highlights the developmental importance of Krz in controlling its
prototypical targets, GPCRs. In all contexts examined here, Krz plays an
inhibitory role, which is likely mediated by direct engagement of the
activated GPCRs via the two-part recognition of the phosphorylated re-
ceptor tail and its core (Fig. 5 and (Cahill et al., 2017; Thomsen et al.,
2018)). It will be of interest to examine how Krz coordinates its
involvement in the various pathways active in the early embryo, such as
the GPCR, ERK, and Toll signaling pathways, and whether these path-
ways are differentially affected by the mutations studied here. Of note,
we found that the pre-activating mutation Krz-R/E (Table 1) did not
affect Krz interaction with the Toll pathway regulator Cactus, but did
increase the association of Krz with ERK (Tipping et al., 2010). With
regard to ERK signaling, we previously showed that Krz inhibits ERK
activation downstream of receptor tyrosine kinases in Drosophila devel-
opment (Tipping et al., 2010). One question for future studies is to
determine whether Krz is involved in the positive signaling events
downstream of GPCRs, given the recent interest in developing G protein-
and p-arrestin-biased ligands that modulate ERK activation and can in-
crease the specificity and efficacy of GPCR-directed therapies (Wootten
et al., 2018). Rescue of krz! homozygous animals by both human
pB-arrestins (Fig. 1D) shows significant functional conservation and sug-
gests that Drosophila Krz can serve as a platform for modeling mammalian
B-arrestin functions.
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4. Conclusions

In this work, we have used the Drosophila -arrestin Kurtz (Krz) to
identify conserved structural elements in the p-arrestin molecule that are
functionally important in vivo. We found that some of the previously
identified elements appear to be dispensable. Nonetheless, we revealed
that two regions in Krz are critical for its activity: a phosphate sensing
motif which interacts with the phosphorylated GPCR tail, and a “finger
loop” region that directly contacts the GPCR core. The finger loop mu-
tation (VL/A) is notable because it severely affected Krz function without
having a significant effect on its ability to internalize a GPCR in endo-
somes. We showed that the GPCR-binding Krz mutations disrupt its
ability to limit the activity of the Fog-Mist signaling pathway that plays a
key role during epithelial morphogenesis events, such as embryo
gastrulation and folding of the wing epithelium. Our studies thus un-
covered the structural motifs in p-arrestins that are critical for their
developmental functions as GPCR regulators in vivo.

5. Materials and Methods
5.1. Plasmid construction

Drosophila Krz and Corazonin receptor (CrzR), Mist (Mthl1), mVenus,
Rluc8 (Addgene) open reading frames were amplified by PCR using tag
and/or restriction site-containing primers and cloned into pMT/V5-HisB
vector (Invitrogen) to generate carboxy-terminally tagged CrzR-VS5,
CrzR-Rluc8-V5, Mist-V5 and amino-terminally tagged GFP-Krz and
mVenus-Krz. pMT-GFP-Krz or pMT-mVenus-Krz plasmids were then used
as templates to make tagged Krz mutants by overlap PCR. GFP-Krz mu-
tants were cloned into the pUAST-attB vector (Bischof et al., 2007) for
transgenic expression in flies. An SBP tagged genomic krz rescue
construct (krz5.7-SBP) (Tipping et al., 2010) was used as a template to
make SBP-tagged genomic Krz mutants by overlap PCR. Krz-SBP mutants
were cloned into the pattB vector (Potter et al., 2010) for transgenic
expression in flies. Human p-arrestin-1 and p-arrestin-2 cDNAs were
obtained from Invitrogen/ResGen, amplified by PCR with an HA tag at
the amino terminus, and inserted into the pUAST vector for transgenic
expression in flies.

5.2. Drosophila melanogaster stocks

All Drosophila stocks were maintained on standard yeast-cornmeal-
agar medium at 25 °C. krz! allele (Roman et al., 2000), MS1096-GAL4,
mata4-GAL4-VP16, UAS-Dcr-2 (Dietzl et al., 2007) were obtained from
the Bloomington Drosophila Stock Center. UAS-krz RNAi (GD #41559),
UAS-mist RNAi (GD #33135) were from the Vienna Drosophila Resource
Center (VDRC). Transgenic lines were generated by Rainbow Transgenic
Flies. The sqh-GFP line was a gift from Adam Martin. The UAS-fog line
was a gift from Eric Wieschaus. krz! maternal mutant embryos were
generated by crossing FRT82B krz! /TM6B males with HS-FLP?; sqh-GFP;
FRT82B ovoP! /TM6B females and heat shocking the progeny larvae twice
for 2hat 37°C.

To test for the ability of various Krz mutants to rescue krz! lethality,
crosses were set up using wild type and mutant SBP-krz5.7 genomic
transgenes, as shown in Fig. S2. The yw line was used as a negative
control. The zygotic rescue rate was calculated as the percentage of non-
Hu (i.e., krz! homozygous) flies among all progeny of the Fy self-cross
(Fig. S2). Based on the law of independent assortment, the theoretical
maximal rescue rate with the wild type SBP-krz5.7 transgene is 33% (1/3
of all progeny), given the homozygous lethality of the TM6B balancer.

5.3. Time lapse imaging
Control (FRT82B) or krz! maternal mutant embryos carrying the sqh-

GFP transgene were dechorionated, mounted under halocarbon 27 oil as
described in (Mason et al., 2016), and imaged using the 40x/1.3 oil
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immersion objective on a Zeiss LSM 880 confocal microscope. Contin-
uous z stacks were acquired at 10 pm total thickness (11 frames), at
~10s/stack. Each individual stack was processed using the maximum
intensity projection function in Zen software, to generate a single frame
for the video. Videos were then exported at 24 frames/sec.

5.4. Antibodies and immunostaining

Antibodies used for cell and embryo immunostaining were as follows:
mouse anti-DIg (1:50, Developmental Studies Hybridoma Bank), rabbit
anti-GFP (1:500, Molecular Probes) and mouse anti-V5 (1:500, Sigma).
For Western blotting, the following antibodies were used: rabbit anti-
pan-arrestin (1:1000, Affinity Bioreagents) and mouse anti-SBP (1:200,
Santa Cruz). Secondary antibodies were from Invitrogen (immunofluo-
rescence) and LI-COR (Westerns). For immunofluorescence staining,
embryos were collected on apple juice/agar plates with yeast paste at
25°C and fixed in 4% formaldehyde in PBS/heptane, then devitellinized
in methanol. Embryos were rehydrated in PBT (1 x PBS with 0.1%
Tween-20, Sigma) and incubated for 2 h at room temperature in blocking
buffer (1:1 of PBT and Roche blocking buffer, Sigma), then incubated
with primary antibody diluted in blocking buffer overnight at 4 °C. Em-
bryos were washed with PBT containing 0.1% IgG-free BSA, re-blocked
with blocking buffer and incubated with fluorescent secondary anti-
bodies (Invitrogen) diluted in blocking buffer for 1h at room tempera-
ture. After washes in PBT, embryos were mounted with Prolong Gold
anti-fade mounting reagent with DAPI (Invitrogen), and images were
acquired with Zeiss LSM 880 confocal microscope.

5.5. Endosome recruitment assay

Drosophila Schneider 2 (S2) cells were maintained at 25°C in
Schneider’s Drosophila medium (Gibco) with 10% heat-inactivated FBS
(Invitrogen) and Penicillin-Streptomycin (1:1000, Invitrogen). 0.5 ml S2
cells were seeded with 1.5 ml media in 6-well plates, then transfected
with a 1:1 ratio of pMT-CrzR-V5 DNA and pMT-GFP-Krz wild type or
mutant DNAs using Effectene transfection reagent (Qiagen). 24 hrs after
transfection, 0.8 ml transfected cells were mixed with 1 ml media and
induced with 0.35mM CuSO4 in a 6-well plate containing a coverslip
treated with concanavalin A, and incubated at 25 °C overnight. 10 pl of
1 mM Corazonin (Abbiotec) stock was diluted 100-fold to a volume of
1 ml in complete S2 media, to obtain a 10 pM solution. 16 hrs after CuSO4
induction, 200 pl of 10 pM Corazonin solution in media was added to
each well (final volume 1 ml) and mixed. Cells were incubated in the dark
for 15 min. The media were aspirated, and coverslips were briefly rinsed
with PBS and fixed in 4% formaldehyde for 15 min. After fixation, cov-
erslips were washed in PBT and blocked with blocking buffer (as above)
for 1 hat room temperature. Coverslips were then incubated with pri-
mary antibodies diluted in blocking buffer for 1.5 h at room temperature
then washed with PBT containing 0.1% IgG-free BSA (Rockland). Cells
were then re-blocked for 30 min and incubated with fluorescent sec-
ondary antibodies diluted in blocking buffer for 1 h at room temperature.
After washes in PBT, coverslips were mounted with Prolong Gold anti-
fade mounting reagent with DAPI (Invitrogen), and images were ac-
quired with Zeiss LSM 880 confocal microscope.

5.6. Bioluminescence resonance energy transfer (BRET) assay

0.5 ml of dense S2 cell culture were seeded with 1.5 ml media in a 6-
well plate, then transfected with a 1:10 ratio of CrzR-Rluc8-V5 DNA and
mVenus-Krz (wild type or mutant) DNAs using Effectene transfection
reagent (Qiagen). 24 hrs after transfection, transfected cells were induced
with 0.35mM CuSOg4. 24 hrs after induction, transfected cells were
collected and resuspended in 1 ml DPBS with 5 mM glucose. A white 96-
well flat bottom plate (Corning) was used for BRET assay. First, 5 pl of
Concanavalin A was added to wells and air-dried. 50 pl of suspended cells
were added to treated wells and allowed to settle for 2 h. To blank, all
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media were removed by pipetting then 80 pl of DPBS was added to the
wells. After blanking the plate reader, 10 pl of 50 pM coelenterazine H
substrate was added into each well and incubated in the dark for 8 min,
then 10 pl of 5mM Crz ligand was added into experimental wells while
10 pl of DPBS was added into control wells. All reagents were added
simultaneously using a multi-channel pipet. Signals were acquired on
POLARstar Omega multifunction microplate reader (BMG Labtech). A
total of 12 measurements were taken up to 20 min after ligand addition,
in biological triplicates. 0-10 min measurements were taken every min-
ute, followed by a measurement at 15min and 20 min. The formula,
(ligand at 526 nm/ligand at 488 nm) - (control at 526 nm/control at
488 nm) was used to calculate the net BRET value.

Statistical analysis was performed in R. To evaluate the effect of Krz
mutations (genotype), time, and their interaction on BRET, we fit a linear
mixed effects model with log(x+1) BRET as the response variable. In
order to properly evaluate the fixed effects, we fit the model using
maximum likelihood instead of restricted maximum likelihood (REML).
To determine which genotypes perform differently than the wild type, t-
tests at a = 0.05 were used to see which time by genotype interaction
coefficients differed from 0. We removed one outlier replicate point (VL/
A, 7 min) due to it being of opposite sign and over 4 standard deviations
away from the other two replicates at this time point, thus likely repre-
senting instrument error.

5.7. Wing and cuticle preparation

Wings were dissected from adult Drosophila flies and placed on a slide.
20 pl of isopropanol was added to the wings. After isopropanol evapo-
rated, 15 pl of mounting media (CMCP and lactic acid 3:1) was distrib-
uted on the slide and wings were covered with a coverslip. For cuticular
preparations, embryos were collected on apple juice agar plates with
yeast paste and aged at 25 °C for 24 h, then dechorionated in 50% bleach.
Embryos were devitellinized in methanol then incubated in a mixture of
glycerol and acetic acid (1:4) for 1 hat 65 °C. Cuticles were then incu-
bated at 25 °C for 24 h then transferred to slides. Cuticles were mounted
in 15pl of mounting media (see above) and flattened with a weight
placed on the coverslip.

5.8. Key Resources Table

(continued)
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

D. melanogaster : RNAi of Mist: w

Vienna Drosophila

VDRC: 33135 Flybase:

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Mouse monoclonal anti-Discs Developmental 4F3; RRID: AB_528203
large (DIg) Studies Hybridoma
Bank
Mouse monoclonal anti-HSP70 Sigma-Aldrich Cat#H5147
Mouse monoclonal anti-V5 Sigma-Aldrich Cat#V8012
Mouse monoclonal anti-SBP Santa Cruz Cat#sc-101595
Biotechnology
Rabbit polyclonal anti-GFP Invitrogen Cat#A-11122; RRID:
AB_221569
Rabbit polyclonal anti-pan- Invitrogen Cat#PA1-730; RRID:
arrestin AB_2274371
Chemicals, Peptides, and Recombinant Proteins
Corazonin peptide Abbiotech Cat#350130
Experimental Models: Cell Lines
D. melanogaster: Cell line S2: S2- Laboratory of Spyros FlyBase: FBtc0000181

DRSC

Artavanis-Tsakonas

Experimental Models: Organisms/Strains

D. melanogaster: MS1096-GAL4
driver: w[1118] P{w
[+mW.hs]=GawB}Bx
[MS1096]

D. melanogaster : mata4-GAL4-
VP16 driver: w[*]; P{w
[+mC]=matalpha4-GAL-VP16}
V2H

Bloomington
Drosophila Stock
Center

Bloomington
Drosophila Stock
Center

RRID:BDSC_8860

RRID:BDSC_7062

(continued on next column)

[1118]; P{GD727}v33135 Resource Center FBst0459950
D. melanogaster : RNAi of Krz: w Vienna Drosophila VDRC: 41559 FlyBase:
[1118]; P{GD8470}v41559 Resource Center FBst0464160

Recombinant DNA

pattB vector

BRAC/pcDNA3 (mVenus-
Calmodulin-M13-Rluc8)

Corazonin receptor (CrzR) cDNA
RE51322

K. Basler lab
Addgene

GenBank: KC896839.1
Cat#51967

Drosophila Genomics
Resource Center

DGRC: 1122470;
FlyBase: FBcl0239316
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