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Structural Basis for Endosomal Targeting
by the Bro1 Domain

Jaewon Kim,1 Sujatha Sitaraman,2 Aitor Hierro,1 drolases, antigen presentation, and budding of the en-
veloped viruses HIV and EIAV (Goila-Gaur et al., 2003;Bridgette M. Beach,1 Greg Odorizzi,2

Martin-Serrano et al., 2003; Strack et al., 2003; vonand James H. Hurley1,*
Schwedler et al., 2003; Goff et al., 2003). Monoubiquiti-1Laboratory of Molecular Biology
nation is a major signal for cargo entry into lumenalNational Institute of Diabetes and Digestive
MVB vesicles, and many of the cargo proteins are soand Kidney Diseases
modified (Hicke, 2001; Katzmann et al., 2002).National Institutes of Health

The sorting of cargo and budding of vesicles into theU.S. Department of Health and Human Services
lumen of the MVB depends on a network of approxi-Bethesda, Maryland 20892
mately 18 proteins in yeast (Babst, 2005; Bowers et al.,2Department of Molecular, Cellular,
2004) This network is expanded to roughly 26 proteinsand Developmental Biology
in humans (Strack et al., 2003; von Schwedler et al.,University of Colorado
2003). In yeast, 12 of these proteins are organized intoBoulder, Colorado 80309
four large heterooligomeric complexes: the Vps27/
Hse1 complex (Hrs/STAM in humans) (Bilodeau et al.,
2002; Bilodeau et al., 2003; Raiborg et al., 2002; Katz-Summary
mann et al., 2003) and the endosomal sorting complex
required for transport complexes, ESCRT-I, II, and IIIProteins delivered to the lysosome or the yeast vacu-
(Babst et al., 2002a; Babst et al., 2002b; Katzmann etole via late endosomes are sorted by the ESCRT com-
al., 2001). Several other monomeric or homooligomericplexes and by associated proteins, including Alix and
proteins are also required, including the AAA ATPaseits yeast homolog Bro1. Alix, Bro1, and several other
Vps4 (Babst et al., 1997; Babst et al., 1998), the de-late endosomal proteins share a conserved 160 resi-
ubiquitinating enzyme Doa4 (Amerik et al., 2000), anddue Bro1 domain whose boundaries, structure, and
the protein known as Alix in human and Bro1 in yeastfunction have not been characterized. The crystal
(Nikko et al., 2003; Odorizzi et al., 2003; Strack et al.,structure of the Bro1 domain of Bro1 reveals a folded
2003; von Schwedler et al., 2003). In a working model,core of 367 residues. The extended Bro1 domain is
the sorting of cargoes into MVB vesicles is initiated bynecessary and sufficient for binding to the ESCRT-III
Hrs, which is recruited to phosphatidylinositol 3-phos-subunit Snf7 and for the recruitment of Bro1 to late
phate-bearing endosomes via its FYVE domain (Rai-endosomes. The structure resembles a boomerang
borg et al., 2001). The Hrs/STAM and ESCRT-I and IIwith its concave face filled in and contains a triple
complexes are assembled in the cytosol and translo-tetratricopeptide repeat domain as a substructure. Snf7
cate to endosomes in the presence of appropriate re-binds to a conserved hydrophobic patch on Bro1 that
cruitment signals (Babst et al., 2002b; Bache et al.,is required for protein complex formation and for the
2003; Katzmann et al., 2001). Monoubiquitinated cargoprotein-sorting function of Bro1. These results define
is recruited by Hrs via its UIM motif (Shih et al., 2002;a conserved mechanism whereby Bro1 domain-con-
Swanson et al., 2003) and handed off to ESCRT-I, whichtaining proteins are targeted to endosomes by Snf7
binds monoubiquitin via the UEV domain of the Tsg101and its orthologs.
(Vps23 in yeast) subunit (Katzmann et al., 2001; Sund-
quist et al., 2004; Teo et al., 2004). There is secondIntroduction hand-off to ESCRT-II. The yeast ESCRT-II Vps36 subunit
contains a monoubiquitin binding NZF domain (Alam et

Eukaryotic cells are defined by the presence of a com- al., 2004), while its mammalian counterpart contains a
plex set of organelles linked by vesicular trafficking ubiquitin binding GLUE domain (Slagsvold et al., 2005).
pathways that sort transmembrane proteins and lipids. The ESCRT-III complex assembles on membranes and
Multivesicular bodies (MVBs) are late endosomes that is intimately associated with the nascent invaginating
contain vesicles within their lumen that are formed by vesicle (Babst et al., 2002a). ESCRT-III is involved in
invagination of the limiting membrane (Gruenberg and recruiting Bro1 (Bowers et al., 2004; Odorizzi et al.,
Stenmark, 2004; Pelham, 2002; Piper and Luzio, 2001). 2003; Peck et al., 2004; von Schwedler et al., 2003) as
The lumenal vesicles within MVBs are typically destined well as Vps4, which catalyzes the disassembly of
for delivery into the lysosome in metazoans and into ESCRT complexes from endosomal membranes (Babst
the vacuole in yeast but may also be targeted for extra- et al., 1998).
cellular release. MVBs are critical loci for sorting in nor- The mammalian Bro1 ortholog, Alix, was first discov-
mal and pathogenic processes from yeast to man (Con- ered as a Ca2+-dependent interactor of the apoptosis
ibear and Stevens, 1995; Lemmon and Traub, 2000). protein ALG-2 and was given the names ALG-2-
These include the downregulation of cell-surface re- interacting protein 1 (AIP1) (Vito et al., 1999) and Alix
ceptors such as growth factor receptors and yeast (Missotten et al., 1999). Here we use the term Alix be-
mating-pheromone receptors (Hicke, 2001; Katzmann cause several unrelated proteins are also referred to as
et al., 2002), delivery of lysosomal and vacuolar hy- “AIP1.” Alix contains a C-terminal Pro-rich region that

interacts with the endocytic proteins SETA (Chen et al.,
2000; Schmidt et al., 2004), endophilins (Chatellard-*Correspondence: hurley@helix.nih.gov
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Causse et al., 2002), and the ESCRT-I subunit Tsg101 loosely associated protein monomers in the asymmet-
ric unit. The limited interactions between them are con-(Strack et al., 2003; von Schwedler et al., 2003). Alix

interacts with HIV-1 and other retroviral proteins con- sistent with a crystal contact and with the observation
that this construct is a monomer in solution.taining the sequence motif YPXL (Goila-Gaur et al.,

2003; Martin-Serrano et al., 2003; Strack et al., 2003; The overall structure of the Bro1 N-terminal half re-
sembles a boomerang or banana shape with 30 × 38 ×von Schwedler et al., 2003), and its Aspergillus homo-

log PalA interacts with a YPXL/I-containing host pro- 100 Å dimensions (Figures 1B and 1C). The structure
has a total of 14 α helices and three β sheets (Figuretein, PacC (Vincent et al., 2003). Finally, Alix interacts

with the ESCRT-III subunit, CHMP4b (Katoh et al., 2003; 2A). The great bulk of the structure, from residues 17 to
321, consists of a single integrated 11-helical solenoid,Katoh et al., 2004; Strack et al., 2003; von Schwedler et

al., 2003). MVBs have been reported to be extraordinar- right-handed except for the first connection. The N-ter-
minal eight residues fill in a pocket on the convex sideily rich in the unusual phospholipid 2,2# lysobisphos-

phatidic acid (2,2# LBPA), and Alix has attracted atten- of the banana. Residues 10–14, 90–96, and 106–110 form
a 3-stranded antiparallel β sheet that packs againsttion as a possible target for this lipid (Matsuo et al.,

2004). The yeast homolog of Alix, Bro1, is involved in the N-terminal half of the helical solenoid. The concave
face of the boomerang is filled in by the C-terminal resi-deubiquitination of the general amino acid permease

Gap1 (Nikko et al., 2003) and is required for trafficking dues 322–367. Residues 322–344 form an almost com-
pletely extended loop that spans w50 Å. The last or-of carboxypeptidase S via the MVB pathway (Odorizzi

et al., 2003). Bro1 recruits Doa4, which deubiquitinates dered residues, 345–367, form three short α helices,
α12–α14. Pro-350 forms a kink between α12 and α13,MVB cargo proteins (Luhtala and Odorizzi, 2004). Yeast

Bro1 lacks a PTAP sequence and does not interact which might otherwise form a single contiguous helix.
Helix α14 packs roughly coaxially with the helices ofstrongly with Vps23 (Bowers et al., 2004), but Bro1 does

bind to the yeast CHMP4 homolog Snf7 (Bowers et al., the solenoid, while α12 and α13 are roughly orthogonal
to the helices of the solenoid.2004; Odorizzi et al., 2003).

Alix and Bro1 have in common a conserved 160 The entire assembly is stabilized by extensive hy-
drophobic interactions and by two buried charged andamino acid motif near their N terminus that is annotated

as a “Bro1 domain” in the Pfam database (Bateman et polar clusters. The first cluster centers on the con-
served residues Arg-51, Tyr-70, Trp-94, and Glu-116,al., 2002). Pfam lists 54 proteins containing this domain

including Bro1, Alix, Rim20, Rhophilin, the protein tyro- and the second on Glu-197 and Lys-246 (Figure 2A).
The unpartnered main chain groups in the extended Nsine phosphatase HD-PTP, and Xp95, and their or-

thologs. Among these, Bro1, Alix, and Rim20 are known and C termini are stabilized by interactions with some
of the most conserved side chains in the Bro1 domain.to associate with late endosomes and with ESCRT-III.

The specific function of this highly conserved domain The conserved residues Asn-123 and Glu-187 stabilize
the extended N terminus, and Gln-186 stabilizes the ex-in Alix and Bro1 is not known. Mutation of residues

within the Bro1 region of Rim20 interferes with its re- tended C terminus. The critical roles of the N- and
C-terminal extended regions explain why small dele-cruitment to endosomes and its interactions with Snf7

(Xu et al., 2004). Here we show that the folded core of tions at either end of the domain lead to expression of
insoluble proteins. The sequences of Bro1 homologsthe conserved Bro1 domain extends over nearly 370

residues and that a part of it has limited similarity to are well-conserved throughout the 367 ordered resi-
dues in the structure. In a structural and evolutionarythe tetratricopeptide repeat (TPR) domain. We find that

the Bro1 domain is necessary and sufficient for the en- sense, the Bro1 homology domain thus extends over
367 residues, rather than 160 as assigned previouslydosomal localization of Bro1 and is responsible for its

interaction with Snf7. We go on to map the site of the (Bateman et al., 2002). Henceforth we will refer to this
367 residue unit, as opposed to the 160 residue unit,Snf7 interaction on Bro1 to a hydrophobic surface re-

gion. This region is conserved in other Bro1 domain as the Bro1 domain (Figure 2B).
proteins, suggesting that this recruitment mechanism
is a general property of Bro1 domains. Bro1 Contains a TPR Substructure

The top-scoring proteins identified by a search of the
database of known structures with VAST (Gibrat et al.,Results
1996) were all TPR domain proteins. TPR domains con-
tain 2–16 repeats of 34 amino acids (Sikorski et al.,Structure of the Bro1 Domain

Seventeen constructs from Bro1 and its homologs Alix, 1990), each corresponding to two α helices (Das et al.,
1998). The top hits, in order of Z score, were a syntheticRim20, Rhophilin, and HD-PTP were made and tested

for expression of soluble and folded proteins. A con- designed TPR protein (Main et al., 2003), the TPR do-
main of O-linked GlnNac transferase (Jinek et al., 2004),struct consisting of Bro1 residues 1–387 was soluble

and yielded diffraction-quality crystals. The structure of the TPR1 domain of Hop1 (Scheufler et al., 2000), the
peptide substrate binding domain of human type I col-Bro1 1–387 was determined by multiwavelength anom-

alous dispersion (MAD) from selenomethionyl protein at lagen prolyl 4-hydroxylase (Pekkala et al., 2004), the
third TPR domain of PEX5 (Gatto et al., 2000; Kumar et2.3 Å (Figure 1A). The protein structure was refined

against native data to a working R factor of 0.224 and al., 2001), the TPR domain of the Ser/Thr protein phos-
phatase 5 (Das et al., 1998), and the Rac binding TPRa free R factor of 0.252 at 1.95 Å (Table 1). The entire

structure could be visualized except for residues after domain of p67-Phox (Lapouge et al., 2000). A represen-
tative alignment was achieved with 68 Cα positions367, which are presumed disordered. There are two



Structure and Function of the Bro1 Domain
939

Figure 1. Overall Structure of Bro1

(A) Electron density from MAD map con-
toured at 1.0 σ.
(B and C) Two views of the overall structure.
The N-terminal region is colored cyan; the
N-terminal (non-TPR) portion of the helical
solenoid is colored green; the β sheet is col-
ored yellow; the TPR domain is colored ma-
genta; and the C-terminal region is colored
orange.

spanning Bro1 residues 123–259, which deviate by
1.9 Å rms from their counterparts in the designed TPR

Table 1. Crystallographic Data, Phasing, and Refinement Statistics protein (Main et al., 2003). Taking a consensus of vari-
ous alignments, the substructure of the Bro1 domainNative Edge Peak Remote
comprising residues 118–316 can be considered a TPRData Collection and Phasing
domain. The Bro1 TPR domain substructure contains

Wavelength 0.9999 0.9796 0.9790 0.9720 three pairs of α helices (α5 and α6; α7 and α8; and
Space group P21 P21 α9 and α10) that correspond structurally to three TPRUnit cell a 76.4 75.4

repeats. The Bro1 helices are 22–30 residues long, asb 58.3 57.7
c 120.8 115.4 compared to the 12–15 residues typical of TPR do-
β 90.79 91.176 mains.

Resolution 1.95 2.3 2.3 2.4 The TPR substructure of Bro1 contains a deep cleft
Rmerge 0.065 0.064 0.066 0.056 that corresponds roughly to the Hsp90 peptide bindingCompleteness 93.3 94.7 95.0 95.2

site in the TPR domain of Hop1 (Figures 3A and 3B;Unique reflections 73,172 44,455 44,530 39,403
Scheufler et al., 2000) and the PTS1 binding site of

Refinement
PEX5 (Gatto et al., 2000). The cleft is at the center of

Rwork 0.224 the convex bend in the middle of the boomerang. The
Rfree 0.252 floor of the pocket is formed by α7 and the walls by α5,Cross-validated 0.30

α9, and the α10-α11 linker. The pocket is filled in byLuzzati error
the eight N-terminal residues (Figure 3C). Met-1 is halfRmsd, bonds 0.006

Rmsd, angles 1.1 buried in a hydrophobic pocket made up by Leu-191,
Mean B 34.2 Phe-249, Tyr-250, and Ile-296. Pro-3 occupies a shallow
Wilson B 18.6 pocket made of Ile-136, Tyr-140, Leu-188, and Leu-191.
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Figure 2. Homology of Bro1 Domains

(A) Structural and sequence alignment of Bro1
domains. Key to symbols: red circle, TPR
pocket residue; blue circle, electropositive
region; magenta circles and squares, hy-
drophobic patch 1 and polar rim of hydro-
phobic patch 1, respectively; green circles
and squares, hydrophobic patch 2 and polar
rim of hydrophobic patch 2, respectively;
black circle, buried polar cluster residues;
black squares, buried polar residues stabiliz-
ing the N- or C-terminal regions, excluding
TPR pocket residues.
(B) Domain structures of selected Bro1 do-
main proteins.

The Tyr-4 side chain hydroxyl makes a water-mediated pocket floor; and the side chains of Gln-130, Glu-184,
and Lys-246. The details of binding in the Hop1 TPRhydrogen bond with Lys-238 and fills a hydrophobic

pocket consisting of Thr-242, Leu-292, and Phe-295. domain/Hsp90 peptide complex (Scheufler et al., 2000)
are quite different, apart from the gross similarity in theLeu-5 fills a hydrophobic pocket consisting of the ali-

phatic part of Arg-133, Ile-136, Leu-147, and Leu-188. location of the sites. The Hsp90 peptide is bound in the
opposite orientation and the main chain positions arePhe-6 stacks with the conserved Trp-239 and also con-

tacts Ile-180, Phe-217, and Val-243. Leu-8 fills a large about 5 Å apart.
In order to examine whether the association of thehydrophobic pocket made of Val-126, Phe-154, Leu-

177, and Trp-239. Main chain hydrogen bonds are N terminus with the TPR-like pocket was a dynamic
autoinhibitory mechanism or a “permanent” part of theformed between the backbone of the N terminus and

the free carbonyl group of Phe-295 in the α10-α11 folded Bro1 domain, we mutated the N terminus and
the TPR-like pocket. A Bro1 construct in which the firstlinker; waters linked to Glu-184 and Glu-187 on the
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Figure 3. The TPR Domain Substructure

(A and B) Structural overlay between Bro1
(magenta) and Hop1 (yellow), with the Hsp90
pentapeptide bound to Hop1 shown in
green.
(C) Details of interactions between the N ter-
minus of Bro1 and the TPR-like pocket.

12 residues were deleted was insoluble when ex- several other exposed hydrophobic residues, including
Ile-272, Ile-313, Val-324, Pro-325, Ala-326, and Val-327.pressed, suggesting that this region is important for

protein stability. The mutations K246A, W239A, and Surface 2 has three conserved and exposed polar resi-
dues adjacent to it: Lys-314, Asp-315, and Asp-317.K246A/W239A targeted key interactions within the

TPR-like pocket. These mutations had no effect on car- Surfaces 1 and 2 have the highest proportion of con-
served residues of any region on the protein surface. Inboxypeptidase S sorting (data not shown). These data

suggest that the TPR-like pocket is not involved in the crystal, surfaces 1 and 2 of two different Bro1 do-
mains contact one another and thereby form the majorfunctionally essential interprotein interactions but is in-

volved in stabilizing intraprotein interactions between contacts that hold the crystal lattice together. In solu-
tion, these surfaces would be exposed and availabledifferent parts of the Bro1 domain.
for protein:protein interactions.

Most of the protein surface is weakly electronegativeFunctional Interaction Surfaces
In addition to the TPR-like pocket, the structure re- or electroneutral. However, the N terminus of the helical

solenoid is highly electropositive (Figures 4D and 4E).vealed two other prominent hydrophobic surfaces as
potential interaction sites (Figures 4B and 4C). Surface Lys-19, -20, -27, -28, -42, -84, -89, and -358, Arg-36,

-80, -87, and -364, and His-76 and -111 are all in this1 is in the middle of the filled-in concave side of the
boomerang (Figures 4B and 4C). This patch includes region, with few acidic residues to neutralize them. This

feature is at the opposite tip and on the opposite sideparts of the back side of the TPR substructure and the
C-terminal loop. The exposed side chains of Ile-144, of the boomerang relative to hydrophobic surfaces 1

and 2.Ala-145, Phe-189, Leu-193, Leu-206, Leu-209, Leu-336,
Ala-338, and Ile-339 are contiguous with one another
and make up a single unbroken hydrophobic surface A Bro1-Snf7 Complex

Hexahistidine-tagged Bro1 1–387 and full-length un-(Figure 4F). The exposed side chains of Phe-128, Ile-
131, Pro-342, Ile-347, Pro-350, and Tyr-351 are nearly tagged Snf7 were coexpressed in E. coli in order to de-

termine whether they can form binary complex in vivocontiguous with the above but are separated from the
former by a single band of polar residues. Together, in a heterologous expression system. When coex-

pressed, both proteins are highly soluble, althoughthese residues form a gently concave groove some
30 Å across. Surface 1 is rimmed by several conserved more Bro1 1–387 than Snf7 is produced. Both proteins

copurify on Talon-Co2+ affinity resin (Figure 5A). Bro1and solvent-exposed polar residues: Glu-138, Lys-141,
Lys-192, Asp-196, Lys-208, and Lys-340. 1–387 and Snf7 therefore interact directly and form a

complex together. The complex migrates on an analyti-Surface 2 is centered 50 Å away from surface 1. It is
not as large as surface 1, but it is striking in that three cal gel filtration column with an apparent native molec-

ular weight of 104 kDa. This is larger than the calcu-hydrophobic side chains are hyperexposed at one tip
of the boomerang, at the C-terminal end of the TPR lated molecular weight of a 1:1 complex of 73.7 kDa.

The Bro1 domain has an apparent native molecularsubstructure. The side chains of Phe-318, Ile-319, and
Tyr-320 all project outward and are almost completely weight of 45 kDa by gel filtration, consistent with the

monomer observed in the crystal. Snf7 is predicted tosolvent exposed (Figure 4G). These residues adjoin
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Figure 4. Functional Surfaces of the Bro1
Domain

(A) Ribbon diagram of Bro1 domain shown in
the same perspective as (B)–(D) for ref-
erence.
(B) Molecular surface of the Bro1 domain
colored according to residue property:
green, hydrophobic; blue, basic; red, acidic;
white, uncharged polar.
(C) Bro1 domain surface colored according
to residue conservation as in Figure 2A.
(D) Bro1 domain surface colored according
to electrostatic potential, with blue electro-
positive and red electronegative.
(E) The same surface as in (D) is rotated by
180° about the x axis to show the opposite
side of the boomerang.
(F) Close-up of hydrophobic patch 1.
(G) Close-up of hydrophobic patch 2.

consist largely of coiled coils and is therefore likely to In order to locate the site of interaction on the surface
be elongated. Due to aggregation of isolated Snf7, we of Bro1, residues in the two hydrophobic surface
were unable to determine the native MW of Snf7 alone. patches were mutated and the effects on complex for-
The elevated apparent MW could be consistent with mation with Snf7 were tested when the mutant Bro1
a 1:1 complex of the two components, given a highly constructs were coexpressed with Snf7 in E. coli. Ile-
elongated Snf7, although it could also be consistent 144, Phe-189, Leu-209, and Leu-336 of patch 1 and
with a 1 Bro1:2 Snf7 complex. Asp-315, Asn-316, Phe-318, and Ile-319 of patch 2 were

The interaction between Bro1 1–387 and Snf7 was tested alone or in combination. I144D and L336D
also observed when recombinant forms of each protein blocked the formation of the complex with Snf7 (Figure
were individually expressed in E. coli and purified from 5A). These mutants had no effect on the overall levels
bacterial lysates. After being mixed with hexahistidine- of soluble Bro1 1–387 produced, so we conclude that
tagged Snf7, GST-tagged Bro1 1–387, but not GST the mutations act by disrupting the interaction with
alone, was isolated using Ni2+-NTA affinity resin (Figure Snf7 rather than by destabilizing the fold of Bro1. Other
5B). In contrast, purified GST-Bro1 1–387 was not mutations in patch 1 and all mutations tested in patch
pulled down in similar experiments using His-tagged 2 did not block complex formation (data not shown).
Vps20 (Figure 5B), which is a related ESCRT-III subunit This demonstrates that hydrophobic patch 1 comprises
that binds Snf7 (Babst et al., 2002a). Similarly, purified at least part of the Snf7 binding site on Bro1.
recombinant Snf7 (but not Vps20) was isolated using
glutathione-sepharose when combined with GST-Bro1

Recruitment of Bro1 to Endosomes1–387, but not with GST alone (data not shown). Fur-
The association of Bro1 with endosomes is dependentthermore, the addition of purified GST-Bro1 1–387 to
upon Snf7 (Odorizzi et al., 2003), whereas endosomalyeast cell extracts resulted in the isolation of native
dissociation of Bro1 (along with other components ofSnf7 (Figure 5C). However, GST-Bro1 1–387 was unable
the MVB machinery) requires the Vps4 ATPase (Babstto pull out a Doa4-GFP fusion protein from yeast cell
et al., 1998; Odorizzi et al., 2003). As shown previouslyextracts (Figure 5C), indicating that this region of Bro1
(Luhtala and Odorizzi, 2004), wild-type cells expressingis not responsible for interacting with Doa4, a deubiqui-
full-length Bro1-GFP exhibited diffuse cytoplasmictinating enzyme that was recently found to be recruited
fluorescence in addition to multiple fluorescent punc-to endosomes by binding Bro1 (Luhtala and Odorizzi,

2004). tate structures that were also labeled by FM 4-64 (Fig-
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6E, full-length Bro1-GFP containing the I144D/L336D
substitution was entirely cytoplasmic in VPS4+ cells but
was partially associated with the class E compartment
in vps4! cells. The weak endosomal localization of the
full-length Bro1 I144D/L336D mutant in the absence of
Vps4 function may be attributed to interactions that
could occur between the C-terminal portion of Bro1
and endosome-associated proteins other than Snf7
that are concentrated at the class E compartment in
vps4! cells. Indeed, the truncated Bro1 1–387-GFP fu-
sion protein containing the I144D/L336D substitution
was completely cytoplasmic both in VPS4+ and vps4!
cells (Figure 6F). Thus, we conclude that the associa-
tion of Bro1 with Snf7, which is mediated by hydropho-
bic patch 1 in the Bro1 domain, is important for the
localization of Bro1 to endosomal membranes.

Cargo Sorting in the MVB Pathway
To determine whether the MVB pathway is dependent
upon the interaction between Bro1 and Snf7, we exam-
ined the sorting of carboxypeptidase S (CPS) in yeast
cells expressing wild-type BRO1 versus mutant bro1
alleles. CPS is a vacuolar hydrolase that is transported
from the Golgi to endosomes, where CPS is sorted into
lumenal MVB vesicles that are subsequently delivered
into the vacuole lumen (Odorizzi et al., 1998). Thus, in
wild-type cells examined by fluorescence microscopy,Figure 5. The Bro1 Domain and Snf7 Form a Complex through Sur-
a GFP-CPS fusion protein was observed entirely withinface Patch 1
the lumen of the vacuole (Figure 7A). In contrast, dele-(A) His6-tagged Bro1 1–387 and untagged Snf7 were coexpressed

in E. coli and copurify on Ni-NTA and gel filtration chromatography tion of the BRO1 gene (bro1!) resulted in the mislocal-
and visualized by SDS-PAGE and Coomassie staining. Bro1 1–387 ization of GFP-CPS to the vacuole membrane (Figure
mutants I144D and L336D in surface patch 1 express at normal 7B), which is indicative of a block in the MVB path-
levels, but coexpressed Snf7 does not copurify with them. way (Odorizzi et al., 2003). GFP-CPS was also mis-(B) Ni-NTA agarose beads were used to isolate purified His6-

localized to the vacuole membrane in cells expressingtagged Snf7 or His6-tagged Vps20 that was mixed either with GST-
bro1I144D/L336D (Figure 7C), indicating that hydrophobictagged Bro1 1–387 or GST alone.

(C) Glutathione-sepharose beads were used to isolate either GST- patch 1 of Bro1, which is involved in binding Snf7, is
tagged Bro1 1–387 or GST alone that had been mixed with a total critical for protein sorting via the MVB pathway. Hy-
yeast extract. drophobic patch 2, however, which is not required for

the Snf7 interaction, was not required for the function
of Bro1 in MVB sorting, as GFP-CPS was localized cor-ure 6A), a fluorescent lipophilic dye that stains endoso-
rectly within the vacuole lumen in cells expressingmal and vacuolar membranes (Vida and Emr, 1995). In
bro1Y320D (Figure 7D). In addition, simultaneous substi-the absence of Vps4 (vps4!), however, both Bro1-GFP
tution of alanines in place of both Lys-246 and Trp-239and FM 4-64 were concentrated at class E compart-
did not block the sorting of GFP-CPS (data not shown),ments (Figure 6A, arrowheads), which are abnormal late
suggesting that the TPR-like domain does not functionendosomal structures that occur upon mutation of
in MVB sorting.Vps4 or other components of the class E Vps ma-

chinery (Katzmann et al., 2002). Like full-length Bro1-
GFP, a truncated Bro1 1–387-GFP fusion protein was Discussion
colocalized with FM 4-64 at punctate structures both in
cells containing wild-type Vps4 and in vps4! cells (Fig- The ESCRT complexes, Bro1, and other class E Vps

proteins form a network that sorts cargo and directsure 6C), indicating that amino acids 1–387 of Bro1 are
sufficient for endosomal association. Upon deletion of the invagination of endosomal membranes into the lu-

men of the MVB. Systematic interaction studies haveboth SNF7 and VPS4, Bro1-GFP and Bro1 1–387-GFP
were entirely cytoplasmic (Figures 6B and 6D, respec- painted a broad-brush outline of the network (Bowers

et al., 2004; von Schwedler et al., 2003), but the precisetively). Similarly, both the full-length and the truncated
Bro1-GFP fusion proteins were completely cytoplasmic mechanisms of sorting and membrane remodeling re-

main largely unknown. Bro1 and Alix are a critical nexusin snf7! cells expressing wild-type Vps4 (data not
shown), consistent with a role for Snf7 in the recruit- for such interactions. We have found that the Bro1 do-

main of Bro1 comprises a single folded domain thatment of Bro1 to endosomes (Odorizzi et al., 2003).
To determine whether the endosomal association of mediates at least one of its functions, its binding to

Snf7 and targeting to endosomes. This finding is con-Bro1 is dependent upon its interaction with Snf7, we
tested whether Bro1 localization was affected upon sistent with results reported for Alix and Rim20, in

which N-terminal deletions have been shown to abro-mutation of hydrophobic patch 1. As shown in Figure
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Figure 6. The Bro1 Domain Mediates Bro1
Localization

The indicated strains were stained with FM
4-64 and examined by fluorescence and DIC
microscopy. Arrowheads indicate class E
compartments. Scale bars equal 2 "m.

gate Snf7-dependent targeting (Peck et al., 2004; Xu et branes with its concave face (Peter et al., 2004). It is
tempting to speculate that the MVB pathway shouldal., 2004). The Bro1 interaction with Snf7 is conserved

in humans, where the corresponding interaction is be- contain similar factors that bind negatively curved
membranes by using a convex face of the protein sur-tween Alix and CHMP4b. We have found that Snf7 in-

teracts with hydrophobic patch 1 on the middle of the face. Alix has been found to be enriched in the lumenal
vesicles of MVBs and has been postulated to be suchfilled-in concave side of the Bro1 domain.

The topology of MVB budding presents a negatively a factor (Gruenberg and Stenmark, 2004). The Bro1 do-
main is an attractive candidate for a component of acurved concave pit to the cytosol. The curvature is the

opposite of that presented to the cytosol during endo- negative curvature sensing system. However, the iso-
lated Bro1 domain is cytosolic in the absence of Snf7.cytosis. In endocytosis, preferential interactions be-

tween protein domains and positively curved mem- To the extent that it interacts with curved membranes,
it is likely to do so in a Snf7-dependent manner. Thebranes are important for the timed recruitment of key

factors and even for the induction of curvature (Ford convex face of the Bro1 boomerang contains a highly
electropositive region at one end, which would favoret al., 2002; Hurley and Wendland, 2002). The banana-

shaped BAR domain binds to positively curved mem- binding to acidic phospholipids. The site does not over-
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containing the Shine-Delgarno translational start signal and cloned
directly into the polycistronic pST39 expression vector (Tan, 2001;
Hierro et al., 2005). The Bro1 domain was tagged with a C-terminal
hexahistidine-tag and cloned into the vector using XbaI/BamHI
cloning site. Snf7 was untagged and cloned into the vector using
BspEI/MluI cloning site. The plasmid was transformed into Esche-
richia coli strain BL21(DE3) Codon Plus RIL and expressed by in-
ducing with 0.5 mM IPTG at OD600 = 0.8 and grown at 20°C for 30
hr. Cells were lysed by high-pressure homogenization in 1× PBS
(pH 7.5) buffer and 100 "l of protease inhibitor cocktail (Sigma) per
liter of culture medium. The Bro1 1-387-Snf7 complex was isolated
using Talon Co2+ affinity chromatography (Clontech) and was fur-
ther purified with a Superdex S 200 gel filtration column.

Crystallization and Data Collection
Crystals of Bro1 residues 1–387 were obtained using hanging drop
vapor diffusion by mixing equal amounts of 4–6 mg/ml protein solu-
tion and a reservoir solution of 20% polyethylene glycol 3350/0.2
M tri-potassium citrate monohydrate (pH 8.3) and incubating for 1
week. Crystals were cryo-protected in mother liquor supplemented
with 25% glycerol and flash-frozen in liquid nitrogen. Selenomethi-
onyl protein crystals were obtained under similar conditions except
that potassium citrate was replaced by 0.2 M ammonium iodide.
Native data were collected at beamline ID-22 at the Advanced Pho-
ton Source, using 0.5° oscillations, 1 s exposures, and a Mar225
CCD detector. The Se-MAD data were collected at beamline X-9B
at the NSLS (Brookhaven, NY). Data were indexed and reducedFigure 7. The Bro1 Domain and Surface Patch 1 Are Required for
using HKL2000 (HKL Research).Cargo Sorting

The indicated strains expressing GFP-CPS were examined by fluo-
Structure Determinationrescence and DIC microscopy. Scale bar equals 2 "m.
Ten selenium sites were located in an automated Patterson search
using SOLVE (Terwilliger and Berendzen, 1999). The resulting den-
sity synthesis was improved by density modification in RESOLVE

lap with the Snf7 binding site, consistent with simulta- (Terwilliger, 2000). The map was interpreted manually using the in-
teractive graphics program O (Jones et al., 1991) and refinedneous binding to ESCRT-III and the anionic membrane
against the native data by using CNS (Brunger et al., 1998). Thesurface.
final model has no residues in disallowed regions of the Ramachan-In summary, our results define the Bro1 domain as
dran plot.a single conserved 370-amino acid residue structure.

Given the endosomal localization of Bro1 domain pro-
Mutagenesis

teins Alix and Rim20, inferences from previous deletion Bro1 mutations were generated using QuikChange II or II XL site-
analyses of Alix and Rim20, and the conservation of directed mutagenesis kits (Stratagene). All mutations were con-

firmed by DNA sequencing.most residues in the surface identified as the Bro1
binding site for Snf7, it is reasonable to infer that the

In Vitro Binding of Snf7 and Bro1 1–387Bro1 domain is a conserved ESCRT-III targeting do-
To examine the interaction between purified Bro1 1–387 and Snf7,main. This information elucidates one more cog in the
the SNF7 gene was amplified by PCR using an oligonucleotide thatcomplex cellular machinery of cargo sorting into multi-
eliminated the endogenous stop codon and, instead, placed hexa-

vesicular bodies. It is a significant step toward under- histidine (6xHis) in frame with the 3# end of the Snf7 coding se-
standing the overall 3-dimensional organization of the quence. The resulting SNF7-6xHis gene fusion was subcloned into

pGEX-4T1, transformed into E. coli, overexpressed, and purifiedprotein network of MVB sorting and HIV budding.
using glutathione sepharose as described above. The GST tag was
removed using thrombin protease (Novagen), and the Snf7-6xHisExperimental Procedures
protein was subjected to a second purification with glutathione
sepharose to remove GST. Purified Snf7-6xHis was incubated byBro1 Domain Expression and Purification

DNA coding for Bro1 residues 1–387 was subcloned into the pGST- rotation at 4°C for 1 hr with purified GST-Bro1 1–387 or with GST
(5 "g of each protein) in binding buffer (50 mM sodium phosphate,parallel2 vector (Sheffield et al., 1999). Overexpression of the GST-

tagged protein in Escherichia coli BL21-CodonPlus (DE3)-RIL cells 300 mM NaCl, 20 mM imidazole, 0.05% Triton X-100). Afterward,
25 "l of Ni2+-NTA agarose beads equilibrated in binding buffer was(Stratagene, La Jolla, CA) was induced with 0.5 mM isopropyl-β-D-

thiogalactoside at OD600 = 1.0 at 20°C for 24 hr. The protein was added, and the mixture was incubated similarly for 1 hr at 4°C. The
beads were harvested by centrifugation for 1 min at 10,000 × g atpurified by using glutathione sepharose (Amersham-Pharmacia),

the GST tag was removed with His6-TEV protease, and the protein 4°C, then subjected to 3 washes with ice-cold binding buffer fol-
lowed by 2 washes with binding buffer in the absence of Tritonwas subjected to a second purification with Talon-Co2+ resin (Clon-

tech, Mountain View, CA) to remove TEV protease. The protein was X-100. The beads were dried by rotary evaporation, resuspended
in SDS-PAGE sample buffer, then analyzed by SDS-PAGE andfurther purified on a Superdex 200 preparative grade gel filtration

column (Amersham Biosciences, Piscataway, NJ). The cleaved pro- Western blotting using anti-GST antibodies and anti-Snf7 antibod-
ies (Babst et al., 1998).tein contains the vector-derived sequence GAMGS followed by

Bro1 residues 1–387. The protein was stored at −80°C in elution To examine the interaction between Bro1 1–387 and native Snf7
expressed in yeast, cell extracts were prepared from the strainbuffer.
GOY23 as described previously (Luhtala and Odorizzi, 2004) and
incubated by rotation at 4°C for 1 hr with 5 "g purified GST-Bro1Bro1 Domain:Snf7 Complex Coexpression and Purification

The DNA sequences encoding Bro1 residues 1–387 and the com- 1–387 or purified GST alone together with 25 "l of glutathione
sepharose beads equilibrated in lysis buffer. The beads were sub-plete gene for Snf7 were amplified by PCR to generate cassettes
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sequently harvested by centrifugation, washed, and examined by (2002). The Vps27p-Hse1p complex binds ubiquitin and mediates
endosomal protein sorting. Nat. Cell Biol. 4, 534–539.SDS-PAGE followed by Western blotting as described above.

Bilodeau, P.S., Winistorfer, S.C., Kearney, W.R., Robertson, A.D.,
Fluorescence Microscopy and Piper, R.C. (2003). Vps27-Hse1 and ESCRT-I complexes coop-
GFP and FM 4-64 fluorescence and differential interference con- erate to increase efficiency of sorting ubiquitinated proteins at the
trast (DIC) microscopy was performed using a Leica DMRXA micro- endosome. J. Cell Biol. 163, 237–243.
scope equipped with a Cooke Sensicam digital camera (Applied Bowers, K., Lottridge, J., Helliwell, S.B., Goldthwaite, L.M., Luzio,
Scientific Instruments). Images were deconvolved using Slidebook J.P., and Stevens, T.H. (2004). Protein-protein interactions of
software (Intelligent Imaging Innovations) and processed using ESCRT complexes in the yeast Saccharomyces cerevisiae. Traffic
Adobe Photoshop 7.0 software (Adobe Systems Incorporated). 5, 194–210.
Cells were stained with FM 4-64 using a pulse-chase procedure at

Brunger, A.T., Adams, P.D., Clore, G.M., DeLano, W.L., Gros, P.,30°C as previously described (Odorizzi et al., 2003). To observe the
Grosse-Kunstleve, R.W., Jiang, J.S., Kuszewski, J., Nilges, M.,localization of GFP-CPS, cells were transformed with pGO47,
Pannu, N.S., et al. (1998). Crystallography & NMR system: a newwhich contains the GFP-CPS fusion (Odorizzi et al., 1998).
software suite for macromolecular structure determination. Acta
Crystallogr. D 54, 905–921.
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