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The Mst–Lats kinase cascade is central to the Hippo tumor-suppressive pathway that controls organ size and tissue
homeostasis. The adaptor protein Mob1 promotes Lats activation by Mst, but the mechanism remains unknown.
Here, we show that humanMob1 binds to autophosphorylated docking motifs in active Mst2. This binding enables
Mob1 phosphorylation by Mst2. Phosphorylated Mob1 undergoes conformational activation and binds to Lats1.
We determine the crystal structures of phospho-Mst2–Mob1 and phospho-Mob1–Lats1 complexes, revealing the
structural basis of both phosphorylation-dependent binding events. Further biochemical and functional analyses
demonstrate that Mob1 mediates Lats1 activation through dynamic scaffolding and allosteric mechanisms. Thus,
Mob1 acts as a phosphorylation-regulated coupler of kinase activation by virtue of its ability to engage multiple
ligands. We propose that stepwise, phosphorylation-triggered docking interactions of nonkinase elements enhance
the specificity and robustness of kinase signaling cascades.
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The Hippo tumor suppressor pathway controls cell num-
bers and organ size in multicellular organisms by co-
ordinately regulating cell proliferation and apoptosis.
The Hippo pathway was originally discovered in Droso-
phila by genetic screens designed to identify overgrowth
mutants and was later shown to be conserved in mam-
mals and also essential for animal development (Edgar
2006; Harvey and Tapon 2007; Badouel et al. 2009; Pan
2010; Zhao et al. 2010a; Halder and Johnson 2011; Staley
and Irvine 2012; Barry and Camargo 2013). In mammals,
the core components of the Hippo pathway include the
Ste-20 family kinases Mst1/2, the nuclear Dbf2-related
(NDR) family kinases Lats1/2, and the adaptor proteins
Mob1 and Salvador (Sav). All four proteins are potential
tumor suppressors, and dysfunction of Hippo signaling
has been linked to human cancers (Zhao et al. 2008a; Har-
vey et al. 2013; Johnson and Halder 2014).

In the canonical mammalian Hippo pathway, activated
Mst1/2 in conjunction with Sav phosphorylate and
activate the Lats1/2–Mob1 complex, which in turn phos-
phorylates and inactivates the transcriptional coactivator
YAP (Yes-associated protein) (Huang et al. 2005; Dong

et al. 2007; Zhao et al. 2007; Hao et al. 2008; Hong and
Guan 2012). YAP is a major downstream effector of the
Hippo pathway. It associates with the TEAD family of
transcription factors to stimulate the transcription of Hip-
po-responsive genes that promote cell proliferation and in-
hibit apoptosis (Zhao et al. 2008b; Luo 2010; Sudol et al.
2012). Lats1/2-mediated phosphorylation inhibits YAP
by promoting its cytoplasmic sequestration (Dong et al.
2007; Zhao et al. 2007; Hao et al. 2008) and ubiquiti-
nation-dependent degradation (Zhao et al. 2010b), thereby
inhibiting the expression of Hippo-responsive genes, halt-
ing proliferation, and promoting apoptosis. Although
recent genetic screens and biochemical studies have iden-
tified many upstream regulators of the Hippo pathway
(Boggiano and Fehon 2012; Enderle and McNeill 2013),
the activation mechanisms of the core Mst–Lats kinase
cascade are still poorly understood.

Mst1/2 can be activated through autophosphoryla-
tion at their activation loop, and this autophosphoryla-
tion requires Mst1/2 homodimerization through their
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C-terminal SARAH (Sav/Rassf/Hpo) domain (Avruch
et al. 2012; Jin et al. 2012; Ni et al. 2013). Activated
Mst1/2 then phosphorylate and activate Lats1/2 (Chan
et al. 2005). Similar to other NDR family kinases, Lats1/2
activation requires sequential phosphorylation of two
conserved key regulatory sites (Bichsel et al. 2004; Chan
et al. 2005; Hergovich et al. 2006; Hergovich and Hem-
mings 2009). Mst1/2 first phosphorylate Lats1 at T1079,
located in the hydrophobic motif (HM) C-terminal to
the kinase domain. This phosphorylation strongly stimu-
lates Lats1 autophosphorylation at S909 in the activation
loop (T loop), leading to its activation. Phosphorylation of
both residues is essential for Lats1 activation (Chan et al.
2005; Hergovich et al. 2006; Hergovich 2013).
The highly conserved Mob proteins are important ki-

nase regulators in organisms from yeast to humans.
Among the four human Mob proteins (Mob1–4), only
Mob1 functions as an activator of Lats1/2 (Hergovich
2011). Mst1/2 can phosphorylate Mob1 at its N-terminal
residues, T12 and T35. These phosphorylation events
are thought to be critical for the assembly of the Lats1–
Mob1 complex, as the T12A/T35A (2TA) mutant of
Mob1 no longer binds to Lats1 in vitro (Praskova et al.
2008). Phosphorylated Mob1 binds to the conserved
Mob1-binding domain (MBD) of Lats1 that lies just N-ter-
minal to its kinase domain and regulates Lats1 activation
(Bothos et al. 2005; Hergovich et al. 2006). How Mst1/2-
dependent Mob1 phosphorylation promotes Mob1 bind-
ing to Lats1 is not understood. In addition, the role of
Mob1 in Mst1/2-dependent activation of Lats1/2 is
unclear.
In this study, using in vitro reconstitution, X-ray crys-

tallography, and functional cellular assays, we defined
the mechanisms by which Mob1 mediates Mst2-depen-
dent Lats1 activation, a central event during Hippo signal-
ing. We show that Lats1 activation requires sequential,
multistep Mst2-dependent phosphorylation of all part-
ners in this process, including Mst2 itself, Mob1, and
Lats1. First, active Mst2 autophosphorylates multiple
residues in the linker between its kinase and SARAH
domains, creating phospho-peptide-docking motifs for
Mob1. Second, phospho-Mst2 (pMst2) binding converts
Mob1 from an autoinhibited, closed conformation to an
active, open conformation capable of Lats1 binding.
Formation of the Mst2–Mob1–Lats1 ternary complex
promotes both Mst2-dependent Lats1 HM phosphory-
lation and Mob1 phosphorylation. Third, the phosphory-
lated N-terminal tail of Mob1 competes with the pMst2
linker for the same phospho-peptide-binding site on
Mob1, releasing phospho-Mob1 (pMob1)–Lats1 from
Mst2. Fourth, pMob1 retains the active conformation
and acts in concert with the Lats1 phospho-HM to alloste-
rically promote Lats1 autophosphorylation in its T loop,
leading to Lats1 kinase activation. We propose that
the highly regulated, dynamic scaffolding by Mob1 effec-
tively couples the activation of two core kinases (Mst2
and Lats1) in the Hippo pathway. This type of inter-
dependent, multistep phosphorylation by an upstream ki-
nase to transduce signals downstream ensures signaling
specificity.

Results

Mst2 autophosphorylates its linker to create
phospho-docking motifs for Mob1

The full-length human Mst2 kinase contains an N-termi-
nal kinase domain, a long flexible linker, and a C-terminal
SARAH dimerization domain (Fig. 1A). To characterize
potential structural differences between active and in-
active Mst2, we analyzed 15N-labeled human wild-type
Mst2 and kinase-inactive Mst2D146N proteins with nucle-
ar magnetic resonance (NMR) spectroscopy. We showed
previously that the linker region of humanMst2 is flexible
(Ni et al. 2013). Strikingly, we observed a new cluster
of peaks a ∼8.5–9.0 ppm in the spectrum of Mst2WT but
not Mst2D146N (Fig. 1B). Their unique chemical shifts
suggested that this cluster of peaks belonged to phospho-
serine/threonine (pS/pT) residues. Mass spectrometry
analysis then confirmed that recombinantMst2WT indeed
underwent autophosphorylation at multiple S/T residues
in the linker (Supplemental Fig. S1A). More importantly,
addition of recombinant purified humanMob1 toMst2WT

caused the disappearance of several pS/pT peaks (Fig. 1C),
indicating that Mob1 bound to a subset of pS/pT residues
in Mst2. Consistent with the NMR data, recombinant
purified Mob1 cofractionated with Mst2WT, but not
Mst2D146N or the Mst2 mutant with the linker-deleted
(Mst2ΔL), during gel filtration chromatography (Supple-
mental Fig. S1B). Therefore, Mob1 binds to the autophos-
phorylated linker of Mst2.
BecauseMob1 T12 and T35 are two functionally impor-

tant Mst1/2 phosphorylation sites in human cells, we
tested whether the Mob1–pMst2 interaction regulated
Mob1 phosphorylation by Mst2. As revealed by quantita-
tive immunoblotting with antibodies to pMob1, full-
length Mst2 phosphorylated Mob1 efficiently at both
T12 and T35 (Fig. 1D; Supplemental Fig. S1C). In contrast,
Mst2ΔL or theMst2 kinase domain (Mst2KD) alone was in-
active in T12/T35 phosphorylation. Therefore, the linker
of Mst2 is required for Mob1 phosphorylation, possibly
through recruiting Mob1. Because phosphorylation of
Mob1 at T12 and T35 displayed similar kinetics, we
onlymonitoredMob1 phosphorylation at T35 in all subse-
quent experiments.
To define the Mob1-binding motif (MBM) in the Mst2

linker, we made glutathione-S-transferase (GST)-Mst2 fu-
sion proteins that contained various linker fragments. We
phosphorylated these GST-Mst2 linker proteins with
Mst2KD and repurified them with glutathione beads to re-
move Mst2KD. The Mst2 linker fragment containing resi-
dues 376–400 was the smallest fragment that retained
phosphorylation-dependent Mob1 binding (Supplemental
Fig. S2A), indicating that this region constituted a func-
tional MBM. Sequence alignment revealed that among
the four S/T residues in this MBM, only T378 was con-
served among Mst and Hippo proteins (Supplemental
Fig. S2B). By individually mutating each S/T residue, we
found that only the T378A mutation abolished the gel
mobility shift of phosphorylated GST-Mst2371–427 and
its phosphorylation-dependent binding to Mob1 (Supple-
mental Fig. S2C), demonstrating the importance of T378
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phosphorylation in Mob1 binding. Furthermore, a syn-
thetic phospho-T378 Mst2 MBM peptide (pMst2MBM;
residues 371–401) bound to Mob1 with a dissociation
constant (Kd) of 119 nM, as measured by isothermal titra-
tion calorimetry (ITC) (Fig. 1E). Finally, addition of
pMst2MBM caused chemical shift changes of >60 peaks
in the 15N/1H HSQC spectrum of 15N-labeled full-length
Mob1 (Supplemental Fig. S2D), indicative of an extensive
binding interface between the two.

To confirm that T378 was phosphorylated in full-
length Mst2, we raised a phospho-specific antibody
against phospho-T378 Mst2. This antibody specifically
recognized phosphorylated GST-Mst2371–427 (Fig. 1F).

This antibody also recognized the full-length Mst2
wild type, but not T378A or the kinase-inactive D146N,
purified from bacteria or expressed in human cells. These
results indicate that full-length Mst2 undergoes auto-
phosphorylation at T378 in vitro and in human cells. Tak-
en together, Mst2 autophosphorylates T378 in its linker
to create a functional phospho-docking motif for Mob1.

Structure of Mob1 bound to a pMst2 peptide

To define theminimalMob1 domain capable of binding to
pMst2MBM, we constructed two N-terminal truncation
mutants of Mob1 (ΔN32 and ΔN50) and tested their

Figure 1. Human Mob1 binds to the autophosphorylated Mst2 linker. (A) Domain organization of human Mst2. (B) Overlay of 1H/15N
TROSY-HSQC spectra of 15N-labeled Mst2WT (black) and kinase-inactive Mst2D146N (blue). Peaks belonging to pT/pS residues are boxed.
(C ) Overlay of 1H/15NTROSY-HSQCspectra of 15N-labeledMst2WT (black) and 15N-labeledMst2WT bound to unlabeledMob1 (red). Peaks
belonging to pT/pS residues are boxed. (D) Quantitative immunoblottingwith antibody againstMob1-pT35 of kinase reactions containing
humanMob1and the indicatedMst2 proteins at the indicated times. (KD)Kinase domain; (ΔL) linker deletion.The relativeMob1-pT35 sig-
nal intensities, normalized to those of wild-typeMst2 reactions at 60min (100%), are plotted against time.Meanswith range for two inde-
pendentexperiments areplotted. (E) Isothermal titrationcalorimetry (ITC) curvesof thebindingbetweenMob1and thepMst2MBMpeptide,
withKd and binding stoichiometry (N) indicated. (F ) Mst2 undergoes autophosphorylation at T378. Anti-Mst2-pT378 immunoblots of the
indicatedpurifiedrecombinantMst2proteins (toppanel)andlysatesofHEK293cellstransfectedwiththeindicatedplasmids (bottompanel).
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binding to pMst2. Both mutants retained pMst2 binding,
albeit with reduced affinities (Supplemental Fig. S3A).
We obtained crystals of human Mob1ΔN50 bound to
pMst2MBM that diffracted to 2.65 Å resolution and solved
the structure of this Mob1–pMst2 complex using molecu-
lar replacement (Supplemental Table S1).
In the Mob1–pMst2 structure, the Mob1 core (resi-

dues 52–211) adopts a conformation virtually identical
to that of free human Mob1 (Fig. 2A), indicating that
binding of pMst2 does not appreciably alter the confor-

mation of the Mob1 core. In Mob1, helices H2, H4, H5,
and H7 form a four-helix bundle, with one end capped
by helices H3 and H6 and a Zn2+ ion coordinated
by C79, C84, H161, and H166 (Fig. 2A). The bound
Zn2+ ion is also present in the free Mob1 structure
and is required for Mob1 folding. On one face of the
helix bundle, helices H8 and H9 cover the central regions
of H5 and H7, respectively. The long loop connecting H3
and H4, including the short S1/S2 β hairpin, packs
against helices H4 and H5.

Figure 2. Crystal structure and binding interface of human Mob1–pMst2. (A) Cartoon drawing of the crystal structure of human
Mob1ΔN50 in complex with the pMst2MBM peptide. The pT-binding site and hydrophobic sequence (HS)-binding site are circled. Mob1
is colored green. pMst2 is colored magenta. Mob1 and pMst2 residues are shown as green and magenta sticks, respectively, and pMst2
residues are labeled in magenta. All structural figures were generated with PyMol (https://www.pymol.org). (B) Zoomed-in views of
pMst2 and Mob1 interactions at the pT- and HS-binding sites, respectively. (C ) Sequence alignment of the Mst2 linker (residues
321–400) from humans to flies. Conserved TM dipeptide motifs are colored red. The HS motif is underlined, and conserved residues in
direct contact withMob1 at the HS region are colored magenta. The secondary structure elements of pMst2MBM are above the sequences
and colored salmon. (Hs) Homo sapiens; (Xl) Xenopus laevis; (Dr) Danio rerio; (Dm) Drosophila melanogaster. Human Mst2 and Droso-
philaHippo residue numbers are indicated. (D) Relative Mst2 binding of the indicated Mob1 mutant normalized against Mob1 wild type
(100%). Mob1mutants that lost or retained phosphorylation-dependent Mst2 binding are colored red and gray, respectively. (E) Immuno-
blots of lysates of Drosophila S2R+ cells transfected with the indicated plasmids.
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The Mob1–pMst2 interface consists of two spatially
separated contacting sites (Fig. 2A,B). At the first site, res-
idues 378–384 of pMst2 bind at a surface formed by the S1/
S2 β hairpin and helices H5 and H8 of Mob1. Residues
379–381 of pMst2 fold into strand β1 that augments the
S1/S2 β hairpin in Mob1 to form a small anti-parallel β
sheet. pT378 binds at a highly positively charged pocket
formed by three basic residues on H5; namely, K153,
R154, and R157. M379 occupies the +1 position relative
to pT378 and inserts into an adjacent hydrophobic pocket
on Mob1. The side chains of the +2/+3 residues K380 and
R381 do not make strong contact with Mob1. We refer to
this site of Mob1 as the pT-binding site. The major inter-
actions at this site involve the pTM dipeptide motif of
pMst2 and are highly similar to those observed in the crys-
tal structure of Mob1 bound to an unnatural phosphopep-
tide ligand (Rock et al. 2013).

At the second site, the C-terminal part of pMst2 (resi-
dues 390–398) binds to a shallow groove between helices
H6 andH9 (Fig. 2A,B). R390 of pMst2 forms favorable elec-
trostatic interactions with E206 of Mob1. The FMDYF
hydrophobic sequence (HS) of pMst2 folds into a short
helix (αA) and contacts Mob1 through extensive hydro-
phobic interactions. The HS motif is highly conserved
among the Mst and Hippo proteins (Fig. 2C). This second
pMst2 contact site ofMob1 is thus termed the HS-binding
site.

The loop between the pTM and HS motifs is less con-
served and makes minimal contacts with Mob1 (Fig.
2A). In fact, only one of the six molecules of Mob1–
pMst2 in the asymmetric unit has clear electron density
for this loop (Supplemental Fig. S3B), indicating that this
region of pMst2 is not well ordered. Thus, pMst2 engages
Mob1 at two distinct sites through the bipartite pTM and
HS motifs, which are separated by a flexible loop.

The HS motif is not present in the unnatural phospho-
peptide ligand of Mob1 reported earlier (Rock et al.
2013). The HS–Mob1 interactions revealed in our struc-
ture are thus missing in the structure of Mob1 bound to
that pS peptide. However, Mob1 bound to that shorter
pS peptide with a Kd of 174 nM, which is comparable
with that of Mob1–pMst2 (119 nM). Thus, the bulk of
the binding energy between Mob1 and phosphopeptides
is contributed by the pS/T motif. The HS motif has an
auxiliary role and may augment the binding affinities be-
tween Mob1 and suboptimal pS/T motifs.

We created 15 Mob1 mutants targeting conserved resi-
dues in direct contactwith pMst2 at the pT- orHS-binding
site and tested their binding to both unphosphorylated
and phosphorylated GST-Mst2371–427 (Fig. 2D; Supple-
mental Fig. S3C,D). For the pT-binding site, Mob1
R154A, R157A, and KRR3A (K153A/R154A/R157A) lost
binding to pMst2. For the HS-binding site, Mob1
H164A, F167A, and L207K had weakened pMst2 binding.
These results validate the importance of both the pT- and
HS-binding sites of Mob1 in pMst2 binding.

Becausemany pMst2-binding residues of Mob1 are con-
served in Mats (Mob1 in Drosophila), we created corre-
sponding mutants in Mats—the pT-binding site mutant
MatsKRR3A and the HS-binding site mutant MatsHF2A

(H164A/F167A)—and tested their phosphorylation by
Hippo (Hpo; Mst1/2 in Drosophila). When Mats and Hpo
were coexpressed in Drosophila S2R+ cells, the wild-type
Mats was efficiently phosphorylated by Hpo (Fig. 2E). In
contrast, MatsKRR3A and MatsHF2A were less efficiently
phosphorylated. The MatsKRR3A/HF2A mutant with both
sites mutated had even further reduced phosphorylation.
These results indicate that the Mats–Hpo interaction is
required for Mats phosphorylation by Hpo in Drosophila
cells.

L307 in the budding yeastMob1 (corresponding to L207
in human Mob1) has been reported to be critical for yeast
viability (Mrkobrada et al. 2006), indicating that the HS-
binding site is critical forMob1 function in that organism.
The functional importance of the pT-binding site in yeast
Mob1 has also been demonstrated (Rock et al. 2013). Tak-
en together, these results validate the functional rele-
vance of the conserved pT- and HS-binding sites of
Mob1 proteins in diverse organisms.

Multiple phospho-TM motifs in the Mst2 linker
redundantly recruit Mob1

To determine whether the MBM (residues 371–400) of
Mst2 was necessary and sufficient for Mob1 binding, we
created two Mst2 linker mutants in the context of the
full-length Mst2 protein: (1) ΔL/MBM (Mst2ΔL/MBM,
which contains only the MBM but lacks all other linker
residues) and (2) T378A (Mst2T378A, with T378 mutated
to alanine). Mst2ΔL/MBM bound to Mob1 with a Kd of 230
nM, as measured by ITC (Supplemental Fig. S4A), and ef-
ficiently phosphorylated Mob1 (Fig. 3A), indicating that
the MBM motif alone is sufficient for the recruitment
and phosphorylation of Mob1 by Mst2. Surprisingly,
Mst2T378A retained Mob1 binding, as they cofractionated
on gel filtration columns (Supplemental Fig. S4B). It also
efficiently phosphorylated Mob1 (Fig. 3A). Therefore,
there are multiple functional Mob1-binding elements in
the Mst2 linker. The MBM containing pT378M is not the
only Mob1-binding element in this region.

OurMob1–pMst2 structure highlighted the importance
of thephospho-T378Mmotif inMob1bindingandalsodem-
onstrated that only one phospho-TM motif can bind to
Mob1 at any given time. Intriguingly, there are six addi-
tional TM motifs in the Mst2 linker (Fig. 2C). Mass spec-
trometry revealed that all seven TM motifs in the Mst2
linker were indeed autophosphorylated in recombinant
purified full-length Mst2 (Supplemental Fig. S1A). We
hypothesized that other phospho-TMmotifs could also in-
dependently mediate Mob1 binding. To test this hypothe-
sis, we mutated all seven threonine residues in the TM
motifs to alanines in full-length Mst2. The resulting
Mst27TAmutant was defective inMob1 binding and phos-
phorylation (Fig. 3B,C). Although Mst27TA still has an in-
tact HS motif, it no longer binds to Mob1, indicating that
the HS motif alone is not sufficient for Mst2 binding
to Mob1. Mutating the Mst2 HS motif from FMDYF to
AADAA (mHS) reduced Mob1 phosphorylation by ∼40%,
however (Fig. 3C). Taken together, these results indicate
that phosphorylationof at leastoneof the sevenTMmotifs
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is required for Mst2 binding to Mob1. The HS motif con-
tributes to Mob1 binding and phosphorylation byMst2.
To determine which TMmotifs are functional in Mob1

binding, wemade sevenMst2 6TAmutants by restoring a
single intact TM motif in the 7TA mutant and compared
their relative activities in phosphorylating Mob1. Restor-
ing T349, T356, T364, and T378 individually rescued
Mob1 phosphorylation to varying degrees, whereas restor-
ing T325, T336, and T342 individually had little effect
(Fig. 3D). Thus, onlyT349, T356, T364, andT378 are func-
tional in Mob1 binding, with the most conserved T364M
motif being the most effective. Mutating the HSmotif de-
creased Mob1 phosphorylation by all functional, single-

TM-containing 6TA mutants, indicating that the HS
motif facilitates Mob1 binding by each of the functional
phospho-TM motifs.
Our structure of Mob1–pMst2 has established that

Mob1 binds to Mst2 through a bipartite interaction,
with an N-terminal phospho-TM moiety of the Mst2 li-
gand occupying the pT-binding site and the C-terminal
HSmoiety engaging theHS-binding site. Ourmutagenesis
results suggest that four pTM motifs in the Mst2 linker
can act redundantly to bind the pT-binding site of Mob1.
The sole HS motif can pair with any given one of the
pTM motifs to form a functional bipartite ligand for
Mob1. We note that the four functional Mst2 TM motifs

Figure 3. The Mst2 linker contains multiple pTMmotifs for Mob1 binding. (A) Quantification of the relative Mob1-pT35 signals in ki-
nase reactions containing the indicated Mst2 proteins. Means with range for two independent experiments are plotted. (B) UV traces of
molecular weight standards (dashed line) andMst27TA andMob1mixed at a 1:2 molar ratio (solid line) fractionated on a Superdex 200 gel
filtration column. The underlined fractions were separated on SDS-PAGE and stained with Coomassie. (C ) Quantification of the relative
Mob1-pT35 signals in kinase reactions containing the indicated Mst2 proteins. Means with range for two independent experiments are
plotted. (D) Quantification of the relative Mob1-pT35 signals in kinase reactions containing the indicated Mst2 proteins. Means with
range for two independent experiments are plotted. (E) Schematic drawing of the bipartite Mob1–pMst2 interaction, which involves
the binding of pTM and HS motifs connected by a flexible loop with variable length. (F ) Immunoblots of lysates of HEK293 cells trans-
fected with the indicated plasmids. (G). Immunoblots (top and bottom panels) of lysates of Drosophila S2R+ cells transfected with the
indicated Flag-Hpo plasmids (Input) and proteins bound to GST-Mats beads. The GST-Mats protein bound to beads was stainedwith Coo-
massie (middle panel).
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are located more closely (in sequence) to the HS motif
than the three nonfunctional ones. A simple explanation
is that the loop connecting the TM and HS motifs in a
functional Mob1-binding ligand cannot exceed certain
lengths (Fig. 3E).

We next tested whether the Mst2–Mob1 interaction
was functionally important in living human cells. Flag-
Mst2wild type greatly stimulatedHA-Mob1 phosphoryla-
tion in HEK293 cells (Fig. 3F). Mst27TA and Mst27TA/mHS

(7TA and mHS double mutant) phosphorylated Mob1
much less efficiently, indicating that the Mob1–pMst2
interaction is critical for Mob1 phosphorylation in hu-
man cells. Furthermore, the phosphorylation-dependent
Mst2–Mob1 interaction appears to be conserved between
Drosophila Hpo and Mats, as the Hpo mutant HpoT431A

(equivalent toMst2T364A), HpomHS (F460A/L461A/F464A),
or HpoT431A/mHS (Fig. 3G) bound less efficiently to GST-
Mats as compared with Hpo wild type. These results sug-
gest that, similar to human Mst2, the pT431M and HS
motifs in Hpo constitute a functional bipartite Mats-
binding ligand. Taken together, our results thus far es-
tablish an evolutionarily conserved, phospho-dependent
interaction betweenMst andMob proteins.

Structure of the pMob1–Lats1 complex

When Hippo signaling is on, Lats1 activation occurs
through a two-step process (Chan et al. 2005; Hergovich
2013). First, Mst1/2 phosphorylate Lats1 at T1079 in the
HM. Second, Lats1 undergoes autophosphorylation at
S909 in its T loop, leading to its activation (Fig. 4A).
Mst1/2-dependent T1079 phosphorylation is required for
Lats1 autophosphorylation at its T loop. Mob1 is required
for both activating phosphorylation events of Lats1 (Pras-
kova et al. 2008).

To understand how Mob1 promotes Lats1 activation,
we first characterized the Lats1–Mob1 interaction in vitro
(Fig. 4B; Supplemental Fig. S5A). GST-Mob1 bound weak-
ly to 35S-labeled full-length Lats1. GST-Mob1 phosphory-
lated by Mst2 (pMob1) bound to Lats1 much more
efficiently. Mutation of both T12 and T35, the two Mst2
phosphorylation sites in Mob1, abolished phosphory-
lation-dependent binding betweenMob1 and Lats1.Muta-
tion of either siteweakened the pMob1–Lats1 interaction,
suggesting that both phosphorylation events contribu-
ted to this interaction. Surprisingly, unphosphorylated
Mob1ΔN15 (deletion of residues 1–15) and Mob1ΔN32

Figure 4. Crystal structure and binding interface of human pMob1–Lats1. (A) Domains andmotifs of human Lats1 with their boundaries
indicated. (B) Quantification of Lats1 binding of the indicatedMob1 and pMob1 proteins. The relative Lats1 intensitieswere normalized to
that of wild-type GST-pMob1 (100%). (C ) Overall structure of pMob1–Lats1. Three pMob1–Lats1 interfaces (I–III) are circled. The Mob1
N-terminal extension (NTE) is colored orange. The Mob1 core is colored green. Lats1 is colored gray. pT12 and pT35 are shown as sticks.
(D–F ) Zoomed-in views of pMob1–Lats1 interactions at interfaces I–III. Residues from Lats1 are labeled in italic. Residues from theMob1
core (green),Mob1NTE (orange), and Lats1 (gray) are shown as sticks. (G) Quantification of Lats1 binding of the indicated pMob1 proteins.
The relative Lats1-binding intensities were normalized to that of wild-type GST-pMob1 (100%). (H) Quantification of GST-pMob1 bind-
ing of the indicated Lats1 proteins. The relative amounts of Lats1 bound toGST-pMob1were normalized to that ofwild-type Lats1 (100%).
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(deletion of residues 1–32) bound more tightly to Lats1
than the unphosphorylated full-length Mob1 did (Fig.
4B). Phosphorylation by Mst2 only slightly enhanced the
binding of these truncation mutants. Thus, these results
suggest that the N-terminal region of Mob1, especially
the first 15 residues, interferes with Lats1 binding in an
autoinhibited conformation. Phosphorylation of Mob1
might stimulate Lats1 binding in part through relieving
this autoinhibition.
To investigate how pMob1 interacted with Lats1, we

mapped the minimal MBD of Lats1 to residues 632–699
(Supplemental Fig. S5B), purified the complex of full-
length pMob1 bound to Lats1602–704 (encompassing the
MBD) (Supplemental Fig. S5C), and determined its crystal
structure at 2.3 Å resolution with the single anomalous
dispersion (SAD) method (Fig. 4C; Supplemental Table
S2). The Mob1 core (residues 52–212) in the pMob1–
Lats1 complex adopts a conformation nearly identical to
that of free Mob1. The N-terminal extension (NTE; resi-
dues 10–51) forms three secondary structural elements:
β strand S0, 310 helix H0, and α helix H1. All three ele-
ments associate intramolecularly with the Mob1 core.
Phospho-T12 (pT12) in the NTE binds to the pT-binding
site ofMob1.HelixH0 of theNTE binds to theHS-binding
site of Mob1. Helix H1 associates with helix H7 through
both hydrophobic and charged interactions.
The Lats1 MBD folds into two anti-parallel helices and

binds at a flat surface of Mob1 formed by H2, H7, and res-
idues 35–51 of the NTE. The Lats1-binding and pMst2-
binding surfaces of Mob1 do not overlap, suggesting that
Lats1 and Mst2 can bind to Mob1 simultaneously. There
are three major interfaces between pMob1 and Lats1
(Fig. 4D–F). Interface I involves the N-terminal part of
αA in Lats1 and the H0–H1 loop in Mob1. Interfaces II
and III are close to each other and mostly involve electro-
static interactions between the middle part of αA and the
C-terminal half of αB from Lats1 and helices H2 and H7
and the H4–H5 loop from Mob1.
To validate the pMob1–Lats1-binding interface

observed in our structure, we made GST-Mob1 and
35S-labeled Lats1 mutants targeting residues at or near
this interface. All four GST-Mob1 mutants exhibited
weaker binding to Lats1, with E55A at interface III being
most defective (Fig. 4G; Supplemental Fig. S6A). Interest-
ingly, the corresponding yeast Mob1 mutant E151K is de-
ficient in binding to the kinase Dbf2, indicating that the
Mob1–Lats1 interaction is conserved (Komarnitsky et al.
1998). All Lats1 mutants also exhibited weaker binding
to pMob1 (Fig. 4H; Supplemental Fig. S6B). In particular,
two mutants targeting residues at interface III (R694A
and R697A) completely lost pMob1 binding. Similar
Lats1 mutations at interfaces II and III have previously
been shown to affect the Lats1–Mob1 interaction and
the Lats1 kinase activity in human cells (Hergovich et
al. 2006). Interestingly, although R660 is not in direct con-
tact with Mob1, it forms an intramolecular charged inter-
action with E689 (Fig. 4E). Therefore, the weakened
binding between Lats1 R660A and Mob1 is likely due to
the disruption of Lats1 structure by thismutation. Collec-
tively, these results validate the importance of the

pMob1–Lats1 interface. Many critical interface residues
in the Lats1MBD are conserved in humanNDR1 (Supple-
mental Fig. S6C), and mutations in this region of NDR1
have been shown to disrupt its binding to Mob1 (Bichsel
et al. 2004). Therefore, Lats1 and NDR likely share a sim-
ilar Mob1-binding mechanism.

Phosphorylation-dependent conformational
activation of Mob1

Phosphorylation of Mob1 at T12 and T35 promotes Lats1
binding. However, neither pT12 nor pT35 makes direct
contact with Lats1 in the pMob1–Lats1 structure. More-
over, as shown in Figure 4B and Supplemental Figure
S5A, deletion of the N-terminal 15 residues (including
T12) ofMob1 permits Lats1 binding. These results suggest
that the first 15 residues of Mob1 blocks Lats1 binding in
an autoinhibited conformation and that phosphorylation
of T12 relieves this autoinhibition. The previously report-
ed crystal structure of free human Mob1ΔN32 lacked the
first 15 residues. We could not crystallize the unphos-
phorylated full-length human Mob1 despite repeated at-
tempts. Fortunately, residues 3–13 of metazoan Mob1
proteins contained a conserved FxFx5KxF motif, which
was also present in yeast Mob1 at residues 102–112
(FxYx5KxF; note that yeast Mob1 has a much longer
NTE) (Fig. 5A). In the crystal structure of yeast Mob1,
this motif binds intramolecularly at the conserved
Lats1-binding surface, with Y104 and F112 making ex-
tensive hydrophobic contacts with the Mob1 core (Fig.
5B). In particular, F112 binds to a deep conserved hydro-
phobic pocket corresponding to the pocket in human
Mob1 that binds to Lats1 R697 (Fig. 5C), providing a
possible explanation for why the N-terminal FXFx5KxF
motif can inhibit Lats1 binding. We note that human
Mob1 E55 forms a favorable charged interaction with
Lats1 R697. The corresponding E155 in yeast Mob1
points to an opposite direction and is not in close
contact with F112. Instead, F112 packs against other
hydrophobic residues at this site in yeast Mob1. Thus,
unphosphorylated human Mob1 likely also adopts an
autoinhibited, closed conformation, with its N-terminal
FXFx5KxF motif occupying a part of the Lats1-binding
surface.
The Lats1-binding surface on humanMob1 is negative-

ly charged (Fig. 5B). The N-terminal 20 residues of Mob1
contain several positively charged residues. Phosphoryla-
tion of T12 within the FXFx5KxF motif by Mst2 is expect-
ed to introduce electrostatic repulsion between the
N-terminal region and the negatively charged surface of
Mob1. More importantly, phosphorylation of T12 creates
a pT12F motif (similar to a pTM motif) that is capable of
binding to the pT-binding site located at the opposite
face ofMob1. Therefore, the combination of these destabi-
lizing and stabilizing interactions involving pT12 is capa-
ble of reorganizing the conformation of the N-terminal
region of Mob1, peeling it away from the Lats1-binding
surface and anchoring it at the pT- and HS-binding sites
(Fig. 5D). This conformational transition model of Mob1
from the closed conformer to the open conformer largely
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accounts for phosphorylation-dependent Lats1 binding.
Because residues in the H0 helix or in the HS-binding
site of Mob1 are notmodified, the H0 helix likely remains
bound at the HS-binding site in both closed and open
Mob1 conformers.

Phosphorylation of Mob1ΔN15 and Mob1ΔN32 still en-
hanced their binding to Lats1 (Fig. 4B; Supplemental Fig.
S5A), indicating that pT35 has an additional role in
Lats1 binding aside from relieving autoinhibition. Al-
though pT35 does not directly contact Lats1, comparison
between the unphosphorylated Mob1ΔN32 structure and
our pMob1–Lats1 structure reveals that phosphorylation
of T35 reorganizes the conformation of neighboring resi-
dues from A34 to G39 (Fig. 5E,F). pT35 develops a favor-
able electrostatic interaction with K184 on Mob1 H7
and forms hydrogen bonds with S38. As a result, the
H0–H1 loop is more tightly anchored to H7, positioning
L36 for hydrophobic interactions with residues from
Lats1 αA. Therefore, phosphorylation of Mob1 by Mst2
enhances Lats1 binding through two mechanisms: releas-

ing autoinhibition by the N-terminal FXFx5KxF motif and
reorganizing the H0–H1 loop.

Since unphosphorylated Mob1 had detectable Lats1
binding (Fig. 4B; Supplemental Fig. S5A), the autoinhibi-
tion by the N-terminal FXFx5KxF motif is incomplete. In
the absence of phosphorylation, Mob1 might undergo
the closed–open conformational transition to some de-
gree. Phosphorylation or ligand binding simply shifts
this equilibrium toward the open state (Fig. 5D).

Mst2 binding to Mob1 suffices to activate Mob1
for Lats1 binding

We next investigated the functions of the Mob1–Lats1
interaction. When coexpressed in HEK293 cells, Flag-
Mst2 weakly phosphorylated Myc-Lats1 at T1079 in its
HM (Fig. 6A). Coexpression of HA-Mob1 with Flag-
Mst2 and Myc-Lats1 greatly enhanced Lats1 T1079 phos-
phorylation. The simplest explanation for this Mob1-de-
pendent stimulation of Lats1 T1079 phosphorylation by

Figure 5. Phosphorylation-dependent conforma-
tional activation of Mob1. (A) Sequence alignment of
the N-terminal region of Mob1. Secondary structural
elements of pMob1 are drawn above the sequences.
Secondary structural elements of S. cerevisiae (Sc)
Mob1 are drawn below the sequences. The con-
served FxFx5KxF motif is colored magenta. T12
and T35 are colored red. (B) Superposition of ScMob1
(Protein Data Bank [PDB] code 2HJN) and pMob1–
Lats1 structures (this study). Only the FxYx5KxF
motif-containing fragment from ScMob1 is shown.
The Mob1-binding site of ScMob1 F112 is boxed.
(C ) Zoomed-in view of the boxed region in B to
show that ScMob1 F112 (yellow sticks) and Lats1
R697 (gray sticks) occupy the same Mob1-binding
site. (D) Model of phosphorylation-triggered confor-
mational activation and Lats1 binding of Mob1. (E)
Superposition of unphosphorylated Mob1ΔN32 (PDB
code 1PI1) and pMob1–Lats1 structures (this study).
Mob1ΔN32 is colored blue. The pMob1 core is colored
green, and pMob1NTE is colored orange. Lats1 is col-
ored gray. The H0–H1 loop around pT35 is boxed. (F )
Zoomed-in view of the boxed region in E to show the
reorganization of the H0–H1 loop in pMob1 by T35
phosphorylation. Residues of Mob1ΔN32 and pMob1
are shown as blue and orange sticks, respectively.
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Mst2 is that Mob1 simultaneously binds to Mst2 and
Lats1, forming a ternary Mst2–Mob1–Lats1 complex in
which Mst2 phosphorylates Lats1 more efficiently. Con-
sistent with this hypothesis, the Mob1E51A/E55A mutant
deficient for Lats1 binding failed to stimulate Lats1
T1079 phosphorylation by Mst2 (Fig. 6A). Surprisingly,
another Lats1-binding-deficient Mob1 mutant, Mob12TA,
still stimulated Mst2-mediated T1079 phosphorylation.
Furthermore, Mob1WT or Mob12TA greatly stimulated
Lats1 T1079 phosphorylation by Mst2 in an in vitro ki-

nase assay with purified recombinant proteins (Fig. 6B).
These results suggest that Mob1 phosphorylation per se
might be dispensable for the formation of the Mst2–
Mob1–Lats1 ternary complex.
Mob1 phosphorylation promotes Lats1 binding mainly

through relieving autoinhibition rather than through cre-
ating phospho-recognition motifs. We tested whether
Mst2 binding to unphosphorylated Mob1 was sufficient
to activate it for Lats1 binding. Indeed, addition of active
full-length Mst2 (pMst2) to unphosphorylated Mob1

Figure 6. Mst2 binding to Mob1 is sufficient to activateMob1 for Lats1 binding. (A) Immunoblots of lysates of HEK293 cells transfected
with the indicated plasmids. Both long (L) and short (S) exposures of the Lats1-pT1079 blots are shown. (B) Quantification of Lats1C (res-
idues 602–1130) T1079 phosphorylation by Mst2 in the presence of Mob1 wild type or 2TA. Means with range for two independent ex-
periments are plotted. (C ) UV traces of molecular weight standards (dashed line) and the Mst2–Mob1–Lats1CΔHM complex (solid line)
fractionated on a Superose 6 gel filtration column. The underlined fractions were separated on SDS-PAGE and stained with Coomassie.
(D) Superposition of pMst2–Mob1 and pMob1–Lats1 structures. (E,F ) Zoomed-in view of the pT- andHS-binding sites of the superimposed
structures inD. Residues of theMob1 core (green), pMob1 (pale green), theMob1NTE (orange), and pMst2 (magenta) are shown as sticks.
S0 andH0 of pMob1NTE are colored orange. αA and β1 of pMst2 are coloredmagenta. (G) Coomassie-stained gel ofMob1 or pMob1 bound
toGST-Mst2MBM (residues 371–401) or GST-pMst2MBM beads. (H) Model for pMst2-dependent activation ofMob1 for the formation of the
pMst2–Mob1–Lats1 ternary complex.

Dynamic scaffolding by Mob1 in the Hippo pathway

GENES & DEVELOPMENT 1425



greatly stimulated its ability to bind Lats1, as evidenced
by the formation of the stoichiometric pMst2–Mob1–
Lats1 complex during gel filtration chromatography (Fig.
6C). This result indicates that binding of pMst2 to Mob1
alone (withoutMob1 phosphorylation) suffices to activate
Mob1 for Lats1 binding, promoting the formation of the
pMst2–Mob1–Lats1 ternary complex.

This surprising result nicely explains a major conun-
drum, as revealed by the comparison of our Mob1–
pMst2 and pMob1–Lats1 structures (Fig. 6D). The phos-
phorylated NTE of pMob1 (pMob1NTE; residues 10–51)
and the phosphorylated pT378-Mst2MBM peptide
(pMst2MBM; residues 371–401) bind to the same sites on
Mob1. For example, pT12 in the Mob1 NTE and pT378
in the Mst2 MBM bind to the same pT-binding site on
Mob1 (Fig. 6E). The H0 helix of Mob1 and the Mst2 HS
motif (αA) bind to the same HS-binding site on Mob1
(Fig. 6F). Thus, the intramolecular association of the phos-
phorylated NTE with the Mob1 core is expected to weak-
en pMst2 binding and dissociate the pMst2–Mob1
complex. Indeed, pMob1 bound to pMst2 more weakly
than unphosphorylated Mob1 did (Fig. 6G). On the one
hand, this phenomenon is consistent with the enzyme–
substrate relationship of Mst2 and Mob1 and can explain
the release of the product (pMob1) from the enzyme
(Mst2). On the other hand, Lats1 prefers to bind to phos-
phorylated Mob1, which can no longer associate with
Mst2. The competition between phospho-NTE of Mob1
and pMst2 thus hinders the formation of the pMst2–
Mob1–Lats1 complex.

The fact that pMst2 binding to Mob1 (without Mob1
phosphorylation) stimulates Mob1 binding to Lats1 re-
solves this conundrum. Binding of the HS motif in pMst2
toMob1 is expected to displace theH0helix of theunphos-
phorylated Mob1 NTE from the HS-binding site (Fig. 6H).
The dissociation of the H0 helix shifts the conformational
equilibriumofMob1 toward the open state, allowingLats1
binding and the formation of the pMst2–Mob1–Lats1 ter-
nary complex. In this complex, Mst2 can phosphorylate
both Mob1 at T12 and T35 and Lats1 at T1079. Mob1
T12/T35 phosphorylation then triggers the release of the
pMob1–Lats1 complex already phosphorylated at T1079.
Thus, Mob1 acts as a dynamic scaffold module to tran-
siently bringMst2 and Lats1 into close proximity, enhanc-
ing Lats1 T1079 phosphorylation. We stress that we did
not definitively show the existence of a transient complex
among unphosphorylated Mob1, Lats1, and Mst2 in vivo.

Mob1 allosterically promotes Lats1 autophosphorylation
at the activation loop

Mst2-mediated Lats1 T1079 phosphorylation is a pre-
requisite for Lats1 autophosphorylation at S909 in its acti-
vation loop (T loop), which ultimately activates Lats1. We
tested whether Mob1 in the context of the binary pMob1–
Lats1 complex stimulated Lats1 autophosphorylation.
Addition of pT1079-containing Lats1HM (Lats1 residues
1069–1130) pretreated with recombinant Mst2 greatly
stimulated S909 autophosphorylation of Lats1CΔHM

(a Lats1 kinase fragment that lacked the HM motif) (Fig.

7A). As a control, the unphosphorylated Lats1HM had lit-
tle effect in this assay. Thus, addition of pT1079-Lats1HM

alone can bypass the need for Mst2 and activate Lats1
S909 autophosphorylation in trans. How pT1079-Lats1HM

activates Lats1 is not understood and will need to be ad-
dressed by additional structural studies. Regardless, the
fact that the phosphorylated HM fragment could activate
Lats1 autophosphorylation at S909 in trans enabled us to
separate the effects of Mob1 in stimulating Mst2-depen-
dent Lats1 T1079 phosphorylation from any potential ef-
fects in stimulating Lats1 S909 autophosphorylation.

Strikingly, addition of Mob1 further stimulated S909
autophosphorylation of Lats1CΔHM in the presence of
pT1079-Lats1HM (Fig. 7B,C). Mob1 pretreated with Mst2
(pMob1) was even more active in this assay. As expected,
the phosphorylation-deficient Mob1T12A, Mob1T35A, and
Mob12TA mutant blunted this phosphorylation-depen-
dent effect. The Mob1T35A and Mob12TA mutants were
less active than the unphosphorylated Mob1, possibly
due to a structural role of T35 (in the unphosphorylated
form) in Lats1 binding. The Lats1-binding-deficient
Mob1E51A/E55A mutant was also deficient in stimulating
Lats1 S909 phosphorylation (Fig. 7B,C), indicating that
Mob1 binding to the Lats1 MBD was required for this
stimulation.

Discussion

Despite the tremendous progress in the discovery of up-
stream regulators of the Hippo pathway, the activating
mechanism of the core Hippo–Lats kinase cascade is still
not understood. Our present study addresses this pressing
issue and provides the following model for Mob1-depen-
dent Lats1 activation by Mst2 (Fig. 7D). In this model,
Mst2 autophosphorylates multiple TM sites in its linker,
creating phospho-docking motifs to recruit Mob1. Mst2
binding triggers the conformational activation of Mob1
from the closed state to the open state. Mst2-bound, acti-
vated Mob1 further recruits Lats1, forming a pMst2–
Mob1–Lats1 ternary complex. In this complex, active
Mst2 phosphorylates Mob1 at T12 and T35 in the NTE
and Lats1 at T1079 in the HM. The phosphorylated
Mob1 NTE folds back to bind its core at the pMst2-bind-
ing sites, releasing the primed pMob1–Lats1 complex. In
the absence of Mst2, phosphorylation of Mob1 at T12
and T35 maintains the open state of Mob1 and preserves
the pMob1–Lats1 complex. Phosphorylated HM and
pMob1 then collaborate to stimulate Lats1 autophosphor-
ylation at the activation loop, leading to its activation.

In the case of humanMst2, multiple pTMmotifs act re-
dundantly to engage the pT-binding site in Mob1. The
physiological meaning of this redundancy is unknown at
present. One possibility is that this multisite autophos-
phorylation by Mst2 can more effectively buffer against
the actions of phosphatases in vivo and produce more ro-
bust Mob1 activation in response to certain upstream
signals.

The mechanism by which Mob1 binding to Lats1 MBD
allosterically activates Lats1 autophosphorylation at its T
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loop is not understood. All NDR kinases known to inter-
act with Mob proteins, including Lats1, have an insertion
of 30–60 residues in their T loop. Although this insertion
is notwell conserved, it is rich in basic residues. This basic
insertion has been shown to inhibit the autophosphoryla-
tion of human NDR in its T loop (Bichsel et al. 2004).
Binding of Mob1 to the conserved MBD of NDR has
been proposed to release the inhibitory effect of this basic
insertion. We speculate that Mob1 stimulates Lats1 auto-
phosphorylation through a similar allosteric mechanism.
Another core component of the Hippo pathway, Sav,

has been proposed to promote Lats1 activation through
acting as a scaffold to recruit Lats/Wts to Mst/Hpo (Har-
vey et al. 2003). Besides contributing to Mst/Hpo activa-
tion by binding to Mst/Hpo through its SARAH domain
(Hwang et al. 2007), Sav was reported to bind the PPXY
motifs in Lats/Wts through its WW domains, therefore
promoting Lats/Wts activation (Tapon et al. 2002). How-
ever, direct evidence for the formation of an Mst–Sav1–
Lats ternary complex and Sav-dependent activation of
Lats in vitro is lacking (Chan et al. 2005). We found that
human Sav WW domains bound to a PPXY-containing
peptide of Lats1 (AGTVNRQPPPYPNGQS) with a Kd of
156 µM, which is much weaker as compared with the
pMob1–Lats1 binding. On the other hand, because we
failed to obtain full-length recombinant Lats1 protein
that contains the N-terminal PPXY motifs, we were un-

able to directly test the role of Sav in mediating Mst/
Mob1-dependent activation of Lats1.
Our study thus establishes a major framework of core

Mst–Lats kinase activation in the Hippo pathway, in
which Mob1 acts as the key scaffold. Mob1 alone is suffi-
cient to promote Lats1 activation in the absence of Sav in
vitro. Furthermore, activated Hpo can functionally bypass
Sav under several circumstances in flies (Pantalacci et al.
2003; Ribeiro et al. 2010). In contrast, Mats/Mob1 is indis-
pensable for Wts/Lats activation in all cases (Wei et al.
2007; Nishio et al. 2012). Our new model with Mob1 as
the central scaffolding protein is thus more consistent
with the available genetic evidence, which supports the
essential role of Mob1 in Mst–Lats kinase activation.
Our model is also consistent with recent phylogenetic
analysis showing that Sav appeared later during evolution
than Hpo, Mats, Sd, and Yki (Sebe-Pedros et al. 2012). For
example, the single-cell organism Capsaspora does not
encode a Sav homolog but contains an Mst/Hpo homolog
with conserved pTM and HS motifs capable of activating
Wts when overexpressed inDrosophila (Sebe-Pedros et al.
2012). Nevertheless, our model does not exclude the pos-
sibility that other regulators, such as Sav, can further en-
hance Mob1-dependent activation of Wts/Lats by Hpo/
Mst in the context of the Mst–Mob1–Lats complex (Yin
et al. 2013). Future experiments are needed to address
this issue.

Figure 7. Mob1 allosterically promotes Lats1 autoactivation. (A) Lats1-pS909 blot (shown in the right panel) of kinase reactions contain-
ing the indicated Lats1 proteins depicted in the left panel. (B) Lats1-pS909 blot of kinase reactions containing 2 µM Lats1CΔHM, 4 µM
pT1079-Lats1HM, and the indicated Mob1 proteins (2 µM). (C ) Quantification of Lats1-pS909 levels in B. The relative α-Lats1-pS909 in-
tensities were normalized towild-type pMob1 (100%).Meanswith range for two independent experiments are plotted. (D) Mob1 scaffold-
ing model for Mst-dependent Lats activation during Hippo signaling.
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The Hippo pathway controls tissue homeostasis by reg-
ulating the balances between cell proliferation and quies-
cence and between cell death and survival. Dysregulation
of the Hippo pathway has been linked to human cancers.
The Mst–Lats kinase cascade forms the core of this path-
way. Our study provides key structural and mechanistic
insights into the Mob1-dependent activation of Lats1 by
Mst2. Through dynamic scaffolding and allosteric mecha-
nisms, Mob1 promotes a multistep, sequential process of
Lats1 activation and effectively couples the activation of
two kinases in the same cascade. The requirement for or-
derly phosphorylation of multiple targets by an upstream
kinase to activate a downstream one ensures specificity in
signal transduction.

Materials and methods

Plasmids and antibodies

The coding regions of humanMob1 and humanMst2 linker frag-
ments were cloned into a modified pGEX-6P vector (GE Health-
care) that included a tobacco etch virus (TEV) cleavage site at
the N terminus. The coding region of either human Lats1CΔHM

(residue 602–1060) or Lats1C (residue 602–1130) was cloned to-
gether with wild-type Mob1 (residue 1–216) into a modified
pRSF-Duet vector (EMDMillipore). The cDNAs of Lats1MBD (res-
idue 602–704) and Lats1HM (residue 1069–1130) were cloned into
a modified pET29 vector (EMDMillipore) that included anN-ter-
minal His6 tag. The coding regions of human Lats1 fragments
were cloned into a modified pCS2-Myc vector. HA-Mob1, Flag-
Mst2, and Myc-Lats1 expression constructs have been described
previously (Chan et al. 2005; Zhao et al. 2007). Flag-Hpowas gen-
erated fromMyc-Hpo described previously (Wu et al. 2003). Flag-
Mats expression plasmid was generated from a cDNA clone
(LD47553) obtained from the Drosophila Genomics Resource
Center. The ORF of mats was amplified by PCR and inserted
into pGEX-6P-1 vector to generate the GST-Mats construct. All
point mutations were generated using QuikChange II XL site-di-
rected mutagenesis kit (Agilent Technologies). All constructs
were verified by DNA sequencing.
Primary antibodies used in this study include Flag and HA

(Sigma-Aldrich), Myc (Calbiochem), Wts-pT1077 (Yu et al.
2010), Mob1-pT12 (Praskova et al. 2008), phospho-T12 or phos-
pho-T35 of Mob1 (Cell Signaling), and phopho-T1079 or pho-
pho-S909 of Lats1 (Cell Signaling).

Protein expression and purification

The plasmids were transformed into the bacterial strain BL21
(DE3)-T1R cells (Sigma) for protein expression. Untagged Mob1
and Mob1 mutants were purified with glutathione-Sepharose
beads (GE Healthcare) and cleaved with TEV overnight at 4°C
to remove the GSTmoiety. GST-Mob1 andGST-Mst2 linker pro-
teins were purified with the glutathione-Sepharose beads. Mob1,
GST-Mob1, and GST-Mst2 linker proteins were further purified
by size exclusion chromatography with a Superdex 75 column
(GE Healthcare) equilibrated with a buffer containing 20 mM
Tris (pH 8.0) and 100mMNaCl. Lats1CΔHM and Lats1C were pu-
rified with Ni2+-NTA resin (Qiagen) and cleaved with TEV over-
night at 4°C to remove the N-terminal His6 tag in a buffer
containing 20 mM HEPES (pH 7.0), 100 mM NaCl, 5% glycerol,
2 mM MgCl2, and 1 mM DTT. Because the expression level of
Mob1 was very low from pRSF-Duet, Lats1CΔHM and Lats1C
were themajor products eluted fromNi2+-NTA resin. Lats1CΔHM

and Lats1C were further purified by a Mono S cation exchange
column followed by a Superdex 200 gel filtration column (GE
Healthcare). The expression and purification of Mst2WT,
Mst2D146N, Mst2ΔL, and Mst2KD were described previously (Ni
et al. 2013). The pMst2–Mob1 complex was obtained by mixing
30 mg/mL Mob1ΔN50 with the pMst2MBM peptide (DEEEED
GpTMKRNATSPQVQRPSFMDYFDKQ) at 1:2 molar ratio.
To obtain GST-pMob1, purified GST-Mob1was dialyzed in the

kinase reaction buffer (50 mM Tris at pH 7.5, 150 mM NaCl, 10
mM MgCl2). GST-Mob1 was then treated with purified Mst2KD

for 1 h at room temperature in the presence of 2 mM ATP.
GST-pMob1 was reloaded onto glutathione-Sepharose beads to
remove Mst2KD. GST-pMob1 was either eluted with glutathione
from glutathione-Sepharose beads or cleaved with TEV overnight
at 4°C to remove GSTmoiety. GST-pMob1 and pMob1 were fur-
ther purified by a Superdex 75 column equilibrated with a buffer
containing 20 mM Tris (pH 8.0) and 100 mM NaCl.
Lats1MBD was purified by the denaturation method using 8 M

urea (Qiagen) according to the manufacturer’s instructions.
Lats1MBD was refolded overnight at 4°C in a buffer containing
20 mM Tris (pH 8.0) and 100 mM NaCl. The pMob1–Lats1MBD

complex was purified by a resource-Q anion exchange column
(GE Healthcare) after mixing pMob1 and Lats1MBD at a 1:4 molar
ratio. The pMob1–Lats1MBD complex was further purified by a
Superdex 200 column equilibrated with a buffer containing
20mMTris (pH8.0) and100mMNaCl.PurifiedpMob1–Lats1MBD

was concentrated to 10 mg/mL for crystallization.
To obtain pT1079-Lats1HM, Lats1HM was purified by the dena-

turation method as described for Lats1MBD. After refolding in the
kinase reaction buffer, Lats1HM was treated with Mst2KD for 1 h
at room temperature in the presence of 2 mMATP. It was reload-
ed onto Ni2+-NTA resin to remove Mst2KD and then eluted from
Ni2+-NTA resinwith imidazole. pT1079-Lats1HMwas further pu-
rified by a Superdex 75 column equilibratedwith a buffer contain-
ing 20 mM Tris (pH 8.0) and 100 mM NaCl.
The selenomethionine-labeled Mob1 (SeMet-Mob1) was pro-

duced using the methionine biosynthesis inhibition method
(Van Duyne et al. 1993).

Crystallization, data collection, and structure determination

The pMst2–Mob1 complex was crystallized at 20°C using the
hanging drop vapor diffusion method with a reservoir solution
containing 2.4 M sodium malonate (pH 7.0). The crystals were
cryoprotected with the reservoir solution supplemented with
20% (v/v) ethylene glycol and then flash-cooled in liquid nitro-
gen. Crystals diffracted to a resolution of 2.65 Å and contained
six pMst2–Mob1 molecules per asymmetric unit.
The phosphorylated SeMet–Mob1 and Lats1MBD complex

(pMob1–Lats1) was crystallized at 20°C using the hanging drop
vapor diffusion method with a reservoir solution containing 0.2
M diammonium citrate (pH 5.0) and 20% (w/v) PEG 3350. The
crystals were cryoprotected with the reservoir solution supple-
mentedwith 24% (w/v) sucrose and then flash-cooled in liquid ni-
trogen. Crystals diffracted to a resolution of 2.29 Å and contained
one pMob1–Lats1 molecule per asymmetric unit.
All X-ray diffraction data were collected at 100 K at the Struc-

tural Biology Center (Beamline 19-ID) at Argonne National Labo-
ratory and processed with HKL3000 (Otwinowski and Minor
1997). Initial phases for pMst2–Mob1were obtained bymolecular
replacement with Phaser using the crystal structure of human
Mob1 (PDB code 1PI1) as a searching model (McCoy et al.
2007). Iterative model building and refinement were performed
with Coot and Phenix, respectively (Adams et al. 2010; Emsley
et al. 2010). Data collection and refinement statistics are summa-
rized in Supplemental Table S1.
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Initial phases for the SeMet-labeled pMob1–Lats1 were ob-
tained by SAD with Phenix AutoSol. Automated model building
was done with Phenix AutoBuild. Subsequent model building
was performed manually in Coot. The structure was refined
with Phenix. Data collection and refinement statistics are sum-
marized in Supplemental Table S2.
The atomic coordinates and structure factors for human

pMst2–Mob1 and pMob1–Lats1 have been deposited in the PDB
with the accession codes 5BRM and 5BRK, respectively.

NMR spectroscopy

All NMR spectra were acquired at 30°C on a Varian INOVA 600-
MHz four-channel spectrometer equipped with pulsed-field
gradient triple-resonance probe using H2O/D2O 95:5 (v/v) as the
solvent. Samples typically contained 0.1 mM 15N-labeled protein
in theNMRbuffer containing 20mM sodium phosphate (pH 6.8),
100 mM KCl, 2 mM MgCl2, and 1 mM DTT. The data were pro-
cessed and analyzed with NMRPipe and NMRView (Johnson and
Blevins 1994; Delaglio et al. 1995).

ITC

ITC was performed with a VP-ITC titration calorimeter (Micro-
Cal, Inc.) at 20°C. For Mob1 and pMst2MBM, calorimetric mea-
surements were performed with 20 μM purified Mob1 in the cell
and 200 μM pMst2MBM peptide in the syringe. For Mst2ΔL/MBM

and Mob1, calorimetric measurements were carried out with
20 μM purified Mst2ΔL/MBM in the cell and 200 μM purified
Mob1 in the syringe. All samples were in the same buffer contain-
ing 20 mMTris (pH 8.0), 100 mMNaCl, and 2 mMMgCl2. Mob1
or pMst2MBM was injected with 35 portions of 8 μL. Binding pa-
rameters were evaluated using the Origin package provided with
the instrument.

In vitro kinase assays

For Mst2 kinase assays, 0.5 nM Mst2 or Mst2 mutants was incu-
bated with 0.4 μMMob1 or Mob1 mutants in the kinase reaction
buffer containing 50 mM Tris (pH 7.5), 150 mM NaCl, 10 mM
MgCl2, 1 mM ATP, and 1 mM DTT at room temperature. At
each time point, an aliquot of the reaction mixture was taken
and quenched by the addition of the same volume of 2× SDS sam-
ple buffer. The phosphorylatedMob1NTEwas analyzed by quan-
titative Western blotting using specific antibodies against either
pT12 or pT35 of Mob1 (Cell Signaling). The signals were quanti-
fied with the Odyssey LI-COR imaging system.
For Lats1 kinase assays, 2 μM Lats1C (residues 602–1130) was

incubated with 2 μM either Mob1 or pMob1 or their correspond-
ing mutants together with 20 nM Mst2WT (residue 9–491) in the
kinase reaction buffer at room temperature. At each time point,
an aliquot of the reaction mixture was taken and quenched by
the addition of the same volume of 2× SDS sample buffer. The
phosphorylated Lats1 HMwas analyzed by quantitative Western
blotting using a specific antibody against pT1079 of Lats1 (Cell
Signaling).
To assay Lats1 autophosphorylation, 2 μM Lats1CΔHM was in-

cubated with 2 μM either Mob1 or pMob1 or their corresponding
mutants together with 4 μM phosphorylated Lats1HM in the ki-
nase reaction buffer at room temperature. The reaction was ter-
minated at the indicated time point. The phosphorylated Lats1
T loop was analyzed by quantitativeWestern blot using a specific
antibody against pS909 of Lats1 (Cell Signaling).

In vitro binding assays

GST-Mst2 fusion proteins were treated by the Mst2KD in the
kinase reaction buffer either with or without 2 mM ATP for
30 min. GST-Mst2 fusion proteins were bound to glutathione-
Sepharose beads to remove Mst2KD and then incubated with
Mob1 or Mob1 mutants. The beads were washed three times
with TBS (50 mMTris at pH 7.5, 150mMNaCl). The proteins re-
tained on the beads were analyzed by SDS-PAGE.
To assay the binding between human Lats1 andMob1 proteins,

Myc-Lats1 was in vitro translated in reticulocyte lysate in the
presence of 35S-methionine according to the manufacturer’s pro-
tocol (Pierce). Purified GST-Mob1, GST-pMob1, or their corre-
sponding mutants were bound to glutathione-Sepharose beads
and incubatedwith 35S-labeled Lats1 or Lats1mutants. The beads
werewashed three timeswith TBS containing 0.05%Tween. The
proteins retained on the beads were analyzed by SDS-PAGE fol-
lowed by autoradiography.
GST-Mats protein was expressed in BL21-CodonPlus (DE3)-

RIPL cells (Agilent Technologies) and purified using glutathi-
one-Sepharose beads. GST-Mats-bound beads were then mixed
with cell lysatemade from S2R+ cells expressingwild-type ormu-
tant Flag-Hpo proteins for 2 h at 4°C. The beads were washed
three times in PBS and then boiled in 2× SDS buffer for 5 min.

Drosophila and mammalian cell culture

Drosophila S2R+ cells were cultured at 25°C in Schneider’s medi-
um supplemented with 10% FBS and antibiotics (Invitrogen).
293T cells were maintained at 37°C in DMEM medium supple-
mented with 10% FBS and antibiotics (Invitrogen). Transfection
and Western blotting were carried out as described previously
(Yu et al. 2010).
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