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Background: Hippo plays critical roles in organ size control, and the regulation of its activity remains poorly characterized.
Results: N-terminal dimerization of Hpo is critical for Hippo kinase activity. The Hippo C-terminal half promotes cytoplasmic

localization and activity of Hippo.

Conclusion: Dimerization and nucleocytoplasmic translocation of Hippo are crucial for its biological function.
Significance: Dimerization and cytoplasmic localization regulate Hippo activity.

The Hippo (Hpo) signaling pathway controls organ size by
regulating the balance between cell proliferation and apoptosis.
Although the Hpo function is conserved, little is known about
the mechanism of how its kinase activity is regulated. Based on
structural information, we performed mutation-function anal-
ysis and provided in vitro and in vivo evidence that Hpo activa-
tion requires proper dimerization of its N-terminal kinase
domain as well as the C-terminal SARAH domain. Hpo carrying
point mutation M242E can still dimerize, yet the dimers formed
between intermolecular kinase domains were altered in confor-
mation. As a result, autophosphorylation of Hpo at Thr-195 was
blocked, and its kinase activity was abolished. In contrast, Hpo
carrying 1634D, a single mutation introduced in the Hpo C-ter-
minal SARAH domain, disrupted the dimerization of the
SARAH domain, leading to reduced Hippo activity. We also find
that the Hpo C-terminal half contains two nuclear export signals
that promote cytoplasmic localization and activity of Hpo.
Taken together, our results suggest that dimerization and nucle-
ocytoplasmic translocation of Hpo are crucial for its biological
function and indicate that a proper dimer conformation of the
kinase domain is essential for Hpo autophosphorylation and
kinase activity.

Restriction of tissue growth is an important means by which
the developmental program generates an organism of a defined
size and form (1). Studies in the last decade have unveiled a
critical role for the evolutionarily conserved Hpo signaling
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pathway in restricting tissue growth by controlling cell prolif-
eration and death (2-5). Recent studies in Drosophila and
mammals have demonstrated links between the Hpo signaling
network and other established signaling cascades, such as Wnt/
wingless, Hedgehog, BMP/dpp, and Jun kinase (6 —10), suggest-
ing that the Hpo pathway acts via cell-autonomous or non-cell-
autonomous mechanisms in various physiological contexts
during animal development (11-13). Furthermore, aberrant
signaling of the Hpo pathway is also linked to a range of dis-
eases, most notably cancer (14).

Initially discovered by genetic screens in Drosophila for
tumor suppressor genes, the core Hpo pathway comprises a
kinase cascade: the serine/threonine Ste20-like kinase Hpo, the
nuclear Dbf2-related (NDR) family protein kinase Warts (Wts),
the WW domain scaffolding protein Salvador (Sav), and Mob-
as-tumor-suppressor (Mats). Together with Sav, activated Hpo
phosphorylates the Wts-Mats kinase complex (15-20), which
triggers the kinase phosphorylation cascade and inhibits the
transcriptional activity of the downstream transcription com-
plex: scalloped (Sd), a TEAD/TEF family of transcription fac-
tors, and the coactivator Yorkie (Yki) (21-24). The Yki-Sd tran-
scription complex regulates the expression of a group of genes
that participate in cell proliferation, survival, cell-cell interac-
tion, and also maintain the steady-state of cell signaling
strength (14). The Hpo pathway coordinates cell proliferation
and death by controlling the transcription of key regulatory
molecules in cell cycle control and apoptosis, such as diapl and
dmyc, respectively (23-25).

The Hpo pathway is evolutionarily conserved, although this
pathway is more complex in mammals (2, 14, 26). Mammalian
Mstl and Mst2, which belong to the germinal center kinase
subfamily (GCKII), are closely related to Drosophila Hpo, shar-
ing 76% sequence identity (27). Both kinases have an N-termi-
nal catalytic domain and a C-terminal coiled coil interaction
motif called the SARAH (for Sav/Rassf/Hpo) domain that
mediates self-association as well as association with other
SARAH domain-containing proteins (28, 29). Recent studies
have demonstrated that Mst1/2 play critical roles in organ size
control and cancer formation (30-32) and induce apoptosis
after stimulation of cell death (33). Although Mst1/2 have been
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shown to play vital roles, their activation, which includes
caspase-dependent cleavage, binding, and autophosphoryla-
tion, is poorly understood (34 —37). Recent studies have shown
that the pleckstrin homology domain leucine-rich repeat pro-
tein phosphatases bind Mst1 and activate Mst1 kinase activity
(38).

A number of molecules have been identified to act upstream
of Hpo, including the atypical cadherin Fat (Ft) (39—-43), the
FERM proteins Expanded (Ex), Merlin (Mer) and the newly
found Kibra (41, 44-50). How these molecules regulate Hpo
activity remains unknown. Nonetheless, negative regulation of
Hpo activity has been shown recently. For example, the Dro-
sophila RASSF ortholog (dRASSF)® blocks Hpo kinase activity
by competing with Sav for binding (51). Moreover, protein
phosphatase 2 complex, identified as a negative regulator of
Hpo signaling complex, is recruited to dRASSF and thus pre-
vents Hpo activation during development (52).

Based on three-dimensional structural analysis, human Mst1
was shown to homodimerize through the C-terminal SARAH
domain (28), via an antiparallel conformation (53). These find-
ings suggest that the Mst1 kinase activity may be regulated by
homodimerization as well as heterodimerization with mem-
bers of the RASSF tumor suppressor family.

In this study, we demonstrate that both the N-terminal
kinase domain and the C-terminal SARAH domain of Drosoph-
ila Hpo dimerize. Importantly, we showed that the N-terminal
dimerization is critical for the intermolecular autophosphoryl-
ation of Hpo and its kinase activity, whereas disruption of the
dimerization via the SARAH domain has no significant impact
on kinase activity. We also identified a novel dimeric interface
that is essential for the kinase activity by maintaining the proper
homodimerization between kinase domains. Furthermore, we
showed that the Hpo activity is regulated by its nucleocytoplas-
mic translocation.

EXPERIMENTAL PROCEDURES

Mutants, Transgenes, and Drosophila Genetics—Hpo point
mutations were generated by PCR-based site-directed
mutagenesis and verified by DNA sequencing, and all of these
c¢DNA fragments were cloned into the pl/AST vector. To con-
struct attB-UAS-FLAG-Hpo wild type and mutant forms, a
PpUAST vector with attB sequence inserted upstream of the
UAS-binding sites was used. The vas-phi-Zh2A-VKS5 (75B1)
flies were used to generate Hpo transformants inserted at the
75B1 attP locus (54). Animals were cultured at 25 °C for adult
analysis. #po®™? is a null allele (16). Other transgenes and
alleles were driven using GMR-Gal4 and MS1096-Gal4. The
mosaic analysis with a repressible cell marker (MARCM) anal-
ysis was done as described by Lee and Luo (55). The genotypes
for generating /po clones expressing Hpo variants were
ey-FLP/+, FRT42D hpo®™3/FRT42D tub-Gal80, and UAS-
FLAG-Hpo-variants/tub-Gal4 UAS-GFP.

3 The abbreviations used are: dRASSF, Drosophila RASSF; MARCM, mosaic
analysis with a repressible cell marker; LMB, leptomycin B; IP, immunopre-
cipitation; NES, nuclear export signal; KD, kinase-dead; CFP, cyan fluores-
cent protein; CFPAP, CFP signal obtained after photobleaching YFP;
CFPBP, CFP signal obtained before photobleaching YFP.
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Cell Culture, Transfection, Immunoprecipitation, and West-
ern Blot Analysis—S2 cells were cultured in Drosophila Sch-
neider’s medium (Invitrogen) with 10% fetal bovine serum, 100
units/ml penicillin, and 100 mg/ml streptomycin. Plasmid
transfection was carried out using Lipofectamine according to
the manufacturer’s instructions. A ubiquitin-Gal4 construct
was co-transfected with the plUAST expression vector for all of
the transfection experiments. Immunoprecipitation and West-
ern blot analyses were performed according to standard proto-
cols as described previously (24). To detect phosphorylated
Hpo mutants in SDS-PAGE, Phos-Tag AAL-107 (FMS Labora-
tory) was used according to the manufacturer’s instructions.
The Phos-Tag is a phosphate binding compound that, when
incorporated into polyacrylamide gels, can result in an exagger-
ated mobility shift for phosphorylated proteins, dependent
upon the degree of phosphorylation (56). S2 cells were treated
with leptomycin B (LMB; Calbiochem) at 10 ng/ml for 2 h.
Antibodies used in this study were as follows: rabbit anti-phos-
pho-Mst1/Mst2/Hpo (Thr-183 of Mst1, Thr-180 of Mst2, Thr-
195 of Hpo) antibody (Cell Signaling Technology), mouse
anti-FLAG (Sigma), and mouse anti-Myc (Santa Cruz Biotech-
nology, Inc., Santa Cruz, CA).

Cell Fractionation—S2 cells were washed three times with
chilled phosphate-buffered saline (PBS) and resuspended in 5
volumes of fresh ice-cold hypotonic cell lysis buffer (10 mm
Hepes (pH 7.90), 1.5 mm MgCl,, 10 mm KCI) supplemented just
before use with 0.5 mm DTT and mixture (Sigma). After incu-
bation on ice for 10 min, the swollen cells were Dounce homog-
enized until all cells were visibly lysed. The resulting lysate was
centrifuged at 4 °C for 7 min at 1,000 X g. The supernatant
(combined cytoplasmic and membrane fractions) was
removed. The pelleted nuclei were recentrifuged at 4 °C at
20,000 X g for 20 min to further remove contaminating cyto-
plasmic and membrane proteins.

Luciferase Assay—Cells were cultured in 24-well plates and
co-transfected with 15 ng of the copia-Renilla luciferase
reporter as a normalization control and 300 ng of 3XSd2-Luc
firefly luciferase reporter (24) using Lipofectamine. Cells were
incubated for 48 h after transfection, and then the Dual-Lu-
ciferase measurements were performed in triplicate using the
Dual-Glo™ luciferase assay system (Promega) according to the
manufacturer’s instructions. To induce Hpo dimerization in
the S2 cell, the ARGENT™ regulated homodimerization kit
was used.

Immunostaining—Immunostaining of imaginal discs and S2
cells was carried out as described (24). Primary antibodies used
in this work include mouse anti-FLAG (Sigma), mouse anti-
Myc (Sigma), mouse anti-HA (Sigma), rabbit anti-Hpo (pro-
duced by immunizing rabbits with the peptide of Hpo amino
acids 352—-670), and mouse anti-GFP (Santa Cruz Biotechnol-
ogy, Inc.).

Glutathione S-Transferase (GST) Fusion Protein Pull-down
Assay—GST fusion proteins were produced in Escherichia coli
and purified with glutathione-agarose beads. GST fusion pro-
tein-loaded beads were incubated with recombinant kinases or
cell lysates derived from S2 cells expressing individual kinases
at 4 °C for 1.5 h. After the beads were washed three times with

JOURNAL OF BIOLOGICAL CHEMISTRY 5785

/TOZ ‘G yore ) uo 1senb Aq /610 og[-mmmy/:dny wody papeojumoq


http://www.jbc.org/

Dimerization and Localization Regulate Hippo Activity

lysis buffer, Western blot analysis was performed with antibod-
ies against tags.

In Vitro Kinase Assay—Cell extracts were prepared from S2
cells and immunoprecipitated with anti-FLAG antibody
(Sigma) to obtain FLAG-Hpo mutants. The kinase (Hpo
mutants) and substrates (GST-Mats) were incubated in
kinase assay buffer (50 mm HEPES, pH 7.4, 60 mM potassium
acetate, 10 mm MgCl,, 1 mm DTT, 10 um ATP along with 10
wCi of [y-2?P]ATP) for 30 min at 30 °C. Reactions were
stopped by the addition of SDS sample buffer. Then samples
were boiled for 5 min at 100 °C followed by SDS-PAGE and
autoradiography.

Fluorescence Resonance Energy Transfer (FRET) Analysis—For
FRET analysis, cyan fluorescent protein (CFP)- and yellow fluo-
rescent protein (YFP)-tagged constructs were transfected into
S2 cells together with an ubi-Gal4 expression vector. Cells were
washed with PBS, fixed with 4% formaldehyde for 20 min, and
mounted on slides in 80% glycerol. Fluorescence signals were
acquired with the X63 objective of a Leica LAS SP5 confocal
microscope. Each data set was based on 10-15 individual cells.
In each cell, three to four regions of interest in photobleached
area were selected for analysis. The intensity change of CFP was
analyzed using the Leica software. The efficiency of FRET was
calculated using the formula, FRET% = ((CFPAP — CFPBP)/
CEPAP) X 100.

RESULTS

C Terminus of Hpo Forms Homodimers through Antiparallel
Dimerization—To identify new Hpo partners, we carried out a
yeast two-hybrid screen for Hpo-binding proteins using the
noncatalytic C terminus of Hpo (residues 605—669). Interest-
ingly, one clone isolated from the screen contained the same
Hpo C-terminal region (residues 579-669). Based on this
result and the evidence that the last 60 amino acids of C-termi-
nal SARAH domain are well conserved between Drosophila
Hpo and Mst1/2 (20), we hypothesized that Hpo forms dimers
through its putative C-terminal SARAH domain like Mst1/2
(53). To test this, we transfected S2 cells with FLAG- and Myc-
tagged full-length Hpo. It has been found that differently tagged
full-length Hpo co-immunoprecipitated with each other (Fig.
1A). We then tested whether this self-interaction affects Hpo
activity via induction of homodimerization of full-length Hpo
(Hpo") using the ARGENT™ regulated homodimerization kit
(57, 58). We generated Hpo™ with two FKBP (Fv2) domains,
which are used to induce formation of homodimer or multimer
when small FKBP ligands AP20187 are present. In S2 cells, co-
expression of Yki and Sd synergistically activates the luciferase
(Luc) reporter gene (3XSd2-Luc) (24), which is significantly
suppressed by the co-expression of wild type Hpo or Fv2-Hpo
(Fig. 1B, lanes 6 and 8). Inhibition by Fv2-Hpo but not by the
wild type Hpo was enhanced by the addition of the ligand
AP20187 (Fig. 1B, compare lanes 8 and 9 with lanes 6 and 7).
This piece of evidence indicates that the induction of Hpo
homodimer promotes its pathway activity.

To investigate whether Hpo activity is regulated by the
homodimerization through its C-terminal SARAH domain, we
generated point mutations to specifically disrupt dimerization
mediated by the SARAH domain. Based on the solution struc-
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ture of human Mst1 C terminus (Protein Data Bank entry 2JO8)
(53), we modeled the structure of the Hpo C-terminal SARAH
domain (supplemental Fig. S14). In agreement with the struc-
ture information, we found a critical isoleucine (Ile-634) resi-
due that is essential for Hpo homodimerization. Mutation of
this residue to an aspartic acid, 634D, is predicted to disrupt
the coiled coil-mediated dimerization. As shown in the co-im-
munoprecipitation (co-IP) experiments, similar to full-length
Hpo, the C-terminal Hpo containing the SARAH domain
(amino acids 343-670) forms homodimers, whereas the same
region of Hpo carrying the 1634D mutation, Hpo-C"***P, com-
pletely failed to do so (Fig. 1C). However, full-length Hpo with
the 1634D mutation, Hpo'**, retains a weak but significant
homodimerization capability (Fig. 1D), suggesting that regions
other than the SARAH domain also contribute to the
homodimerization of Hpo.

The 1634D mutation is located within the Sav-binding region
of Hpo (amino acids 602—-669) (18). Thus, we tested the inter-
action between Hpo'**" and Sav. Co-IP results showed that
Hpo'®**P binds wild type Sav (Fig. 1E). However, when the Sav
SARAH domain mutant Sav*®3F (Sav-M), in which the critical
leucine residue was mutated to a proline based on modeled
structure of SARAH domain, was used in the co-IP experiment,
an interaction between Sav-M and Hpo'®**P was not detected
(Fig. 1E). It is known that dRASSF restricts Hpo activity by
competing with Sav for binding to Hpo (51). We tested whether
the 1634D mutation affects the binding between dRASSF and
Hpo. As shown in Fig. 1F, the 1634D mutation reduced the
interaction between Hpo and dRASSF.

To directly compare the activity of Hpo with wild type
Hpo, we generated transformants using the phiC31 integration
system to ensure that all of the transgenes were expressed from
the same chromosomal location (attp at 75B1) so that position
effects on gene expression were eliminated (54). When the
transformants were expressed by the wing-specific Gal4 driver
MS1096, a similar, albeit weaker, Hpo activity was detected in
Hpol634D transgenic flies compared with the Hpo wild type
flies in the context of the reduction in wing size (Fig. 1, G-I).
Taken together, these results indicate that the dimerization of
Hpo mediated by the C-terminal SARAH domain modulates its
activity, and disruption of SARAH-mediated dimerization
compromises interactions with Sav and dRASSF but does not
abolish the activity of Hpo.

Two Nuclear Export Signals (NESs) within Hpo C Terminus
Are Important for Biological Function of Hpo—The Hpo kinase
cascade promotes Yki cytoplasmic accumulation during
growth regulation, and the overexpressed Hpo was detected
mainly in the cytoplasm (Fig. 2A4). In S2 cells, transfection of
Hpo™®'°P, a mutant incapable of forming a SARAH domain
dimer based on our prediction from the modeled structure
(supplemental Fig. S14), resulted in the increased nuclear local-
ization of Hpo™®'°" compared with the wild type Hpo (Fig. 2,
compare B with A). No evidence of Hpo nuclear-cytoplasmic
translocation has been shown before; thus, we treated the cells
with LMB, a specific inhibitor of nuclear export mediated by
leucine-rich NES (59), to examine whether the nucleus-cyto-
plasm shuttling of Hpo is regulated by the nuclear export path-
way. The leucine-rich NES is a highly conserved sequence used

1634D
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FIGURE 1. Homo- and heterotypic interactions of the Hpo SARAH domain. A, FLAG-Hpo and Myc-Hpo coimmunoprecipitated with each other. The
indicated constructs were transfected into S2 cells. FLAG- or Myc-Hpo was immunoprecipitated with anti-FLAG or anti-Myc antibody. Western blots (WB) were
done to detect specific proteins as indicated to the left of each panel. B, S2 cells were transfected with the indicated Hpo or Fv2-Hpo constructs together with
Sd, Yki, and the 3XSd2-Luc reporter gene, and the cell lysates were subjected to a Dual-Luciferase assay. Error bars, S.D. (triplicate wells). C, differently tagged
Hpo-1634D-C (amino acids 343-670) cannot interact with each other because 1634D has broken the C-terminal SARAH dimeric domain. The arrow indicates IgG
bands. D, differently tagged full-length Hpo'®**P had weak binding. £, Myc-tagged Sav or Sav-M was co-expressed with FLAG-tagged Hpo or Hpo'®**Pin S2 cells.
Sav-M, Sav->°3" mutant. Both wild type and Hpo'®>*® bind with Myc-Sav, but Sav-M failed to interact with Hpo'®**P. F, Myc-tagged dRASSF was co-expressed
with FLAG-tagged Hpo or Hpo'®*P in S2 cells. G-J, wild type female wings (G) or female wings expressing wild type Hpo (H), Hpo mutant 1634D (/), or mutant
NES1/2 (J) with MS1096.

by a variety of proteins to facilitate their export from the
nucleus to the cytoplasm, and is important in regulating protein
function by affecting proteins’ subcellular localization (60).
After 2 h of LMB treatment, as shown in Fig. 2, A" and B’, the
wild type Hpo accumulated in the nucleus, whereas the nuclear
accumulation of Hpo™***" was more predominant. These
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results indicate that a functional NES(s) exists within the Hpo
C-terminal SARAH domain. Sequence analysis of Hpo reveals
that Hpo contains two potential leucine-rich NES-like
sequences (NES1, amino acids 425-434; NES2, amino acids
610-619), and the L619P mutation lies within the NES2 region
(Fig. 3C). We mutated the hydrophobic residues to an alanine

JOURNAL OF BIOLOGICAL CHEMISTRY 5787

/TOZ ‘G yore ) uo 1senb Aq /610 og[-mmmy/:dny wody papeojumoq


http://www.jbc.org/

Dimerization and Localization Regulate Hippo Activity

FIGURE 2. Hpo C terminus contains two functional NESs. A-B’, S2 cells were transfected with the wild type Hpo or Hpo

L619P mutant and stained with

anti-FLAG antibody. For LMB treatment of S2 cells, LMB was added at a concentration of 10 ng/ml for 2 h before harvest. Nuclei are labeled by DAPI (blue). Cand
D, the HpoN¥>'2 mutant or Hpo-N was expressed in S2 cells without LMB treatment. £ and F, high magpnification view of wing discs expressing FLAG-tagged
Hpo-T189A or NES1/2 using MS1096, which were immunostained with an anti-FLAG (green) antibody. G-H', high magnification view of wild type wing discs (G
and G') or wing discs expressing UAS-exportin RNAi (Hand H') using MS1096, which were immunostained with anti-Hpo antibody to show the endogenous Hpo
protein (green) and DAPI (blue) to label the nuclei. /, nuclear (N) and cytoplasmic (C) fractions of S2 cells expression Hpo or Hpo®*"/2in the absence or presence

of LMB (10 ng/ml, 2 h) were analyzed by Western blot (WB) using FLAG antibody. The integrated optical density ratios of Hpo protein level in nucleus and cytosol

(N/C) are shown below each blot. J, 3XSd2-Luc reporter assay was performed by expressing wild type Hpo or Hpo

or a proline (L429A, 1434A, and L619P) in both NES1/NES2
regions and investigated the subcellular localization of the
mutant forms. Hpo™¥$/2 was distributed throughout the cyto-
plasm and nucleus (Fig. 2C). To confirm the nucleocytoplasmic
shuttling of Hpo, S2 cells were transfected with the wild type
Hpo or Hpo™¥$/2, Cytoplasmic and nuclear fractions from the
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NES1/2in 52 cells.

cell extracts were collected. Western analysis revealed that the
wild type Hpo was found primarily in the cytoplasmic fraction,
and the Hpo™**/? was equally distributed in both fractions
(Fig. 2I). Treatment with LMB promotes the accumulation of
the wild type Hpo in the nucleus (Fig. 2]). These results suggest
that both NES sequences are functional.
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FIGURE 3. Homodimerization of Hpo kinase domain is critical for its autophosphorylation and kinase activity. A, S2 cells were cotransfected with
indicated N-terminal or C-terminal CFP/YFP-tagged Hpo constructs, treated with or without upstream components Ex and Mer. N-terminal of Hpo tagged with
CFP and YFP showed higher FRET changes than C-terminal tagged ones. B, modeled structure of Drosophila Hpo kinase domain. The crystal structure of the
Mst1 kinase domain (Protein Data Bank entry 3CM) was used as a template during comparative modeling in the program Modeler. The Hpo kinase domain
forms a homodimer through hydrophobic and electrostatic interactions. Residues of particular interest have been labeled and highlighted, respectively, in
dotted models for hydrophobic core packing on the dimericinterface and in sphere models for phosphorylation sites. C, schematic representation of Hpo kinase.
The K71R mutation that is used to generate kinase-dead Hpo is marked. The N-terminal kinase domain and the C-terminal dimerization domain of Hpo are
colored green and orange, respectively. The phosphorylation sites (Thr-195; T195) and the Hpo N- and C-terminal critical dimerization sites (Met-242 (M242) and
1634D) investigated in this study are marked. The NES regions are colored blue. D, Western blots (anti-FLAG) of IP samples or lysates transfected to express
FLAG-Hpo mutants in S2 cells. The upper panel shows Phos-Tag gel (50 um Phos-Tag); the lower panel shows 8% SDS gel. Phosphorylation results in mobility
shifts proportional to the extent of phosphorylation. Note that Thr-195 is the important autophosphorylation site of Hpo. E, Western blots (anti-phospho-
Mst1-Thr-183) of IP samples to detect the phosphorylation level of the Hpo Thr-195 site. The lower panel shows IP sample loading control. F, Hpo variants
phosphorylate Mats in vitro. FLAG-tagged Hpo variants were immunoprecipitated from S2 cells and tested for kinase activity against GST-Mats (63). Hpo
autophosphorylation and Mats phosphorylation by Hpo or Hpo variants are shown in the top panel. The substrate and input kinase are also shown by
Coomassie Blue staining (CB) and Western blot (WB) (bottom two panels).

NES1/2

In Drosophila, Hpo™"*'/? overexpressed by MS1096-Gal4 in  the wild type Hpo (Fig. 2/). Expression of Hpo in Drosoph-

wing discs exhibited enhanced nuclear accumulation when
compared with the overexpressed HpoT189A mutant
(described below), which showed a staining pattern similar to
that of the wild type Hpo (Fig. 2, E and F). We further checked
the localization of endogenous Hpo when the RNAI transgene
for exportin (dACRM1) was overexpressed. Exportin knockdown
by RNAI resulted in nuclear accumulation of endogenous Hpo
(Fig. 2, compare H with G).

Next, we examined the functional activity of Hpo
luciferase assay using S2 cells. Coexpression of Hpo
together with Sd and Yki caused a slight decrease in luciferase
reporter activity in contrast to the dramatic response elicited by

NES1/2 bY
NES1/2
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ila wing discs resulted in a similar phenotype to the MS1096
control (Fig. 1J" and supplemental Fig. S1B), which suggested
that Hpo in the nucleus lost most of its signaling activity, and
the regulation of Hpo localization is important for its biological
function. Taken together, the C-terminal SARAH domain reg-
ulates the Hpo activity via its dimerization and modulation on
Hpo nucleocytoplasmic translocation.

N-terminal Homodimerization of Hpo Is Critical for Its
Kinase Activity and Biological Function—Because full-length
Hpo'®**P still dimerizes to a certain degree, we speculated that
the N-terminal kinase domain also contributes to the
homodimerization of Hpo. To further investigate this, we
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employed the FRET assay, which measures the transfer of
energy between YFP and CFP to detect protein-protein inter-
action (61). Two pairs of fusion proteins with CFP/YFP either
fused to the N terminus (CFPN-Hpo/YFPN-Hpo) or to the C
terminus (Hpo-CFP</Hpo-YFP®) of the wild type Hpo were
generated to examine the interactions of the N or the C termi-
nus by performing FRET analysis in S2 cells. We observed sig-
nificant FRET between CFP™N-Hpo and YFPN-Hpo (~3.93%),
which was further increased (~7.59%) when upstream regula-
tors of Hpo, Ex and Mer, were coexpressed (Fig. 34 and supple-
mental Fig. S2). We also observed high FRET between Hpo-
CFP€ and Hpo-YFPS, and the change in FRET signals of the
Hpo C terminus was not as dramatic as that of the Hpo N
terminus with co-expression of Ex and Mer (Fig. 34 and sup-
plemental Fig. S2). GST pull-down and immunoprecipitation
experiments confirmed that the Hpo N-terminal kinase
domain (amino acids 1-342) interacts with itself or endogenous
Hpo (supplemental Fig. S3, A and B), a result in agreement with
the recent crystallographic studies of Mstl, Mst3, and Mst4
kinase domains (27). These observations suggested that Dro-
sophila Hpo N-terminal kinase domains indeed form
homodimers facilitated by the upstream regulators. On the
other hand, homodimers formed by the Hpo C-terminal
SARAH domains showed only subtle conformational change
upon activation.

Because Hpo and Mstl share over 70% sequence identity in
their N-terminal region, we modeled a three-dimensional
structure of the Hpo kinase domain (amino acids 1-278) based
on the crystal structure of the Mstl kinase domain (Protein
Data Bank entry 3CM). In the modeled dimer of Hpo kinase
domains, the aH helix and part of the preceding loop of one
molecule dock into the active cleft of the other, forming mainly
hydrophobic intermolecular contacts with its aC helix, activa-
tion loop, and oH helix (Fig. 3B). The homodimeric interface
may help maintain an active conformation for full activation of
Hpo kinase. Conformational perturbation introduced by point
mutation or deletion within this region is expected to affect
Hpo kinase activity.

Based on the structural analysis, we first made a deletion
form of the Hpo kinase domain (Hpo-N*?*#-2%¢) in which
amino acids 238 —246 (corresponding to the aH helix and part
of the preceding loop) in the Hpo kinase domain (Hpo-N,
amino acids 1-342) were removed. Results from the in vitro
pull-down assay showed that Hpo-N#%38-24¢ could still form
homodimers as the wild type Hpo kinase domain did (supple-
mental Fig. S34). It is possible that additional residues other
than amino acids 238 —246 mediate homodimeric association
after conformational rearrangement. We also reasoned that the
dimeric interactions mediating Hippo kinase domain homoas-
sociation are mainly hydrophobic in nature. Thus, either muta-
tion or deletion of amino acids 238 —246 disturbs the proper
conformation of the activation loop and the aC helix rather
than the complete dimerization process. To address whether
Hpo autophosphorylation and activation require the proper
conformation of this dimeric interface, we further generated
series of point mutations that were predicted to disturb the
conformation of its activation loop: M242E, M242P, R243P,
R243A, and I245P. As a control, we also generated H240A
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mutant, which does not disturb the conformation of its activa-
tion loop base on our prediction. To test whether the Hpo
C-terminal dimerization plays a role, we also generated the
same mutations in the context of Hpo-N (kinase domain only):
M242E-N, M242P-N, R243P-N, R243A-N, I245P-N, and
H240A-N. We then performed a primary screen for the func-
tional activity of these mutations by an S2 cell luciferase assay.
As shown in supplemental Fig. S4, consistent with our predic-
tion, all of the mutants exhibited a decrease in Hpo activity
except for H240A. Furthermore, our results showed that Hpo
C-terminal dimerization did not interfere with the function of
these mutants (supplemental Fig. S4). Finally, we selected the
M242E mutation for our following investigation.

We also generated other Hpo protein variants for further
functional studies (Fig. 3C). Because phosphorylation of Hpo at
Thr-195 has been implicated in the regulation of Hpo kinase
activity (62), and the corresponding residue in Mst1, Thr-183,
has been identified to be the autophosphorylation site (36),
Thr-195 may be the autophosphorylation site of Drosophila
Hpo. In addition, the reported Mstl structure presumably pos-
sesses an active conformation, in which Thr-177 and Thr-183
are kept in phosphorylated status (27). To prevent phosphoryl-
ation, we then mutated their corresponding sites in Hpo (Thr-
189 and Thr-195) to Ala (referred to as T189A and T195A).
Conversely, the two mutations T189E and T195E were intro-
duced to mimic the phosphorylation state of Hpo. A K71R
mutant (Hpo KD), representing the inactive form of Hpo, was
also generated (20).

We first measured the phosphorylation level of these Hpo
mutants in cultured Drosophila S2 cells, and the mobility was
detected using a Phos-Tag gel shift assay. Clearly, on the Phos-
Tag gel, only one obvious shift band corresponding to the Hpo
autophosphorylation was detected (Fig. 3D). This shift band
disappeared in KD and T195A and was almost undetectable in
M242E mutants, suggesting that Thr-195 is the primary auto-
phosphorylation site in Hpo, and the conformational perturba-
tion introduced by M242E mutation readily diminished the
kinase activity. Of note, the phosphorylated shift forms of
T189A and T189E could still be detected, indicating that Thr-
189 is not the critical autophosphorylation site or at least is not
essential for the autophosphorylation of the residue Thr-195.
We then further confirmed this result using the phospho-spe-
cific antibody that recognizes the Mst1/2 phosphorylation on
Thr-183 as well as the equivalent residue Thr-195 of Hpo (Fig.
3E). Consistent with the Phos-Tag gel shift assay (Fig. 3D), the
corresponding phosphorylation bands were only shown in the
samples of Hpo WT and T189A/E. The 1634D also showed an
equivalent phosphorylation band similar to Hpo WT. Thus,
Hpo Thr-195 is the critical site for Hpo autophosphorylation.
The conformational perturbation of the dimeric interface con-
sisting of Hpo kinase domains interferes with its autophospho-
rylation, whereas loss of the C-terminal Hpo dimers does not
affect the Hpo autophosphorylation.

To further investigate the link among Hpo kinase activity,
autophosphorylation, and homodimerization, we tested
whether these Hpo variants still retain their kinase activities by
in vitro kinase assay. We used immunoprecipitated FLAG-
tagged Hpo proteins from S2 cells and the purified GST-Mats
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FIGURE 4. Homodimerization of Hpo kinase domain is critical for its func-
tion in growth control. A, S2 cells were transfected with the indicated Hpo or
Hpo variants together with Sd, Yki, and the 3XSd2-Luc reporter gene, and the
cell lysates were subjected to a Dual-Luciferase assay. Error bars, S.D. B—J, wild
type female wings (B) or female wings expressing wild type Hpo (C) or Hpo
variants (D-J) with MS1096. The dotted lines display the wing size of MS1096
control.

protein as a substrate (63). Results showed that wild type Hpo
undergoes autophosphorylation and phosphorylates the sub-
strate GST-Mats, whereas the kinase-dead mutation of Hpo,
K71R, completely abolished its catalytic activity (Fig. 3F). Both
HpoT189A and HpoT189E mutants remained as active as the
wild type Hpo (Fig. 3F, lanes 5 and 6). The HpoT195A mutant
totally lost its kinase activity, but the HpoT195E mutant
retained catalytic activity, albeit less potent than the wild type
Hpo. The HpoM242E and Hpo*?*®*~2*¢ mutants were com-
pletely inactive. On the other hand, the Hpol634D mutant
showed slightly reduced kinase activity when compared with
the wild type Hpo (Fig. 3F, compare lanes 11 and 3). Collec-
tively, these results suggested that the Hpo catalytic activity
depends on its Thr-195 autophosphorylation, and the N-termi-
nal dimeric conformation is crucial for its kinase activity. The
Hpo C-terminal dimerization alters its catalytic activity, possi-
bly in a manner of inducing the N-terminal dimeric conforma-
tion or changing the substrate specificity. Of note, the
HpoT195E mutant showed less activity in vitro, most likely due
to the fact that the mutation does not fully mimic the Thr-195
phosphorylation and therefore is not optimal for full activation.

In Vivo Activities of Hpo Variants and Dosage-dependent
Genetic Interactions between Hpo Variants and Yki—We then
investigated whether these Hpo variants have similar func-
tional defects in vivo. Co-transfection of T195A, A238 246,
M242E, or the Hpo KD together with Sd and Yki failed to sup-
press the luciferase activity induced by Yki-Sd (Fig. 44). Con-
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versely, the HpoT189A, HpoT189E, and HpoT195E mutants all
showed strong Hpo activity (Fig. 44, lanes 7, 8, and 10). On the
other hand, Hpol634D mutant was not as effective as the wild type
Hpo to suppress Yki-Sd (Fig. 44, lane 13). Thus, consistent with
earlier in vitro kinase assays, Hpo activity is dependent on auto-
phosphorylation at Thr-195 and dimerization. The N-terminal
dimerization appears to be more critical than the C-terminal
dimerization because disruption of the C-terminal coiled coil-me-
diated dimerization only partially affects the Hippo activity.

To further confirm whether the N-terminal dimerization is
important for Hpo activation, we engineered hybrid proteins by
fusing Hpo N-terminal variants with Fv2 protein to test
whether induced N-terminal dimerization increases pathway
activity in the absence of Hpo C terminus using luciferase
assays. As shown in supplemental Fig. S5 (lanes 4-9), the
enhanced dimerization induces higher activity mediated by the
Hpo kinase domain with Fv2 after treatment with AP20187.
Among the other hybrid variants, only the Hpo variant
N-T195E-Fv2 showed inducible activity, but not the ones car-
rying M242E or T195A mutations (supplemental Fig. S5).
These results suggested that the induced dimer enhances the
Hpo kinase activity.

Next, we compared the activity of these Hpo variants in Dro-
sophila by overexpression using transgenic flies. To ensure that
the transgenes were expressed at the same expression level, all
of the transformants were generated by using the phiC31 inte-
gration system (54). Driven by wing-specific Gal4 driver
MS1096, Hpo variants carrying T189A, T189E, or T195E muta-
tions caused small and shrunken wings similarly as the wild
type Hpo (Fig. 4, C, F, H, and I, and supplemental Fig. S6)),
suggesting that they possess similar activity as the wild type. In
contrast, we found that overexpression of Hpo variants carry-
ing M242E or A238-246 resulted in a slight increase in wing
size, similar to the observations in animals overexpressing
HpoT195A (Fig. 4, E, G, and J, and supplemental Fig. S6/). Last
but not least, only the KD form resulted in significant enlarge-
ment of the wings compared with the MS1096 control (Fig. 4, B
and D, and supplemental Fig. S6/).

We further investigated Hpo activities using a genetic inter-
action assay with Yki in Drosophila eyes. Overexpression of
UAS-Yki posterior to the morphogenetic furrow using the
GMR-Gal4 driver (hereafter referred as GMR-Yki) resulted in
enlarged eyes (Fig. 5 and supplemental Fig. S6; compare Fig. 5B
and supplemental Fig. S6B with Fig. 54 and supplemental Fig.
S6A). Expression of UAS-hpo using GMR-Gal4 resulted in
100% lethality at early pupal stage, whereas co-expression of the
wild type Hpo and Yki led to small rough eyes (Fig. 5C and
supplemental Fig. S6C). Like the wild type, the HpoT195E over-
expression also induces small rough eyes in the GMR-yki back-
ground; however, the Hpol634D overexpression suppressed
the GMR-Yki overgrowth phenotype, leading to rough eyes
(Fig. 5, Fand I, and supplemental Fig. S6, F and I). On the other
hand, co-expression of Hpo KD resulted in a dramatic increase
in eye size (Fig. 5D and supplemental Fig. S6D). Similar but
weaker phenotypic enhancement was obtained in flies overex-
pressing HpoT195A, HpoM242E, or A238 —246 together with
Yki by GMR-Gal4 (Fig. 5, E, G, and H and supplemental Fig. S6,
E, G, and H). These results convincingly showed that Thr-195 is
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FIGURE 5. Hpo variants genetically interact with Yki. A-/, adult eyes of GMR
(A), GMR-Gal4 UAS-Yki (B), GMR-Gal4 UAS-Yki plus Hpo wild type (C), GMR-Gal4
UAS-Yki plus Hpo KD (D), and GMR-Gal4 UAS-Yki plus Hpo variants (E-/).

critical for Hpo kinase activity, and the N-terminal dimeriza-
tion is essential for the Hpo activity. Consistent with the in vitro
data, our in vivo studies confirmed that residues around Met-
242 within the region of the Hpo homodimeric interface play an
important role in maintaining the active conformation of Hpo
kinase because mutations in this region abolish the kinase
activity.

Hpo Dimerization Is the Prerequisite for Its Autophosphoryl-
ation and Activity—To investigate whether the homodimeriza-
tion of Hpo is also critical for its function after autophospho-
rylation, we made mutant proteins by combining the A238 -
246 deletion with the mutation T195A or T195E (referred to as
T195A-A or T195E-A, respectively). The T195E-A mutant pro-
teins are predicted to be incapable of forming native homodi-
meric association via the kinase domain, but they contain the
mimic autophosphorylation site Thr-195. In luciferase assays,
we found that T195E-A activity was recovered when compared
with the Hpo®?**~2*¢ mutant (Fig. 6A, compare lane 8 with lane
10), and this activity is similar to, albeit less potent than, the
T195E mutant (Fig. 64, compare lane 8 with lane 9). Consis-
tently, driven by wing-specific Gal4 driver MS1096, T195E-A
showed stronger pathway activity compared with A238-246
(compare Fig. 6C with Fig. 4J) but much weaker than that of
T195E, which dramatically reduced the wing size (compare Fig.
6C with Fig. 4H). In contrast, the T195A-A and T195A mutants
did not show substantially different activities either by lucifer-
ase assay or in vivo analysis (Fig. 64, compare lane 6 with lane 7;
compare Fig. 6D with Fig. 4E). These results suggested that,
although the dimeric interface of the N-terminal kinase domain
was deformed by A238-246, the HpoT195E-A, but not
T195A-A, was still functional and capable of triggering Hpo
signaling. Taking this result together with the results of previ-
ous kinase assays, we concluded that the dimerization is the
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FIGURE 6. Hpo dimerization is the prerequisite of autophosphorylation
and activity. A, S2 cells were transfected with the indicated Hpo or Hpo
variants together with Sd, Yki, and the 3XSd2-Luc reporter gene, and the cell
lysates were subjected to a Dual-Luciferase assay. Error bars, S.D. B-D, wild
type wings (B) or wings expressing UAS-Hpo-T195E-A (C) or UAS-Hpo-T195A-A
(D) with MS1096 to show the wing size change of these mutants.

prerequisite of Hpo autophosphorylation at Thr-195 and leads
to Hpo activation.

Abilities of Hpo Variants to Rescue Overgrowth Phenotype of
Hpo Mutants—To investigate whether these Hpo variants
still possess Hpo activity independent of endogenous Hpo in
vivo, we further tested their ability to rescue the zpo®™? null
allele in Drosophila using the MARCM technique to express
these variants in clones mutant for #po®73(16,55). As shown
in Fig. 7, adult eyes carrying hpo®/? mutant clones were
overgrown, showing enlarged and folded eyes (Fig. 7A). In
contrast, wild type Hpo expression in spo®3? mutant clones
was sufficient to inhibit the overgrowth and rescued the
adult phenotype, resulting in nearly normal eye size (Fig. 7B).
Expression of Hpo KD in the hpo®3? clones still caused eyes
that were rough and overgrown but somehow less folded
compared with the eyes of hpo®?? mosaic flies (Fig. 7C). The
eyes of the h1po® 3% mosaic flies containing Hpo-T195A are
even less folded than the eyes of those containing Hpo KD
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FIGURE 7. Hpo variants with kinase activity rescue the overgrowth phenotype of hpo mutants. A-A", adult eyes or eye discs containing hpo

BF33

mosaic clones. hpo® =~ is atruncating null allele. B-F", adult eyes or eye discs with hpo
mutant cells expressing Hpo wild type and variants were labeled by both FLAG and GFP expression. A'-F’, magnified images of the eye surface

BF33

hpo
morphology.

(Fig. 7D). Moreover, only rough and slightly bigger eyes are
shown in the spo®?% mosaic flies that express Hpo-M242E
(Fig. 7F). Similar to overexpression of the wild-type Hpo in
hpo®F33 mosaic flies, overexpression of the HpoT195E com-
pletely rescued the eye overgrowth in spo®?? mosaic flies
(Fig. 7E). We further compared the size of MARCM clones in
the eye imaginal discs. The mosaic clones of #po®/?% were
large because of the competitive properties; however, when
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BF33

BF33 clones expressing wild type Hpo or the indicated Hpo variants.

the wild type Hpo was overexpressed, clones were very small
(Fig. 7, compare B” with A”). The Hpo KD and T195A clones
were notably larger than the T195E and M242E clones (Fig.
7, compare C” and D" with E” and F"). Furthermore, the
T195E clones were apparently larger than the wild type Hpo
clones (Fig. 7, compare E” with B"), although they showed a
similar adult phenotype, and the M242E clones were smaller
than the ones of Hpo KD and T195A (Fig. 7, compare F” with
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C"and D"). These sensitive genetic rescue results reveal that
the M242E has less reduced activity compared with Hpo KD
and T195A mutants.

DISCUSSION

Previous studies have revealed that Hpo signaling is essential
for tissue growth and organ size control in both Drosophila and
vertebrates (14). However, despite the emerging significance of
this signaling transduction pathway, the mechanism by which
the Hpo kinase is regulated is poorly understood. Based on a
combination of structural and functional analyses, our results
demonstrate that the autophosphorylation and kinase activa-
tion of Hpo depends on its homodimerization, which is medi-
ated by two distinct functional domains. We show that
dimerization of the N-terminal kinase domain, which is medi-
ated predominantly by hydrophobic interactions, is essential
for Hpo autophosphorylation and its kinase activation, whereas
the coiled coil-mediated dimerization of the C-terminal
SARAH domain is probably necessary to modulate Hpo
function.

Consistent with previous studies of Mst1/2 (28), we found
that the dimerization of the Hpo SARAH domain is not essen-
tial for its kinase activity. Disruption of the dimerization medi-
ated by the SARAH domain only led to a partial decrease for its
autophosphorylation and kinase activity (Fig. 3E). It is impor-
tant to emphasize that although the Hpo SARAH domain
seems to be non-essential for autophosphorylation, it may be
crucial for regulatory functions based on existing studies of Sav
and RASSF in both Drosophila and mammalian cells (51, 64,
65). Indeed, wild type Hpo always shows higher activity than
just the kinase domain in vivo because GMR-Hpo results in
100% lethality at the early pupal stage, but expressing the GMR-
Hpo-kinase domain alone results in a weaker phenotype. Mis-
expressed Hpol634D in Drosophila wing results in a discernible
change compared with the wild type Hpo (Fig. 1, compare [ with
H). 1t is likely that the strong kinase activity caused by overex-
pression may conceal the regulatory function of the SARAH
domain. Our FRET analysis showed that a higher basal level of
interaction between Hpo C termini is detected, compared with
that between the Hpo N termini. However, when activated by
the upstream signaling, the FRET change between C termini is
not as dramatic as that observed for that between the N termini
(Fig. 3A), suggesting that the SARAH domain may constitu-
tively form dimers, whereas the conformation of the N-termi-
nal dimer is inducible. At this point, we speculate that one pos-
sible role of the Hpo C-terminal dimerization is to function as a
platform to facilitate the intermolecular association between
the N-terminal kinase domains. In addition, it seems that the
dimerization of SARAH domain may help to stabilize Hpo
because we repeatedly detected that the 1634D is less stable
than the wild type Hpo when expressed in S2 cells.* Our immu-
noprecipitation data support this point by showing that the
FLAG-Hpo-C-1634D barely pulled down the endogenous Hpo
(supplemental Fig. S3B). Furthermore, the activity of Hpo could
be regulated by the dimerization partners, which are recog-

4Y.Jin, L. Dong, Y. Lu, W. Wu, Q. Hao, Z. Zhou, J. Jiang, Y. Zhao, and L. Zhang,
unpublished observation.
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nized by the SARAH domain in the upstream or downstream
branches of the Hpo signaling pathway, such as dRASSF and
Sav (51). Consistent with this finding, we showed that Hpo and
Sav/dRASSF heterodimerize via the conserved C-terminal
SARAH domains of both proteins (Fig. 1, E and F).

Hpo SARAH domain plays a dual role in regulating Hpo
activity. Besides the functional regulation of Hpo through
homodimerization as well as through heterodimerization with
other SARAH-containing partners, the SARAH domain of Hpo
participates in the regulation of nucleocytoplasmic distribution
of Hpo via a CRM1-dependent nuclear export mechanism. We
identified two functional NESs that are both located in the Hpo
C-terminal region, including the one located in the SARAH
domain (Fig. 3C). We showed that the nucleus-cytoplasm shut-
tling of Hpo is regulated by the nuclear export pathway, and the
translocation of Hpo is critical for its functional regulation
because the Hpo™*51/? lost most of its signaling activity in vitro
and in vivo (Figs. 1J and 2). These findings will bring novel
insights to our present functional studies and help to answer
questions regarding the importance in regulating nuclear-cyto-
plasmic translocation of Hpo and the function of Hpo in the
nucleus.

The Hpo kinase domain (Hpo-N) shows a diffused localiza-
tion (Fig. 2D) when the Hpo C-terminal part is deleted, and its
pathway activity is much lower than the activity of wild type
Hpo, which localizes mainly in the cytoplasm (Fig. 2A4). How-
ever, mammalian Mst1 is activated by autophosphorylation and
the caspase-dependent cleavage, which releases the active
36-kDa N-terminal kinase domain (34, 36, 66). The active trun-
cated kinase translocates into the nucleus and promotes apo-
ptosis by phosphorylating nuclear substrates (67). Because Hpo
does not have the conserved caspase cleavage site, our observa-
tion suggested that Hpo may exhibit the growth-suppressive
activity mainly in the cytoplasm; therefore, a different mecha-
nism from the mammalian MST needs to be determined. Mam-
malian Mst1/2 protein was localized predominantly or entirely
in the cytoplasm in an LMB-dependent manner (37), and the
function of nucleocytoplasmic shuttling of MST1/2 needs to be
further studied.

Although considerable progress has been made in investigat-
ing the mechanisms of regulation and function of the SARAH
domain in the Hpo signaling pathway, much less is known
about the activating mechanisms of the N-terminal kinase
domain, especially in vivo. We performed a structure-function
analysis of Drosophila Hpo based on the modeled three-dimen-
sional structure of Hpo kinase domain. As a result, we identified
that Thr-195 is the autophosphorylation site and critical for
Hpo kinase activity. More importantly, we demonstrated that
the N-terminal kinase domain of Hpo mediates homodimeriza-
tion independently of the C-terminal SARAH domain and that
the dimeric conformation of the kinase domain is essential for
intermolecular autophosphorylation. As shown in Fig. 3, D-F,
and supplemental Fig. S34, a point mutation, M242E, which is
predicted to interfere with the N-terminal dimeric conforma-
tion, resulted in the loss of autophosphorylation and kinase
activity but not self-interaction. All of our genetic analyses and
genetic interaction data in Drosophila were consistent with the
biochemistry results and supported our findings (Figs. 4 and 5).
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Moreover, overexpression of the deletion form A238-246
induces bigger organ size using different drivers in Drosophila
(Figs. 4/ and 5H) compared with M242E (Figs. 4G and 5G). This
is consistent with our prediction that A238 —246 interferes with
the dimeric conformation to an even larger extent and there-
fore functionally imposes a stronger dominant-negative effect
compared with the point mutation M242E. Hpo KD and T195A
behaved in a dominant-negative manner because they may
nonproductively associate with endogenous Hpo or Sav and
block signal activation, whereas overexpressed M242E and
A238-246 may interfere with endogenous Hpo homodimer, as
shown (supplemental Fig. S3B), and exhibited similar dominant
effects. In addition, we provided evidence that the intermolec-
ular autophosphorylation of Thr-195 is only achieved when its
kinase domains are properly dimerized. We propose that the
kinase activity of Hpo depends on Thr-195 phosphorylation,
whereas proper dimerization of the kinase domain is the pre-
requisite of its phosphorylation. Thus, once the autophosphor-
ylation happens, the dimerization may not be that critical any-
more. As we show in Fig. 6, A and C, the hybrid form T195E-A
still possesses pathway activity.

In summary, our biochemical and genetic results demon-
strate, for the first time, that homodimerization and nucleocy-
toplasmic shuttling regulate the biological function of Hpo. The
N-terminal dimeric conformation of Hpo is essential for its
intermolecular autophosphorylation and kinase activation and
organ size control.
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