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Background: LIP5 and ESCRT-III are regulators of VPS4 in biological processes that require the ESCRT function.
Results: Structural and functional analyses of human VPS4, LIP5, and ESCRT-III interactions are presented.
Conclusion: ESCRT-III protein CHMP5 inhibits LIP5-mediated VPS4 activation by inducing a moderate conformational

change within LIP5.

Significance: This study reveals important mechanistic differences in VPS4 regulation between fungi and metazoans.

Disassembly of the endosomal sorting complex required for
transport (ESCRT) machinery from biological membranes is a crit-
ical final step in cellular processes that require the ESCRT function.
This reaction is catalyzed by VPS4, an AAA-ATPase whose activity
is tightly regulated by a host of proteins, including LIP5 and
the ESCRT-III proteins. Here, we present structural and func-
tional analyses of molecular interactions between human VPS4,
LIP5, and the ESCRT-III proteins. The N-terminal domain of
LIP5 (LIP5NTD) is required for LIP5-mediated stimulation of
VPS4, and the ESCRT-III protein CHMP5 strongly inhibits the
stimulation. Both of these observations are distinct from what was
previously described for homologous yeast proteins. The crystal
structure of LIPSNTD in complex with the MIT (microtubule-
interacting and transport)-interacting motifs of CHMP5 and a second
ESCRT-III protein, CHMP1B, was determined at 1 A resolution. It
reveals an ESCRT-III binding induced moderate conformational
change in LIPSNTD, which results from insertion of a conserved
CHMPS5 tyrosine residue (Tyr'?) at the core of LIPSNTD structure.
Mutation of Tyr'®? partially relieves the inhibition displayed by
CHMP5. Together, these results suggest a novel mechanism of VPS4
regulation in metazoans, where CHMP5 functions as a negative allos-
teric switch to control LIP5-mediated stimulation of VPS4.

The endosomal sorting complex required for transport
(ESCRT)? machinery is responsible for catalyzing membrane
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fission reactions away from the cytoplasm (1-4). ESCRT was
initially identified in the yeast multivesicular body biogenesis
pathway (5) and was later shown to be involved in other biolog-
ical processes in higher eukaryotic cells, including enveloped
virus budding from the plasma membrane (6), resolution of the
mid-body structure during cytokinesis (7), and, more recently,
repair of small plasma membrane wounds (8). The core com-
ponents of the ESCRT machinery have shown remarkable con-
servation in eukaryotic cells. Among them, Vps4 and the
ESCRT-III complex are required for all known ESCRT-depen-
dent cellular processes and are thought to constitute a minimal
membrane fission machine.

The ESCRT-III complex consists of four core subunits:
Vps20 (human ortholog: CHMP6), Snf7 (CHMP4), Vps24
(CHMP3), and Vps2 (CHMP2) (9, 10). These subunits normally
exist as inactive, soluble proteins in the cytoplasm. They poly-
merize into membrane-bound helical filaments when activated
by upstream factors (11-15). ESCRT-III polymerization plays a
critical role in the membrane fission reaction (16 -19). At the
end of the reaction cycle, the ESCRT-III filaments are disassem-
bled and extracted from the membrane and returned to their
inactive states. Disassembly of the ESCRT-III complex is cata-
lyzed by Vps4, an ATPase associated with diverse cellular activ-
ities (AAA-ATPase) (20 —24). There is also evidence suggesting
that Vps4 directly contributes to membrane fission in some
cellular processes (8, 20, 25-28). Because Vps4 is the only
energy-consuming enzyme in the ESCRT machinery, it has
long been viewed as the master regulator of the system. Under-
standing the structure, function, and regulation of Vps4 is an
important goal in understanding ESCRT biology.

The structure of Vps4 contains an N-terminal domain, a
linker, and a C-terminal canonical AAA-ATPase cassette (29—
31). The N-terminal domain is also a microtubule-interacting
and transport (MIT) domain, which the protein uses to bind the
MIT-interacting motifs (MIMs) located within the C terminus
of the ESCRT-III proteins (32, 33). Unique to the Vps4 struc-
ture is a small domain of three anti-parallel B-strands called the
“B-domain,” inserted within the AAA cassette. Vps4 can exist
in two quaternary structures, an inactive monomer/dimer and
an active high-order oligomer (34). Vps4 oligomerization and
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its membrane recruitment represent major steps in Vps4 regu-
lation (35), which are mediated by a host of proteins, including
its cofactor Vtal (LIP5) and its substrates the ESCRT-III pro-
teins (36 -39).

The structure of Vtal contains two domains that are con-
nected by a long, non-conserved flexible linker (36, 41). The
N-terminal domain consists of two tandem MIT domains (41).
The C-terminal domain is known as the Vtal-SBP1-LIP5 (VSL)
domain that directly binds to the B-domain of Vps4 (36). In
yeast, Vtal can stimulate the ATPase activity of Vps4 about
3-fold, and this stimulation is largely attributable to the fact that
interaction between the VSL domain and Vps4 stabilizes the
active Vps4 oligomeric structure (41). Recent work has also
identified a region immediately N-terminal to the VSL domain
in yeast Vtal that can further stimulate Vps4 activity (named
VSE) by increasing the catalytic efficiency of the ATPase (42).

The ESCRT-III proteins also have regulatory activity toward
Vps4. Binding of the Vps4 MIT domain to the MIM sequences
displayed by the membrane-bound ESCRT-III filaments can
serve to recruit, assemble, and activate the ATPase (21, 25).
Beyond the four core ESCRT-III subunits, there exist several
proteins whose structural folds are similar to ESCRT-III,
including Did2 (CHMP1), Vps60 (CHMP5), and Ist1 (IST1) (17,
43). They have also been implicated in Vps4 regulation and in
some cases are thought to aid in the recruitment of Vps4 to the
membrane (44). The regulatory role of Did2, Vps60, and Ist1, in
particular, overlaps with that of Vtal. Biochemical analysis of
protein-protein interactions has shown that Did2, Vps60, and
Istl can bind to the N-terminal domain of Vtal (41, 45). Studies
in yeast revealed that binding of Did2 and Vps60 further stim-
ulates Vps4 activity in a Vtal-dependent manner (37, 42).
These results suggest that Did2 and Vps60 function as allosteric
ligands of Vps4.

Most of our current understanding with regard to the mech-
anism of Vps4 regulation by Vtal and the ESCRT-III proteins
has been derived from studies in yeast. Because the metazoan
ESCRT machinery performs additional functions not described
in yeast, it is important that parallel mechanistic studies are
carried out in the native context. To this end, we performed
structural and functional analyses of molecular interactions
between human VPS4, LIP5, and regulatory ESCRT-III pro-
teins CHMP1B and CHMP5 to gain insights into regulation of
the ESCRT machinery in metazoans. Although LIP5 strongly
stimulates VPS4 ATPase activity, it requires both the N- and
C-terminal domains of the protein for full stimulation. Further-
more, binding of CHMP5 to the N-terminal domain of LIP5
strongly inhibits LIP5-mediated VPS4 stimulation, which is
diametrically opposed to what was observed in yeast (37). High-
resolution crystal structure of human LIP5-CHMP1B-CHMP5
complex revealed that CHMP1B and CHMP5 utilize distinct
binding mechanism to engage LIP5. In particular, binding of
CHMP5 leads a moderate conformational change that alters
the MIT domain interface in the N-terminal domain of LIP5.
We propose a novel mechanism where induction of this con-
formational change precludes some critical interactions
between LIP5 and VPS4, hence the inhibition of LIP5-mediated
VPS4 stimulation by CHMP5 in metazoans.
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EXPERIMENTAL PROCEDURES

Cloning and Expression—All proteins and protein fragments
used in the study were expressed as N-terminal His,-SUMO-
tagged fusion proteins by cloning encoding cDNAs into a mod-
ified pET-28b vector. Point mutations were generated using a
standard PCR mutagenesis protocol (Stratagene). Native pro-
teins were expressed in Escherichia coli Rosetta (DE3) cells.
Briefly, bacterial cells were grown to mid-log phase in LB
medium at 37 °C and induced with 0.2 mm isopropyl B-b-1-
thiogalactopyranoside for an additional 1620 h at 16 °C. Sel-
enomethionyl derivative proteins were expressed in E. coli
B834 (DE3) cells using a minimal medium where methionine
was replaced with selenomethionine.

Protein Purification—All proteins were purified using a sim-
ilar protocol with adjustments made when necessary. Bacterial
cells were lysed by sonication in buffer A (25 mm Tris, pH 8.0,
300 mm NaCl, 5 mm 2-mercaptoethanol, and 10 pug/ml (w/v)
phenylmethylsulfonyl fluoride). Cell lysate was cleared by cen-
trifugation, and supernatant was loaded onto a Ni*" -nitrilotri-
acetic acid affinity column. Bound protein was washed with
buffer A and eluted with buffer A supplemented with 250 mm
imidazole. Fractions were pooled and digested with Ulp1 pro-
tease to cleave off the His,-SUMO tag while being dialyzed
against 50 mm Tris, pH 8.0, 25 mm NaCl overnight. Dialyzed
protein sample was passed through a second Ni*" -nitrilotri-
acetic acid column to remove the tag and the undigested
protein.

Proteins used in crystallization were further purified.
LIP5'7'%% was loaded on a Source-S (GE Healthcare) cation
exchange column equilibrated in buffer C (50 mm HEPES, pH
7.0, 50 mm NaCl, 1 mm EDTA, 1 mm DTT) and eluted using a
NaCl gradient in buffer C. Fractions containing the protein
were pooled, concentrated, and loaded onto a Superdex™ 75
(GE Healthcare) column equilibrated in buffer C. For the two
protein complexes, CHMP1B'7®~'*° and/or CHMP5'>'~'*°
were mixed with purified LIP5'7'¢? in an ~2:1 ratio. Protein
mixtures were concentrated and loaded onto a Superdex™™ 200
column equilibrated in buffer C. Complex formation was con-
firmed by elution position change on the gel filtration column.

Crystallization and Data Collection—Crystals of the LIP5
N-terminal domain (LIP5NTD) were grown using the hanging
drop vapor diffusion method. LIP5''* (15 mg/ml) was mixed
in a 1:1 ratio with a reservoir solution of 7.5-9% (w/v) poly-
ethylene glycol 8000 (PEG 8000), 3% (v/v) 1,4-butanediol, 0.1 M
cacodylate, pH 7.0, 0.2 M sodium acetate to a final volume of 4
wl, and the mixture was equilibrated against 500 ul of the res-
ervoir solution at 4 °C. Small hexagonal crystals appeared after
2 weeks. They were transferred into a solution containing 20%
(w/v) PEG 8000, 20% (v/v) glycerol, 8% (v/v) butanediol, 0.1 m
cacodylate, pH 7.0, 0.2 M sodium acetate and immediately
stored under liquid nitrogen. The selenomethionyl derivative
LIP5NTD crystals were produced and harvested in a similar
manner.

Crystals of the LIPSNTD-CHMP1B complex were grown
using the sitting drop vapor diffusion method. LIP5' 1%
CHMP1B'7¢7%? (12.5 mg/ml) was mixed in a 1:1 ratio with 16%
(v/v) 2-methyl-2,4-pentanediol, 0.1 M Tris, pH 9.0, to a final
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TABLE 1
Crystallographic data statistics
LIPSNTD
Native SeMet LIPSNTD-CHMP1B (native) LIPSNTD-CHMP1B-CHMP5 (native)
Data collection
Space group P6,22 P6,22 P2,2,2, P2,
Unit cell parameters
a, b, c(A) 76.4,76.4, 355.9 76.1,76.1, 355.1 52.8,55.2,194.9 34.2,60.5, 52.0
a, B, v (degrees) 90.0, 90.0, 120.0 90.0, 90.0, 120.0 90.0, 90.0, 90.0 90.0, 90.5, 90.0
Molecules/asymmetric unit 3 3 2 1
Wavelength (A) 0.9792 0.9792 0.9787 0.9998
Resolution (A) 3.0 3.3 2.2 1.0
Unique reflections 13124 9907 29702 99846
Redundancy* 6.9 (7.1) 18.3 (19.0) 7.3 (7.4) 4.5 (3.5)
Completeness (%) 98.8 (99.8) 98.2 (99.1) 99.9 (100) 87.4 (46.1)
Average I/o (I) 18.8 (3.6) 22.4 (5.0) 19.4 (3.2) 50.6 (5.4)
erge 0.10 (0.60) 0.16 (0.56) 0.11 (0.55) 0.05 (0.27)
Refinement
Residues in the structure
LIP5 3-158 1-162 4-162
CHMP1B 183-199 185-199
CHMP5 ) 151-190
Resolution range (A) 50.0-3.0 50.0-2.2 50.0-1.0
Ry (%) 25.0 19.6 16.5
R (%) 28.7 22.7 18.1
Root mean square deviations
Bond lengths (A) 0.010 0.009 0.008
Bond angles (degrees) 1.06 1.22 1.28
B-Factor average (A%) 71.1 37.6 8.5
Ramachandran plot
Most favored (%) 97.7 98.0 98.8
Allowed (%) 1.2 17 1.2
Outliers (%) 1.2 0.3 0.0
Protein Data Bank accession code 4TXP 4TXQ 4TXR

“ Values in parentheses are for the specified high-resolution bin.

volume of 4 ul, and the mixture was equilibrated against 500 ul
of 8% (v/v) 2-methyl-2,4-pentanediol, 0.1 M Tris, pH 9.0, at 4 °C.
Two crystals with different morphology appeared. Long nee-
dle-like crystals would appear immediately and then dissolve
over time. Diamond-shaped crystals would appear later and
were used for data collection. Crystals were dialyzed against
30% (v/v) 2-methyl-2,4-pentanediol, 0.1 M Tris, pH 9.0, for
16 —24 h before being stored under liquid nitrogen.

Crystals of the LIPSNTD-CHMP1B-CHMP5 complex were
also grown using the sitting drop vapor diffusion method.
LIP5 2. CHMP1B'7®~**°_.CHMP5'**~**° (13.7 mg/ml) was
mixed in a 1:1 ratio with a reservoir solution of 19% (w/v) PEG
4000, 25 mM sodium acetate, pH 5.5, to a final volume of 4 ul,
and the mixture was equilibrated against 500 ul of the reservoir
solution at 4 °C. Large diamond-shaped crystals would appear
after a few days. They were dialyzed against 25% (w/v) PEG
4000, 20% (v/v) ethylene glycol, 25 mm sodium acetate, pH 5.5,
before being stored under liquid nitrogen.

All data were collected under liquid nitrogen temperature at
Advanced Photon Source beamline 21-ID and processed and
scaled using either XDS (46) or HKL2000 (HKL Research Inc.).
Data collection statistics are shown in Table 1.

Structure Determination and Refinement—The crystal struc-
ture of LIPSNTD was determined using the single-wavelength
anomalous diffraction method. Twelve of 15 expected selenium
sites (5 sites/LIP5 molecule) were located using Phenix (47).
Phases were calculated and refined. After several rounds of den-
sity modification, the resulting electron density map would
allow the building of a model for one of the three molecules in
the asymmetric unit under the guidance of the yeast Vtal struc-
ture (41). This model was partially refined and used to search
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for the other two molecules against the native data set by
molecular replacement. BUSTER was used for further structure
refinement with strict non-crystallographic symmetry applied
throughout (48). The crystal structures of the LIP5NTD-
CHMP1B complex and the LIP5NTD-CHMP1B-CHMP5
complex were solved by molecular replacement using the
refined LIPSNTD structure as the initial search model. Both
structures were refined using Phenix. Non-crystallographic
symmetry restrictions were applied in the early rounds of
refinement for the LIPSNTD-CHMPI1B complex structure.
COOQOT was used for model building and adjustment (49). Struc-
ture refinement statistics are shown in Table 1.

GST Pull-down Analysis—GST pull-down analysis was per-
formed following standard protocols in phosphate-buffered
saline (PBS) solution supplemented with 1 mM DTT and 0.1%
(v/v) Tween 20 (30). Specific samples were also supplemented
with 2 mm ATP. Briefly, 1 ml of bacterial cell lysate containing
GST- or GST-SUMO-tagged “bait” proteins was incubated
with 20 ul of glutathione-agarose bead slurry for 1 hat4 °C. The
protein-immobilized beads were then washed three times with
the buffer and incubated with 1 ml of “prey” proteins for 1 h at
4 °C. Finally, the beads were washed three times with the buffer
again before bound proteins were analyzed on SDS-PAGE and
visualized by Coomassie Blue staining.

Malachite Green ATPase Assay—The Malachite Green assay
was used to measure the ATPase activity of VPS4B as described
previously with modifications (50). Proteins used in the assay
were dialyzed in the ATPase buffer (100 mm Tris-HCI, pH 7.4,
20 mm KCI, 6 mm MgCl,) and stored at —80 °C. Briefly, VPS4B
(or VPS4B7®~**) was incubated with buffer or LIP5 and with
additional ESCRT-III (all final concentrations) where indicated
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in a 15-pl protein mixture. The reaction was started with the
addition of 2 mM ATP (final concentration) to a final reaction
volume of 25 ul and was allowed to proceed for 1 h or another
specified time. Malachite Green reagent (80 wl) was then added,
and the reaction was quenched with the addition of 10 ul of 32%
(w/v) sodium citrate. Samples were mixed and incubated at
37 °Cfor 10 min before A4,, was measured on a SpectraMax M5
microplate reader (Molecular Devices, Sunnyvale, CA). To
account for background ATP hydrolysis, signal from identically
treated sample lacking ATPase was subtracted. Likewise, back-
ground activities of LIP5 or ESCRT-III were subtracted from
samples with an identical composition but lacking ATPase.
Each experiment was repeated three times in triplicate, where
error bars represent S.E. Significances in the data were assessed
using one-way analysis of variance in Prism5 (GraphPad).

RESULTS

The N-terminal Domain of LIPS Is Required for LIP5-medi-
ated VPS4 Stimulation—Previous studies in yeast have shown
that Vtal stimulated the ATPase activity of Vps4, and this stim-
ulatory effect was attributed to the binding of its C-terminal
domain (VSL or VtalCTD) to Vps4 (37, 42). The N-terminal
domain of Vtal (VtalNTD) was not required for the basal stim-
ulatory activity, but binding of the ESCRT-III proteins Did2 and
Vps60 to VtalNTD provided an additional level of Vps4 stim-
ulation. Based on these results, a model was proposed where the
unstructured linker of Vtal acts to inhibit the function of VSL
and this inhibition is relieved upon binding of ESCRT-III to
VtalNTD (51). To determine whether a similar mechanism is
utilized in metazoans, we probed LIP5-mediated regulation of
VPS4 ATPase activity and its modulation by the ESCRT-III
proteins. Earlier studies on human Vps4 orthologs (VPS4A and
VPS4B) indicated that they have much weaker ATPase activity
than yeast Vps4 (39). We observed similar results, but our study
also indicated that VPS4B was slightly more active than VPS4A
and more stable under experimental conditions. Therefore,
VPS4B was used for the rest of our experiments.

We used the Malachite Green assay to measure the phos-
phate produced from ATP hydrolysis by VPS4B. At 2 mm ATP
and submicromolar concentration of VPS4B, the rate of ATP
hydrolysis was linear over 60 min with different ATPase and
activator combinations used in our experiments (Fig. 14). The
ATPase activity of VPS4B was concentration-dependent and
low at 125 nM protein concentration (3.6 £ 1.1 P,/VPS4B/min).
With the addition of 375 nm LIP5, we observed a dramatic
increase in activity. Titration of LIP5 indicated concentration-
dependent stimulation of VPS4B ATPase activity with a maxi-
mum activity of 39.2 = 4.3 P,/VPS4B/min (11-fold stimulation)
(Fig. 1B).

To probe whether the C-terminal domain of LIP5 (LIP5CTD)
alone was sufficient for this stimulatory activity, we generated a
number of LIP5 truncation mutants that encompass the puta-
tive LIP5CTD plus different lengths of the linker region imme-
diately N-terminal to LIP5CTD (Fig. 1C). The design of these
mutants was based on the recent observation that whereas the
VSL domain of Vtal provided the basal Vps4 stimulatory activ-
ity, residues in the upstream VSE region could substantially
potentiate the stimulation (42). Sequence alignment of LIP5/
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Vtal homologs suggested that LIP5%*°373°7 corresponds to
Vtal*”5723%, which was the most potent stimulator of all Vtal
fragments. To our surprise, titration of LIP5***737 to 125 nm
VPS4B showed very low stimulatory activity toward the
ATPase (Fig. 1B). Similarly, Vtall®7330 vta1267-339 and
Vtal*°7%%° were all stimulators of yeast Vps4, yet, corre-
spondingly, LIP5 fragments (LIP5'®*72%7, LIP5>**73%7, and
LIP5%%°73%7) were ineffective at a 375 nM protein concentration,
where full-length LIP5 displayed maximum stimulatory activity
(Fig. 1D) (42). Interestingly, although these LIP5 fragments
were inactive in stimulation, they nevertheless retained binding
to VPS4B to a similar extent as the full-length protein based on
a GST pull-down analysis (Fig. 1E).

These observations suggested that residues beyond LIP5CTD
and the linker were required for LIP5-mediated VPS4 stimula-
tion. To further map the location of these residues, we gener-
ated additional LIP5 truncation mutants and examined their
stimulatory activities toward VPS4B (Fig. 2A4). As expected, a
LIP5 fragment that contains LIP5CTD plus part of the linker
(LIP5%'57397) was not able to stimulate VPS4B. Neither was the
N-terminal domain (LIP5'7'%?) alone (Fig. 2B). However, we
were able to partially restore the stimulatory activity of the full-
length LIP5 by linking the above two fragments together
(LIP5'—162/215-307) " Titration of LIP5'7162/215-307 t45 125 nm
VPS4B showed concentration-dependent stimulation with a
maximum activity of 11.8 * 1.8 P,/VPS4B/min (3-fold stimula-
tion) (Fig. 2C). Hence, it appeared that both the N- and C-ter-
minal domains of LIP5 were required for LIP5-mediated VPS4B
stimulation. Interestingly, a physical connection between the
two was important as adding them in ¢rans could not reproduce
the same effect (Fig. 2B).

Binding of CHMPS5 Inhibits LIPS-mediated VPS4 Stimu-
lation—We next asked what effect metazoan ESCRT-III
orthologs CHMP1B and CHMP5 would have on LIP5-medi-
ated VPS4B stimulation. The minimal LIP5 binding fragments
of CHMP1B and CHMPS5 have been previously identified to be
CHMPI1BY*~1? and CHMP5*'7'%° (37). These fragments
were used in the following studies due to difficulties in purifying
full-length proteins.

When CHMP5'>' "% was included with 125 nm VPS4B and
375 nm LIP5 in the ATPase assay, a strong inhibition on the
LIP5-mediated VPS4B stimulation was observed. The addition
of 1.5 um CHMP5 reduced the VPS4B ATPase activity to 21.5 =
3.6 P,/VPS4B/min, which represented a 44% inhibition (Fig.
3A). To determine whether this inhibitory effect was dependent
on CHMP5 binding to LIP5, we used a previously described
LIP5 binding-deficient mutant of CHMP5 (L163D/L167D/
L170D/L174D or CHMP5™*P) (52). We saw that inclusion of
1.5 um quadruple leucine mutant in the assay failed to repro-
duce a similar inhibitory effect (Fig. 34). These data showed
that although human CHMPS5 regulated the VPS4B ATPase
activity in a LIP5-dependent manner, its effect was diametri-
cally opposed to what was observed in yeast, suggesting a dif-
ferent mechanism of regulation (37). Interestingly, the addition
of 1.5 um CHMP1B'7°~? to the assay did not alter LIP5-me-
diated activation of the VPS4B ATPase activity (Fig. 34). This
suggested that CHMP1B and CHMP5 may play different roles
in regulating LIP5 function.
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FIGURE 1. LIP5 stimulates the ATPase activity of VPS4. A, time course of ATP hydrolysis by VPS4B. Reactions with different combinations of VPS4B and LIP5
were allowed to proceed for 1 h. Production of inorganic phosphate was monitored at 10-min intervals. B, concentration-dependent stimulation of VPS4B by
LIP5. The ATPase activity of VPS4B (125 nm) was measured in the presence of increasing concentrations of either LIP5 or LIP52>373%7, Reactions were allowed to

proceed for 1 h. C, schematic diagram showing the C-terminal fragments of LIP5

used in the assays and their corresponding Vta1 fragments. D, the C-terminal

domain of LIP5 alone does not stimulate VPS4B. The ATPase activity of VPS4B (125 nm) was measured in the presence of various C-terminal fragments of LIP5
(375 nm). Reactions were allowed to proceed for 1 h. E, the C-terminal domain of LIP5 is responsible for binding VPS4B. Various C-terminal fragments of LIP5
were assayed for their binding affinity for VPS4B. The GST-tagged or GST-SUMO-tagged protein-immobilized glutathione beads were incubated with 1 ml of
VPS4BF233Q (1 um) for 1 h at 4 °Ciin the presence or absence of ATP. GST-SUMO was used as a tag for LIP5'¢3-3%" and LIP5'~'6%/215-307 hecause the GST-tagged
proteins run at a position similar to that of VPS4BF2332, E233Q s an ATPase-deficient mutant of VPS4B. LIP5'~'%2 |acks the VPS4B binding C-terminal domain and

was intended as a negative control for binding. The arrow indicates the running

The N terminus of VPS4B contains an MIT domain, which
binds to the ESCRT-III proteins. This interaction has been
shown to regulate the ATPase activity of VPS4B (39). To ascer-
tain that the regulatory effects of CHMP5 seen above were
solely due to its interaction with LIP5 but not with VPS4B, we
repeated the above experiments using an MIT domain trunca-
tion mutant of VPS4B (VPS4B7?~ %), VPS4B7?~*** had a
weaker basal ATPase activity than the full-length protein at
comparable protein concentrations (Fig. 14) but displayed a
similar concentration-dependent LIP5 stimulation profile (Fig.
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position of VPS4B52332, Error bars, S.E.

3B). At 375 nm VPS4B”® ~*** maximum activity was reached at
750 nM LIP5 with more than 40-fold stimulation. The addition
of CHMP5 to an ATPase assay containing 375 nm VPS4B”? ~**
and 375 nM LIP5 showed that CHMP5 had a pronounced inhib-
itory effect (70% inhibition at 1.5 um) (Fig. 3C). This result
suggested that the inhibitory effect of CHMP5 on VPS4B activ-
ity is due to its interaction with LIP5, probably LIPSNTD (see
below). Interestingly, the addition of CHMP5"*” or CHMP1B
to the same assay also produced a modest inhibitory effect (Fig.

3C).
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FIGURE 2. Both the N- and C-terminal domains of LIP5 are required for its
VPS4 stimulatory activity. A, schematic diagram showing the LIP5 frag-
ments used in the assays. B, linking the N- and C-terminal domains together
(LIP5'-162/215-307) provides partial VPS4B stimulation. The ATPase activity of
VPS4B (125 nm) was measured in the presence of different LIP5 fragments
(375 nm). Reactions were allowed to proceed for 1 h. Note that adding the N-
and C-terminal domains in trans does not provide VPS4B stimulation. C, con-
centration-dependent stimulation of VPS4B by LIP5'~16/215-307 The ATPase
activity of VPS4B (125 nm) was measured in the presence of increasing con-
centrations of either LIP5 or LIP5'~162/215-307 Reactions were allowed to pro-
ceed for 1 h. Error bars, S.E.
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We have seen that LIP5-mediated VPS4B stimulation did not
depend upon much of the linker sequence of LIP5 (although a
physical connection is required). In fact, LIP5'~'62/215-307
displayed an even higher activity toward VPS4B”®~*** as com-
pared with LIP5 (Fig. 3B). We asked whether the missing linker
sequence would be required for the inhibitory effect of CHMP5
on LIP5-mediated VPS4B stimulation. Strong inhibition was
observed for LIP5'71%/2157307 ywhen CHMP5 was added to
the assay that contained 375 nm VPS4B”°~*** and 375 nm
LIP5'~162/215-307(Fjg 3D). Asa control, there was no reduction
in the moderate ATPase activity generated by VPS4B”® ~*** and
LIP5'¢373%7 when CHMP5 was added. Therefore, regulation of
LIP5-mediated VPS4 stimulation by CHMP5 binding to
LIP5NTD is unlikely to be mediated through the linker region,
as was suggested for yeast Vtal (42). Instead, CHMP5 could
exert its function by modulating the interaction between LIP5
and VPS4 through a mechanism that involves conformational
change in LIP5NTD.

The Atomic Resolution Crystal Structure of the LIPSNTD-
CHMP1B-CHMPS Complex—Although the NMR structures of
LIPSNTD alone and LIPSNTD-CHMP5 binary complex were
known, comparison between the two structures did not lead us
to detect any obvious conformational change in LIPSNTD
upon CHMP5 binding (52). We reasoned that CHMP5-binding
induced LIP5 conformational change might be small and tran-
sient and thus not easily observable in the NMR structures. To
that end, we embarked on determining the crystal structures of
the LIPSNTD complexes.

Crystals that diffracted to an atomic resolution of 1.0 A were
obtained for the LIPSNTD-CHMP1B-CHMP5 complex. The
structure was determined and refined with an R-factor of 16.5%
and a free R-factor of 18.1%. The final model consists of LIP5
residues 4—162, CHMP1B residues 185-199 and CHMP5 res-
idues 151-190. To identify conformational change in LIPSNTD
associated with CHMP5 and CHMP1B binding, we also deter-
mined the crystal structures of LIPSNTD alone and LIPSNTD
in complex with CHMP1B. The LIP5NTD alone structure was
determined and refined to a 3.0 A resolution with an R-factor of
24.8% and a free R-factor of 28.6%. The LIPSNTD-CHMP1B
complex structure was determined and refined to 2.2 A with an
R-factor of 19.3% and a free R-factor of 22.7%.

CHMPI1B Binds to the MIT1 Domain of LIP5—The Did2
binding site for yeast Vtal has been previously mapped to the
second MIT domain (MIT2) within VtalNTD (37). However,
crystal structures of both LIPSNTD-CHMP1B and LIP5NTD-
CHMP1B-CHMP5 clearly showed that the ESCRT-III protein
binds to the first MIT domain (MIT1) of human LIP5. This is also
consistent with previous results from site-directed mutagenesis
and NMR chemical shift mapping studies (52). The LIP5-binding
sequence of CHMP1B forms a three-turn a-helix and sits on the
surface groove formed by helices a2 and a3 of MIT1 (Fig. 4A4). The
binding mode of CHMP1B to LIP5NTD is similar to that observed
in the VPS4A-CHMP1A complex structure (33), which is also
more generally known as the MIT-MIM1 binding mode. As seen
in other MIT-MIM1 structures, the cognate MIT domain presents
an overall hydrophobic surface, which is necessary for tight bind-
ing (Fig. 4B). The binding between the two molecules buries ~624
A? of surface area.
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FIGURE 3. The ESCRT-IIl proteins regulate LIP5-mediated VPS4 stimulation. A, effect of CHMP5 or CHMP1B on LIP5-mediated VPS4B stimulation. The ATPase
activity of VPS4B (125 nm) was measured in the presence of 375 nm LIP5 and increasing concentrations of CHMP5''-19°, CHMP1B'76~"%%, CHMP5''-19044D o
BSA. Reactions were allowed to proceed for 1 h. B, concentration-dependent stimulation of VPS4B”°~%4* by LIP5 or LIP5'~'6%/215-307 The ATPase activity of
VPS4B7°~444 (375 nm) was measured in the presence of increasing concentrations of either LIP5 or LIP5"'~'92/215-307 Reactions were allowed to proceed for 1 h
(LIP5) or 15 min (LIP5'~"62/215-397) C, effect of CHMP5 or CHMP1B on LIP5-mediated VPS4B”°~#** stimulation. The ATPase activity of VPS4B”°~%% (375 nm) was
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proceed for 1 h. D, the inhibitory activity of CHMP5 does not depend on the linker region of LIP5. LIP5, LIP5"~'62/2157307 and LIP5'%°73%7 (375 nm) were assayed
for their abilities to stimulate VPS4B”°~%#4 (375 nm) ATPase activity in the presence of increasing concentrations of CHMP5. Reactions were allowed to proceed

for 1 h. Error bars, S.E.

The bound peptide in the canonical MIT-MIM1 structure
often utilizes a series of conserved aliphatic residues, in many
cases leucines, for binding (32, 33). Here, Leu*®%, Leu'®?, and
Leu'”® of CHMP1B make intimate contacts with LIPSNTD,
whose binding surface consists of Tyr®®, Leu*’, and Met*” from
helix a2 and Leu®®, Met®*, and Leu®’, from helix a3 (Fig. 4C).
In addition to the leucines, two polar residues of CHMP1B,
Arg'! and Arg'®®, are also present at the binding interface,
with their aliphatic portion of the side chains contributing to
hydrophobic binding and terminal groups contributing to
polar interactions (Fig. 4D). Arg'®" forms two salt bridges
with Asp®® and Glu®® of LIP5, and Arg'®® makes one hydro-
gen bond interaction with GIn**. Interestingly, Arg'®® also
makes a lone interaction with the MIT2 domain. Here, a
hydrogen bond is formed between its side chain and the
main chain carbonyl oxygen atom of Val'*°. A tabulated list
of all interactions is shown in Table 2.

To evaluate the contribution of individual residues to the
interaction between LIPSNTD and CHMPIB, site-directed
mutagenesis and glutathione S-transferase (GST)-pull down
analysis were performed. We used GST-tagged CHMP1B' 7~ to
test its binding to LIP5 and various LIP5 mutants, including LIP5"*,
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LIP54, LIP5MO*A, LIP5Ee84, and LIPSEO8A/KIAKT2A Among the
mutants, M64A has been previously shown to disrupt
CHMP1B binding (52). We observed that both L40A and E68A
disrupted CHMPI1B binding to a similar extent as M64A,
whereas Q44A had little effect on CHMP1B binding (Fig. 54).
However, to completely abolish the binding of CHMP1B, mul-
tiple mutations (LIP5F8A/K7IA/KT2A) o the LIPSNTD surface
were required (Fig. 54). We also mutated two CHMP1B resi-
dues, Leu'?” and Arg'®®, and examined the ability of GST-
tagged CHMP1B176_199, CHMP1B176_199/L195D, or
CHMP1B76~199/R196A {4 hind LIP5. L195D did not bind LIP5
(Fig. 5B), demonstrating the importance of hydrophobic inter-
action to the overall binding. In contrast, R196A bound LIP5 to
the same extent as the wild-type protein (Fig. 5B), suggesting
that the peripheral polar interaction contributes to a lesser
degree to the overall stability of the complex.

Comparison between the three crystal structures showed
that binding of CHMP1B'7® "% does not cause significant con-
formational change in the overall structure of LIPSNTD. Align-
ment of the LIPSNTD molecules in the apo- and CHMP1B
complex structures showed a root mean square deviation of
0.34 A between the Ca atom positions. Similarly, the presence
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FIGURE 4. The LIPSNTD-CHMP1B complex structure. A, an overview of the LIPSNTD-CHMP1B complex structure. Shown is a schematic representation of
LIPSNTD in complex with CHMP1B"7¢~'9%in two orthogonal views. CHMP1B is colored in yellow. MIT1, MIT2, and the short linker between the two MIT domains
of LIPSNTD are colored cyan, green, and white, respectively. Helices of LIPSNTD are labeled a1-«7. B, the CHMP1B-binding surface of LIPSNTD is hydrophobic.
LIP5NTD is shown as a surface representation and colored based on the underlying atoms: hydrophobic side chain atoms (orange), polar and charged side chain
atoms (blue), and main chain atoms (white). CHMP1B is shown as a yellow coil. C and D, detailed interactions at the LIPSNTD-CHMP1B interface. Shown is an
enlarged schematic representation showing residues involved in hydrophobic (C) and polar (D) interactions between LIPSNTD and CHMP1B. Residues in contact
are shown as stick models. Hydrogen bonds are denoted as dashed lines. Color schemes are the same as in A except for the following atoms: oxygen (red),

nitrogen (blue), and sulfur (orange).

of CHMP5"''~'%° also has minimal effect on the structure of the
binding interface between CHMP1B and LIP5NTD.

CHMPS5 Binds at the MIT1-MIT?2 Domain Interface of LIP5—
The mode of CHMP5 binding to LIP5NTD in the ternary com-
plex structure largely mirrors that observed in the binary
complex structure (52). CHMP5'>'"**° forms a loop-helix-
turn-helix structure that wraps around the MIT2 domain of
LIPSNTD but also makes significant contacts with MIT1 (Fig.
6A). The interface between LIP5 and CHMP5 is extensive, with
a buried surface area of 1505 A% The CHMP5 conformation in
the complex structure can be divided into three major parts (Fig.
6B). Residues 151-159 adopt an extended loop conformation and
bind across the surface of helices a5 and a7 of MIT2. Residues
160-176 form a long helix that binds across helices a6 and a7 of
MIT?2 as well as making extensive contacts with helix a1 of MIT1.
Following a three-residue turn, residues 181-189 form a short
helix that binds across the surface of helices a5 and a6 of MIT2.
When binding to the helices of the MIT2 domain, these CHMP5
structural elements all bind at a nearly perpendicular angle.

Binding between CHMP5 and LIP5NTD is largely mediated
by van der Waals interactions (Table 2). As noted previously,
CHMP5 contains a “leucine collar” that consists of six leucine
residues, Leu'®®, Leu'®3, Leu'®”, Leu'”°, Leu’”*, and Leu'®3 (52).
These residues are highly conserved in metazoan CHMP5.
They bind to a conserved hydrophobic LIPS5NTD surface that is
formed by aromatic side chains and aliphatic portions of basic
residues (Fig. 5B). For example, the highly conserved Trp'*” of
LIP5 has been previously shown to be essential for high affinity
binding (52). Comparison between the LIPSNTD-CHMP1B
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and LIPSNTD-CHMP1B-CHMPS5 structures showed that the
imidazole ring of the Trp'*” side chain adopts a different rota-
mer conformation upon CHMPS5 binding. It swings around the
CpB-Cy bond by 180° to make room for CHMP5 binding (Fig.
5C). There are only a few specific hydrogen bond interactions
between CHMP5 and LIPSNTD. CHMP5 residues involved in
these interactions are clustered either at the N-terminal loop
(Arg'®! and Tyr'>®) or at the short linker between the two he-
lices (Asp'””, Asp'”®, Tyr'®?, and Asp'®*). These residues are
invariant among metazoan CHMPS5. There has been specula-
tion that charge-charge interaction might contribute to the
high-affinity interaction between the two molecules given that
CHMPS5 is acidic and LIP5NTD is basic (52). However, except
for the few residues mentioned above, most of the acidic resi-
dues of CHMP5 point away from the interface and hence are
unlikely to contribute directly to binding.

Conformational Change in LIPS Associated with CHMPS
Binding—Comparison between the three crystal structures
revealed moderate conformational adjustment in LIPSNTD
associated with CHMP5 binding. Most notably, the MIT2
domain moves relative to the MIT1 domain due to the presence
of the ESCRT-III protein at the MIT1-MIT2 interface (Fig. 7A).
Helices a5 and a7 of MIT2 are pushed outward by about 2 A. In
the absence of CHMP5 binding, there are a number of hydro-
gen bonds between the two MIT domains. In particular, Glu®®
of the MIT1 domain interacts with Lys''® of the MIT2 domain.
This salt bridge is observed in each of the three molecules
within the asymmetric unit of the LIPSNTD apo-structure and
in each of the two molecules within the asymmetric unit of the
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LIPSNTD-CHMP1B complex structure as well (Fig. 7B); thus, it
appears to be a conserved structural feature in the absence of
CHMP5 binding. However, upon CHMP5 binding, the salt

TABLE 2

Detailed interactions between LIP5 and the ESCRT-III proteins CHMP5
and CHMP1B

CHMP5 LIP5 CHMP1B
Hydrogen bond interactions

Arg” NH1 Asp'*® OD1
Arg® NH2 Asp'*® OD2
Glu®® OE2 Arg'!' NE
Glu® OE1 Arg"! NH2
Asp® OD1 Arg"" NH2
Lys’' NZ Leu'”® O
Glu®® OE2 Arg'®® NE
Glu® OE1 Arg"° NH1
GIn** OE1 Arg'?® NH2
Val*** O Arg'® NH2
Glu®* N GIn-198 OE1

Arg'®! NH1 Asp'®> OD2

Arg'>' NH1 Asn'® OD1

Ser'®2 O Arg'% NH2

Tyr'*® OH Asp'®> OD2

Glu'% OE1 Asn'>* ND2

Asp'”” OD2 Lys''*NZ

Asp'”7 O Arg®* NH2

Asp'”? O Lys''® NZ

Tyr'*2 OH Glu*® OE2

Tyr'*> OH Thr'*° 0G

Asp'®* OD2 Arg®® NE

Ala'*¢ O Lys” NZ

Ala'® O Lys”® NZ

Van der Waals interactions

Met?, Arg®, Leu®, Ser®!, Met®  Leu'®®
Met®* Arg™®!
Leu®, Met*?, GIn*, Met?’, Met®*  Leu'®?
Tyr‘%, Leu®, Met®*, Leu®’, Lys71 Leu'”®
Leud® Arg!%

Tyrlsﬁl Phe®, Leu®, Arg“’é, His'#, Tyrl‘“

ThrISS Ly5143, Trpl47

Pro's® Trp'¥’

Leu!s® Trpl47

Leu163 Argl%, Thrlﬁo

Glu166 Thrls()’ Asn154

Leul¢” Tyr'", Arg'*, Thr'*

Leu!7 Tle!s, 'Tyrng, ;\lal‘”, His!53

Gly'* Tyr'™®, His'

Asp!7? His!®

Leul7* Argzz, Tyr“g, Thr!20

Leu'”® Asn’®, His', Arg®>

Tyr's2 Asn'B3, Lys'16, Ser'??

Leu'®? His?, Arg3°, Met”’, Tyr93

Glu'®s Tyr!®, Asn!1?

Alal86 Tyrl®

bridge is broken (Fig. 7B). Instead, these two residues now form
new interactions with the bound CHMP5 molecule. Glu*®
makes a hydrogen bond with the side chain of Tyr'®%. Lys''®
makes hydrogen bonds with the side chain of Asp'”” and with
the main chain carbonyl oxygen of Asp'”® (Fig. 7C). There are
also additional interactions in the vicinity between CHMP5 and
LIP5NTD, including His'?, Arg**, and Arg®, that stabilize the
new conformation of LIPSNTD (Table 2).

Of particular interest is Tyr'®> of CHMP5, which stands out
as the potential culprit of the conformational change. In the
ternary complex structure, Tyr'®? drives itself between the
MIT1 and MIT2 domains of LIP5SNTD, where it makes both
hydrogen bond and van der Waals interactions with LIPSNTD.
In the NMR structure of the LIPSNTD-CHMP5 binary com-
plex, five of the 10 structure ensembles have the Tyr'®> pointed
into the MIT domain interface, and the other five are oriented
toward the solvent (Fig. 7B) (52). These data suggested that
Tyr'® could exist in equilibrium between a “flipped in” and a
“flipped out” conformation. Binding of CHMP1B appears to
have stabilized Tyr'®? in the “flipped in” conformation, as evi-
denced by the well defined electron density associated with the
residue (Fig. 7C). Interestingly, Tyr'®> of CHMP5 and Glu*® of
LIP5 are strictly conserved in the metazoan protein sequences,
suggesting a potentially conserved mechanism in higher
eukaryotes.

We looked to see whether insertion of Tyr'®” into the MIT
domain interface might be structurally related to the inhibitory
function of CHMP5 on LIP5-mediated VPS4 stimulation. A
partial loss of inhibition was observed in CHMP5 when Tyr'®*
was mutated to alanine (Fig. 8A4). Interestingly, this mutation
had little impact on CHMP5 binding to LIP5 because GST-
CHMP5" ¥4 could still bind a similar amount of LIP5 as the
wild-type protein (Fig. 8B). These data suggested that the mere
binding of CHMP5 to LIP5 might not be sufficient for its inhib-
itory effect on LIP5 function. Instead, the inhibitory effect is
at least partially predicated on the conformational change in
LIP5 associated with insertion of Tyr'®? at the MIT domain
interface.
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FIGURE 5. Critical residues at the LIPSNTD-CHMP 1B interface. A, critical residues on LIPSNTD. GST-CHMP1B'76~"%° was used to analgyze its interaction with

LIP5 and various LIP5 mutants. B, critical residues on CHMP1B. GST-CHMP1B'76~"9°, GST-CHMP1B'76- 19941950 oy GST-CHMP1B'76-199.R1
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arrow indicates the running position of LIP5 or LIP5 mutants.

SASBMB

MARCH 13, 2015+VOLUME 290-NUMBER 11

JOURNAL OF BIOLOGICAL CHEMISTRY 7299



Crystal Structure of the LIP5-CHMP1B-CHMP5 Complex

~ W147)(with CHMP5)

4
[/ _4

CHMP1B | N C

159 ’--’-
) i

FIGURE 6. The LIPSNTD-CHMP1B-CHMP5 complex structure. A, overview of the LIPSNTD-CHMP1B-CHMP5 complex structure. Shown is a schematic
representation of LIPSNTD in complex with CHMP1B'76~'9? and CHMP5"*"~"%%in front (left) and back (right) views. Color schemes and labeling schemes are
the same as in Fig. 4A except that CHMPS5 is colored in magenta. B, CHMP5 makes extensive contacts with LIPSNTD. The interface is divided and shown
in three separate panels based on three sequence segments of CHMP5: 151-159 (left), 160-176 (center) and 176-190 (right). CHMP5 is shown as a
magenta coil. LIPSNTD is shown as a semitransparent surface along with a stick representation of side chains that contribute to van der Waals interactions.
Surface and sticks are colored using the following scheme: carbon atoms of MIT1 (cyan), carbon atoms of MIT2 (green), oxygen (red), and nitrogen (blue).
C, Trp"* of LIP5 flips upon binding CHMP5. An enlarged schematic representation shows the conformation of Trp'*” before (pale green) and after (green)
binding CHMP5 (magenta).
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FIGURE 7. Conformational change at the LIP5 MIT1-MIT2 domain interface. A, superimposition of the LIPSNTD-CHMP1B complex structure with the
LIPSNTD-CHMP1B-CHMP5 complex structure. The color scheme used is the same as in Figs. 3A and 5A (the binary complex has a pale color tone). The view in the
right panel is nearly orthogonal to that of the left panel and highlights the movement of the MIT domains. Helices are shown as c1y/inders, and loops in the right
panel are omitted for clarity. B, Glu?®-Lys''® salt bridge is broken in the ternary complex structure. Side chains of Glu®® and Lys' '® in each of the three crystal
structures as indicated are shown in stick representations. Carbon atoms are colored using the same scheme as in A. C, Glu?® and Lys''® are engaged in new
interactions in the ternary complex structure. The left panel shows an enlarged view of interactions involving Glu® and Lys'® before and after CHMP5 binding.
Residues involved are shown as sticks and labeled. New hydrogen bonds are denoted as dashed lines with distances indicated. The right panel omits the binary
complex structure but shows 2F, — F. electron density (2.00) associated with interacting residues in the ternary complex structure. D, insertion of Tyr'®? at the
MIT domain interface. Left, superimposition of the LIPSNTD-CHMP1B-CHMPS5 structure with the LIPSNTD-CHMP5 structure (only one of the 10 NMR structure
assemblies is shown) (52). Right, conformation of Tyr'82in the two structures. Tyr'82in the ternary complex structure adopts a “flipped in” conformation. Tyr'#?
in the binary complex structure can adopt either a “flipped in” or “flipped out” conformation.
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FIGURE 8. Tyr'®2 of CHMP5 is important for its inhibitory activity. A, Y182A partially reverses the inhibitory activity of CHMP5 toward LIP5-mediated VPS4B
stimulation. The ATPase activity of VPS4B”?~#44 (375 nm) was measured in the presence of 375 nm LIP5 and increasing concentrations of CHMP5, CHMP5""824,
or BSA. Reactions were allowed to proceed for 1 h. B, CHMP5"'82A binds to LIP5. GST-SUMO, GST-SUMO-CHMP5'%'"%%, or GST-SUMO-CHMP5'1-190-Y182A \y 54
used to analyze its interaction with LIP5. The GST-SUMO-tagged protein-immobilized glutathione beads were incubated with 1 ml of LIP5 (375 nwm) for 1 h at
4°C. GST-SUMO was used as a tag because GST-CHMP5">'~'°° runs at a position similar to that of LIP5. Arrow, running position of LIP5. Error bars, S.E.

DISCUSSION

Given the structural and functional complexity of the ESCRT
machinery, it is not surprising that ESCRT is under tight spatial
and temporal control at multiple steps. As the only energy-
consuming enzyme within the ESCRT machinery, Vps4 plays a
central role in ESCRT regulation. It engages in at least three
types of protein-protein interactions: with itself, with ESCRT-
111, and with Vtal. These interactions represent three general
mechanisms that are used to control the activity of Vps4 in the
cell: (a) ATP-dependent switching between “inactive” (unas-
sembled) and “active” (assembled) states; (b) recruitment to the
site of action through specific protein-protein interactions; and
() protein cofactors that promote or inhibit its activity.

Vtal is a protein cofactor in yeast that functions as a Vps4
activator (41, 50). The basal activity of Vtal has been attributed
to the structural features near the C terminus, whereas binding
of the ESCRT-III proteins Did2 and Vps60 to the N terminus
provides an additional level of stimulation (42). The human
ortholog of Vtal, LIP5, also stimulates the activity of VPS4, but
the mechanism of action appears to be different in the two
systems. Although LIP5CTD is both necessary and sufficient
for binding VPS4, the C-terminal domain alone cannot repro-
duce the stimulatory activity of LIP5. Instead, the full-scale
activity requires the presence of both the N- and C-terminal
domains. Furthermore, a physical connection between the two
domains is necessary because domains added in trans are not
active. The length as well as the sequence of the linker appears
to be less critical. This is consistent with the fact that the
sequence conservation at the linker region appears to be very
low. We hypothesize that LIP5CTD makes an initial contact
with VPS4, probably through the conserved 8-domain (Fig. 9).
This interaction brings LIPSN'TD close to the ATPase because
it is connected to LIP5CTD through the linker. This enables an
additional interaction between LIPSNTD and VPS4, which oth-
erwise would not occur due to its weak inherent binding affin-
ity. Thus, the two domains of LIP5 play different roles in LIP5-
mediated VPS4 stimulation. LIP5CTD is responsible for the
high-affinity VPS4 binding, whereas the actual stimulation is
probably the result of the combined actions of the two domains.
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FIGURE 9. A model of VPS4 regulation by the LIP5-CHMP5 complex. The
C-terminal domain of LIP5 makes an initial contact with VPS4. This interaction
brings its N-terminal domain close to VPS4, which enables an additional inter-
action between the N-terminal domain and VPS4. The combined actions of
the two domains lead to full activity of VPS4. Binding of CHMP5 to LIP5 weak-
ens the interaction between the N-terminal domain and VPS4 and leads to an
inhibition of LIP5-mediated VPS4 stimulation.

A number of MIM1-containing ESCRT-III proteins, includ-
ing CHMP1, CHMP2, CHMP3, and IST1, have been previously
shown to bind to LIP5 (38, 45). Our crystal structure of the
LIPSNTD-CHMP1B complex confirmed that CHMP1B indeed
binds to MIT1 of LIPS5NTD as a MIM1. This predicts that sim-
ilar MIMs in other ESCRT-III proteins will bind to LIP5 in a
similar manner. Furthermore, our data have shown that bind-
ing of CHMP1B MIM1 to LIP5 does not induce significant con-
formational change in LIP5 or significantly alter its ability to
stimulate VPS4 ATPase. This suggests that interaction between
LIP5 and other MIM1-containing ESCRT-III proteins probably
serves only to recruit the VPS4-LIP5 complex to the ESCRT-
[I-bound membrane.

In contrast to CHMP1B, binding of CHMP5 to LIP5 potently
inhibits the stimulatory activity that LIP5 displays toward the
VPS4 ATPase. This suggests that binding of CHMP5 could
potentially serve as an allosteric power switch to spatially and
temporally control the activity of VPS4. Sequence comparison
has shown that MIT2 of LIP5 has diverged significantly from
other known MIT domain sequences, suggesting that it might
function as a specific CHMP5-binding domain. Although most
of the CHMP5 binding occurs on the MIT2 domain, there is
also significant binding to the MIT1 domain, particularly near
the MIT1-MIT2 interface. The latter is significant because it
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leads to the movement of MIT2 relative to MIT1, in part due to
the insertion of a highly conserved Tyr'®> of CHMP5 at the
domain interface. We suspect that these changes form the
structural basis of the inhibitory effect of CHMP5 on LIP5 func-
tion. As we have seen, interaction between LIPSNTD and VPS4
is required for the full stimulatory activity of LIP5. Movement
of MIT2, induced by CHMP5 binding, could conceivably alter
the interaction between LIPSNTD and VPS4 and hence the
inhibition (Fig. 9).

Although most ESCRT-III proteins promote the activity of
Vps4, it is not unprecedented for one of them to exhibit an
inhibitory function. Early work studying the role of ESCRT in
HIV-1 release found that siRNA silencing of CHMP5 in co-
transfected human cells caused an increase in the release of
infectious virus-like particles, suggesting a possible negative
regulatory role for CHMP5 in vivo (53). Additionally, Ist1 inhib-
its Vps4 oligomerization and ATP hydrolysis (44). Whereas Ist1
utilizes its C-terminal MIM for initial targeting to the MIT
domain of Vps4, the subsequent association between the N-ter-
minal domain of Istl and Vps4 is responsible for its inhibition.
LIP5-CHMPS5 inhibition of VPS4 mirrors this mechanism, with
the LIP5CTD acting like the Ist1 MIM and the LIP5NTD-
CHMP5 complex acting like the Ist1 N-terminal domain.

In summary, we have performed structural and functional
analyses of molecular interactions between VPS4 and its vari-
ous associated regulators to gain mechanistic insights into reg-
ulation of the ESCRT machinery in higher eukaryotes. The
results showed an important mechanistic difference in yeast
versus metazoans. Although Vtal and LIP5 can both stimulate
the ATPase activity of their cognate Vps4, the structural
requirement appears to be different. The C-terminal domain of
Vtal is sufficient for full activity in yeast (42), whereas both the
N- and C-terminal domains of LIP5 are required in metazoans.
Furthermore, the effect of the ESCRT-III proteins is also dra-
matically different in terms of their ability to up- or down-
regulate the stimulatory activity of Vtal/LIP5 toward the
ATPase. Structural results from the current study, together
with previous NMR structures of human LIP5-CHMP5 and
yeast Vtal-Vps60 complexes (40, 52), suggest that they are
probably the results of different molecular interactions. Inter-
estingly, residues at the interface of LIP5 and CHMP5 are highly
conserved throughout metazoans but much less so in fungi,
suggesting that the allosteric regulatory mechanism of LIP5 by
CHMP5 has diverged during evolution.
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