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SUMMARY

SARA and endofin are endosomal adaptor proteins
that drive Smad phosphorylation by ligand-activated
transforming growth factor b/bone morphogenetic
protein (TGFb/BMP) receptors.We show in this study
that SARA and endofin also recruit the tumor supres-
sor HD-PTP, amaster regulator of endosomal sorting
and ESCRT-dependent receptor downregulation.
High-affinity interactions occur between the SARA/
endofinN termini, and the conserved hydrophobic re-
gion in the HD-PTP Bro1 domain that binds CHMP4/
ESCRT-III. CHMP4 engagement is a universal feature
of Bro1 proteins, but SARA/endofin binding is spe-
cific to HD-PTP. Crystallographic structures of HD-
PTPBro1 in complex with SARA, endofin, and three
CHMP4 isoforms revealed that all ligands bind simi-
larly to the conserved site but, critically, only SARA/
endofin interact at a neighboring pocket unique to
HD-PTP. The structures, together with mutagenesis
and binding analysis, explain the high affinity and
specific binding of SARA/endofin, and why they
compete so effectively with CHMP4. Our data invoke
models for how endocytic regulation of TGFb/BMP
signaling is controlled.

INTRODUCTION

Endosomes are hubs for regulating cell surface receptor-depen-

dent signaling pathways (Mellman and Yarden, 2013; von Zas-

trow and Sorkin, 2007). Signaling is maintained if internalized

activated receptors remain resident in the endosome or are re-

cycled to the cell surface. Alternatively, signaling is downregu-

lated if receptors are targeted to lysosomes for degradation.

Lysosomal delivery first requires sorting of receptors to intralu-

menal vesicles (ILVs) within the multivesicular body (MVB), a

process that is orchestrated by ESCRT (Endosomal Sorting

Complex Required for Transport) complexes (ESCRT-0 to -III)

(Hurley, 2015; Olmos and Carlton, 2016; Schuh and Audhya,

2014). The ESCRT pathway is critical for downregulating EGFR

(epidermal growth factor receptor) (Eden et al., 2012), PDGFR
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(platelet-derived growth factor receptor) (Ma et al., 2015), VEGFR

(vascular endothelial growth factor receptor) (Lampugnani et al.,

2006), Notch (Vaccari and Bilder, 2005), TLR (Toll-like receptor)

(Husebye et al., 2006), and GPCR (G-protein-coupled receptor)

(Marchese et al., 2003). Likewise, ESCRT-mediated degradation

of E-cadherin (Palacios et al., 2005) and a5b1 integrin (Kharitidi

et al., 2015; Lobert et al., 2010) controls cell adhesion and

migration. Crucial for these processes is the assembly of

ESCRT-III filaments that drive invagination of the endosomal

membrane during ILV formation (Schoneberg et al., 2016).

The endosomal pathway also plays an essential role in regu-

lating transforming growth factor b/bone morphogenetic protein

(TGFb/BMP) signaling (Chen, 2009; Di Guglielmo et al., 2003;

Felberbaum-Corti et al., 2003; Hata and Chen, 2016). Activated

TGFb/BMP receptors are internalized and form SARA/endofin-

Smad complexes at the early endosome (Chen et al., 2007; Shi

et al., 2007; Shi and Massague, 2003). This results in phosphor-

ylation of Smad proteins, which then form complexes with

Smad4 and translocate to the nucleus to regulate gene expres-

sion (Hayes et al., 2002; Panopoulou et al., 2002). An alternative

internalization pathway drives the degradation of TGFb/BMP

receptors, via Smurf and Smad6/7, thus turning off downstream

signaling (Di Guglielmo et al., 2003; Imamura et al., 2013; Kavsak

et al., 2000; Zuo et al., 2013). Hence, a balance between receptor

internalization, recycling, and degradation is key for controlling

TGFb/BMP signaling responses (Chen, 2009; Di Guglielmo

et al., 2003; Ehrlich, 2016; Hata and Chen, 2016; Heldin and

Moustakas, 2016).

SARA (smad anchor for receptor activation) and endofin (en-

dosome-associated FYVE domain protein) are key positive

regulators of TGFb and BMP signaling, respectively. SARA is

an essential component of Smad-dependent signaling, where

it recruits Smad2/Smad3 to TGFb-activated receptors (Tsuka-

zaki et al., 1998). Endofin acts as the Smad1/5/8 anchor to

BMP-activated receptors (Goh et al., 2015; Shi et al., 2007). En-

dofin can also function in the TGFb pathway (Chen et al., 2007)

by interacting with several type-I TGFb receptors. SARA and

endofin each contain an FYVE (Fab1 YOTB Vac1 EEA1) domain

(Figure 1A) that localizes them to the early endosome (Panopou-

lou et al., 2002; Seet and Hong, 2001; Tsukazaki et al., 1998).

His domain protein tyrosine phosphatase (HD-PTP/PTPN23)

is a tumor suppressor that regulates mitogenic receptor down-

regulation, endocytic recycling, and cell migration (Chen et al.,

2012; Doyotte et al., 2008; Kharitidi et al., 2015; Lee et al.,
, July 5, 2017 ª 2017 The Authors. Published by Elsevier Ltd. 1011
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Figure 1. HD-PTP Binds to the Smad Regulators SARA and Endofin at the Endosome

(A) Top: domain organization of HD-PTP (CC, coiled-coil domain; PRR, proline-rich region; PTP, protein tyrosine phosphatase domain). Bottom: domain

organization of endofin and SARA (FYVE, Fab1, YOTB, Vac1, and EEA1 zinc-finger domain; SBD, Smad binding domain; PRR, proline-rich region). In gray are

the minimal HD-PTP interacting regions on endofin and SARA identified by the Y2H screen; black indicates the N-terminal 22-residue regions predicted to form

a helices, with sequences shown below and identical residues highlighted in bold.

(B) Y2H assays show that endofin and SARA interact with HD-PTPFL (full-length) or HD-PTPBro1-CC, but not with AlixBro1-V. Yeast cells were transformed in

triplicate with the identified prey constructs and full-length endofin or SARA bait constructs, and selected for interactions on QDO plates.

(C) HA-HD-PTP co-immunoprecipitates endogenous endofin and SARA from cell lysates.

(D and E) Co-expression of endofin-myc (D) or SARA-myc (E) redistributes HA-HD-PTP onto enlargedmyc-labeled endosomes (indicated by arrows). Left panels

are example images; right panels are quantitation from three independent experiments (mean ± SD). Scale bars, 10 mm.
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2007; Ma et al., 2015; Manteghi et al., 2016). Specifically,

HD-PTP is a key regulator of ESCRT-dependent sorting of cell

surface receptors such as activated EGFR (Doyotte et al.,

2008), PDGFR (Ma et al., 2015), and integrins (Kharitidi et al.,

2015), and drives their degradation by coordinating trafficking

to the MVB. Specifically, HD-PTP cooperates with multiple

ESCRTs to help sequester ubiquitinated cargo away from recy-

cling pathways and drive its incorporation into ILVs within the

developing MVB (Ali et al., 2013; Doyotte et al., 2008; Stefani

et al., 2011). A central feature of HD-PTP function is the ability

of its Bro1 domain to recruit CHMP4, the major subunit of the

ESCRT-III membrane remodeling protein complex (Doyotte

et al., 2008; Ichioka et al., 2007; Parkinson et al., 2015).

Here we report that HD-PTP also associates with SARA and

endofin at the early endosome. These are high-affinity interac-

tions that overlap with the conserved CHMP4 binding site in

the Bro1 domain. However, the binding of SARA and endofin is

specific to HD-PTP, in contrast to that of CHMP4, which binds

multiple Bro1 proteins including Alix and Brox (Ichioka et al.,

2007, 2008). Crystallographic structures of the HD-PTPBro1

domain in complex with the relevant binding regions of SARA,

endofin, and all three human CHMP4 isoforms reveal that

SARA and endofin binding is similar to that of CHMP4 at the

conserved site, but critically extends into a neighboring specific

pocket unique to HD-PTP. Altogether, this study identifies the

Bro1 domain of HD-PTP as a highly selective interaction hub

that coordinates recruitment of endosomal signaling adaptors

versus MVB sorting and receptor degradation.

RESULTS

The TGFb/BMP-Dependent SMAD Signaling Regulators
SARA and Endofin Bind to HD-PTP at the Endosome
HD-PTP is a multidomain protein (Figure 1A). Its minimal func-

tional region includes the first two domains (Doyotte et al.,

2008); Bro1 and the coiled coil (CC) that adopts an extended

conformation (Gahloth et al., 2016). An HD-PTPBro1-CC construct

was used as bait in a yeast two-hybrid (Y2H) screen to identify

new interacting partners of HD-PTP that could be relevant

to ESCRT function on the endocytic pathway. This screen iden-

tified ESCRT components, with several endosomal proteins also

yielding multiple clones (Table S1). Notable were the endocytic

Smad adaptors, SARA and endofin, which we focus on in this

study. Directed Y2H confirmed that both proteins interact with

HD-PTPBro1-CC, as well as with the full-length protein (HD-PTPFL)

(Figure 1B). These interactions are selective for HD-PTPBro1-CC,

since neither endofin nor SARA interacted with the analogous

Bro1-V region from the related protein Alix (Figure 1B). Interac-

tion of HD-PTP with both SARA and endofin in cells was then

confirmed by co-immunoprecipitation (coIP) of endogenous

SARA and endofin with hemagglutinin (HA)-tagged HD-PTP (Fig-

ure 1C) (the SARA and endofin antibodies were validated using

small interfering RNA [siRNA]; Figure S1A). Furthermore, interac-

tions were observed between co-expressed HD-PTP and endo-

fin/SARA (Figure S1B).

Endofin and SARA both localize to early endosomes via their

FYVE domains (Seet and Hong, 2001). Thus we tested whether

they can interact with HD-PTP at this location. We found that

HA-HD-PTPwas predominantly cytosolic when expressed alone
(Figures 1D and 1E). In contrast, when co-expressed with endo-

fin-myc (Figure 1D) or SARA-myc (Figure 1E), HA-HD-PTP

distributed strongly to clusters that labeled with anti-myc or

with the early endosomal marker, EEA1 (Figure S1C). Hence,

HD-PTP forms novel interactions with these two Smad-signaling

regulator proteins, SARA and endofin, and this association re-

sults in recruitment of expressed HD-PTP to the early endosome.

The N-Terminal Regions of SARA and Endofin Interact
with the Bro1 Domain of HD-PTP
The minimal region in endofin that interacted with HD-PTP was

mapped to the first 84 residues by Y2H (Figure 2A). Binding of

HD-PTP to the endofin N terminus was confirmed by coIP of

in vitro translated endofin(1–84) with HD-PTPBro1-CC (Figure 2B).

This N-terminal region is highly conserved between SARA and

endofin, and the first 22 residues are predicted (using PsiPred;

http://bioinf.cs.ucl.ac.uk/psipred/) to form an a helix (Figure 1A).

Furthermore, mutation of a core leucine residue (L15) to proline is

predicted to disrupt this helix. Indeed, mutation of L15 to P (or

to a charged residue; E) prevented binding of endofin to HD-

PTPBro1-CC, whereas mutation to its cognate valine in SARA

(L15 to V) did not affect binding (Figures 2A and 2B). Finally, en-

dofinL15P was unable to induce the endosomal clustering of co-

expressed HD-PTP (Figure S1D), confirming that the N-terminal

helix is important for binding to HD-PTP within cells.

We then demonstrated by biosensor binding experiments

that the first 22 residues of endofin, bound to HD-PTPBro1 and

HD-PTPBro1-CC with similar high affinity (dissociation constant

KD 3.1 ± 0.1 mM and 2.7 ± 0.1 mM, respectively), suggesting

that the endofin binding site is in the Bro1 domain of HD-PTP

(Figure 2C). The endofin 22-mer peptide did not bind to the

Bro1 domain of Alix (Figure 2D), confirming the binding selec-

tivity indicated by Y2H (Figure 1B). Furthermore, an endofin pep-

tide containing the L15P mutation did not bind to HD-PTPBro1 or

HD-PTPBro1-CC (Figures 2E and 2F), confirming that the integrity

of the N-terminal helix is important for interaction. We also

showed that the equivalent region of SARA binds to HD-PTPBro1

(KD 11.3 ± 0.3 mM) (Figure 2C). Altogether, these findings identify

N-terminal helices within endofin and SARA as important for

binding to the HD-PTP Bro1 domain.

Endofin Competes with CHMP4 for Binding to
HD-PTPBro1

The Bro1 domain of HD-PTP contains a conserved hydrophobic

site, also present in other Bro1 proteins including Alix and Brox

(McCullough et al., 2008; Mu et al., 2012), for interaction with

the ESCRT-III subunit CHMP4 (chargedmultivesicular body pro-

tein 4, of which there are three isoforms; CHMP4A, B, and C).We

have previously reported that the HD-PTP hydrophobic residues

L202/I206 are critical for CHMP4 interaction, since the double

mutation L202D/I206D completely blocked binding to CHMP4

in cell extracts while the single L202D mutation substantially

impaired binding (Doyotte et al., 2008). Here we show that the

double L202D/I206D mutation also prevented the recruitment

of HD-PTP to the endosome when co-expressed with endofin-

myc (Figure 3A; the mutant localized with endofin-myc in 0%

of cells, whereas wild-type HA-HD-PTP localized with endofin-

myc in 100% of cells, from two independent experiments). In

addition, the endofin peptide did not bind to the HD-PTPBro1-CC
Structure 25, 1011–1024, July 5, 2017 1013
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Figure 2. Mapping the HD-PTP Binding Interactions with SARA and Endofin

(A) Y2H assays between endofin(1–84) constructs or endofin(85–1,539) and HD-PTPFL or HD-PTPBro1-CC shows that binding is restricted to the endofin

N terminus and that endofin L15 is important for binding. Data are from a representative experiment performed in triplicate.

(B) In vitro translated endofin1–84-strep, but not endofin(1–84/L15P)-strep, is co-immunoprecipitated with bacterially expressed His6-HD-PTPBro1-CC after an

incubation with anti-His6 antibody; (i) is an example experiment, (ii) is quantitation from three independent experiments (mean ± SD).

(C) Biosensor binding isotherms for the HD-PTPCC and HD-PTPBro1-CC binding to endofin and SARA 22-mer peptides, used to determine the binding affinities

(HD-PTPBro1 and HD-PTPBro1-CC binding to the endofin peptide have KD 3.1 ± 0.1 mM and 2.7 ± 0.1 mM, respectively, and HD-PTPBro1 has KD 11.3 ± 0.3 mM

to SARA).

(D) Biosensor sensogram showing the lack of binding of the endofin peptide to AlixBro1.
(E and F) Sensograms showing that mutation of endofin L15 to proline abolishes binding to HD-PTPBro1 (E) and HD-PTPBro1-CC (F) compared with the control

experiment using the wild-type endofin peptide.
L202D mutant, as judged by the SPR signal versus the buffer

control (Figure 3B). These data suggest that endofin binds to a

site on HD-PTP that overlaps with its CHMP4 binding site. We

therefore examined whether endofin competes with CHMP4B

for binding. Interaction of CHMP4B with HD-PTPBro1-CC was

essentially abolished by addition of the endofin peptide, but

not by an endofin peptide containing the substitution L15P (Fig-

ure 3C). These data demonstrate that endofin and CHMP4B

share binding to the conserved hydrophobic site in the HD-

PTP Bro1 domain (referred to hereafter as the ‘‘common site’’).
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For Alix and Brox, it has been shown that the C-terminal helix

of CHMP4B is responsible for binding to the common site in the

Bro1 domain (McCullough et al., 2008; Mu et al., 2012), but this

has not been formally demonstrated for HD-PTP. Y2H experi-

ments confirmed that this region is also relevant for binding

to HD-PTP, since CHMP4B lacking the C-terminal six amino

acids (C4BDCT) did not bind AlixBro1-V or HD-PTPBro1-CC, while

full-length CHMP4B did (Figure 3D). CoIP confirmed that

CHMP4B-FL, but not C4BDCT, binds to HD-PTPBro1-CC (Fig-

ure 3E). Next, peptides designed from the C-terminal 18–20



Figure 3. Endofin and CHMP4B Compete for Binding to the Bro1 Domain of HD-PTP

(A) In contrast to wild-type HA-HD-PTP, HA-HD-PTP(I202D, L206D) is not recruited to endosomes enriched with endofin-myc when co-transfected. Scale

bar, 10 mm.

(B) Binding of the endofin peptide is impaired by the l202D mutation, as shown in the biosensor sensogram compared with the buffer control.

(C) Bacterially expressed GST-CHMP4B is co-immunoprecipitated with bacterially expressed His6-HD-PTPBro1-CC after an incubation with anti-His6 antibody.

This is prevented by inclusion of endofin1-22 (WT), but not by endofin1–22(L15P). (i) is an example experiment, (ii) is quantitation from three independent experiments

(mean ± SD). Statistical analysis was performed using the unpaired t test with Welch’s correction: ***p < 0.001; ns, not significant.

(D) Y2H assays using CHMP4 baits and HD-PTP or Alix prey constructs show that interaction between CHMP4B and both HD-PTPBro1-CC and AlixBro1-V requires

the CHMP4B C-terminal six amino acids.

(E) Co-immunoprecipitation of bacterially expressed proteins with anti-His antibody shows that binding to His6-HD-PTPBro1-CC is prevented by deletion of the

C-terminal six amino acids of GST-CHMP4B. Representative of three independent experiments.

(F) Biosensor binding isotherms for the HD-PTPBro1 to the CHMP4 peptides shows similar affinity with KD of 132 ± 7.0 mM, 85 ± 2 mM, and 88 ± 1 mM for CHMP4A,

B, and C, respectively. Biosensor experiments were performed at least three times. Error bars denote SEM.
residues of CHMP4A, CHMP4B, and CHMP4C were evaluated

for binding to HD-PTPBro1 (Figure 3F). Interestingly, CHMP4 pep-

tides showed much lower affinity to HD-PTPBro1 compared with

the SARA/endofin peptides, with KD values of 132 ± 7 mM for

CHMP4A, 85 ± 2 mM for CHMP4B, and 89 ± 1 mM for CHMP4C.

Altogether, our binding studies suggest that SARA/endofin could

compete effectively with CHMP4 for binding to HD-PTP, based

on their higher observed affinity and coIP experiments.

Crystal Structures of HD-PTPBro1-CHMP4A, B, C and
HD-PTPBro1-SARA/Endofin Complexes
The biochemical and binding studies suggested that unknown

key molecular determinants may be responsible for the higher
binding affinity of SARA/endofin peptides over CHMP4

peptides, despite the apparent overlap of their binding sites.

The binding selectivity exhibited by SARA/endofin toward HD-

PTP compared with Alix is also surprising, given the high conser-

vation at the CHMP4 binding site (Kim et al., 2005) (Doyotte et al.,

2008); (Mu et al., 2012) (McCullough et al., 2008). To resolve this

paradox, we decided to investigate each of the specific interac-

tions by X-ray crystallography. We determined high-resolution

crystal structures of HD-PTPBro1 alone (apo-HD-PTPBro1), HD-

PTPBro1 in complex with the C-terminal peptides of CHMP4A,

B, and C, respectively, and HD-PTPBro1 in complex with the

N-terminal peptides of SARA and endofin (Figure 4 and Table 1).

The apo-HD-PTPBro1 structure matches with previously reported
Structure 25, 1011–1024, July 5, 2017 1015



Figure 4. Crystallographic Structures of HD-PTPBro1 with Endosomal Effectors

(A) Ribbon diagrams showing the structures of the complexes of HD-PTPBro1 with SARA (yellow) and endofin (fuschia) peptides on the left, and with the three

CHMP4 isoform peptides (4A, orange; 4B, green; 4C, purple) on the right. All peptides form helical structures and bind to the concave region of the Bro1 domain.

(B) Surface representations of the six structures determined in this study, showing the peptides as a-helical ribbons and the Bro1 domains as molecular surfaces

(gray). The colored regions in the apo-HD-PTP structure highlight the common-CHMP4 binding site (green) and the specific S site (magenta), only utilized by the

SARA/endofin peptides. Peptides are color coded as in (A).

(C) Residues in the Bro1 domain involved in binding to the effector peptides at the common and specific sites in the structures shown in (B). Conserved residues

between Bro1 proteins are shown in black and substitutions are in red. The different binding sites are labeled (common site and S site) and the extent of the

interface between CHMP4 peptides (green) and SARA/endofin (fuschia) is highlighted.
structures of HD-PTPBro1 (PDB: 3RAU and 5CRU), with a root-

mean-square deviation (RMSD) of 0.70–0.76 Å.

All five peptides form amphipathic a helices that bind to the

concave hydrophobic surface of the Bro1 domain, confirming

the overlap suggested by the biochemical studies (Figures 4A

and 4B). However, the binding interface for SARA/endofin pep-

tides is clearly larger than that for the CHMP4 peptides, extend-

ing beyond the common site toward a specific pocket (S site),

which is poorly conserved in Alix or Brox (Figures 4B and 4C).

For the CHMP4 peptides only 11 residues are clearly visible in

the electron density maps, whereas 20 residues are visible for

the SARA and endofin peptides (Figure S2).

All three CHMP4 peptides bind in the sameway across helices

H5, H6, and H7 of HD-PTPBro1 (Figure 5A), and form similar van

der Waals contacts with a number of conserved residues,
1016 Structure 25, 1011–1024, July 5, 2017
including the critical L202/I206 pair (Table 2 and Figure 5B).

Additional contacts occur with hydrophobic residues at the pro-

line-rich C-terminal region of HD-PTPBro1 (Figure 5C; see Table 2

for a list of all interactions). The main CHMP4 anchoring residues

are a Leu and a Trp present in all three isoforms (L217 andW220

in CHMP4A and CHMP4B, L228/W231 in CHMP4C), which con-

tact HD-PTPBro1 residues L189, L202, and I206 from two hydro-

phobic pockets between H5 and H6 and H6 and H7 (Figure 5B).

Electrostatic/hydrogen bond interactions also contribute to the

binding interface, between conserved acidic and polar residues

on the CHMP4 peptides and R198 on HD-PTPBro1 (Table 2 and

Figure 5D), and the indole nitrogen of W220/W231 and E137

on HD-PTPBro1 (Figure 5B).

The mode of binding of CHMP4 peptides to HD-PTPBro1 is

similar to that reported for the complexes of CHMP4 peptides



Table 1. Data Collection and Structure Refinement Statistics

SARA Endofin Apo-HD-PTP CHMP4A CHMP4B CHMP4C

Data Collection

Space group P 1 P 1 P 21 P 1 P 21 P 1

Cell dimensions

a, b, c (Å) 66.3, 70.4, 83.5 43.8 64.7 70.6 69.5 65.0 81.5 71.5 73.7 79.4 68.4 64.9 81.2 66.4 70.8 79.3

a, b, g (�) 111.5 90.1 93.0 101.4 97.2 102.2 90.0 91.3 90.0 114.4 90.3 104.2 90.0 90.2 90.0 90.5 98.2 106.8

Molecules. per a.u. (peptide) 4 (2) 2 (2) 2 4 (4) 2 (1) 4 (4)

Resolution (Å) 62.58–2.25 41.19–1.77 28.49–1.87 28.41–2.5 50.68–1.7 49.92–2.0

Rmerge 0.10 (0.33) 0.05 (0.29) 0.12 (0.88) 0.13 (0.80) 0.04 (0.25) 0.06 (0.23)

I/sI 6.8 (2.8) 10.2 (3.2) 9.2 (2.0) 7.9 (1.9) 18.6 (4.1) 12.0 (4.2)

Completeness (%) 95.9 (93.8) 96.5 (93.6) 99.3 (97.3) 93.1 (84.8) 98.7 (95.2) 95.9 (94.2)

Redundancy 2.1 (2.2) 2.2 (2.2) 4.1 (4.0) 3.5 (3.5) 3.3 (2.6) 2.2 (2.1)

Refinement

Resolution (Å) 2.25 1.77 1.87 2.50 1.70 2.00

No. of reflections 63,813 (6,239) 69,285 (6,748) 60,088 (5,842) 45,700 (4,178) 77,352 (7,420) 88,589 (8,712)

Rwork/Rfree 0.20/0.23 0.16/0.19 0.17/0.22 0.18/0.23 0.17/0.20 0.18/0.20

No. of atoms

Protein 11,377 5,747 5,704 11,667 5,742 11,464

Peptide 348 270 NA 356 90 330

Water 584 531 542 203 676 781

B factors

Protein 35.6 30.8 27.1 48.4 23.8 37.8

Peptide 41.4 28 NA 79.9 28.9 44.8

Water 41.7 39.9 34.9 40.3 32.8 41.9

RMSDs

Bond lengths (Å) 0.006 0.005 0.013 0.003 0.003 0.002

Bond angles (�) 1.05 0.64 1.26 0.66 0.58 0.53

Each structure was determined from one crystal. Values in parentheses represent highest-resolution shell.
withAlix orBroxBro1domains (McCullough et al., 2008;Muet al.,

2012). However, some significant differences are observed. One

difference is the role of R198 in HD-PTPBro1. In Alix this position is

occupied by M208, which forms van der Waals contacts with

CHMP4 L217 but does not form specific interactions with acidic

residues in the CHMP4 peptides (McCullough et al., 2008).

Another important difference is the availability of the two hydro-

phobic pockets at the CHMP4 binding site, which are fully

exposed in the Alix and Brox Bro1 domains (McCullough et al.,

2008; Mu et al., 2012). In the apo-HD-PTPBro1 structure these

are blocked by the side chains of K141, K192, and R198 (Fig-

ure 5E). Thus, binding of CHMP4A/B/C to HD-PTPBro1 requires

rearrangement of these side chains to accommodate the critical

CHMP4 Leu and Trp residues (Figure 5E).

Structural Basis for Selective Interaction of HD-PTP
with SARA and Endofin
As predicted (Figure 1A), the 22-mer SARA/endofin peptides

form amphipathic a helices in their complexes with HD-PTPBro1.

They occupy a larger binding site than the CHMP4 peptides,

partially overlapping with the common site across H5, H6, and

H7, but extending further into the S site between H3 and H5

(Figures 4 and 6A). SARA/endofin peptides bind to HD-PTPBro1

in the opposite orientation to the CHMP4 peptides, with their
C termini sitting above helix H7 and their N termini in the

S site (Figure 6A).

The SARA/endofin-HD-PTPBro1 binding interface is largely hy-

drophobic and involves residues F5, A9/V9, L12, L16, and F19

present in both peptides (Figure 1A and Table 2). SARA/endofin

peptides lack the Trp residue conserved in the CHMP4 peptides,

but L12 occupies the analogous position, binding to one of the

hydrophobic pockets and interacting with L189 in HD-PTPBro1

(Figure 6B). The smaller size of Leu versus Trp means that fewer

rearrangements of this pocket are necessary to accommodate

the SARA/endofin versus CHMP4 peptides. Rearrangement

mostly consists of a displacement of the R198 side chain and

a slight movement of the K141 and K192 side chains (Figure 5E).

Leu16 accommodates itself into the second hydrophobic pocket

and interacts with L202/I206 in the endofin-HD-PTPBro1 complex

and I206 in the SARA-HD-PTPBro1 complex (Figure 6D), consis-

tent with the importance of these residues for SARA/endofin

binding to HD-PTP.

The crystal structures explain the impaired binding to HD-

PTPBro1 shown by L15P and L15E mutants of endofin (Figures

2 and 3). L15 forms hydrophobic interactions with L338 at the

proline-rich C-terminal region of HD-PTPBro1 (Table 2). Substitu-

tion by Glu would disrupt these interactions and also clash with

L338, whereas substitution by Pro may cause a disruption of the
Structure 25, 1011–1024, July 5, 2017 1017



Figure 5. Analysis of the HD-PTPBro1-CHMP4 Interfaces

(A) Ribbon representation of the structures of the three HD-PTPBro1-CHMP4 complexes (4A, orange; 4B, green; 4C purple) showing the interface at the common

binding site on the hydrophobic concave region of HD-PTPBro1. Peptide side chains are shown as sticks. The sequences of each peptide used in the crystal-

lization are shown below, where residues visible in the structures are underlined, hydrophobic residues are in black, and acidic/polar residues are in red.

(B) Detail of the binding site showing residues in HD-PTPBro1 (black labels) that form interactions with the conserved Leu and Trp residues in the peptides (labeled

according to color code for each peptide).

(C) Surface representation of HD-PTPBro1 with the three peptides superimposed showing the binding into the two hydrophobic pockets and the HD-PTPBro1

residues involved both at the C-terminal region (left side) and at the common site (right side) labeled in black.

(D) Detail of the electrostatic interactions between HD-PTPBro1 R198 and the acidic and polar residues in the CHMP4 peptides.

(E) Surface representation of the structures of apo-HD-PTPBro1 with the CHMP4B peptide superimposed (left), HD-PTPBro1-CHMP4B complex (center), and

HD-PTPBro1-SARA complex (right). Colored in orange and labeled in black are the residues that block the hydrophobic pockets in the apo structure and that

undergo conformational rearrangements in the complexes with the peptides. In contrast, the S-site pocket is readily available in the apo structure.
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Table 2. Residues inDirect Interaction—vanderWaalsContacts, HydrogenBonds—in theCrystal StructuresofHD-PTPBro1Complexes

with Different Peptides from CHMP4, SARA, or Endofin

HD-PTPBro1 CHMP4A CHMP4B CHMP4C SARA Endofin

F62 – – – F5 F5

H125 – – – F5 F5

V142 – – – F5

A9

F5

V9

T145 – – – F5

A9

F5

V9

H146 – – – F5 F5

L342 – – – A8

D348 – – – Y4 Y4

E137 W220 Ne W220Ne W231Ne D13 D13

K141 W220 W220 W231 D13 D13

Q148 V221 A221 A232 – –

L189 L217 W220 V221 L217 W220 A221 L228 W231 A232 L12 L16 L12 L16

K192 W220 W220 W231 D13 D13

R198 Q216 D213 E216 D224 Q227 D17 E20 D17 E20

L202 L214 L217 M214 L217 I225 L228 F19 F19

R205 – – – F19 F19

I206 L217 L217 L228 L16 L16

A336 L214 M214 – F19 F19

L338 L214 L217 M214 L217 I225 L228 V15 F19 L15 F19

V339 V221 A221 A232 – –
helical structure and potentially result in the loss of several inter-

actions at either side.

Phenylalanine residues (F5 and F19), at both ends of the

a helices, anchor SARA/endofin peptides into the binding site

(Figure 6C). Phe19 forms multiple interactions at the common

site, including with L202/I206 (Figure 6B), while F5 fits into the

S site forming several van der Waals contacts (Table 2 and Fig-

ure 6D). SARA/endofin peptides also contain a cluster of acidic

residues that form hydrogen bonds with HD-PTP (E137, K141,

K192, and R198), thus contributing significantly to the binding

affinity (Table 2 and Figure 6E).

The most important difference between the mode of binding

of CHMP4 and SARA/endofin peptides to HD-PTP are the new

interactions at the S site, which are key to providing specificity

and selectivity (Figure 6D). Significantly, the S site appears fully

open and accessible in the structure of the apo-HD-PTPBro1,

and no major conformational changes are observed upon

binding of SARA/endofin peptides (Figure 5E). Most HD-PTPBro1

residues involved in interactions at the S site, notably F62,

H125, and T145, are not conserved in Alix or Brox (Figure 4).

In particular, the position of T145 is occupied by K151 in Alix

and R145 in Brox, with their side chains imposing steric hin-

drance that blocks binding beyond this point (Figure 7A). In

HD-PTPBro1, the smaller side chain of T145 allows the additional

two helical turns at the N terminus of the SARA/endofin peptides

to reach into the S site. Therefore, T145 acts as a gatekeeper

between the common site and the new S site, as well as partici-

pating in binding (Table 2 and Figure 6D). T145 has also been re-

ported to be important for STAM2 binding to HD-PTP (Lee

et al., 2016).
Another key interaction in the S site is the hydrogen bond

between the hydroxyl group of Y4 in SARA/endofin and D348

in HD-PTPBro1 (Figure 6D). This aspartic acid is not present

in Alix or Brox, where an Ile or Pro residue is found instead

(Figure 4). Tyrosine 4 is contained in the N-terminal motif,

MXXYF, conserved in both SARA and endofin (Figure 1A), but

absent from CHMP4. Indeed, a shorter endofin peptide lacking

1-MDSYF-5 showed poor binding (>1.5 mM) to HD-PTPBro1 or

HD-PTPBro1-CC (Figure 7B), confirming the importance of the

Y4 and F5 interactions.

Overall, the SARA/endofin peptides form an extensive binding

interface that encompasses both the CHMP4 site and the S site,

resulting in accessible buried surface in HD-PTPBro1 ranging

from 762 to 780 Å2, compared with 468 to 473 Å2 for the CHMP4

peptides. This larger interface, togetherwith the additional new in-

teractions at the S site, explains the higher binding affinity that we

observe (Figure2). The structuresofHD-PTPBro1withSARA/endo-

fin peptides therefore rationalize their higher affinities for HD-PTP

over CHMP4, their ability to compete with CHMP4 for binding to

the Bro1 domain, and their selectivity for HD-PTP versus Alix.

Mutational Analysis of the HD-PTPBro1-SARA/Endofin
Binding Interface
Based on the structural analysis we anticipated that F62, H125,

and T145 on HD-PTPBro1 would be important for the specific

binding to SARA/endofin (Figure 7C). To test their importance,

we mutated these residues to their cognate residues in Alix

(F62E, H125A, and T145K). Two further mutations, R69L and

R198M, were also assessed. R198 contributes to electrostatic

interactions at the conserved CHMP4 site. R69 lies within the
Structure 25, 1011–1024, July 5, 2017 1019



Figure 6. Analysis of the Interface of HD-

PTPBro1 with SARA and Endofin

(A) Ribbon representation of the structures of the

HD-PTPBro1-SARA (yellow) and HD-PTPBro1-en-

dofin (fuschia) complexes. The binding interface is

extensive and covers the common CHMP4 binding

site and a unique specific S site. Helices in the

binding site are labeled. Below are the sequences

of both peptides used in the crystallization where

residues visible in the structures are underlined,

residues that form interactions at the common site

are in green, and those that bind to the S site are in

magenta.

(B) Detail of the HD-PTPBro1-SARA/endofin inter-

face at the common site, showing the interaction of

the conserved L12, L16, and F19 residues from

SARA/endofin (color labels on black background)

with the critical L202/I206 (Doyotte et al., 2008) and

L189 residues from HD-PTPBro1 (black labels).

(C) Surface representation of HD-PTPBro1-SARA

structure with the SARA/endofin peptides super-

imposed. Labeled in black are the HD-PTPBro1

residues involved in interactions with the peptides

at the C-terminal region (left side) and the common

site (right side) of the Bro1 domain, labeled in

black. The two conserved Phe residues in SARA/

endofin are labeled according to the color code of

each peptide.

(D) Detail into the S site showing all residues

involved in interactions. Color scheme as in (B).

(E) Detail of the electrostatic interactions between

basic residues in HD-PTP and the acidic residues

in SARA/endofin. Color scheme as in (B).
S site and although it does not show any obvious interactions, its

proximity to the acidic E2/D2 in SARA/endofin might contribute

to binding. We then assessed endofin binding to all these

mutants in cell-based assays, alongside L202D as a control.

Lysates from cells expressing HA-HD-PTPBro1-CC (wild-type

and mutants) were immunoprecipitated with anti-HA beads

and immunoblotted for endogenous full-length endofin (Fig-

ure 7D). Binding was also tested in vitro by co-translating endo-

fin(1–84) and His6HD-PTPBro1-CC, then immunoprecipitating with

anti-His (Figure S3). In both instances, binding to endofin was

virtually abolished by T145K and L202D mutations, and was

also substantially reduced by H125A and F62E. The R69L and

R198M mutations also slightly reduced binding to endofin

(Figures 7D and S3). Binding of full-length CHMP4B to HD-

PTPBro1-CC was unaffected by the T145K mutation (Figure 7E),

confirming that access to the S site is not required for CHMP4

binding but is critical for interaction with endofin and presumably

SARA as well.

In summary, our structural analysis of the five HD-PTPBro1

complexes with peptides provides a molecular basis to explain

the high affinity of SARA/endofin for HD-PTPBro1 compared with

CHMP4, as well as the selectivity of SARA/endofin for HD-PTP
1020 Structure 25, 1011–1024, July 5, 2017
over other Bro1 proteins, such as Alix.

Furthermore we show that, unlike the S

site, the CHMP4 binding site is not readily

available in the apo-HD-PTP structure,

requiring conformational rearrangements.
Altogether, these findings support a competition-based mecha-

nism for controlling access of ESCRT-III to the HD-PTP Bro1

domain.

DISCUSSION

The decision of whether activated receptors are recycled from

the early endosome, retained, or degraded via the MVB pathway

is vital for determining cellular signaling responses. Furthermore,

this switch is decisive in integrating signaling between multiple

receptor systems that converge at the endosome, such as mito-

genic signaling, integrins, and TGFb/BMP signaling (von Zastrow

and Sorkin, 2007). A central question therefore is how the mem-

brane-remodeling, pro-degradative function of ESCRT-III is

controlled at the early endosome in response to different stimuli

to determine receptor fate. In this study we identify novel interac-

tions of SARA and endofin, endocytic regulators of TGFb/BMP

signaling, to HD-PTP, and show that they compete with the

ESCRT-III subunit CHMP4 for binding to the HD-PTP Bro1

domain.

The ability of these endosomal proteins to influence HD-

PTP engagement with ESCRT-III identifies HD-PTP as a key



Figure 7. Mapping the Interface at the S Site

(A) Detail at the S site of HD-PTPBro1-endofin complex showing the position of T145, a key residue at the binding interface. The cognate residues on the related

Bro1 proteins (K151 in Alix in cyan; R145 in Brox in green) are larger and clearly would clash with the endofin peptide, explaining the binding selectivity observed.

(B) Detail of the HD-PTPBro1-endofin binding interface showing the position of the residues used in the mutagenesis evaluation, labeled black.

(C) Biosensor binding studies confirmed the importance of the conserved MXXYF region at the N terminus of the SARA and endofin peptides. An endofin peptide

lacking these residues shows poor binding to HD-PTPBro1 and HD-PTPBro1-CC as shown in contrast to the wild-type endofin peptide.

(D) HA-HD-PTPBro1-CC or the indicated mutants were expressed in cells and anti-HA immunoprecipitates were probed with anti-endofin antibody. Left panel

shows an example experiment, representative of three independent experiments. Inputs are shown in the bottompanel and anti-HA Immunoprecipitations (IP) are

shown above. The asterisk denotes a likely endofin cleavage product lacking the N terminus, or cross-reacting species recognized by the endofin antibody. The

species is present in cell lysates but not in anti-HA IPs. Right panel shows quantitation from four independent experiments (mean ± SD). Statistical analysis was

performed using the unpaired t test with Welch’s correction: ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05; ns, not significant.

(E) Co-immunoprecipitation of bacterially expressed GST, or GST-CHMP4B combined with His-HD-PTP, shows that binding to GST-CHMP4B is not affected by

mutation of T145 to K in His6-HD-PTPBro1-CC. Representative of three independent experiments.
modulator of the MVB sorting switch, consistent with its tumor-

suppressor function (Manteghi et al., 2016). Understanding at

the molecular level how HD-PTP interacts with each endosomal

effector is critical for elucidating how the switch works. To this

end, we have determined high-resolution crystal structures of

HD-PTPBro1 in complex with relevant binding peptides from

SARA and endofin as well as each of the three CHMP4 isoforms

A, B, and C. Crystallographic analysis combined with mutagen-
esis and binding studies provide a molecular basis for the high

affinity and selectivity of SARA/endofin for HD-PTP.

The structures of HD-PTPBro1 in complex with the respective

peptides from these five effectors reveal a common binding

site at the concave hydrophobic surface of the Bro1 domain.

This common site is conserved in other Bro1 proteins and con-

tains the critical L202 and I206 residues, previously identified

as essential for HD-PTP function (Ali et al., 2013; Doyotte et al.,
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Figure 8. Model of Endocytic Regulation of TGFb/BMP Signaling

Activation of TGFb family receptors by ligand binding (i) leads to formation of

receptor oligomers, receptor phosphorylation, and internalization (ii). As the

activated receptor complexes are targeted to the endosome they recruit

SARA/endofin (iii), which bind the HD-PTP Bro1 domain to prevent receptors

engaging the ESCRT pathway. SARA/endofin recruit R-Smads to the receptor

complex (iv), leading to R-Smad phosphorylation and subsequent binding to

the co-Smad, Smad4, allowing transcriptional regulation. Dephosphorylated

receptors either fail to engage with or are released from SARA/endofin,

allowing HD-PTP to then recruit CHMP4/ESCRT-III (v) to target receptors to

ILVs (vi) and ultimately toward lysosomal degradation. Interaction between

HD-PTP and ESCRT-0 may provide an intermediate step prior to CHMP4

recruitment, and it is likely that receptor ubiquitination promotes its engage-

ment with ESCRTs. These details are not shown.
2008;McCullough et al., 2008;Mu et al., 2012). However, the two

hydrophobic pockets, critical for binding of the CHMP4 pep-

tides, are occluded in the apo-HD-PTPBro1 structure, requiring

several side-chain conformational changes to accommodate

the peptides. This may contribute to maintaining HD-PTP in an

inactive status by minimizing interactions between cytosolic

pools of CHMP4 and HD-PTP. In contrast, these pockets are

fully open in the apo structures of Alix and Brox (McCullough

et al., 2008; Mu et al., 2012).

Similar conformational rearrangements are observed in the

complex of HD-PTP with a STAM2 peptide (Lee et al., 2016),

which also shows higher binding affinity than CHMP4. Is it

therefore feasible that binding of STAM2 may serve as a primer

for the subsequent binding of HD-PTP to ESCRT-III/CHMP4,
1022 Structure 25, 1011–1024, July 5, 2017
by opening the hydrophobic site and thus facilitating exchange

with the lower-affinity binder, CHMP4. Such a scenario would

contribute to the sequential interaction of HD-PTP with ESCRTs,

as cargo is first sorted by ESCRT-0 and ultimately incorporated

into the developing ILV by ESCRT-III (Ali et al., 2013).

A major finding from the structural analysis is that the endofin

and SARA binding site expands from the common site to a

neighboring specific pocket (S site), not occupied by the

CHMP4 peptides and fully accessible in the apo-HD-PTPBro1

structure. The extended interface and the availability of the

S site explain why these peptides bind to HD-PTP with at least

30-fold higher affinity than CHMP4 peptides, and effectively

compete with CHMP4 for binding. Key HD-PTP residues (F62,

H125, and T145) involved in SARA/endofin interactions at the

S site are not conserved in Alix or Brox, thus explaining the

observed selectivity. Interestingly, T145, which sits at the edge

of the S site, is also important for STAM2 binding to HD-PTP

(Lee et al., 2016) but is irrelevant for CHMP4B interaction (this

study and Lee et al., 2016). In contrast, L202, which is located

at the center of the hydrophobic binding site, is essential for

binding to CHMP4 as well as to SARA/endofin.

These results suggest that specific interactions at the S site

confer higher affinity, providing a competitive binding advantage

over ESCRT-III. This, together with the structural rearrange-

ments required for CHMP4 to occupy the common site, would

effectively prevent endosome-associated HD-PTP engaging

CHMP4 in a constitutive manner, i.e., before cargo is committed

to ILV entry down the degradative route. Hence, under appro-

priate environmental conditions, TGFb/BMP signaling may take

precedent, with SARA/endofin hijacking HD-PTP at the endo-

some and blocking the MVB pathway to delay degradation

of TGFb/BMP receptors. When the environment favors TGFb/

BMP receptor degradation, STAM2 may be suited to occupy

an intermediate step, helping the disengagement of SARA/endo-

fin and leading to the recruitment of CHMP4 polymers to HD-

PTP (Ali et al., 2013). The precise order of these binding reac-

tions, and the environmental conditions at the endosome under

which each binding partner is favored, await detailed further

investigation.

Weproposeamodel for howHD-PTPmight control TGFb/BMP

signaling by integrating it with receptor trafficking (Figure 8). The

specificbindingmodeof endofinandSARA toHD-PTP toprevent

recruitment of CHMP4 is central to this mechanism. Specifically,

SARA/endofin binding to HD-PTPmay delay ESCRT recruitment

and the subsequent MVB sorting and degradation of internalized

TGFb/BMP receptors. This would allow longer residency of the

activated receptors at the endosome in order to phosphorylate

Smad proteins and trigger downstream signaling to the nucleus.

Of particular significance, by binding to HD-PTP via their N

termini, endofin and SARA will remain fully functional as Smad

signaling scaffolds. Presumably, release of activated Smads

may then induce disengagement of SARA/endofin from HD-

PTP, and allow its subsequent recruitment of ESCRTs and incor-

poration of TGFb receptors into the MVB pathway for degrada-

tion. Future experiments will test this hypothesis.

In summary, understanding at the molecular level the interac-

tions of this important endosomal regulator, HD-PTP, with its

effectors opens new avenues to investigate its role in controlling

endocytic signaling pathways.
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Further information and requests for reagents should be directed to corresponding authors Philip Woodman (philip.woodman@
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METHOD DETAILS

Expression Constructs for Heterologous Expression
HD-PTPBro1 (1-361) was cloned in a pNIC28-Bsa4 vector (Gift fromOpher Gileadi (Addgene # 26103)) in its Ligase Independent Clon-

ing (LIC) site after generating sticky ends with T4 DNA Polymerase (NEB). HD-PTPBro1-CC (1-714) and AlixBro1 (1-359) were cloned in a

pET28a vector between the Nde1 and Xho1 cleavage sites. CHMP4B (1-224) and CHMP4B DCt6 (1-118) were cloned in a pGEX-4T1

vector between the EcoRI and XhoI sites. Point mutations were introduced by quick-change primers using Phusion DNA polymerase

enzyme (NEB). HA-tagged HD-PTP (wt and L202D, I206D mutants) have been described previously (Doyotte et al., 2008). For the

yeast two-hybrid screening, HD-PTPFL was cloned into pGBT9, HD-PTPBro1-CC and AlixBro1-V cloned into pGBKT7, and CHMP4B

cloned into in pACT2.2 as described (Stefani et al., 2011). Human endofin and human SARA were cloned into pGADT7 using the

In-Fusion cloning system (Clontech). Endofin and SARA with C-terminal myc tags (endofin-myc, SARA-myc) were generated by
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subcloning into pcDNA5 (Invitrogen). FL endofin-Strep-tag and endofin(1-84)-Strep-tag were generated by subcloning into pTriEx-5

(Novagen) modified to generate C-terminal Strep-tags. The sequences of all constructs were confirmed by DNA sequencing.

HD-PTPBro1, HD-PTPBro1-CC and AlixBro1 constructs were transformed in E.coli BL21 (DE3) cells and GST-CHMP4B and GST-

CHMP4BDCT in C41 (DE3) cells. Cells containing plasmids were grown in LB media in the presence of either 50 mg/ml Kanamycin

(HD-PTPBro1, HD-PTPBro1-CC and AlixBro1) or 100 mg/ml Ampicillin (GST-CHMP4B and GST-CHMP4BDCT) up to an O.D600 of 0.6-0.8

at 37�C. Over-expression of proteins was induced overnight at 20�C with 0.1 mM IPTG.

Protein Purification
HD-PTPBro1, HD-PTPBro1-CC and AlixBro1 were expressed as N-terminal His6-tagged proteins. Bacterial cell pellets were re-sus-

pended in lysis buffer containing 20 mM HEPES pH 7.4, 0.5 M NaCl, 0.1% Triton-X 100, 2 mM PMSF, 10 mM Imidazole and cells

were disrupted by sonication. The lysate was cleared by centrifugation at 12,400 g for 1h. His-tagged proteins and then purified using

Nickel-beads (Qiagen) pre-equilibrated in 20 mM HEPES pH 7.4, 0.5 M NaCl, 10 mM Imidazole. Proteins were eluted with 20 mM

HEPES pH 7.4, 0.5 MNaCl, 250mM Imidazole. All the protein-containing fractions were buffer exchanged with 10-kDa Vivaspin con-

centrators (Sartorius) and further purified using a MonoQ column (GE Healthcare) pre-equilibrated in 20 mM Tris-Cl pH 8.0 2 mM

EDTA, 2 mM DTT and eluted with a linear gradient of NaCl. Final purification was performed using gel-filtration on a Superdex

200 column (GE Healthcare) in 20 mM HEPES pH 8.0, 150 mM NaCl. For GST-CHMP4B and GST-CHMP4BDCT, cells were re-sus-

pended in 50 mM Tris-Cl pH 8.0, 0.25MNaCl, 2mMDTT, 0.1% Triton-X-100, 2 mMPMSF lysis buffer. Cells were lyzed by sonication

and the supernatant was cleared by centrifugation at 12,400 g for 1h. Supernatant was loaded on a 5 ml GSTrap HP column (GE

Healthcare) pre-equilibrated in binding buffer (50 mM Tris-Cl pH 8.0, 0.25 M NaCl, 2 mM DTT) and eluted with binding buffer con-

taining 20 mM reduced glutathione. Fractions containing GST-CHMP4B and GST-CHMP4BDCT were pooled, concentrated and

buffer exchanged in 50 mM Tris-Cl pH 8.0, 0.25 M NaCl, 2 mM DTT.

Biosensor Binding Studies
Biosensor based binding experiments were performed using a ProteOn XPR36 surface Plasmon resonance instrument (Bio-Rad

Laboratories). The ProteOn XPR36 is multiplex system that can be used to provide simultaneous flow of up to six analyte channels

(A1-A6) over up to six ligand channels (L1-L6). The running buffer used was 10 mM HEPES pH 7.4, 150 mM NaCl, 0.05% Tween 20.

Immobilization of His6-tagged HD-PTP and a negative control protein, His6-tagged MptpB, was performed on a HTE chip (Bio-Rad

Laboratories) in the vertical orientation. Proteins were diluted in running buffer to a final concentration of 50-100 mg/ml and 150 ml was

injected at a flow rate of 30 ml/min The immobilization level of proteins was typically 5000-8000 response unit (RU). All experiments

were performed at 25�C. Synthetic peptides spanning the binding regions of CHMP4 A, B and C, and SARA and endofin, were ob-

tained from Generon Ltd, UK. For equilibrium binding measurements these peptides were used as analytes. Peptide stocks were

prepared in running buffer just prior the binding experiments. Peptides were injected (50 ml at 100 ml/min) in the horizontal orientation

using five serially diluted peptide concentrations (channels A1-A5) alongside a buffer control (channel A6). Peptide concentrations

were chosen to give a suitable spread of responses below and above half-maximal binding.

Crystallization
For crystallization, the N-terminal His6-tag was cleaved from HD-PTPBro1 (1-361) with TEV protease, incubating overnight at 4�C fol-

lowed by Ni-affinity chromatography. The digested protein was further purified as described above with MonoQ and gel filtration and

left in the gel filtration buffer (20 mM HEPES pH 7.4, 0.15 M NaCl, 2 mM EDTA, 2 mM DTT) prior to concentration. Apo-HD-PTPBro1

crystals were obtained in 0.2M L-Na-Glutamate, 0.2 M Alanine, 0.2 MGlycine, 0.2 M Lysine HCl, 0.2 M Serine, 0.1 M Imidazole; MES

monohydrate at pH 6.5 and 30% Ethylene glycol/PEG8K. For the co-crystallization experiments HD-PTPBro1 (1.5 mg/ml) was mixed

with the CHMP4 and SARA/endofin peptides to a 1 mM final concentration of each peptide and incubated overnight at 4�C. The pro-

tein-peptide mixture was concentrated up to 11 mg/ml (HD-PTPBro1 concentration) and used for the crystallization screenings. The

best diffracting crystals of HD-PTPBro1 with CHMP4A were obtained in 0.1 M Tris pH 7.8, 5% g-PGA-LM (poly-g-glutamic acid low

molecular weight polymer), 20% PEG3350. HD-PTPBro1 co-crystals with CHMP4B were obtained in 0.2 M CaCl2, 0.1 MMES pH 6.0,

20% PEG 6K, and HD-PTPBro1 co-crystals with CHMP4C were obtained in 0.2 M Potassium thiocyanate, 0.1 M Bis-Tris propane

pH 6.5, 20% PEG 3350. Co-crystals of HD-PTPBro1 with endofin and SARA were grown in 0.2 M ammonium tartrate dibasic, 20%

PEG3350 and 0.1 M MMT buffer pH 9.0, 25% PEG1500 respectively. All crystals appeared overnight at 21�C.

Data Collection and Structure Determination
Crystals were cryo-protected in mother liquor supplemented with 10-15% PEG200 and flash frozen in liquid nitrogen. All data were

collected at Diamond beam-lines (i02, i03, i04 & i24) at 100K. Data were indexed and integrated in XDS (Kabsch, 2010) and the struc-

tures were solved by Molecular Replacement as implemented in PHENIX Phaser-MR (Adams et al., 2010) using the HD-PTP Bro1

domain (3RAU.pdb) as the search model. Following Molecular Replacement the initial structures were automatically built using

PHENIX Autobuild and completed through an iterative cycle of manual building and refinement in Coot (Emsley et al., 2010) and

Phenix.refine (Adams et al., 2010). Validation of the structures with both Molprobity (Chen et al., 2010) and PDB_REDO (Joosten

et al., 2012) was integrated into the iterative rebuild and refinement process. Final statistics of the six refined structures are presented

in Table 1. All the molecular structure images were prepared using the PyMOL (Schrödinger, LLC).
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Antibodies
The following commercial antibodies were used: Mouse: anti-EEA1 (BD Biosciences Cat. No. 610457); anti-HA (for immunoblotting)

(Santa Cruz Cat. No Sc-7392); anti-myc 9B11 clone (Cell Signalling Technology Cat. No. 2276); anti-His (Sigma Clone His-1; Cat. No.

H1029). Rat: anti-HA (for IF) (Roche; clone 3F10). Rabbit: anti-HD-PTP (Proteintech Cat. No.102472-1-AP), anti-endofin (Proteintech

Cat. No. 13118-2-AP), anti-SARA (Proteintech Cat. No. 22033-1-AP). The anti-endofin and anti-SARA antibodies were verified by

siRNA (Figure S1A) using OnTargetPlus siRNA Smartpool reagents (Dharmacon) for endofin (LQ-020254-01-0005) and SARA (LQ-

011939-00-0005), vs a Dharmacon control siRNA. Fluorescent secondary antibodies for IF or for immunoblotting were from Jackson

ImmunoResearch Laboratories (PA,USA). Rat-Mouse double labeling IF experiments usedCy3AffiniPureDonkey Anti-Rat IgG (H+L),

immunoadsorbed to prevent cross-reactivity towards mouse IgG (Catalogue 712-165-153), and Alexa488 AffiniPure Donkey

Anti-Mouse IgG (H+L), immunoadsorbed to prevent cross-reactivity towards rat IgG (catalogue 715-545-150) (Jackson

ImmunoResearch laboratories).

Yeast Two Hybrid Analysis
Yeast two-hybrid screening was performed by Hybrigenics, S.A., Paris, France (http://www.hybrigenics-services.com). The coding

sequence for amino acids 1-714 of the human HD-PTP/PTPN23 protein (GenBank accession number gi: 110681717) was PCR-

amplified and cloned into pB27 as a C-terminal fusion to LexA (N-LexA-HD-PTP-C). The construct was checked by sequencing

and used as a bait to screen a random-primed human placenta cDNA library constructed into pP6 as previously described (Stefani

et al., 2011). See also Table S1. His+ colonies were selected on a medium lacking tryptophan, leucine and histidine. The prey frag-

ments of the positive clones were amplified by PCR and sequenced at their 5’ and 3’ junctions. Interactions were further tested by

directed yeast two-hybrid, using the Clontech ‘‘Matchmaker Gold’’ system (Clontech) as described previously (Stefani et al., 2011).

The following modifications were made to allow yeast growth and expression of all constructs, including full length HD-PTP and

CHMP4B, which grew slowly under standard conditions. Transformants into the Y2H Gold strain of yeast were grown on DDO plates

(deficient in tryptophan and leucine to select for transformants) with 0.4%D+ Glucose and 1%D+Galactose. Transformant colonies

were inoculated into 2.5 ml liquid DDO media in triplicate (per condition) in 2% D+ Glucose and grown for 24-48 hours. A 10ml inoc-

ulating loop was used to transfer some of each liquid culture to a square on parallel DDO (to select for transformants) and QDO (addi-

tionally deficient in histidine and adenine to select for interactions) plates, with 0.4%D+Glucose and 1%D+Galactose. Figures show

QDO plates only. Colonies grew on parallel DDO plates for all combinations displayed, confirming the expression of both constructs

in all experiments. At least 3 independent replicates were performed for each experiment, with each replicate containing 3 technical

repeats.

Cell Culture, Transfections and Microscopy
Cells were cultured in DMEM containing 10% FBS, non-essential amino acids and 1% Penicillin-Streptomycin. HeLaM cells were

used for fluorescence studies, and HEK293 cells used for most biochemical studies. Transfections were performed using pEIMAX

(Polysciences, Warrington, PA). For the HD-PTP-myc/endofin-Strep IP in Figure S1B, HeLa cells stably expressing HD-PTP-myc

were induced with doxycyclin as described (Ali et al., 2013). siRNA transfections were performed with siRNA Smartpool reagents

to endofin and SARA, or control siRNA, using INTERFERin (Polyplus Transfection). Cells were transfected for 20 nM siRNA over

72 hr. For immunofluorescence experiments, cells were fixed in 3% formaldehyde and quenched with glycine, then permeabilized

for 3 min in PBS containing 0.1% Triton X-100. Fluorescence was imaged on an Olympus BX60 upright microscope fitted with a

60 x 1.4 NA Plan Apo objective and CoolSnap ES camera, and 12-bit images captured using MetaVue software. All images were

opened as 16-bit grey-scale images and scaled using linear transformations in ImageJ, then converted to 24-bit RGB files in

PhotoShop CS. At least 3 independent replicates were performed for each experiment unless otherwise stated. For scoring, 3

random images were selected from each sample and 15-20 cells in total from each experiment scored for the presence of

HA-HD-PTP in clusters that also labelled for endofin-myc or SARA-myc. Note that in some cells expressing low levels of HA-HD-

PTP alone, faint HA-HD-PTP staining could be detected on membrane structures, though these were not clustered. However, cyto-

plasmic staining of HD-PTP dominated in most cells.

Immunoprecipitations from Cell Lysates
For native immunoprecipitations, cells were lyzed in immunoprecipitation buffer (IP1 buffer: 25 mM Tris-HCl pH 7.5, 40 mM NaCl,

0.5% IGEPAL) and supplemented with protease inhibitor cocktail (PIC III, Sigma). Lysates were centrifuged at 14,000 rpm for 15

min at 4�C and the supernatants incubated with the indicated antibodies at 4�C. Following overnight incubation, immune complexes

were captured by incubating with anti-HA-sepharose (Sigma), pre-blocked with 50 mg/ml BSA in IP1 buffer, or control beads. Alter-

natively, IP samples were precipitated using protein A-sepharose (Invitrogen), pre-blocked as above, with non-immune IgG used as

control. The beads were then washed four times in IP1 buffer and protein complexes were eluted with SDS PAGE buffer. All control

IPs were performed using non-immune sera or IgGs. Immunoblotting was performed using PVDF membrane (Millipore). Blots were

imaged using a Odyssey Sa imager and quantified using Image Studio (LI-COR Biosciences). At least 3 independent replicates were

performed for each experiment.
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In Vitro Translation and Binding Assays
Endofin(1-84) constructs encoded on a pTriex5 vector modified to generate a C-terminal Strep-tag were amplified using Pwo Poly-

merase (Roche). RNA was synthesized from the PCR product using T7 RNA polymerase (Promega) and protein was translated in

nuclease treated rabbit reticulocyte lysate (Promega) containing 35S-methionine (Perkin Elmer), and 100 units of RNasin (Promega)

for 1h at 30�C. Samples were incubated at 30�C with 1 mM puromycin for a further 10 min. For binding experiments, 20 ml translated

protein was incubated with 5 mg His6-HD-PTPBro1-CC in 250 ml IP2 buffer (20mM Hepes, pH7.4, 100mM NaCl, 1mMMgCl2, 1% (w/v)

Triton X-100) for 2h at 4�C, then overnight with 3 ml anti-His antibody. Samples were incubated with 20ml protein A-sepharose beads

(Invitrogen) for 2h at 4�C, then washed 3 x in IP2 buffer. Following SDS-PAGE gels were dried and visualized using phosphorimaging

and quantified using AIDA (Raytest). For CHMP4B binding experiments, full length or truncated GST-CHMP4B (50 mg/ml) and His6-

HD-PTPBro1-CC (5 mg) were incubated in 200 ml IP2 buffer containing 250mMNaCl for 2h at 4�Cprior to immunoprecipitation with anti-

His. For competition experiments endofin 22-mer peptide was added at a final concentration of 20 mM. At least 3 independent

replicates were performed for all experiments.

QUANTIFICATION AND STATISTICAL ANALYSIS

Biosensor Binding Studies
All the binding sensograms were collected, processed and analyzed using the integrated ProteOn Manager software (Bio-Rad Lab-

oratories), using the equilibrium bindingmode: Response = [A] * Rmax/([A] + KD), where [A] is the analyte concentration and Rmax is the

maximum response. At least 3 independent replicates were performed for each experiment. Values in the text and figure legends

indicate mean +/- SD (standard deviation).

Immunoprecipitations and Binding Assays
Quantitation was performed from at least three independent experiments. Values shown in text and figure legends are mean +/- SD

(standard deviation) with n shown for each experiment. Statistics for immunoprecipitations were performed in Prism7 (GraphPad)

using the unpaired t-test with Welch’s correction: ***: p<0.001; **: p<0.01; *: p<0.05.

DATA AND SOFTWARE AVAILABILITY

Accession Numbers
The atomic coordinates for the structures presented in this study have been deposited in the Protein Data Bank under ID codes:

5MK0, 5MK1, 5MK2, 5MK3, 5MJY and 5MJZ.
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Figure S1 (related to Figure 1 and Figure 2) 

 

(A) HeLaM cells were transfected with siRNAs against endofin, SARA, or with 

a control siRNA and extracts were immunoblotted for endofin or SARA, with 

tubulin as a loading control. Note that endofin oligo 10 was mildly toxic 

(asterisks). (B) Left panel: HD-PTP-myc Flip-In HeLa cells were transiently 



transfected with endofin-Strep-tag and induced with doxycycline (DOX). 

Control IgG or anti-myc IPs were blotted as indicated. Right panel: HEK293 

cells co-expressing HA-HD-PTP and SARA-myc were subjected to control or 

anti-HA IPs and immunoblotted as indicated. (C) Cells were transfected with 

empty vector and HA-HD-PTP (left panels), or with endofin-myc and HA-HD-

PTP (right panels), and stained with anti-myc (blue) and anti-HA (green), as 

well as with anti-EEA1 (red) to label early endosomes. Bars = 10 µm. Boxed 

regions are magnified x 3 and displayed below. Arrowheads indicate 

examples of co-localisation between HA-HD-PTP and endofin-myc occurring 

on early endosomes. (D) Cells were transfected with HA-HD-PTP and WT 

endofin-myc or endofin-mycL15P. Colocalisation was scored in 3 independent 

experiments. Values are means +/- SD. 

 

Figure S2 (related to figure 4) 

 

Electron density maps for the peptides in each structure presented in the 

study. Each of the five peptides (SARA - yellow, endofin - purple, CHMP4A - 

orange, CHMP4B - green & CHMP4C - blue) is shown in stick representation 

along with a surface rendering of their respective HD-PTP domains (grey). Fo-

Fc omit electron density (cyan) contoured at 2 sigma is shown for each 



peptide. Figure generated in CCP4MG v2.10.4 (McNicholas et al., 2011). 

 

Figure S3 (related to Figure 7) 

 

Top: wild type (WT) HA-HD-PTPBro1-CC or the indicated mutants were co-

translated with endofin1-84-myc in reticulocyte lysates. Translation products 

(input) are displayed in the lower panels. Samples were immunoprecipitated 

with anti-HA beads and examined by phosphorimaging to identify HA-HD-

PTPBro1-CC and co-immunoprecipitated endofin1-84-myc (upper panels). 

Bottom: data from 3 independent experiments +/- SD. Note that data for the 

L202D mutant were not included in the quantitation because this mutant 



translated poorly compared to the other constructs. Mutation of HA-HD-

PTPBro1-CC residues F62, H125 and T145 at the S-site and of L202 at the 

common site impair binding of the endofin 1-84 fragment. Mutation of R69 or 

R198 had a milder effect with R69 not significantly different from WT. 

Statistics were performed using the unpaired t-test with Welch’s correction: 

***: p<0.001; **: p<0.01; *: p<0.05.  

 

  



Table S1. HD-PTP interactors revealed in a Y2H screen (related to  STAR 

Methods section). 

HD-PTPBro1-CC was used as bait to screen a placental cDNA library for 

interactors. The following ESCRT and endocytic proteins were identified 

(number of clones shown in brackets). Binding to UBAP1 and STAM2 have 

already been reported (Stefani et al., 2011, Ali et al., 2013 ).  

ESCRTs/ESCRT-related Endosomal 
CHMP4B (1) 

CHMP5 (1) 

STAM2 (5) 

UBAP1 (5) 

SPG20 (3) 

Endofin (5) 

SARA (4) 

Rabep1 (7) 
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