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The cellular ALIX protein functions within the ESCRT pathway to facilitate intralumenal endosomal vesicle
formation, the abscission stage of cytokinesis, and enveloped virus budding. Here, we report that the C-ter-
minal proline-rich region (PRR) of ALIX folds back against the upstream domains and auto-inhibits V domain
binding to viral late domains. Mutations designed to destabilize the closed conformation of the V domain
opened the V domain, increased ALIX membrane association, and enhanced virus budding. These observations
support a model in which ALIX activation requires dissociation of the autoinhibitory PRR and opening of the

V domain arms.

Retroviral Gag polyproteins contain short sequence mo-
tifs, termed “late domains,” that facilitate virus budding by
recruiting components of the cellular ESCRT pathway (4,
38). For example, the HIV-1 p6“?€ protein contains “PTAP”
and “YPXL” late domains (designated by their consensus
sequences), that bind directly to the TSG101 and ALIX
proteins, respectively (6, 9, 19, 33, 39). ALIX, in turn, binds
the CHMP4 subunits of the ESCRT-III complex, resulting
in recruitment of the VPS4 ATPase, membrane fission, and
virus release (10, 27).

ALIX contains three distinct structural elements: an N-ter-
minal Brol domain, a central V domain, and a C-terminal
proline-rich region (PRR). The boomerang-shaped Brol do-
main binds CHMP4 proteins (7, 13, 20), the V domain com-
prises two extended three-helix bundles and binds YPXL late
domains (7, 16, 44, 45), and the PRR binds a series of other
proteins but is predicted to lack a persistent secondary or
tertiary structure (7, 8, 24). Like other ESCRT factors, ALIX
must cycle between soluble (inactive) and membrane-associ-
ated (active) states. Several lines of evidence suggest that con-
formational changes accompany (or induce) these transitions.
First, recombinant ALIX proteins can form stable monomers
and dimers (7, 23), and biochemical evidence suggests that the
dimer is the active conformation (5, 7, 23, 29). Second, small-
angle X-ray scattering (SAXS) profiles indicate that the two
arms of the V domain may open and associate in an antipar-
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allel fashion when the protein dimerizes (29). Third, recent
reports show that the PRR can inhibit ALIX binding to con-
formationally sensitive monoclonal antibodies, CHMP4 pro-
teins, and viral Gag proteins (46-48). However, previous stud-
ies have not characterized the structure or conformational
transitions of pure, full-length ALIX, because this protein has
not been available.

Although we were unable to express full-length human
ALIX protein in Escherichia coli, we could produce multimil-
ligram quantities of pure recombinant ALIX in insect cells
using a baculoviral expression system. Briefly, 2 liters of SF21
cells were infected with a BaculoDirect (Invitrogen) expression
vector, which encoded Hiss-ALIX (ALIX residues 1 to 868,
WISP10-643). The cells were lysed by sonication 48 h postin-
fection (300 mM NaCl, 10 mM imidazole, 5% [vol/vol] glyc-
erol, 1% [vol/vol] Triton X-100, 50 mM Tris [pH 8.0]). ALIX
was purified from the clarified lysate by Ni** chromatography
(Qiagen; elution with 250 mM imidazole), anion-exchange
chromatography (0.025 to 1.0 M NaCl gradient, 25 mM Tris
[pH 8.8] [Q Sepharose; GE Healthcare]), and size exclusion
chromatography (monomeric species collected [Superdex 200;
GE Healthcare]) (Fig. 1A). This procedure typically yielded 5
mg of pure monomeric ALIX, and the protein identity was
confirmed by electrospray ionization mass spectrometry. ALIX
constructs that lacked the PRR (ALIX residues 1 to 698,
denoted ALIXg,, v [WISP10-648] and ALIXg, . v reaor
[WISP11-296]) were expressed and purified in E. coli as de-
scribed previously (7).

SAXS experiments were performed to examine the confor-
mation of the C-terminal PRR. These measurements were
performed using an Anton Paar SAXSess line-collimation in-
strument as described previously (11). Analysis of the forward
scattering intensity, 1(0) (26), gave a solution molecular mass
for ALIX (102.5 kDa) (see Table S1 in the supplemental ma-
terial) that agreed well with the calculated monomeric mass
(100.8 kDa), indicating that the protein was monodisperse and
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FIG. 1. Small-angle X-ray scattering analyses of recombinant ALIX. (A) SDS-PAGE analysis (Coomassie blue staining) showing the stepwise
expression and purification of full-length human Hise-ALIX protein following baculoviral expression in SF21 insect cells (lane 1), nickel affinity
chromatography (lane 2), anion-exchange chromatography (lane 3), and gel filtration chromatography (lane 4). (B) Log I(g) versus ¢ solution
small-angle X-ray scattering profile for ALIX (circles) and ALIXg, .1 vresor (gray diamonds). Fits to the ALIX scattering data are shown in red
(models depicted in panels D and E) or blue (model depicted in F). For clarity, the data have been offset on the /(g) axis. (C) Probable atom-pair
distance distributions [P(r) versus r] for ALIX (open circles) and the crystal structure of ALIXg,,, v (black squares) and ALIXg, .y resor (gray
diamonds). The crystal structure P(r) was calculated as for the experimental data except that the intensity profile was generated using CRYSOL26
(34) and the coordinates of ALIXg,,;.y (7). The areas under the P(r) curves are proportional to /(0) and correctly scaled according to the ratios
of the square of the molecular masses of the proteins. (D and E) ALIX models that fit the scattering data (red lines in panel B). The Brol domain
is shown in light blue, the two arms of the V domain are shown in green and blue, respectively, and PRR dummy atoms are shown in magenta.
(F) A model in which the PRR projects into solution does not fit the SAXS data (blue line in panel B).

monomeric. The log I(q) versus g SAXS profile for ALIX
(open circles) is shown in Fig. 1B. Indirect Fourier transfor-
mation of the SAXS profile using the program GIFT (3)
yielded the probable atom-pair distance distribution within
ALIX [P(r) versus r plot] (Fig. 1C), the radius of gyration (R,),
44.8 = 1.5A, and the maximum linear dimension (D,y,,), 155 *
5 A These structural parameters are very similar to the R,
(45.3 A) and D,,,, (158 A) values calculated from the P(r)
profile derived from the ALIXg,,,.v crystal structure (Fig. 1C,
black squares). The overall shapes of the experimentally de-
rived and crystal structure-based P(r) curves are also similar,
indicating that the mass of the PRR must pack near the center
of mass of the Brol-V core structure. In contrast, a recent
SAXS analysis of an ALIX construct that lacked the Brol
domain and the final 108 PRR residues indicated that in this
context the truncated PRR projected away from the V domain
(32). These observations support a role for the Brol domain
and/or the C-terminal two-thirds of the PRR in mediating the
fold-back structure.

Atomic models for ALIX were generated using the ALIXg, ;v
crystal structure (7) and dummy atom representations of PRR
residues. The ALIXg,,;.v structure was fixed as a single rigid
body and the PRR positioned by refinement against the SAXS
data using the program BUNCH (28). In the absence of any
distance constraints, the PRR consistently refined toward the

second arm of the V domain (Fig. 1D; red line fit in Fig. 1B)
(x* of 0.54, calculated using CRYSOL26; 34) (see Fig. S1 in
the supplemental material). Models in which the PRR center
was constrained to be within 5 A of the center of the Brol
domain fit the scattering data equally well (Fig. 1E; red line fit
in Fig. 1B) (x* of 0.54). In contrast, models in which the PRR
was rotated away from the V domain and into solution did not
fit the experimental data (Fig. 1F; blue line fit in Fig. 1B) (x*
of 4.70). Thus, the SAXS data indicate that the ALIX PRR lies
close to the Brol-V core in solution, probably interacting with
arm2 of the V domain and possibly also interacting with the
Brol domain.

Isothermal titration calorimetry was performed to test
whether the PRR influenced ALIX binding to a high-affinity
late-domain peptide from equine infectious anemia virus
(EIAV) p9°°¢ (,,TQNLYPDLSEIKK,; bold residues contact
arm2 of the ALIX V domain) (44). As expected, the control
ALIXg,,.v protein bound the EIAV p9©2¢ peptide with an
equilibrium dissociation constant (K,) of 3.6 uM (Fig. 2, black
squares), which matches our previous biosensor-based analyses
(K of 6 uM; see reference 44). In contrast, full-length ALIX
did not bind detectably to the EIAV p9©“ peptide under these
conditions (open circles). Similarly, the EIAV p992¢ peptide
bound approximately 100-fold less tightly to ALIX than to
ALIXg,0;.v in biosensor binding experiments (data not
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FIG. 2. ALIX protein binding to an EIAV p99?¢ late-domain pep-
tide. Isothermal calorimetry titrations of an EIAV p992¢ peptide (;,T
QNLYPDLSEIKKj;;, 750 wM) into 70 pM ALIXg,,,.y (filled squares)
or ALIX (open circles) in a solution of 20 mM sodium phosphate (pH
7.2), 150 mM NaCl, and 1 mM dithiothreitol (DTT) (25°C). The solid
line shows the theoretical curve for a 1:1 peptide: ALIXj,,;.y complex
with a dissociation constant of 3.6 uM (N was 1.01 £ 0.004, AG 5. was
—7.42 = 0.02 kcal/mol, AH,s. was —5.55 £ 0.03 kcal/mol, and AS,sec
was 6.30 * 0.17 entropy units [eu], where N, G, H, and S are ligand-
binding stoichiometry, free energy, enthalpy, and entropy, respectively
[MicroCal Origin software]). The peptide was added in 39 0.5-pl in-
jections (180-s intervals) using a MicroCal iTCy.

shown). In contrast, the two ALIX constructs bound with sim-
ilar affinities to a peptide that corresponded to the binding
epitope on CHMP4B (,,sKKKEEEDDDMKELENWAGSM,,;
bold residues contact the ALIX Brol domain [see reference
20]) (ALIX K, was 112 = 57 uM, and ALIXg,.,.v K, was
75 = 24 uM [n = 6]). In this respect, our results differ from
those of Zhou et al., who observed that the PRR also inhibited
CHMP4 binding (48). However, our experiments were per-
formed using pure monomeric ALIX and CHMP4B peptides,
whereas theirs were performed with full-length proteins in
crude extracts and could have been influenced by additional
factors, such as avidity effects resulting from protein oligomer-
ization. Our data indicate that the PRR does not significantly
alter the intrinsic affinity of the CHMP4 binding site on the
Brol domain but strongly inhibits YPXL late-domain binding
to arm2 of the V domain.

The two arms of the ALIX V domain are juxtaposed at an
acute angle of ~30° in crystal structures of the monomeric
protein (termed the “closed” conformation) (7, 16, 44, 45). The
suggestion that the linker connecting the two arms functions as
a hinge that opens further under some conditions (7) is con-
sistent with SAXS data, which indicate that that the two arms
are indeed more open in the ALIX dimer (29). We therefore
hypothesized that mutations that destabilize the closed confor-
mation might promote ALIX dimerization, membrane associ-
ation, binding to the oligomeric Gag protein, and virus bud-
ding. This idea was tested by examining whether mutation of
ALIX Arg649 localized the protein to cellular membranes or
stimulated virus release. Arg649 forms an array of hydrogen
bonding interactions that connect the three linker strands in
the closed conformation, and the Arg649Glu mutation is
therefore expected to destabilize the closed conformation of
the V domain. Structural parameters derived from SAXS data
collected from ALIX, ;v resor (S€€ Table S1 and Figure S2
in the supplemental material) show that there is a mass redis-
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tribution in the mutant compared to the ALIXg,,,.y crystal
structure as indicated by a change in the probable atom-pair
distribution (Fig. 1 C, gray diamonds), which extends out to
~190 A. The R, of ALIXp, 01 v, R649E is ~8 A greater than the
ALIX g 01y crystal structure (53.5 A versus 45.3 A), while the
average radius of gyration of cross section (R,) of the mutant
(calculated in PRIMUS) (14) is smaller (R, of ~12 A versus
ALIXg,,, v of ~14.5 A). These data show that the Arg649Glu
mutation causes ALIXg, ;v to extend and become “thinner,”
indicating that the mutation causes the V-domain to occupy a
more “open” configuration.

Membrane flotation experiments were performed as previ-
ously described (25) to test whether the Arg649Glu mutation
enhanced ALIX membrane association. Briefly, transfected
293T cells were collected 6 h posttransfection, washed three
times with cold NTE buffer (150 mM NaCl, 10 mM Tris-HCI,
1 mM EDTA), and suspended in 800 wl NTE buffer containing
6% (wt/vol) sucrose and a protease inhibitor cocktail (Sigma).
Cells were disrupted by sonication (Fig. 3A, lane 1, Lysate),
and nuclei and protein aggregates were removed by low-speed
centrifugation (800 X g for 15 min; resolubilized in 10% triton/
NTE buffer) (Fig. 3A, lane 3, Pellet). ALIX and ALIXge40r
remained in the nonpelleted fractions (Fig. 3A, lane 2, Super-
natant). This fraction was adjusted to 80% (wt/vol) sucrose in
NTE and placed on the bottom of a 14- by 89-mm centrifuge
tube (331372; Beckman), and the membrane fractions were
“floated” by sedimentation (35,000 rpm for 24 h at 4°C; Beck-
man SW41 rotor) through layers of 65% sucrose (6 ml) and
10% sucrose (2.5 ml). Fractions containing membrane-bound
proteins (4 ml, lane 4) and soluble proteins (5 ml, lane 6) and
an intermediate fraction (3 ml, lane 5) were collected, and
their protein contents were analyzed by Western blotting. Con-
trol soluble (aldolase) and integral membrane (cadherin) pro-
teins concentrated in the soluble and membrane fractions,
respectively, as expected (Fig. 3A, rows 3 and 4, respectively).
The wild-type FLAG-ALIX protein remained predominantly
(79%) in the soluble fraction (Fig. 3A, row 1, compare lanes 4
and 6), whereas most (65%) of the ALIX440r mutant associ-
ated with membranes (Fig. 3A, row 2, compare lanes 4 and 6).
Thus, these data indicate that V domain opening activates
ALIX for membrane binding.

To test whether the ALIX 40 mutant was also hyperactive
in stimulating virus release, we measured the release and in-
fectivity of an HIV-1y, 45 virus that could not bind TSG101
(HIV-1 APTAP) and was therefore highly dependent upon
expression of exogenous ALIX for budding (7, 37). As shown
in Fig. 3B and C, ALIX40r Was more potent than the wild-
type protein in stimulating virus release and infectivity, partic-
ularly when ALIX levels were limiting. For example, viral
infectivity was 7-fold higher when cells were transfected with
0.01 pg of the ALIX40r €xpression construct (Fig. 3B, inset)
even though the two proteins were expressed at equivalent
levels (Fig. 3C, panel 3, compare lanes 2 and 8). Similarly, 0.1
g of the ALIXRzeqop €xpression construct stimulated virus
release and infectivity to levels that were comparable to those
induced by 1.0 pg of the wild-type ALIX expression construct
(Fig. 3B, inset; Fig. 3C, panel 3, compare lanes 7 and 11). Thus,
the Arg649Glu mutation activates ALIX to facilitate HIV-1
release, further supporting the idea that destabilizing the
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FIG. 3. The Arg649Glu mutation activates ALIX for membrane as-
sociation and virus budding. (A) Flotation analysis showing the degree of
membrane association of ALIX and ALIXggsop- Lanes 1 to 3 show the
crude fractionation of 293T cell lysates (lane 1) expressing either ALIX
(row 1, WISP03-308), ALIXy440r (row 2, WISP06-180), or no protein
(control, rows 3 and 4). The data demonstrate that neither ALIX nor
ALIXg40p forms insoluble aggregates (compare lanes 2 and 3 and see
text for details). Lanes 4 to 6 show the percentages of ALIX (row 1)
ALIXggu0r (row 2), aldolase (soluble protein control, row 3), and cad-
herin (integral membrane protein control, row 4) that partitioned into the
membrane-containing (lane 4), soluble (lane 6), or intermediate (row 5)
fractions. (B) HIV-1 APTAP viral titers released by 293T cells (six-well
plates, 1 pg plasmid DNA) cotransfected with an empty vector control or
with the indicated quantities of pCl-neo-FLAG vectors expressing wild-
type ALIX (gray triangles, black line) or ALIXg40p (black crosses, gray
line). Titers were measured in triplicate using single-cycle MAGIC infec-
tivity assays. (C) Western blots of supernatants and cells corresponding to
the experiment described in panel B, showing levels of virion-associated
CA and MA released into the media (panel 1), and cellular levels of viral
Gag, (anti-CA [a-CA] and a-MA, panel 2), and ALIX protein levels
(a-FLAG, panel 3).
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FIG. 4. Model depicting different stages of ALIX activation. (i)
Monomeric ALIX adopts an autoinhibited state in the cytosol in which
the two V domain arms (blue and green) adopt a “closed” conforma-
tion, and the PRR (red) folds back onto the V domain to occlude the
YPXL late-domain binding site (orange) and onto the Brol domain
(light blue with the CHMP4 binding site shown in purple). ALIX
activation requires dissociation of the PRR from the Brol-V core (ii)
(pink arrow), opening of the V domain (iii) (blue arrow), and protein
dimerization (iv), denoted in brackets because dimeric species were
characterized in references 5 and 29, not in the present study.

closed conformation of the ALIX V domain produces a con-
stitutively active protein.

Together with previous reports (5, 29, 48), our studies sup-
port a model in which ALIX is activated to facilitate virus
budding through a series of conformational changes that (i)
release the PRR from the Brol-V domains and expose the
YPXL late-domain binding site, (ii) open the V domain, (iii)
stimulate membrane recruitment of ALIX, and (iv) induce
protein dimerization (Fig. 4). These conformational changes
are likely to be concerted and mutually reinforcing, because (i)
ALIX dimerization appears to require V domain opening (29)
and to be regulated by PRR residues (5), (ii) membrane re-
cruitment will tend to increase local ALIX concentrations and
thereby drive dimerization, and (iii) ALIX dimerization will
tend to promote binding to oligomeric Gag complexes owing to
avidity. Thus, all of these effects likely combine to stimulate
ALIX recruitment during viral Gag protein assembly at the
plasma membrane. Other factors that may also contribute to
ALIX activation include ubiquitin association (12), phosphor-
ylation (31), the ubiquitin E3-ligase POSH (1, 36, 42), and
factors that bind the PRR, such as CEPSS5, endophilins,
TSG101, ALG-2, PYK?2, Src kinases, and the Cbl-SET/CINS&5-
endophilin complex (5, 7, 18, 21, 22, 30, 32, 33, 36, 40, 41).

In addition to providing a regulatable step in ESCRT complex
assembly, ALIX dimerization may nucleate the assembly of two
strands of CHMP4, which is thought to form filaments within the
necks of budding vesicles (10, 27). During yeast intralumenal
endosomal vesicle formation, the ESCRT-II complex performs
an analogous function in nucleating the polymerization of two
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CHMP4 strands (35). In that case, two CHMP4 filaments are
formed because the ESCRT-II complex contains two copies of
the ESCRT-III binding protein Vps25p (10, 27). Similarly, the
mechanism of PRR autoinhibition described here for ALIX is
analogous to autoinhibition of the ESCRT-III proteins, whose
C-terminal tails also fold back on the body of the protein to
prevent protein oligomerization and membrane binding until they
are released by binding to upstream factors (2, 15, 17, 43). Once
the proteins are opened, the oligomerization domains can polym-
erize, and the C-terminal tails are free to recruit additional down-
stream factors. Thus, different ESCRT factors employ common
principles to cycle on and off membranes and maintain the se-
quential protein assembly pathways required for regulated mem-
brane fission.
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