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Abstract

ALIX recruits ESCRT-111 CHMP4 and is involved in membrane remodeling during endosomal
receptor sorting, budding of some enveloped viruses and cytokinesis. We show that ALIX dimerizes
via the middle domain (ALIX_y) in solution. Structural modeling based on small angle X-ray
scattering (SAXS) data reveal an elongated crescent shaped conformation for dimeric ALIX lacking
the proline rich domain (ALIXgRro1-v). Mutations at the dimerization interface prevent dimerization
and induce an open elongated monomeric conformation of ALIX_y as determined by SAXS
modeling. ALIX dimerizes in vivo and dimeric ALIX co-localizes with CHMP4B upon co-
expression. We show further that ALIX dimerization affects HIV-1 budding. C-terminally truncated
activated CHMP4B retaining the ALIX binding site forms linear, circular and helical filaments in
vitro, which can be bridged by ALIX. Our data suggest that dimeric ALIX represents the active form
that interacts with ESCRT-111 CHMP4 polymers and functions as a scaffolding protein during
membrane remodeling processes.
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Introduction

Endosomal sorting processes determine the fate of plasma membrane receptors that are either
recycled or delivered to the lysosome for degradation. (Gruenberg and Stenmark, 2004; Hicke,
2001; Katzmann et al., 2002). An intricate network of protein interactions, which includes the
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sequential recruitment of ESCRT (Endosomal Sorting Complexes Required for Transport)
complexesO, I, Il and 111 and associated molecules, regulates endosomal protein sorting, vesicle
formation and budding (Saksena et al., 2007) (Hurley, 2008)(Lata et al., 2009). The accessory
protein ALIX interacts with ESCRT-1 Tsg101 (Mahul-Mellier et al., 2006; Strack et al.,
2003) as well as with all ESCRT-I11 CHMP4 isoforms (Odorizzi et al., 2003)(Katoh et al.,
2003)(Fisher et al., 2007)(McCullough et al., 2008). ESCRT-111 proteins polymerize on
membranes (Babst et al., 2002)(Lin et al., 2005) by forming filamentous (Ghazi-Tabatabai et
al., 2008), circular (Hanson et al., 2008) and helical tubular structures (Lata et al., 2008b) that
act during membrane remodeling processes including membrane abscission (Lata et al.,
2009). ESCRT-I1I proteins form inactive closed conformations in the cytosol and undergo
polymerization and membrane targeting upon activation (Muziol et al., 2006)(Zamborlini et
al., 2006)(Shim et al., 2007)(Lata et al., 2008a)(Lata et al., 2008b). It is most likely that ALIX
interacts only with an activated form of CHMP4 via a C-terminal CHMP4 binding motif
(McCullough et al., 2008). Thus ALIX function must be linked to the role of ESCRT-III in
membrane remodeling processes. In fact, ALIX itself might directly control changes in
membrane structures (Matsuo et al., 2004)(Falguieres et al., 2008).

ALIX was originally thought to be a homologue of yeast Brol that functions in receptor down
regulation (Odorizzi et al., 2003)(Kim et al., 2005), but this role could not be confirmed
(Cabezas et al., 2005)(Schmidt et al., 2004)(Doyotte et al., 2008).

ALIX is recruited to the budding process of some enveloped viruses such as HIV-1 and equine
infectious anemia virus (EIAV) (von Schwedler et al., 2003)(Strack et al., 2003)(Martin-
Serrano et al., 2003). Although EIAV budding is strictly dependent on ALIX (Martin-Serrano
et al., 2003)(Strack et al., 2003), the EIAV late domain can be replaced by ESCRT-I VVps28,
which provides access to ESCRT-III (Tanzi et al., 2003)(Pineda-Molina et al., 2006). In
contrast, ALIX is not sufficient to support HIV-1 budding in the absence of the Tsg101/
ESCRT-I function (Garrus et al., 2001)(Martin-Serrano et al., 2001). However, over-
expression of ALIX or NEDD4 can rescue HIV-1 late domain mutants (Usami et al., 2007)
(Chung et al., 2008)(Usami et al., 2008).

Both ALIX and ESCRT-111 family members are recruited to the midbody during cytokinesis
(Carlton and Martin-Serrano, 2007)(Morita et al., 2007) where ALIX competes with Tsg101
for CEP55 interaction (Lee et al., 2008). Although CEP55 itself is not required for virus
budding nor any endosome-related processes, virus budding and cytokinesis require ESCRT-
Il and VPS4 function.

ALIX is composed of three domains, an N-terminal Brol-like domain (Kim et al., 2005)(Fisher
etal., 2007), which harbors the CHMP4B binding site (McCullough et al., 2008), followed by
the V-shaped middle domain composed of two three helical bundles that expose the retroviral
late domain binding sites (Lee et al., 2007)(Fisher et al., 2007)(Zhai et al., 2008); the third
domain is aproline rich domain (PRD) that serves as a platform for multiple interaction partners
including ESCRT-I Tsg101 (von Schwedler et al., 2003)(Shibata et al., 2004)(Schmidt et al.,
2004)(Chatellard-Causse et al., 2002) and CEP55 (Carlton and Martin-Serrano, 2007)(Morita
etal., 2007)(Lee et al., 2008). PRD harbors the Alg-2 binding site (Suzuki et al., 2008), which
links ALIX to apoptotic processes (Missotten et al., 1999)(Vito et al., 1999)(Trioulier et al.,
2004)(Mahul-Mellier et al., 2006)(Mahul-Mellier et al., 2008). The scaffold function of ALIX
is further underlined by its control of the actin cytoskeleton (Cabezas et al., 2005; Schmidt et
al., 2003)(Pan et al., 2006). Finally PRD regulates the function of ALIX by keeping it in an
auto-inhibited state (Zhou et al., 2008b)(Zhou et al., 2008a).

Here we show that ALIX dimerizes in vitro and in vivo via the V-domain, which helps to
explain the dominant negative effect on HIV-1 budding observed for truncated ALIX
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constructs. We determine a main dimerization interface within the hinge region of the V-
domain and present a low resolution model of dimeric ALIX based on SAXS analysis. Electron
microscopy data indicate further that dimeric ALIX can bridge CHMP4 filaments. Such a
scaffolding function may thus help to position ESCRT-I11 on membranes and allow recruitment
of a variety of effectors via its PRD region.

MALLS and SAXS analysis of ALIX

Both recombinant ALIXg01.v and ALIXy, elute from gel filtration columns in two distinct
peaks. Analytical size exclusion chromatography in combination with multi angle laser light
scattering (MALLS) revealed monomers for ALIXgo1-v and ALIXy, as expected (Fisher et
al., 2007)(Lee et al., 2007) as well as dimeric forms with average molecular weights of 158 +
3 kDa for ALIXgo1-v (Figure 1A) and 76 + 3 kDa for ALIXy, (Figure 1B). The ratio of
monomers to dimers purified from E. coli was ~ 5:1 for ALIXgo1-yv and ~ 3:1 for ALIXy,.
Neither ALIXg,01-y Nor ALIXy, monomers display a concentration dependent equilibrium with
their respective dimers. Concentration of ALIXgo1-v and ALIXy, monomers up to 20 mg/ml
did not produce dimers, nor did dilution of dimers produce monomers as judged by gel filtration
chromatography in agreement with analytical ultracentrifugation results (Fisher et al., 2007).
Thus no dimer to monomer exchange could be observed.

In order to understand the structural basis of ALIX dimerization, both ALIXgg1.y monomers
and dimers were analyzed by small angle X-ray scattering. The scattering intensity patterns
corresponding to monomeric and dimeric ALIXgro1.v are shown in Figures 2A. The Guinier
analysis revealed a radius of gyration (Rg) of 40.6 + 0.1 A for monomeric and 81.2 + 0.8 A
for dimeric ALIXgrp1.y. Maximal protein dimensions (Dmay) of ~170 A for the monomeric
ALIXgo1-v and ~300 A for dimeric ALIXpo1-v Were found by the distance distribution
function p(r) computed by a Fourier transformation of the scattering intensity (Figure 2B). This
thus indicated that dimerization produced an elongated shaped ALIXg01-y- The shapes of the
ALIX conformers were determined ab initio and reconstructed models of ALIXg01.y fit the
corresponding experimental data with the discrepancy  of 1.9 and 1.2. The ab initio modeling
produced an elongated shape with dimensions of ~ 40 x 60 x 145 A for monomeric
ALIXpgro1-v (Figure 2B, inset), which is largely consistent with the crystal structure of
ALIXgro1-v (Fisher et al., 2007). Comparison of the experimental scattering curve and the one
calculated from the ALIXpgq1-v Crystal structure revealed a discrepancy y of 2.7. Ab initio
modeling of dimeric ALIXg1.v Yielded a crescent-shaped structure with a distance of ~ 270
A between the ends spanning the concave surface of the dimer (Figure 2C).

Mapping of the dimer interface

In order to analyze the mode of dimerization, D,O labeling of ALIXg01-v coupled to peptide
mapping by mass spectrometry analyses were applied. The resulting peptides were mapped
onto the structure of monomeric ALIXgq1-v and scored depending on an increase or decrease
in D,0 labeling. The most pronounced decrease in D20 labeling was observed for a peptide
(aa 637-648) corresponding to a potential hinge region between the two arms of ALIXy, (Fisher
etal., 2007)(Lee et al., 2007), suggesting that this region is occluded in dimeric ALIX (Figure
3A). The labeling method also revealed higher accessibilities to D,O labeling in the dimer as
compared to the monomer (Figure S1); this includes one region between the two arms of
ALIXy, (helices 011 and 0.18), several short helical segments within ALIXg,o1 (helices a4, a5,
a8 and a10) and the long extended conformation spanning the concave surface of ALIXgo1
connecting a10 andall1 (Figures 3B and S1). The data thus indicate a dimerization interface
within ALIXy, and potential conformational flexibility within ALIXgq1.
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Generation of an elongated “open” monomeric ALIXy conformation

In order to analyze the role of the ALIXy hinge region in dimerization, exposed residues within
the segment 638-KMKQSNNE-645, that revealed differences in deuterium incorporation
(Figure 3A) were changed to residues 638-EAAQSYKK-645 (ALIXymyt1) and to residues
638-KMKQSYKK-645 (ALIXymut2)- Size exclusion chromatography (SEC) analyses showed
that ALIXymyp eluted as a single peak at ~12 ml from a Superdex 200 column, a behavior
which is different from the elution profile of ALIXy,, which forms monomers and dimers (peaks
at ~11.6 and ~13.5 ml) (Figure 4A). SEC of ALIX-V 2 produced two new peaks eluting at
~11.2 and at 12.6 ml (Figure 4A). Applying MALLS, the single peak of ALIXymyut1 was
determined to correspond to a molecular weight of ~ 42 kDa and the two peaks obtained for
ALIXy/myr2 Were determined to correspond to monomeric (~42 kDa) and dimeric forms (~86
kDa) of ALIXy (Figure 4B). Although ALIXy/mye2 can still form dimers, the elution positions
determined by SEC indicate that both monomers and dimers exhibit a larger hydrodynamic
radius as compared to wild type ALIXy,.

Monomeric ALIXymut1 Was further analyzed by small angle X-ray scattering and compared
to wild type ALIXy. The Guinier analysis of the scattering curves (Figure 5A) revealed a radius
of gyration (Rg) of 53.6 A, and maximal protein dimensions (Dpayx) Of ~190A were calculated
by the distance distribution function p(r) for ALIXymut1 (Figure 5B). Wild type ALIXy SAXS
analysis produced a smaller Rg of 33.4 A and a smaller Dmax of ~ 125 A (Figure 5B)
confirming that the mutations resulted in an elongated conformation. Comparison of the
theoretical scattering curve derived from the ALIX,, crystal structure (pdb 20jq) and the
experimental data (Figure 5A) indicated a high discrepancy y > 5, suggesting that crystallization
locked the V-domain in the observed conformation.

The shape of the ALIXymyt1 Was determined ab initio and resulted in a 170 A long
conformation (Figure 5C). The reconstructed average model of ALIXymyt1 fit the
corresponding experimental data with the discrepancy y of 1.56 (Figure 5A). The model
suggests an open conformation of ALIXy,, whereas one arm of ALIXy, needs to rotate ~ 140°
to fit the elongated envelope (Figure 5D). The monomeric conformation of ALIXvymut1
indicates that the mutations not only prevent dimerization but may also stabilize an open
ALIXy, conformation. Together with the SAXS data on dimeric ALIXgo1-v, these results
provide support for a dimerization model, whereas opening of ALIXy, conformation (as
observed in the crystal structures) precedes dimerization. This might entail an anti-parallel
association of the ALI1Xy, arms producing an arrangement that positions the Brol domains at
the extreme ends of the arch-shaped ALIXgo1-yv dimer model (Figure 5E).

ALIXgro1-v €Xpression in mammalian cells induces dimerization

We used the split YFP complementation assay to test ALIX dimerization in cells (Michnick
et al., 2007). Both N-terminal YFP and C-terminal YFP halves were fused to the C-terminus
of ALIXpgo1-v and expressed in HEK293 cells. Fluorescence analyses by confocal microscopy
revealed detection of YFP fused to ALIXgo1-v Only when both fusion proteins were co-
expressed (Figure 6A, right panel). This thus indicates that ALIXgo1.yv forms dimers when
expressed in mammalian cells, which mainly localize to the cytoplasm.

Both ALIXy monomers and dimers interact with a late domain peptide

In order to determine whether dimeric ALIX might affect enveloped virus budding, isothermal
calorimetry was performed to determine the interaction of ALIXy, with a peptide derived from
EIAV Gag p9. This revealed equilibrium dissociation constants (Kp) of 5 +/— 0.3 uM for
monomeric ALIXy, consistent with the reported interactions of ALIX monomers and retroviral
late domains (Fisher et al., 2007; Lee et al., 2007; Zhai et al., 2008) and of 8 +/— 1.2 uM for
dimeric ALIXy. Thus dimeric ALIX constitutes a target for retroviral Gag.
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ALIX dimerization is important for HIV-1 budding

We tested the effect of ALIX dimerization on HIV-1 budding since RFP-ALIXy.prp
expression has been shown to exert a dominant negative effect on HIV-1 particle release
(Strack et al., 2003). Expression of RFP-ALIXymut2-prp (Still able to form dimers in solution)
in HIV-1 infected cells had no consequence on the dominant negative effect imposed by RFP-
ALIXy,.prp. Particle release was similarly reduced as in case of wild type RFP-ALIXy.prD
expression (Figure 7B, left panel, lanes 2 and 3). In contrast, expression of RFP-
ALIXymuti-prp reversed the dominant negative effect of the wild type because no effect on
particle release was observed (Figure 7A, left panel lane 3). Cellular expression levels of RFP-
ALIXy,.prp constructs were comparable (Figure 7C) as well as the presence of intracellular
Gag products. This thus indicates that the potential to dimerize is required for this ALIX
construct in order to exert a dominant negative effect, which confirms a physiological role for
ALIX dimerization.

ALIX binds to CHMP4 polymers

We next analyzed whether ALIXg(01.v interacts with CHMP4 polymers. Both ALIXg01-v
conformers are found in the upper fractions of a sucrose gradient consistent with their
monodispersity in solution (Figure 8A and B). In contrast, C-terminally deleted CHMP4B
fused to MBP (MBP-CHMP4B¢) forms polymers found in the bottom fractions of a sucrose
gradient (Figure 8C). Since MBP-CHMP4B 5 lacks the ALIX binding site, we fused the ALIX
binding site motif (McCullough et al., 2008) via a linker to MBP-CHMP4B ¢ (MBP-
CHMPA4BAc aLIx)- MBP-CHMP4B ¢ aL1x localizes to the upper and to the bottom fractions
of a sucrose gradient (Figure 8D) similar to MBP-CHMP4B ,c. Removal of MBP by TEV
cleavage renders all of CHMP4Bac ar1x polymeric and is thus present in the bottom of a
sucrose gradient (Figure 8E). Incubation of MBP-CHMP4B,c ay 1x With either monomeric
or dimeric ALIXg,o1-v redistributes ALIXg01-v from the upper fractions to the bottom
fractions upon sucrose gradient centrifugation (Figures 8F and G). Since both MBP-
CHMP4BAc aLix and ALIXgro1-yv Migrate at the same positions on SDS-PAGE their presence
is confirmed by western blot analyses (Figure 8H). Similar complex formation is observed
when CHMP4Bac apLix (MBP removed by TEV cleavage) is incubated with monomeric or
dimeric ALIXg,01-v (Figure 81 and J).

The bottom fractions of the single proteins and the complexes were analyzed by negative
staining electron microscopy. MBP-CHMP4B s assembles into ring-like structures of varying
diameters (~ 40 to ~ 70 nm) (Figure 9A). The width of the rings measures ~25A and the length
of the potential repeating units is ~40 A (Figure 9H, left panel). Thicker appearing (~100 A)
more filamentous structures are formed by MBP-tagged CHMP4Bxc apix (Figure 9B).
Removal of MBP from CHMP4B ¢ apx reveals more defined filaments, which have
diameters of ~100 A (Figure 9C). These filaments can be decorated with monomeric
ALIXgo1-v, Which render the surface to appear fuzzy (Figure 9D). Dimeric ALIXgg1-v
bridges two CHMP4B ¢ aLix filaments and generates ladders made up of “legs” of CHMP4B
and “rungs” of ALIXgo1-v (Figure 9E). The rungs are ~400A wide and are ~100 A longer
than dimeric ALIXgo1-v in solution since SAXSanalysis revealed a Dyay of ~300A (Figure
2B). The presence of these structures was further confirmed by cryo electron microscopy
imaging. The cryo images reveal ~30 A thick circular arrays (Figure 9F and S2) and ring-like
structures for CHMP4Bc aLix (Figure 9G). The length of a potential repeating unit in the
rings measures ~50A, similar to the negatively stained images (Figure 9H, left and right panel).
This thus suggests that the filaments or rings are most likely constructed by a head to tail
interaction of single CHMP4B molecules. When these structures are decorated with dimeric
ALIXgo1-v linear and spiral structures are observed with dimeric ALIXgo1-v Spanning a
distance of ~ 450A, with a spacing of ~50 A between rungs (Figure 91). The cryo images also
show mostly ladders as observed by negative staining although it cannot be excluded that some
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cross linking between ladders occurs (Figure S3). The difference in spacing observed by
negative staining and cryo EM might be either due to the fact that (i) binding of ALIXgo1-v
is sensitive to the heavy atom solution used for negative staining or due to the fact that (ii)
ALIXgo1-v, Which is in contact with the carbon is embedded with heavy atom and visualized,
a phenomenon observed previously (Gaillard et al., 2008). Each CHMP4Bac aLix monomer
extends the ALIX binding site from the predicted core CHMP4 structure by ~30 amino acids
that could span up to ~100 A in an extended conformation. The extension of the ALIX binding
site peptide from the CHMP4B polymer and the positions of the CHMP4B binding sites in the
ALIXgyo1.v dimer (~230 A apart) cannot explain the observed spacing between two CHMP4B
filaments induced by dimeric ALIXg,o1.v interaction. The flexible linkage of a ~300A long
ALIXpgo1-v dimer would not produce the rather evenly spaced CHMP4 filaments. It is thus
conceivable that further conformational changes induced by binding to CHMP4B filaments
have to occur that produce longer ALIXgo1-v dimers as indicated by the electron microscopy
images. Such changes might include the long extended conformation spanning the whole
concave side of ALIXgro1 and connecting ALIXg,o1 helix 10 and ALIXy, helix 11. Notably
part of this region becomes more accessible to D,O exchange in the dimer as compared to the
monomer (Figure 3B). The preferred detection of ladders might be explained by
conformational constraints imposed by the cross linking of two CHMP4 filaments by
ALIXgo1-v, Since the ALIX binding site could be positioned towards the interior of the
CHMP4B ladder.

Cellular localization of activated CHMP4B and ALIXgro1-v

To determine whether activated CHMP4Bac ap1x localizes to membranes and/or induces
membrane remodeling (Hanson et al., 2008) in the absence of other ESCRT factors,
CHMP4BAc aLix Was expressed with a C-terminal flag-tag in HEK293 cells. Immunostaining
revealed that CHMP4BAc Al 1x concentrates in inclusions that appear to be close to the plasma
membrane (Figure 6B) similar to a previous report (Lin et al., 2005); upon co-expression with
dimeric ALIXg1-v fused to the two YFP Venus halves most of ALIXg;o1-v i also recruited
into CHMP4Bc ap1x positive inclusions (Figure 6C), thus indicating that dimeric ALIX
targets ESCRT-111 CHMP4 polymers in vivo.

Discussion

ALIX is a cellular adaptor protein that engages in a number of seemingly unrelated processes
ranging from endosomal trafficking (Saksena et al., 2007), apoptosis (Vito et al., 1999)
(Missotten et al., 1999), cytoskeleton reorganization (Cabezas et al., 2005) (Pan et al., 2006),
retrovirus budding (Usami et al. 2009) and cytokinesis (Carlton and Martin-Serrano, 2007)
(Moritaetal., 2007). Thus ALIX underlies tight regulation that requires the C-terminal proline-
rich region (PRD) harboring numerous protein-protein interacting motifs important for
function and regulation of Alix (Odorizzi, 2006). PRD keeps ALIX in an auto-inhibited
conformation (Zhou et al., 2008b)(Zhou et al., 2008a)(Lazert et al., 2008),which suggests that
ALIX has to be activated. Our data indicate that activation of ALIX induces dimerization.
Oligomerization and dimerization of ALIX was observed previously(Munshi et al., 2007)
(Fisher et al., 2007), and we confirm that the VV-domain is sufficient for dimerization. It is,
however, yet unclear which signal induces dimerization in vitro and in vivo. We show that both
ALIXgro1-v and ALIXy monomers and dimers are stable entities and do not exchange in
vitro (Fisher et al., 2007).

ALIXgo1-v CONtains a Brol domain (Kim et al., 2005) and a central VV-shaped domain (Fisher
etal., 2007)(Lee et al., 2007). Brol interacts with ESCRT-I1l CHMP4 and the VV-domain
harbors the retroviral late domain binding site (Kim et al., 2005)(Zhai et al., 2008)(McCullough
et al., 2008)(Lee et al., 2007). SAXS analyses of dimeric ALIXgq1.v revealed an elongated
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ALIXgo1-v Structure that measures ~ twice the length of monomeric ALIXg(q1-v-
Interestingly, the shape of dimeric ALIXgq1-v resembles that of BAR domains such as
amphipysin (Peter et al., 2004) and endophilin (Weissenhorn, 2005). Although we observe
membrane interaction of ALIXg01-v in vitro (data not shown) no specific membrane
remodeling effect could be assigned. Thus, the architecture might be preferentially used to
bridge two effector molecules.

Since no concentration dependent equilibrium between monomers and dimers could be
detected (Fisher et al., 2007), dimer formation must include specific conformational changes.
Hydrogen/deuterium exchange experiments coupled to mass spectrometry peptide mapping
revealed several sites of conformational flexibility, notably not only within the V-dimerization
domain but also within the Brol domain. Such conformational flexibility is consistent with the
structure of ALIXgq1-v, Which shows that Brol and V are connected via a short linker as well
as some degree of flexibility between the two arms of the V domain (Fisher et al., 2007). The
mutagenesis studies suggest that the two arms of ALIX,, are connected via a hinge region,
which is stabilized in the crystal structure by a salt bridge between K640 and E650, that also
hydrogen bonds to N400 (Lee et al., 2007)(Fisher et al., 2007). A set of mutations within this
region including K640 destabilized the monomer and in addition prevented dimer formation.
Since the hydrogen/deuterium exchange experiments suggest that this region is more protected
in dimeric ALIXpgy01-v, changes within this region might prevent important dimer contacts.
Alternatively, the mutations could artificially stabilize an open monomer conformation that
itself prevents dimerization. The latter possibility is supported by the SAXS model of
ALIXymut1 that indicates an elongated form of ALIXy/; the crystal structure of ALIXy, would
fit into the SAXS envelope when one arm of the VV-domain is rotated by ~ 140°. Based on these
data we suggest the following dimerization model: Displacement of PRD serves as a first signal
to release auto-inhibition (Zhou et al., 2008b)(Zhou et al., 2008a), a second signal then leads
to an opening of the V-domain and subsequent anti-parallel dimerization via the V-domain
arms (Figure 5E).

Expression of truncated ALIX conformers such ALIXy,_prp and ALIXy, have been shown to
induce dominant negative effects on retroviral budding (Strack et al., 2003)(Munshi et al.,
2007). We show that such an effect is inhibited in the presence of the dimerization mutations
since RFP-ALIXymut1-PrD €Xpression is no longer a dominant negative inhibitor of HIV-1
budding. It is thus conceivable that truncated forms of ALIX which retain the V dimerization
domain form heterodimers with endogenous ALIX. The function of such mixed dimers might
be compromised by the lack of adaptor protein binding which might position the complex
within the correct network of interactions required to trigger down stream effects. Thus
ALIXgro1-vmut1 that no longer dimerizes has no effect on the budding process. The dominant
negative effect may further depend on the interaction with Gag, since dimeric ALIXy, interacts
with a EIAV late domain peptide with a similar Ky as reported for monomeric ALIXy (Munshi
et al., 2007)(Fisher et al., 2007).

Several lines of evidence suggest that ALIX functions directly on membranes. Firstly, ALIX
localizes to the plasma and endosomal membranes (Welsch et al., 2006). Secondly, it plays a
role in the formation of internal endosomal membranes in conjunction with lysobiphosphatidic
acid (LBPA) (Matsuo et al., 2004). Thirdly, expression of ALIXy,.prp Was shown to induce
cytoplasmic vacuolization into tubulo-vesicular structures that co-localize with ALIX
(Chatellard-Causse et al., 2002); this effect might be also due to the formation of mutant-wild
type ALIX heterodimers that lack important binding sites. Fourthly, itis recruited by interaction
with ESCRT-I1I CHMP4, which acts at membranes (Katoh et al., 2003)(von Schwedler et al.,
2003)(Strack et al., 2003). ESCRT-III proteins CHMP2A and CHMP3 have been shown to
assemble into heteromeric helical polymers that may catalyze late budding steps such as
abscission (Lata et al., 2008b). Similarly, ESCRT-111 CHMP4 expression in mammalian cells
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was shown to form circular filaments (Hanson et al., 2008) consistent with ring-like and
filamentous structures of CHMP4 observed in vitro (Ghazi-Tabatabai et al., 2008). Here we
show that activated CHMP4, which most likely requires detachment of the C-terminal MIM
domain from the N-terminal core (Shim et al., 2007)(Lata et al., 2008a), forms linear filaments
as well as spiral and ring-like structures. The ring and spiral CHMP4B structures (Figure 9A,
F, G) are most likely formed by head to tail interactions of single CHMP4B molecules. Thus
CHMP4B polymerization differs from CHMP2A-CHMP3 polymerization since it does not
require homo- or heterodimerization. The latter is consistent with the excess of CHMP4 over
its potential binding partner CHMPG6 present in the yeast ESCRT-I1I complex (Saksena et al.,
2009). The spiral CHMP4B structures observed here might thus reflect the polymer structures
observed in vivo (Hanson et al., 2008) that drive early steps in HIV-1 assembly and budding
(Carlson et al., 2008).

Both ALIX and CHMP4B are present at the midbody (Carlton and Martin-Serrano, 2007)
(Morita et al., 2007) and CHMP4-ALIX-CEP55 interactions are essential for midbody
formation (Carlton et al., 2008). Since dimeric ALIXgq1-v bridges preferentially two
CHMPA4B filaments or spirals in vitro, ALIX could support CHMP4 polymer positioning on
membranes during viral budding as well as at the midbody supported by CEP55 (Carlton et
al., 2008)(Morita et al., 2007). ALIX polymerizes itself (Carlton et al., 2008) whereas dimeric
ALIX might constitute the the building block for CHMP4 induced polymerization at budding
sites. Because ALIXgo1-v lacks the multimerization site (Carlton et al., 2008), we do not
observe ALIX polymers in vitro. Polymerization of ALIX is further supported by the
stochiometry of ESCRT-IIl. ESCRT-III contains multiple copies of CHMP4 (Teis et al.,
2008)(Saksenaetal., 2009) supporting CHMP4 polymerization which in turn provides multiple
binding sites for ALIX polymerization.

The formation and physiological role of ALIX dimers was further proven by using a YFP
complementation assay (Michnick et al., 2007). Dimeric ALIXgrg1-v- YFP is mostly found in
the cytosol, indicating that dimerization is not sufficient for membrane targeting. When it is
expressed together with CHMP4B c_ar 1x both structures co-localize in large inclusions,
demonstrating that polymeric CHMP4B recruits dimeric ALIX in vivo. Thus our data suggest
that recruitment of activated ESCRT-111 CHMP4B entails the function of dimeric
ALIXgrg1-v. This might help to position ESCRT-III at sites of membrane remodeling by
providing access to the cytoskeleton (Cabezas et al., 2005)(Pan et al., 2006).

Experimental procedures

Protein expression and purification

Cloning, expression, purification and SEC characterization including MALLS of ALIX and
CHMP4B constructs is described in the supporting online material (SOM).

Small Angle Scattering Data Collection and Analysis

The synchrotron radiation X-ray scattering data were collected on the X33 SAXS beam line
(DESY and EMBL, Hamburg) (Koch and Bordas, 1983; Roessle et al., 2007) and at the ESRF
beam line ID02 (Grenoble). A MAR345 image plate with online readout (MarResearch,
Germany) was used at a sample - detector distance of 2.4 m covering the range of momentum
transfer 0.1 <s < 4.5 nm~1 (s = 4z sin(0)/A, where 0 is the scattering angle and A = 0.15 nm is
the X-ray wavelength). The s-axis was calibrated by the scattering pattern of Silver-behenate
salt (d-spacing 5.84 nm). The scattering patterns from ALIXg1-v in the monomeric and
dimeric phase were measured at protein concentrations of 10.0, 7.4, 5.0 and 2 mg/ml and 2.9,
1.4 and 1.2 mg/ml, respectively. ALIXymyt1 Was measured at a concentration of 7mg/ml at the
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ESRF (Grenoble) beam line ID02. Further details on SAXS data analysis and model calculation
are described in SOM.

Mammalian expression constructs and HIV-1 release assay

The mammalian expression vector pDSRed2-C1/AIP1gro, encoding ALIXy.prp, With the
N-terminal Brol-domain replaced by RFP (Strack et al., 2003), was mutated to produce both
V-domain dimerization mutants (RFP-ALIXymui-prp and RFP-ALIXymut2-prD) USING
standard procedures. See SOM for further details.

For indirect immunofluorescence detection of CHMP4Bc aLix its CDNA was cloned with a
C-terminal Flag-epitope into the mammalian expression vector pCAGGS by PCR using
pBADM41-CHMP4BAc aLix as a template. The plasmid was transfected alone or together
with ALIXgo1-v fused to the N-terminal halve of YFP and the C-terminal halve of YFP in
HEK?293 cells using TransIT (Mirus) and OptiMem (Invitrogen) according to the
manufacturer’s instructions. For further details see SOM.

Hydrogen/deuterium (H/D) exchange mass spectrometry (MS)

Deuterium labeling of monomeric and dimeric ALIXg,1.y Was carried out by 20-fold dilution
of the protein samples in deuterated buffer (5mM Hepes, 100mM NacCl in D,0, pD 7.6)
followed by incubation at 4°C for different time intervals (from 10 s to 30 min). The reaction
was quenched by lowering the pD to 2.1 with 0.1 M HCI solution. Pepsin (Sigma-Aldrich)
digestion was performed at 4°C and pH 2.5 for 2 min in 0.1 M HCI and a protein:protease ratio
of 1:1 (w/w). Further details are reported in SOM.

Electron microscopy

CHMP4Bc_alix and ALIXgo1-yv Were purified by sucrose gradient centrifugation (Lata et al.,
2008b) and samples present in the bottom fractions were analyzed by electron microscopy
using negative staining with uranyl acetate or sodium silicotungstate (pH 7.0) (Lata et al.,
2008b). For cryo electron microscopy CHMP4BAc_ajix @lone or in complex with
ALIXgo1-v the sucrose was removed and 4 ul sample were loaded onto a Quantifoil R2/1
holey grid (Quantifoil Micro Tools GmbH, Germany). The grids were treated and observed
using a JEOL 2010 FEG electron microscope (Schoehn et al., 2008).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. ALIX forms monomers and dimers in solution
(A) ALIXgro1-v and (B) ALIXy, analyzed by MALLS indicates molecular weights of ~80 and
~160 kDa for ALI1Xgo1-v and ~40 and ~80 kDa for ALIXy; left y-axis, refractive index; the
molecular weight is blotted on the right axis in a logarithmic scale; x-axis shows the elution

volume of the peaks.
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Figure 2. Small angle X-ray scattering analysis of ALIXgyg1-V.

(A) Experimental scattering intensity patterns obtained for monomeric (dark grey) and dimeric
(light grey) ALIXg01-v are shown as a function of resolution and after averaging and
subtraction of solvent scattering. The scattering intensity patterns calculated from the
ALIXgro1-v monomer and dimer SAXS model with the lowest x value are shown as black
lines.

(B) P(r) function of both monomeric (dark grey) and dimeric (light grey) ALIXg1-v (both
curves have been adjusted to the same height). The ab initio model envelope of monomeric
ALIXgo1-v IS shown together with the manually docked ALIXg(q1-y Structure (Fisher et al.,
2007) as inset.
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(C) Ab initio modeling of dimeric ALIXg(q1-y reveals a crescent shape model spanning ~ 270
A; two orientations of the bead model including the molecular envelope are shown.
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Figure 3. Mapping of the conformational flexibility of ALIXpgro1-v

Hydrogen/deuterium (H/D) exchange labeling coupled to mass spectrometry analysis was used
to determine conformational differences between monomeric and dimeric ALIXgo1-v. (A)
Example of local H/D exchange kinetic for the peptide sequence 637-648. The average mass
(Mayg) is plotted against DO incubation time. This reveals a difference in H/D exchange within
this region where dimeric ALIXpg,1-v Shows less deuterium exchange compared to monomeric
ALIXgo1-v Over a period of 30 min.

(B) The H/D exchange results have been plotted onto the structure of ALIXgo1-v (Fisher et
al., 2007) and the differences in deuteration between monomer and dimer (AMj,g) are scored
according to the following color code: green regions are more protected from H/D exchange
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in dimeric ALI1Xg1.v While regions shown in red < orange < yellow are less accessible to H/
D exchange within monomeric ALIXgq1-v- Regions in blue show similar accessibility
between monomeric and dimeric ALIXgq1-v and regions in grey were not covered by peptide
mapping of the deuterated forms.
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Figure 4. Mutagenesis of the ALIXy, dimer hinge region generates elongated ALIXy, monomers
(A) SEC reveals that ALIXymyt1 produces only one peak as compared to wild type ALIXy,
and ALIXymut.

(B) MALLS analyses show that ALIXy/myt1 is monomeric and ALIXy/myt2 €Xists in monomer
and dimer conformations. Both refractive index and molecular weight analyses (logarithmic
scale) are plotted against the elution volume. The molecular weight distribution across each
peak is indicated by dots.
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Figure 5. SAXS model of ALIXymuyt1.

(A) X-ray scattering curves of wild type ALIXy (red) and ALIXymut1 (blue) is shown after
averaging and subtraction of solvent scattering. The inset shows the corresponding Guinier
plots. The theoretical scattering profiles calculated from the ab initio models with the lowest
y values are shown as black lines.

(B) P(r) functions of both wild type and mutant ALIXymut1. (C) Ab initio calculated model of
ALIXymut1 reveals an elongated 170A long rod-like structure; two orientations of the bead
models plus envelopes (grey) rotated by 90° are shown. (D) The three helical bundle structure
(red ribbon) of one arm of ALIXy, fits into the molecular envelope of ALIXV 1 and the
second arm (blue) would fit after a rotation of ~ 140° along the ALIXy, hinge region.

(E) Model for dimeric ALIX. Dimerzation requires that ALIXy, opens and allows anti-parallel
interaction of the ALIX V-domains arms.
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Figure 6. ALIXprg1-v dimerizes in vivo

ALIXpgro1-v Was expressed using a split YFP expression system. (A) Co-expression of both
ALIXpgo1-v YFP fusion protein halves in HEK293 cells resulted in complementation (right
panel). ALIXgo1-v expression thus induces ALIXgrq1-yv dimerization in vivo.

(B) Expression of CHMP4Bc.ap1x revealed inclusions partly localized along the plasma
membrane (left panel).

(C) Co-expression of ALIXpgg1-v YFP fusion constructs and CHMP4Bc.aL1x; red
fluorescence CHMP4Bc.ap1x (Ieft panel), green fluorescence dimeric ALIX (middle panel)
and the lower panel show the co-localization: CHMP4Bac_ap 1x recruits ALIXgg1-yv dimers
in vivo into large inclusions. Control staining with DAPI is shown in all panels.
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Figure 7. ALIX dimerization is important for HIV-1 budding

HIV-1 particle release detected upon expression of RFP-ALIXy,_prp Wild type and the
dimerization mutants.

(A) Expression of RFP-ALIXymut1-prD reverses the dominant negative effect observed for
expression of wild type RFP-ALIXy.prp. Lane 1, vector control; lane 2, wild type RFP-
ALIXy.prp; lane 3, RFP-ALIXymut1-prp- Detection of extracellular Gag levels (virions, left
panel) and intracellular Gag levels (right panels) are shown.

(B) Expression of RFP-ALIXymut2-prD does not influence the dominant negative effect
observed for expression of wild type RFP-ALIXy,_prp. Lane 1, vector control; lane 2, wild
type RFP-AL|Xv_pRD; lane 3, RFP-AL|XVmut2_pRD.
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(C) Expression levels of RFP-ALIXy.prp are shown for wild type (lane 2) and RFP-
ALIXymuti-prp (lane 3) expression (lane 1, RFP vector expression control).
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Figure 8. ALIXpo1-v interacts with CHMP4 polymers in vitro
Sucrose gradient centrifugation analysis of monomeric (A) and dimeric (B) ALIXgo1-v, (C)
MBP-CHMP4B ¢, (D) MBP-CHMP4BAc_aL1x: (E) CHMP4Bc ALIX, (F) MBP-
CHMPA4BAc_aL1x and monomeric ALIXgrg1-v, (G) MBP-CHMPA4BAc_ar 1x @and dimeric
ALIXgo1-v, (H) Western blot detection of both MBP-CHMPA4BAc_a11x and ALIXgo1-v
present in the bottom fraction of gradients F and G; (I) CHMP4Bac.aLi1x and monomeric
ALIXgo1-v, (J) CHMP4BAc a1 and dimeric ALIXgo1.y- (Protein bands migrating below
the 50kDa marker protein correspond to MBP* (*; C, D, E, F, G, |, J)).
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Figure 9. Electron microscopy analyses of CHMP4Bac-aL1x @and ALIXpgro1-v complexes
Negative staining EM images of (A) MBP-CHMP4B ¢, (B) MBP-CHMP4Bc.aLIx, (C)
CHMP4BAc-aLIX, (D) CHMP4BAc.aLIx - ALIXprg1-v (MONomer) complexes, (E)
CHMP4BAc-aLIx- ALIXpo1-v (dimer) complexes. (F) Cryo-electron microscopy image of
CHMPA4BAc.aL1x- (G) Cryo EM images of selected ring structures of CHMP4Bac.aLix; (H)
Ring-like structures revealing the potential repeating unit, marked by arrows (left panel,
negative staining, right panel cryo image). () 5 panels of cryo EM images showing
CHMP4BAc-aLIx - ALIXpB(o1-v (dimer) complexes. The length of one rung and the distance
between rungs are indicated schematically in panel 2. The scale bars are 50 nm (A), 100 nm
(B-F, 1) and 30 nm (G, H).
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